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PREFACE

This is the first and final report on Research Study No. 3-8-67-108,
entitled '"Dynamics of Highway Loading.' The study was begun in 1967 with the
primary objective of developing a methodology for experimental measurement and
characterization of the dynamic forces applied normal to the surface of high-
way pavements and other structures by moving traffic. The investigation is
part of the Cooperative Research Program of the Center for Highway Research
at The University of Texas at Austin; the Texas Highway Department; and the
U. S. Department of Transportation, Federal Highway Administration, Bureau of
Public Roads.

Dynamic forces applied to the roadway surface by the wheels of moving
vehicles are largely responsible for certain types of pavement distress which
lead ultimately to unacceptable serviceability of the pavement structure. A
theoretical technique which utilizes the power of mathematical simulation and
high-speed digital computation in predicting the magnitude and position of the
normal components of dynamic wheel loads is described in this report. The
validity of this technique is supported by the results of an experimental pro-
gram which involved the measurement and analysis of dynamic wheel load forces
applied to actual pavement structures by different classes of vehicles. This
experimentally verified model provides a new tool for further investigation
and understanding of the dynamic loading characteristics of highway pavements
and is a step forward in improving present analysis and design procedures.

The authors of this report wish to express their appreciation and extend
thanks to the many individuals associated with several agencies who have con-
tributed generously of their talents and time during the conduct of this re-
search program,

Center for Highway Research personnel include Harold H. Dalrymple, Re-
search Engineer Associate, who perfected the instrumentation for the portable
electronic data collection system; and Roger Walker, Research Engineer Asso-
ciate; John Ruser; Randy Machemehl; Robert Inman; Ahmad Al-Sari; and Charlie

Copeland who assisted in data reduction and analysis and other aspects of this

study.
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Ed Hamilton of Rainhart Company, Austin, Texas collaborated on the design
improvements of the wheel load transducers, and resources of this company
expedited the field experiments greatly.

The statistical design for the major experimental program was originated
by Dr. Virgil L, Anderson, Professor of Statistics at Purdue University.

Kenneth Hankins of the Texas Highway Department and Carl S, Armbrister
and Howard McCann of the Bureau of Public Roads served as contact individuals
for their respective organizations and gave advice and continuous -assistance.

Joe E. Wright and other personnel of the Planning Survey Division of the
Texas Highway Department and the late Thomas K, Wood, District 14, and his
maintenance personnel assisted in the field experimental program.

Lloyd J. Wolf of Lloyd J. Wolf and Sons, Inc,, Dallas, Texas, as well as
the Ford Motor Company provided valuable information about truck and trailer
suspension characteristics, Their assistance is most appreciated.

Hubert A. Henry, Automation Division, Texas Highway Department, his
staff, and personnel of the computation facilities at The University of Texas
at Austin cooperated in the data processing.

Other personnel of the Center for Highway Research and the Texas Highway
Department too numerous to acknowledge individually have assisted in many ways
in the course of this study.

A supplementary appendices section, which includes the documentation of
the computer program, experimental results, and other information related to
the experimental program, is bound in a separate volume on file at the Center

for Highway Research, This volume will be supplied to the sponsor on request.

Nasser I. Al-Rashid
Clyde E. Lee

William P, Dawkins

Austin, Texas

May 1972



ABSTRACT

A generalized mathematical model which characterizes the dynamic behavior
of five different classes of highway vehicles is described in this report,

The model consists of a series of interconnected masses, springs, and dash-
pots and is used to predict the magnitude, duration, and location of dynamic
wheel loads applied normal to the roadway surface by the wheels of single

unit and articulated vehicles operating under various conditions. The model
may be forced by a simulated road profile made up of an array of bumps with
different sizes and arrangements in each wheel path, or more realistically,

it may be forced by a natural profile recorded in the field by a road profilom-
eter and converted to a suitable digital format. Besides the roadway profile,
required input for the model consists of static wheel loads, numerical quanti-
ties assigned to the physical characteristics of the vehicle suspension system,
and axle spacing. A computer program which solves the sets of differential
equations used to describe the motion of each vehicle and calculates the for-
ces between the tire and the road surface has been written in FORTRAN language
for the CDC 6600 computer and is documented with example problems.

In a statistically designed experimental program, dynamic wheel forces
were measured at nine selected positions along a 64-foot section of roadway by
special strain-gage type wheel load transducers. Five representative test
vehicles made three passes at each of three speeds over four patterns of arti-
ficial road surface roughness and resulted in 3,672 observations of wheel load
in the left wheel path and 1,836 measurements in the right wheel path. A
description of the wheel load transducer and the electronic data collection
system used in this prbgram is included in this report. The results of the
experimental program were used to calibrate the model and to provide a vali-
dation of the accuracy of the model. The effects of pavement roughness,
speed, vehicle type, and their interactions on the magnitude of dynamic wheel
loads are diécussed.

Experimental devices for measuring bridge deflection and differential

movement between the axle and the body of a moving test vehicle were



used along with the mathematical model to study bridge-vehicle interaction.
The instrumentation, techniques, and results are described and analyzed.

The accuracy with which dynamic wheel load transducers can be used to
predict static vehicle weights is assessed through the use of regression
techniques. The analysis indicates that static loads can be estimated with
sufficient accuracy for many traffic survey purposes, and that the large
sample size made feasible with no inconvenience or hazard to traffic recommends

the in-motion weighing technique as a potential substitute for loadometer

weighing.



SUMMARY

Highway pavements and bridges are subjected to millions of repetitions
of dynamic wheel loads during their useful lives, but current structural de-
sign procedures are based on static loading criteria for materials evaluation
and for stress analysis, Techniques for characterizing the magnitude and
location of dynamic vehicular traffic loads and their relation to static wheel
weights are needed so that improved structural design methods can be developed.

In this research study, mathematical models of five representative
classes of highway vehicles have been formulated and verified by extensive
field experimentation. Good agreement was found between computed and measured
wheel forces for all vheicle types, vehicle speeds (10 to 60 mph), and road
surface roughness patterns investigated, These mathematical simulation models
which describe realistic dynamic loading patterns can now be used directly
for design of pavements and bridges and for research on improved structural
design procedures.

The pavement loading experiments demonstrated that the complex inter-
action between a moving vehicle and a road surface profile with irregularities
less than 3/4-inch high resulted in dynamic wheel loads that were up to
double the static weights, Similarly, an investigation of a three-span con-
tinuous steel girder bridge indicated that even though the small total de-
flection of the structure (about O0.l-inch maximum in a 50-foot span) had
little effect on the behavior of the test vehicle, road surface roughness on
the approach pavement or on the bridge deck produced impact wheel loads more
than 100 percent greater than static weight. The inertia of massive structures
attenuates the effects of these dynamic wheel loads, but pavement surfaces and
bridge decks experience the full impact.

A statistical analysis of the experimental data showed that a single pair
of dynamic scales installed flush with the pavement surface can be used to
estimate static wheel loads and gross vehicle weights with accuracy acceptable
for traffic survey purposes with the advantages of safety, convenience, and

economy to both the highway department and the road users.,
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IMPLEMENTATION STATEMENT

A series of mathematical simulation models which utilize representative
vehicle characteristics and measured road surface profiles to predict dynamic
wheel loading patterns have been developed. Research has shown that maximum
dynamic wheel loads more than twice the static weight can be generated by
surface roughness less than 3/4-inch high. Pavements and bridge decks should
be designed to account for these loads, and maintenance should be programmed
to minimize the surface roughness that produces excessive dynamic loads.

By using this new computational tool, structural engineers can determine
more realistic design loads, maintenance engineers can assess the effects of
various profile roughness patterns, materials engineers can develop more rep-
resentative testing procedures, and researchers can formulate improved pave-
ment design‘and structural design procedures,

Field expefimentation demonstrated the feasibility of in-motion weighing
for traffic susvvey purposes, This technique should be implemented in the in-
terest of safety, convenience to the road user, and overall economy to the

highway department and to the road users,
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CHAPTER 1. INTRODUCTION

In the past two decades, motor vehicle traffic on the streets and highways
of America has increased rapidly. Engineers are continually searching for im-
proved methods of designing highway structures which will carry larger and
heavier vehicles without experiencing premature failure.

The moving wheels of highway vehicles subject pavements and bridges to
dynamic wheel loads which vary considerably from the static wheel weights that
are normally used as the basis for structural design. In recognition of the
need for a better understanding of the relationship between static wheel
weight and dynamic wheel force, this research study was initiated in 1967.

Recent advances in instrumentation technology and in data processing now
make it feasible to measure accurately the forces applied to the road surface
by the wheels of moving vehicles. Likewise, numerical modeling techniques
utilizing the power of modern digital computers facilitate the interpretation
and generalization of experimental data.

These new tools are combined in this research study. Mathematical models
of five representative classes of highway vehicles are developed and used to
predict the magnitude and position of dynamic wheel forces which result from
the movement of a particular type of vehicle along a defined road profile.
Wheel forces and profiles measured in field éxperiments are then used to vali-
date the series of models.

Information developed in this study provides highway design engineers
with a better understanding of the nature of dynamic loading. By combining
these more realistic structural loading conditions with an accurate analysis
of the behavior of construction materials under dynamic loads, design proce-
dures which will result in safer, more efficient, and more economical pave-

ments and bridges can be developed.

The Problem

Transportation facilities such as highway pavements and bridges are de-

signed to carry vehicular traffic safely and conveniently for several years



with minimum maintenance and reconstruction costs. Currently accepted
procedures for designing these structures attempt to balance the strength of

construction materials as determined by static testing with the static loads

that will be applied by anticipated traffic.

In reality, highway structures during their design life are subjected to
a few applications of static forces, but normally they are subjected to millions
of repetitions of dynamic forces that vary in magnitude, duration, and frequencv.

This fact has long been recognized by highway engineers and by agencies re-
sponsible for setting design standards. But because of the complex nature of
the dynamic forces and the lack of an adequate understanding of the response
of highway structures to dynamic loads, static forces rather than dynamic
forces have been used as loading criteria in design. Some efforts at account-
ing for dvnamic loading effects have involved the application of traffic fac~
tors or impact factors (Ref 41). Such improvements to present design methods
are temporary measures, and the need for methods which realistically account
for many complex factors including the effects of dynamic loading by mixed
traffic still exists.

Such a need was emphasized rather dramatically by the results of the
AASHO Road Test, a full-scale pavement research study which was conducted near
Ottawa, Illinois between 1958 and 1960 (Ref 42). After the conclusion of the
AASHO Road Test, several research programs, in the form of satellite studies,
were initiated for the purpose of studying the effects of dynamic loading on
highway structures. One such study was conducted at the University of Illinois
and involved further investigation, analysis, and interpretation of dynamic
test data from the bridge studies at the Road Test. In this research (Ref 15),
strains produced in different types of test bridges by stationary and by moving
vehicles served as the basis for evaluating bridge characteristics such as
stiffness and lateral distribution of applied loads. Observed strains were
compared with strains predicted from theory. Excellent agreement was found
between the experimental and the theoretical strains in cases where loading
parameters and structural properties of the bridge elements were well defined,
but even under the controlled traffic used at the AASHO Road Test, dynamic
loads applied to the bridges by moving vehicles were not characterized pre-
cisely.

Other research efforts have been directed towards studying the response

of highway structures to varying deterministic dynamic loads (Refs 40 and 49)



or to varying assumed loads which are stochastic in nature and magnitude

(Refs 14 and 45). Several investigators have resorted to the use of mathemat-
ical models to represent vehicle suspension systems (Refs 2, 4, 8, 11, 16, 22,
44, and 49) in studying the effects of the different vehicle characteristics
on dynamic forces and on vehicle-road interaction. In most of these investi-
gations, little emphasis has been placed on evaluating the accuracy with which
the predicted or the estimated dynamic forces represent, whether in magnitude
or in characteristics, the real loads applied to the road by moving traffic.

Advances in electronic data processing now facilitate mathematical
modeling. Parameters included in the model can be varied over wide
ranges and the results can be evaluated immediately. Before a mathematical
model can be used confidently to represent actual field conditions, however,
it must be validated by comparing predicted results with observed results,
Recent investigations have recognized this fact. In these investigations,
dynamic wheel forces have been predicted theoretically by computer simulation
and then compared with forces measured experimentally by on-board measuring
devices (Ref 21) or by dynamic scales embedded in the pavement surface (Refs 17,
33, and 34). Results of these studies have led to a better definition of the
factors which influence dynamic wheel loads, but no general technique for
predicting the magnitude of these forces has been developed.

The need for a better understanding of the nature of dynamic loading on
highway structures still remains. Techniques for predicting dynamic wheel
forces from easily measured or estimated vehicle and roadway characteristics
are needed before highway structural designers can incorporate realistic

loading parameters into design procedures.

Objectives

The purpose of this research investigation was to accomplish the following

objectives:

(1) Develop a generalized mathematical model, or a series of models,
which describes the dynamic behavior governing the magnitude and
variation of dynamic wheel loads applied normal to the roadway sur-
face by the wheels of the several classes of vehicles that represent
mixed commercial highway traffic.

(2) Prepare and document a digital computer program that solves the
differential equations of motion used in the mathematical model for
predicting dynamic wheel loads. Provision shculd be made in the



program for using either a generated artificial profile or a
natural road profile, which can be recorded by a profilometer, to
represent the surface over which the wheels move.

(3) Design, construct, assemble, and test a portable electronic data
collection system capable of sampling the forces applied normal to
the roadway surface by the wheels of vehicles moving at speeds up
to 70 miles per hour at 12 selected locations in a traffic lane.
This system will produce on magnetic tape an analog record which
may be used to determine the magnitude of normal wheel forces in
addition to vehicle speed, number of axles, axle spacing, and ve-
hicle length. Significant data will then be displayed for visual
evaluation, or it will be converted to digital form for electronic
processing, tabulation, and analysis.

(4) Measure and record the wheel forces applied to a pavement surface
by representative classes of vehicles running at different speeds
and under different loading conditions. Various patterns of arti-
ficial pavement roughness in the form of step-bump obstructions
will be used.

(5) Measure and record the wheel forces applied to a relatively smooth
pavement by a sample of mixed commercial traffic moving at normal
and at maximum highway speeds.

(6) Analyze the characteristics of dynamic loads applied to highway
structures and attempt to define and characterize the significant

factors which influence the magnitude and variation of these
loads.

(7) Compare the predicted dynamic forces with the measured dynamic
forces.

(8) Attempt to define the relationship between the static wheel loads
and the dynamic wheel loads for various classes of vehicular traffic
and roadway conditions.

The research program was divided into two phases: (1) the theoretical
phase which involved the development of the mathematical model and preparation
of the computer program (objectives 1 and 2), and (2) the experimental phase
which involved the design of the data collection system and the measurement of
wheel loads (objectives 3, 4, and 5). A schematic representation of the ap-

proach to this investigation is shown in Fig 1.

Scope and Limitations

The accomplishment of some of the objectives cited above has been limited
by practical, ecomnomical, and time factors. Consequently, only five represen-
tative classes of vehicles have been used in this investigation. The series

of field tests were conducted at a location on Interstate Highway I-35 near
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Austin, Texas according to a statistically designed experiment. Before
selecting the five classes of test vehicles, a classification survey of approx-
imately 1,400 commercial vehicles was conducted at the test site over a period
of about 80 consecutive hours. This survey and the different classes of ve-

hicles selected are discussed later in this report.



CHAPTER 2. FACTORS AFFECTING DYNAMIC LOADS

General

The forces produced on the roadway surface by the wheels of a moving
vehicle vary continuously with time in an extremely complex fashion. An
exact and complete description of this variation is a very difficult, if not
impossible, task., Investigators with a wide range of interests have dealt
with the problem. Mechanical engineers, on one hand, have approached the prob-
lem for the purpose of improving the riding comfort and handling characteris-
tics of vehicles (Refs 2, 4, 5, 22, and 29). On the other hand, highway and
transportation engineers have approached the problem from the standpoint of
evaluating the destructive effects of dynamic wheel loads on pavements and
bridges. The purpose of this chapter is to examine briefly some of the fac-
tors that make dynamic wheel loads different from static wheel loads.

In general, the problem of 'road loading mechanics' involves a system in
which the vehicle interacts with the roadway surface. Consequently, the fac-
tors that contribute to the generated dynamic forces may be classified into
vehicular factors and roadway factors. Each of these classes is influenced by
prevailing ambient conditions such as wind gusts and other climatic conditionms.

The vehicle-road system is shown schematically in Fig 2.

Vehicle Factors

There are several elements in the makeup of the vehicle that influence
either directly or indirectly the magnitude and the frequency of dynamic wheel
loads. It must be emphasized, however, that it is the overall interaction of
these elements that influences the dynamic behavior of the vehicle. Thus, in
discussing the influence of any particular element, its bearing or interaction

with other elements or factors must also be discussed at the same time.

Vehicle Type. The classification of a vehicle, or its type, is generally

determined by the number of axles, the axle arrangement and proximity, and by

its size and weight.
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Therefore, vehicle type 1is considered to be one of the major factors
that influences the magnitudes and distribution of dynamic wheel loads., An
investigation of the dynamic loads produced by heavy highway vehicles was
conducted by General Motors Corporation (Ref 21) and revealed some of these
effects. Three types of vehicles were used. First, the forces produced by
the rear axle of a two-axle single unit (2-D) truck were measured. Second,
the forces produced by the forward axle of the tandem drive on a five-axle
truck-trailer combination (35-2) were measured. Third, the forces produced
by the trailer axle of a four-axle truck-trailer combination (35-1) were
measured. The results of the investigation indicated that the amplitudes and
frequencies of dynamic forces varied differently for each type. Other in-
vestigations (Ref 15) have shown that the variations in the dynamic forces were
greater for two-axle vehicles than for three-axle truck-trailer vehicles.

This difference was attributed to the coupling between the truck and the trailer.

Suspension System. The dynamic wheel forces exerted on the roadway sur-

face are dependent on the characteristics of the suspension system of the
vehicle. Most commercial vehicles use leaf spring suspensions joining the

body mass and the unsprung mass that includes the axles, wheels, tires, and
brakes. Othef vehicles have different types of suspension systems such as air,
coil springs, or other special purpose systems. The studies of bridges on the
AASHO Road Test conducted at the University of Illinois and noted earlier in
the preceding chapter (Ref 15) revealed that locking the springs of the test
vehicles increased the dynamic forces by as much as a factor of three depending

on the vehicle type.

Tires. The combined weight of the vehicle body, the frame, the suspen-
sion system, and the pay load is carried by the tires. The tires in turn
transmit the load to the pavement surface as a constant force when the vehicle
is stopped or as a varying dynamic force when the vehicle is moving. Perhaps
the most important tire characteristics which influence the dynamic force are
inflation pressure, stiffness, and speed of rotation. The inflation pressure
and stiffness determine the deflection of the tire and consequently the
magnitude of the dynamic load. Generally, variations in the tire pressure
influence the frequencies of dynamic wheel loads, with lower pressures tending
to decrease these frequencies (Ref 34). In addition, previous work has shown
that the magnitudes of the dynamic forces increase with increased tire pres-

sure (Ref 21). Finally, considerable variation in the magnitudes of the
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wheel loads has been shown to occur with different rotation speeds of the wheel

due to nonuniformity and unbalance (Ref 21).

Wind Effects. Wind gusts act on a vehicle in several ways. First,

uplift effects on the body of the vehicle may result. Second, in the case of
cross winds, additional roll (rotation around a longitudinal axis) of the
vehicle body may take place. Third, head or tail winds may cause added pitching
effects (rotation around the lateral axis). Regardless of the kind of wind

that acts on a moving vehicle, it influences the dynamic behavior of the
vehicle. However, consideration of wind effects is beyond the scope of this

report,

Speed. Most investigators concur in concluding that the magntidues of
dynamic loads increase with increasing speeds (Refs 15, 21, and 34), possibly
because high speeds increase the frequency of excitation. In addition, high
vehicle speeds increase the oscillations produced by any unbalance that exists
in the tires of the vehicle, due to increased wheel rotation speed as noted
above. The variation of the dynamic forces with speed, however, depends largely
on the type of vehicle. This has been discussed earlier in this section.
Finally, it must be emphasized that while speed has an effect on the magnitude
of the dynamic forces, it has little or no effect on the natural frequency

of the vehicle (Ref 34).

Roadway Factors

The pavement structure with its surface profile and subsurface layers is
the second major component of the system involved in road loading mechanics.
Extensive investigations of the pavement structure conducted in the past
fifteen years have provided highway engineers with an improved understanding
of the factors involved in the performance of pavement structures under the
action of repeated dynamic loads. This was one of the primary objectives of
the AASHO Road Test in‘which approximately 800 pavement sections were subjected
to more than 1,100,000 repetitions of dynamic load (Ref 42), Static or
dynamic wheel loads applied at the pavement surface are carried either by beam
action, in the case of rigid pavements, or by load transfer through successive
layers with varying strengths in the case of flexible pavements. Excessive

magnitudes or high repetition of these loads combine with such climatic
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conditions as volume changes due to variations in moisture and frost heaving
to cause failures in the pavement surface or in the underlying layers. These
failures are eventually reflected in surface unevenness or distress. Among
other roadway factors, this distress has an effect on the magnitude and

frequency of the dynamic wheel loads, and therefore, will be discussed briefly.

Road Profile and Surface Roughness., Theoretically a vehicle traveling on

a perfectly smooth and horizontal surface produces constant dynamic wheel
forces which are equal to the static wheel forces assuming no tire unbalance.
In reality, however, a road of this type is nonexistent because it is econom-
ically not feasible and practically not safe., Therefore, every roadway sur-
face has definite profile characteristics and a varying degree of roughness
depending on the type of material and the construction method used,

The general profile of a roadway surface may be described for two direc-
tions: longitudinal and transverse, Both the transverse and the longitudinal
profiles of a roadway surface contribute to the excitation of the vehicle and
are mainly responsible for generating dynamic wheel forces. Any form of
surface distress including cracking, spalling, rutting, faulting, raveling,
plastic deformation, $tripping, and degradation of aggregates, or any dis-
integration of the structural materials resulting from effects of either
dynamic loading, subsurface failures, or environmental and climatic conditions
helps determine the surface profile and therefore influences the magnitudes of

the dynamic wheel loads,

Grade. Although the effect of grade on the dynamic behavior of a vehicle
is still a subject that needs investigation, it is expected that load transfer
from one axle to the other may vary with acceleration, deceleration, braking,
and other operating characteristics of a vehicle. These characteristics,
especially in the case of commercial vehicles, are influenced by the grade.

Roadway grades vary from O to 20 percent,
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CHAPTER 3., THEORY OF VEHICLE DYNAMICS

General

The purpose of this chapter is to review the theory of vibration and some
of the laws of mechanics which govern vehicle dynamics. This brief review will
be helpful in developing and evaluating the mathematical model presented in
Chapter 4, The review considers a single degree of freedom system and then,
briefly, systems with two or more degrees of freedom. Finally, a discussion
of vehicle suspension systems is presented before the generalized vehicle

model is developed.

Systems with One Degree of Freedom, An example of a model of a system

with one degree of freedom is shown in Fig 3(a). The system consists of a
mass suspended by a massless linear spring. An exchange of energy takes place
between the mass and the spring during vibration; potential energy in the
spring is converted to kinetic energy of the mass, In the absence of damping
or energy dissipation, the total energy of the system remains constant and
the system is said to be conservative, As the system vibrates, the position
of the mass is determined by the parameter y which is a function of time,
The free body diagram shows the system in dynamic equilibrium with two forces
acting on it: (1) the spring force, equal to the spring rate times the
extension and (2) the inertia force, equal to the mass times the acceleration
and acting in a direction opposite to the acceleration, The equation of

motion readily follows as

m 2 ky = 0 (3.1)

The solution of this equation shows (Refs 7, 13, 43, and 47) that the
motion of the system is harmonic with a natural circular frequency that is a

function of only the physical constants of the system (k and m) ,

13
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regardless of the amplitude of motion. The natural frequency of this system

(wo) is found to be

o= \//£ rad/sec (3.2)
m

o]

The frequency (fo) and the period (T) of motion are

wo
fo = 5, Hz
=L’\A{-—
o o (3.3)
= L
T = P sec
o

= Zﬂ\ﬁi (3.4)

A SDF system which includes the effects of viscous damping is shown in Fig 3b.

The equation of motion of this system is
4y 4 dy - 3.5
m = cqp * ky = 0 (3.5

where

¢ = damping rate (lb/in/sec)

Systems with Multiple Degrees of Freedom. The analysis of mechanical

systems with two or more degrees of freedom is discussed briefly in this sec-
fion. As in the preceding section, the discussion will be confined to the
development of equations of motion.

In the case of free vibration of a single degree of freedom system the

motion is harmonic with one natural frequency; the vibration of a system



16

having several degrees of freedom is generally not harmonic (Refs 13 and 47),
Instead, it is the result of a combination of several harmonic motions having
different natural or characteristic frequencies. 1In the multiple degree of
freedom case, the number of natural frequencies is equal to the number of
degrees of freedom.

The hypothetical system shown in Fig 4 has two degrees of freedom: (1)
the system can translate in the vertical direction and (2) it can rotate in the
plane of the figure (pitch motion). Two equations of motion are required to
determine the position of the system at any instant.

From a summation of vertical forces:

m'é% + F 4, + F, + F, + F, = 0 (3.6)
dt
where
Fop = kG +X0),
Fe1 © °1("3'Z'+ Xlg—te:)’
Fsz = kz(y - Xze) >
F2 T 9 (%% - % ae )

The magnitude of 6 1is assumed to be small.

From a summation of moments about the mass center

2
d6 =
1 > + (Fc1 + Fsl)X1 (FC2 + FSZ)XZ 0 3.7)
dt
where
1 = mass moment of inertia about the mass center,
; i d
When the expressions for Fc1 s Fsl s Fc2 , and Fsz are substituted,

Egqs 3.6 and 3.7 become



L’_lcz E ks

!

i

Equilibrium
-t X, .l (%mw

(m,1)

{(a) Model.

Equilibrium
i///fﬁPoﬁﬁen

(b)

Free body diagram.

Fig 4. System with two degrees of freedom.
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2
dy d -
dt
d
+ (e X - X)) d—s -0 (3.6a)
2
d
48

dg . dy _ 2 2
2 + (c1X1 c2X2) at + (k1X1 k2X2)y + (klx1 + k2X2)e

2 2, d8
— = 3.7
+ (e X] + X)) i 0 (3.7a)

When Eqs 3.6(a) and 3.7(a) are solved, the first and second natural

frequencies can be determined.

Vehicle Suspension System

The basic principles involved in the analysis of systems with one or
more degrees of freedom apply in the case of vehicle suspension systems.
Generally, the vehicle is considered to be a damped system with several degrees
of freedom. 1In its simplest representation, the vehicle suspension system con-
sists of a mass resting on an elastic spring attached to a rigid wheel and has
one degree of freedom (Refs 7 and 47). This model is shown in Fig 5. 1If the
total static deflection of the spring under the action of the supported mass

is d , then the spring stiffness KS is

According to Eq 3.3 the frequency of oscillation is given by

R B Y
o 27V m



Fig 5.

Simple moving vehicle suspension.
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This reduces to

= 1 /g ‘
s i d (3.8)

A possible response of a system of this type to an undulating roadway profile

at a low velocity V1 is shown in Fig 5(a). At a higher speed V the

frequency of excitation increases. When this frequency coincides iith the
natural frequency of the system given by Eq 3.8, resonance is reached and the
amplitude of vibration reaches a maximum. Damping is necessary in this
situation to prevent any possible damage to the spring (Ref 7).

Theoretically (Ref 7), as speed increases beyond the critical speed
corresponding to resonance, the vibration of the mass subsides with the path
described by the mass becoming approximately smooth at higher speeds.

This simplified system does not realistically account for all the variables
involved in the vehicle suspension system. The mass of the main body of the
vehicle and its payload should be separated from the mass of the axles and
wheels since each can vibrate independently. 1In addition, the deflection of
the tires should be accounted for in the mathematical model., The literature
is rich in mathematical models of vehicle suspension systems (Refs 2, 4, 5, 8,
16, 22, 29, 35, 38, 40, and 49)., The majority of these models, however,
assume that the two sides of the vehicle are symmetrical and consider only one
of these sides, This is certainly a valid assumption, in many cases, but with
such a model it is not possible to study the rolling (rotation about longitudinal
axis) of the vehicle and its significance on the dynamic loads. A typical
model of a vehicle, the half-vehicle model, which is most commonly used is
shown in Fig 6. This model has four degrees of freedom as follows: (1) verti-
cal translation of the front axle, (2) vertical translation of the rear axle,
(3) vertical translation of the main body, and (&) rotation or pitching of the
main body. Usually the tire elastic action is represented by a single spring
since damping is negligible in the majority of cases (Refs 2, 4, 8, 16, 40, and
45), The procedure followed in writing the four equations of motion is similar

to that described in the preceding section and therefore will not be repeated.



Mass Degrees of System ;
System Freedom Constants Variables
Front Axle | M, Y,
Rear Axie | M, Y
Main Body 2 M1 %6

Fig 6. Typical half-vehicle model.
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CHAPTER 4. GENERALIZED MODEL DEVELOPMENT

The need for developing a generalized model, or a system of models, that
simulates different classes of vehicles representing a wide spectrum of com-
mercial vehicles is evident. Such a model may find several uses besides
predicting the dynamic loads and studying the dynamic behavior of these
classes of vehicles under variable roadway and vehicular input. For example,
the model may be used to generate various types of dynamic load for investi-

gations in the area of structural behavior of pavement slabs or bridges.

Preliminary Considerations

The elements of the vehicle suspension system which are of interest in
developing a vehicle model are the main body, which is assumed to be rigid;
the springs; the shock absorbers; the axle assembly which includes brakes,
wheels, and steering mechanism; and finally the tires. These elements may
be combined to allow a conventional two-axle vehicle (class 2-D) to be repre-
sented as three distinct masses: (1) the main body, (2) the front axle, and
(3) the rear axle.

The main body of the vehicle rests on the two axles through four springs,
which may be of different types, and a shock absorber is connected in parallel
with each spring. The two axles in turn rest on at least four tires which may
be simulated by springs and dashpots.

When this system of masses, springs, and dashpots is excited, it vibrates
in an extremely complicated manner. For example the main body can undergo
three independent translational movements and three independent rotations.
Therefore, the two-axle-vehicle suspension system with its three main masses
(body and two axles) has a total of 18 degrees of freedom, Exact description
of vehicle position at an instant of time with respect to all of these move-
ments is time-wise a prohibitive process and leads to very long and complex
equations of motion. In order to facilitate the development of these equations,
certain simplifying assumptions can be made. It can be noticed, for example,

that several of these motions are rather insignificant as far as the analysis
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is concerned and can thus be neglected in favor of the following important
motions (Ref 13): (1) vertical translation of the main body, (2) main body
pitching, (3) main body rolling, (4) vertical translation of the front axle,
(5) vertical translation of the rear axle, (6) rolling of the front axle, and
(7) rolling of the rear axle, The last four motions of the axles may be
accounted for, by considering vertical translation of each of the individual.

tires.

Selection of Vehicle Types

A traffic classification survey conducted for the purpose of selecting
the most common classes of vehicles to be included in this generalized model
will be discussed later in this report under the discussion of the experimen-
tal phase of this research investigation. The five classes of vehicles chosen

are shown in Fig 7 for convenience.

Equations of Motion

The different elements of the vehicle suspension system discussed above
are taken into account in the mathematical representation or modeling of each
vehicle. In this section, the differential equations of motion for each indi-
vidual class are derived. A complete list of the notations used with asso=

ciated definitions is included at the beginning of this report.

Class I. Elements of the mathematical model describing this class of
vehicle (2-D), two-axle single unit, are represented in Fig 8. The total
number of degrees of freedom is seven; these are summarized in Table 1.

In an attempt to simplify the derivation of expressions for the differen-
tial equations of motion, the movements of the main body are analyzed separately
as described in Fig 9. The four sides of the main body are shown in this
figure and the translation of the four corners due to each of these movements
is determined. The combined translation due to all three independent move-
ments are designated by: D , for the right front corner; D , for the

1R 1L

left front corner; for the right rear ccrner; and D , for the left

D
2R’ 2L
rear corner. The resulting expressions for these combined translations are:



Class

Fig 7.

Selected classes of vehicles.

Designation

2-D

25-1

3-A

25-2

3s-2

25
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Yir )

(+hvay

(+)
Ver VIR (4)

Fig 8. Class I vehicle model.



TABLE 1. CLASS I SUMMARY
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Degree of Mass Differential
Freedom System Variables Eq of Motion

1. Vertical Translation (V.T.) MO YO 4.5

2. Rolling ' @X 4.6

3. Pitching ¢, 4.7

4, V.T. MlR YlR 4.8

5. V.T. MlL YIL 4.9

6. V.T. MZR YZR 4,10

7. V.T MZL Y2L 4,11




RIGHT SIDE LEFT SIDE REAR END FRONT END
. ‘ . | Wp W ‘
- ——_ e 4% S
Equilibrium [ e - ] [ —
Position 3 { B I % % E B
f — ﬁ — e T
2R IR 2L IL 2L 2R IL 'R
o |
Vertical ——— 1Y Yo
) o ()
Translation | £, / ?]f ‘ f .
| Eqmllubruum Position (EP) | | ! I
| . | o |
EP~_ | bwes] o . EP oy P
e T m—— — — —— . ———— — + Tew, . et P R “W./o s - S P
Rolling i . if [-/2 24] er—" T 20 f‘f : :
(x Axis) ‘S% i ‘ 5. g | ;I. =
i T
| ‘* | I |
Pitching EP_\ H
(z Axis) - [+X.2, |

|

L Dy wip ﬂl-X.@l—‘
—|D.ZL:)’0*W2/2 Ox + %20z |__

Fig 9., Main body motion analysis.
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b - Yo (5 ) @ - sy NS
Dy = Yot ;l ) @0 - &) @) -2)
Dy = Yo - (?) (3 + X)) (@) (4.3)
Dy = Yo+ %) (8 + (X, (8, (4.4

The required equations of motion are

dD dy

7 P1r IR
Ks ) p@ig - Y1) + Csip \ 3¢ dt ) + Ksyy (Dyy - Yypq)
dp ay
s 9Dy, 1L
+ 0811\ T4 at > + Ks,yp (Dyp = Yop)
dp dy
/ “Pagr 2R >
+ Csop \ Tdt dc ) T KRsp (D - Yyp)
ap dy a2y
2L 2L 0
+ Csyy < dt - dt > +Myg 5 = 0 (4.5)

dt



30

s N i 7 iR ShIR Y i
W2 ) _ KsypDyp = Yyp) + Cspp (gt at /7 Fspp (O - Yyp)
e e A VAR B N O - v.)
1L\ dt de / 4\ 2 /. "T2R'2R 2R
dp dy
; Doy 2R
+ Csyp \ Tac at /- Kspp(Dyp - Yyp)
dp ay 4
P e ks A W I S o ©.6)
2L dt de /U X 2 = .
dt
dD day
r B /_13-_%> -
Xyt Ksqp(Dyp = Yop) + Csqp \ 4 qc ) T Rsyp(Dyy - Yyp)
) dy
1L 1L\ r
+ Csyp, ( dac dt ) |7 Xy | KsppDyp = Yop)
dp ay
-y
+ Csyp | Tat ac )t Ky (Dyp = Yop)
dp ay a2
+cs, ( —2L_ 2L ) R S %.7)
21, K dt dt J z .2 :
dt
4D dy
{ IR _ 1R> .
Ks p(@1g = Y1p) T CS9p \ "4t at Kty p (Y - Vip)
ay av %y
sep. [ IR _IRY IR _ (4.8)
1R \ T4t ac /TR T2

.
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2
ery (S Sy, 2B .9
b1 \ Tdc dt L2
t
dp dy
/ 2R 2R
- - - Kt. (Y v
Ks,p (Dgg = Yop) + Cspp S rrall or(Yor = Vor’
d %y
d¥op  9VoR 2R ..10)
- ct < %t ) " Mr— 2 = ° (4.
2R \ “dt n
dD dy
2L 2L Y
Ksyy (Dpy, = Ypp) + Csyp ( at ac ) - Koy = Vop)
dy av a2y
et ( 2 TN 2L, “.11
2L \ dt ac /T oL 12

Class II. The model describing this vehicle type (25-1), three~axle
truck-trailer combination, is shown in Fig 10, Twelve degrees of freedom
are considered to be significant (Table 2).

The differential equations of motion may again be simplified quite con-
siderably by expressing the movements of the corners of the truck and of the
trailer in the same manner used for Class I. The expressions for these
movements are given in Eqs 4.12 through 4.17. In addition, the vertical
movements of the truck and the trailer at their connection point, designated

respectively by D, and Dc are expressed by Eqs 4.18 and 4.19.

b
s Wy
R - Yo1 "\ 7 > (Bg1) -~ &) @B, (4.12)

!
1w - Y tiz > Pg1) - &g () (4.13)

"2
D = Yo~ (7 ) G * G @) (4.14)



X1r3

X1r2

PR I R
x>
o
~

Fig 10.

Class II vehicle model.
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TABLE 2.

CLASS II SUMMARY
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Degree of Mass Differential

Freedom System Variables Eq of Motion
1. Vertical Translation (V.T.) MO1 Y01 4.20
2. Rolling ¢X1 4.21
3. Pitching ¢21 4,22
4. V.T. Moo Yoo 4.23
5. Rolling ¢X2 4.24
6. Pitching ¢22 4.25
7. V.T. MlR Y1R 4.26
8. V.T. MlL YlL 4.27
9. V.T. MZR YZR 4.28
10. V.T. MZL Y2L 4.29
11. V.T. MBR Y3 4.30
12. V.T. MBL Y3L 4.31
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2L

3R 02

3L

< 53 > (Byy) + (Kgp) (@)

) (Eygg) + (Kppq) (8,5)

P

=

/
\ 2 ) (40) + Kpgy) (855)

I -
(A + Dyp) + Xy - A)(Dyp + Dyp) ]

Do = Yo -

gy + A) (Bg5)

The twelve differential equations of motion are

ap dy
1R _ IR )
Ks)p(Dpp = Yyg) + Cspp ( It gt ) T Ksp (@
dp av
7 “P1L 1L\
+Csyp \ge T Tar /7t Kear(Pop - YoR)
dD ay
s 9Dop  Srag
+ Csop \ Tdt ac ) + Skyp (Dyp = Ypp)
dp ay
2, or i
+ Csyp ( at ac )~ Ks(d - D) + My,
(VT ke 0y - 1) + oy (o2 - 21
2 IR S AR § 11, 1L dt dt  /
. < dDjp  dY o ) N Yg \ ( Ks._ (D
S1R dt dt J7\2 /L T

1" V)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)
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dD dy

/ 9Dyp 2L >
+ Csyp \ Tt gt ) - Ksgp(Dyp = Yyp)
D dy a2
- Cs (-LR___.‘?_R>—!+I ®)(1 = 0 (421)
2R dt dt A X1 7 .
dt
dp dy
IR __"1R) -
Xap | Ksyp(Dyp = Ypg) + Cspp ( dat at ) T Ksp Oy - Yyp)
dD dy _
_&-....1—.&)1- r .
+CSlL( dt dt |7 Xgg | Regp(Dyp = Yop)
dap day
_.‘?_.13.-__2.3) / .
+ Csyp ( dat at ) T Kspp(Dyp - Yyp)
dp ay
"__%L__ﬁ)] . .
+ 08y \ T3t at + Kgy - AKs (D, - D)
dz05‘21
-1, —= = 0 (4.22)
dt
dD dy
3R _ 3R>
Ks(D, - D) + Ksyp(Dyp = Yqp) + Csgp ( dt at
dp dy
) T
+ Ksyp (Dyy = Yqp) + Csyy ( dt dt
szOZ
M, —5 = O (4.23)
dt
W dp dy
/___3_) ( 3R _ 3R> }
\ 3 [ Ksqp(Dap = Y4p) + Csgp \ 3¢ It Ksyp (Dyp - Yqp)
dp dy a2
- ce ( 3L Y > T b2 0 .26)
3L \ “dt ac /17 x2 7.2 <% .

dt



36

1D dy
T “ap 3R>
Xppy | K8ap(P3p = Ygg) + Csyp ( It Tt ) T Ksyp(Dyp - Ygy)
dD dy _
_SL _ _ 3L > [
+ Csyy ( dac gt ) |~ qpp T MRs(D_ - D)
dz@zz
-+ 122 5 = 0 (4.25)
dt
dap dy
_IR IR\ -
Ks)p(Dyp = Yjp) + Cspp ( T ac /- Ktp(Yyp = Vi)
dy dv a2y
- Ct < —R IRy IR ) 4 .26)
1R dt dt 1R d 2 - '
t
dD dy
1L 1L > _ -
Rsyp Dy = Yyp) + Csqy ( dt dt Repp (g - Vyg)
Y av a2y
- Ct ( —IL 1LY 1L _ o (4.27)
1L dt dt  / .2 ’
t
dDp dy
2R 2R \
Ky Dog = Yop) + Csop ( at at ) " Keap(pp = Vo)
dy dv a2y
2R 2R\ 2R
- Ctop < dt it ) " Mr—z = °© (4.28)
dt
2D dy
/2Dy 21, \
Ksyp(Dyp = Yop) + Csyp | 3¢ at /" Kt (Ypp = Vo)
ay v a’y
- ct ( 2L 2L Y | 2L _ 4 .29)
2L dt dt 2L 2 - .
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dD dy
/ 3R 3R>
- - - Kt - v
Ksyp(Dyg = Yap) + Cs3p | 3¢ at Ktgp(¥3p = Vgp)
dy av a’y
~cr,, [ SR __R ) - M R _ 9 (% .30)
3R \ "dt at 3R .2
at
dD dy
3L 3L
Rsqp (Dyp = Yyp) + Csqp ( dt " Tac ) 7 Kty (¥gp - Vap)
dy dv a’y
_ct, [ 3L . 3L ) - M 3L _ % .31)
3L\ Tat at 3L 2

Class I11I. The model for this vehicle type (3-D), single unit tandem,
is shown in Fig 11. The total number of degrees of freedom is 9 (Table 3).
The movements of the four corners of the main body are given by the

following equations:

1
Wl N
Y2
Dazg = Yo - ( Fa ) O t Xpo, (4.34)
WZ
D23L = YO + ( 2 > ¢X + (XT)(bZ (4.35)
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Fig 11. Class III vehicle model.



TABLE 3.

CLASS III SUMMARY
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ZL

Degree of Mass Differential

Freedom System Variables Eq of Motion
Vertical Translation (V.T.) MO YO 4,36
‘Rolling by 4,37
Pitching ¢Z 4,38
vV.T. MlR YlR 4.39
vV.T. MIL YlL 4,40
v.T. MZR + M3R Y23R 4.41
V.T. MZL + MBL Y23L 4.42
Pitching eZR 4.43
Pitching 6 4.44
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The equations of motion are:

dD dy
(v g ]
Ksjp(Dyp = Yip) + Csyp | ¢ at > + Keyp Oy - Yyp)
dD dy
_L 1LY B
08y ( ac Tc /T BSp3p(Dpap = Ypqp)
dD dy
23R 23R
+ Csyap ( dat ~ dc > + Ksygp (Dygp = Yoqp)
dDh dy dZY
( 9231, a3p ) o
t Csy3p | Tdt ac + My 2 0 (4.36)
W dD dy
r N ) r dPr g > i )
\ 2 > | Ksjp@pp = Yyp) + Csip | ~q¢ dc K1, (Dpp = Ypp)
D dy W
1 Yy ( WaNT )
- Cspp ( dc dt > GH N7 )L KSpap(Dygp - Yogp)
aD dy
; 9Dy3p 23R
T CSy3p \ Tde T Tdc Ksyq1,(Pasp, = Yo31)
dD dy 4
s (D2 TN % “.37)
231 \ dt de /1 x el :
ap dy
r _ / 1L 1L Y
Xy o Ksqgp(@gp = ¥qp) + Csyp 3¢ gt ) T Rspp(Dyp - Ypp)

et T S

- r .
1R \ “dt de )7 Xp . Kespgp(Dpqp - Yoq)

+ Cs
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ap 4y
23L 23L
+ Csyqp ( it~ dt > + Ksy3p(Dy3p = Yoap)
dD dy d2¢
23 a3 ) 7 z
+ Csyap ( dat T |-I,—3 =0 (4.38)
dt
dD dy
) 1R YYiR > i i
Ksjp(Dyp = Yig) + Cspp ( dc dt Ktjp (Mg = Vig)
dy av %y
- Ct ( R IRy IR _ (4.39)
1R \ “dt ac J MR 2 - .
dt
dD dy
- 1L 1L>.. -
Ry (Dyp = ¥pp) + Csqy ( dt dt Kejn Mg - Vi)
dp v ay
- ct, ( 1L _lL ) - M 1L _ (4 .40)
1L \ “dt dt 1wz -~ .
dt
dp dy
23R 23R > i
RsyarPp3r = Ya3r) + CSy3p ( dc dt Ktor ( Y)3R
R I Y- ce ( Yosr  Xp3 9O dV2R»>
2 ZR 2R 2R dt 2 dt dt
- Rege (Y + 23,y ) - e ( £l Tk B
3R 23R 2 ZR 3R 3R dt 2 dt
av a“y aly
- 3R>_M —_2..3_5-}1 __2.3_R__0 (45&1)
t - »
d 2R 2 R 2
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dD ay
i ) ' 23L _ " 23L ) . (
Ksg31,(Pyap, = Yagp.) * Cogp ( dt dt Kear \ Yo31,
£ IO ) - e ( Wogp,  Xa3 99, 9y )
2 Y71 7 V2t 2L \ 4t 2 dt dt
S I T e - s
3L\ 231 7 T2 Yz T Van 3L\ dr 2 dt
2 2
T ) - M ? o1 M oy 0 (4.42)
dt 2L dt2 3L dt2
( %23 ) [ Rt, (Y. - Z23 8, - V ) + Ct < Tasg _ T23
2 2rY23r T 72 Yzr T Var 2R \ “dt 2 dt
T ) - Kt Y L 223 .. - V.o |- Ct ( L
dt 3R\ "23r ¥ 72 %&r " V3r / 3R \ “dt
X, . d9 dv a%s
4 23 _ZR 3R > 1 1 ZR
2 dt at /17 tz - (4.43)
dt
X3 N T Kt v _ igg 6. - v > + Ct ( a3 _ X923 981
2 ) L ~2n \ "23L 2 ZL 2L 2L\ dt 2 dt
v X , dy
4 ) cxe, (v, +22e -v, )-ce, [ =23
dt sL\ Y2sn VT2 Pz T YaL J 3L\ “dt
X,. do dv aq
+ 23 7L _ 3L N\ ]_ I ZL (4 .44)
2 dt dac /17 trz T 2
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Class IV. The model for this class of vehicles (25-2), four-axle truck-

trailer combinations, is shown in Fig 12.

freedom is 14 (Table 4).

The total number of degrees of

The movements of the corners of the truck and trailer and for the trucke

trailer connection point are expressed in Egs 4.45 through 4.52.

!
P = Yor - ( 2 ) %1 - Ke)eg (4.45)
/¥
Dip = Yo1*\ 7T Xe1)%;1 (4.46)
(2
Dy = Yor - (7 + ()8, (4.47)
D = Yo * ( 2 ) (4.48)
2L 01 2 71 .
[y, + D;.)A+ (D, + D, )X, - A)]
b, - 1R T 1 1 S R ) .49)
Do = Yo Ky (4.50)
W
Dy = Yo2 "\ 7 ) %2 + Eqpp)¥y) (4.51)
W
Dysr = Yozt i 2 > O%2 T Kipp) s (4.52)
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TABLE 4. CLASS 1V SUMMARY
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Degrees of Mass Differential

Freedom System Variables Eq of Motion
1. Vertical Translation (V.T.) MOl YO1 4.53
2. Rolling ¢X1 4,54
3. Pitching ¢Zl 4.55
4, V.T. MO2 Y02 4.56
5. Rolling b0 4.57
6. Pitching Y02 4.58
7. V.T. MlR YlR 4,59
8. V.T. MlL 'YlL 4.60
9. V.T. MZR Y2R 4.61
10. V.T. MZL Y2L 4,62
11. V.T. M3R + M4R Y34R 4,63
12, V.T. M3L + M4L Y34L 4.64
13, Pitching 87» 4.65
14. Pitching 8 4.66

ZL
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The equations of motion are given in Egs 4.53 through 4.66.

1R IR \
Ks gDy = Yyp) + Cspp (\ at ac ) T RSPy - Yy)
dD dy dp
/1L T TIL Y _ 2R
+Csyp \ Tqe Jc ) T Kspp(Pgg = Ypp) + Cspp ( at
dy dp dy
e ( 2L 2L
at ) P Esyp(Dyp - Yp) 4 Csyp (- Eraly
d2""01
- Ks(D_ - D) + My —oF 0 (4.53)
dt
W dDp dy
1\ T IR IR
R K - — y ——— - -
( 7 > | %81g(Prg = Yg) + Cspp ( dt ac /" Kep(Pyp - Yyp)
c (———dDiL dY1L>ﬂ5+"/&\rK D
®1. \ “at at ) 1T U7 )L KoarPag = Yop)
dD dy dD
2R 2R \ ¢ 9Dy,
+ Csyp ( dt dt ) " Ksap(Dyp - ¥pp) - Csy | g
dy a2y
2L\ 7 X1
"3 )T ol 0 (4.54)
t
dp dy
r } < IR _ 1R ) D - Y
Xop | Ksip@rr - Yip) * Copp \ g " Tae ) P e P - Vi)
dD ay,. « -
/ 1L 1L & . r -
+Csyp e T Tae /| Xc2 L KS?R(D‘?R YER)
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dD dy db

[ 2R ___2R . ( TP
+ Csop \ T@r T T4t > + Ksyy (Dyy = Ypr) + Csyp | g
2
dy _ e
2L\ 71
i | . 3 - -0 4,
L) 1+ (g - MKs(D, - D) - T, = (4.55)
dD dy
34R _ _34R )
Ks(D_ = D) + Ksy,p (Dyyp = Ygup) + CSqup ( at it
dp dy
7 D341, 34L >
+ Ksyr Ogp = V) + C534p \ 3¢ dt
'd2Y02
+ M = 0 (4.56)
02 72
Q! ) U Ks., (D.,. - Y., ) +Cs ( Paur - Tawr )
\ 2 L "T34RV34R 34R 34R dt dt
- Ks., . (D.,. - Y.,.) - Cs ( Paar, - Maar ]
34L° T 34L 34L 341, dt dt  /
2
d
- 1, ®§2 -0 (4.57)
dt
Ks (X + AY(D_ -D) - X r Ks (D - Y,,.,) + Cs ( EEQEB
TR2 c b TRT L 34R“"34R 34R 34R dt
- EE;EB ) + Ks,,. (D - Y.,.) +Cs ¢ dDB&L - dY34L ) 1
dt 341V 34L 341, 341, dt dt N
2
d°¢,5
- L,—%% =0 (.58)

dt
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dD dy

¢ P g ) ]
Rsjg(D1g = Yip) + Csip \ 75t dt Ktir g - Vg
dY dv a%y
e < R VIR Y R,
1R \ “dt T A |- S
dt
dD dy
1L 1L
Ksyp (Dyg, = Ypp) + Csyp ( it - Tdt ) - Ko (Y - V)
4y dv sz
- ct ( L _ 1L > - M 1L _
11, dt dt 1L dt2
dD dy
2R _ 2R > _ .
K p(Dog = Ypg) + Cspp ( dt dt Ktyp (Vg = Vor!
dy dv dZY
e (S fmy o, T
2R \ dt ar_ / R T2 T

. dD dy
2L _ _ 2L\ _ -
Ky Dy = Ypp) + Csyp ( dt dt ) Kty (Ypp, = Vo)

2
o ( dYyy AV > y 7Y,y o
i i ) 2L .
o1, \ Tdt at 2L "
dp dy
34R 34R /
Ks5,r Pasr ™ Y3ur? * CS34 ( at T > Kt \ Y34r

-V ) “ct. ( Ny X34 98 V3 >
2 VzZRr 3R 3R \ dt 2 dt dt

(4.59)

(4.60)

(4.61)

(4.62)
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dy X., do
34R 34 ZR
Ktir ( Yyr T2 %% 7 ViR ) Ctir ( dt T2 Tdc

2 2
a2 ) u d Yyp y d Y3 o ©.63)
dt R 2 4R T2
aD dy
341 34L
Ksq,1,(Dyap = Y3up) + Cg4p, ( dt ~ dt - Kty ( Y341,
X3 . v ) o ( Napp %34 9971 Vg >
2 ZL 3L 3L dt 2 dt dt
X34 Yy X34 99

Y
K . " (4. 64)

VR AL S [y + “30 0y )
2 dt dt / 4R 34R 2 ZR 4R /
ay X. de av a%s
e ( 3R, P30 POz Tar ) 1 R o 465
4R \ "4t 2 dt at /1~ "1z = .
dt
X X dy
/ 234 ) ( %34 ] ( 341
\ 72 | Reap \ Y34 =72 %1 " Vap ) * O\ Tae
X34 9850 V5 ) e [y 4 X34 o v )
2 dt dt 4L \ 34L 2 V7L 4L
d d d %9
ey Yaar | X34 %92 ar R 1
41, dt 2 dt dt TZ dt2 - *
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Class V. Finally, the model describing this class of vehicle (38-2),
five-axle truck-trailer combination, is shown in Fig 13. The total degrees
of freedom for the system is 16 (Table 5).

The movements of the corners of the truck body and trailer body and the

truck-trailer connection point are expressed by Eqs 4.67 through 4.74.

Y

Pk = Yo - < 2 ) Px1 - K1)z (4.67)
W
1

Dip = Yo t < 2 ) Bg1 - Koy (4.68)
W
/Wy

Dysg = Yo1 -\ 7 > Px1 t Kep3)9z1 (4.69)
W
[ 2

Dysp = Yo1 T 2 > Py1 t Kep3)9z (4.70)

LD + Dyp)A + (Dyap + Dy ) (Xyy - A))
D = X (4.71)
b 12

- 4.72

D, = Yop = (ppog + 8O, (4.72)
W

4\

Dysg = Yoo ° (2_ J bxo T Kppys)ozn (4.73)
i

Dys, = Y2t 7 > Oy t Krpus)dy, (4.76)
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TABLE 5. CLASS V SUMMARY

Degrees of Mass Differential

Freedom System Variables Eq of Motion
Vertical Translation (V.T.) MO1 Y01 4.75
2. Rolling ¢Xl 4.76
3. Pitching M02 ¢Zl 4.77
4. V.T. M02 Y02 4.78
5. Rolling ¢X2 4.79
6. Pitching ¢22 4.80
7. V.T. MlR YlR 4.81
8. V.T. MlL YlL 4.82
9. V.T. MZR + M3R Y23R 4,83
10, V.T. M2L + M3L Y23L 4,84
11. Pitching ele 4.85
12. Pitching 6,11, 4.86
13. V.T. M4R + Mep Y45R 4.87
14, V.T. M4L + MSL Y45L 4,88
15. Pitching eZZR 4.89
16. Pitching ) 4.90

Z2L




The equations of motion are given in Eqs 4.75 through 4.90,

dD dy
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/ 1R 1R
Ks(D, - D) - Ks o Dyp = Yyp) = Cspp {9 = ~a¢ )
dp dy
- . &-.ﬁ)- .
= Ksyy Dy = Yyp) - Csyy ( dt it Ksy3p(Da3p = Yz3R)
. r Poap  TYoap ) Ko (e - 1S
S23r \ ~dt at 231231 = Y231
dD dy a%y
e ( 23, Yoz o _ .75
5231 \ “dt at  / 01 2 .
t
W dp dy
1N\ IR 1R )
— IK - —— . —— - -
< ) ) L KsjpDyp - Yyp) *+ Cspp < at at Ksip(Pyp = ¥qp)
dp dy W
o (2 5 12 (2) D -
Cs11 \ Tac & ) 4t 3 [ Ksy3g (Pa3g = Yaap)
dp dy
23R 23R )
+ Csyap ( dt dr " Ksy3p(Pogp = Ya3y)
dD dy ) a2y
s 231 Hag ) | X1 476
23L \ “dt dt 17 W2 (4.76)
dp ay A
. IR 1R
Xe1 [ Ks g (Dyp = Yyp) + Cspq ( dc ~ Tdt ) + Kspp (Dyy - Yqp)
dp dy

1L 1L

1L . T .
+ Csyy ( at at ) ] Xa23 | K823 Ppap = Yogp)
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d

D ay
23R 23R >
+ Csyap ( dt ~ 4t + Ks,y31 (Dyqp = Yoqp)
dD dy a2
voe (P Ty %1
23L \ “dt ac J 1 Tz ¢
dt
ap ay
: 45R 45R \
Ks(D, - D) + Ks;sp (D45 = Y45p) + Csysp ( dt dt

dD dy
45L 45L
+ Ko (Dysp = Yys1) + G4y ( dat dt )
2
a’y,,
My~ =0
dt
( Eé \) r Ks (D - Y ) + Cs ( dDQSR - dYASR
\ 2 L 45RM45R 45R 45R dt dt
ks (D - %) - ce ( Pysy, g5, ) 1
451 %5t~ Yast 451 \ Tdt dt
2
-1 ke e 0
x2 72
. . [ .
Ks (Xppo3 + A)(D, = D) = Xppus | KS4sp Dysp = Yysp)

dDysp  dYysp

+ Cs,or ( dt at ) RS5Oy - Yy5p)
dp dy 2
+ sy, ( st Sastn o S%2
451 \ "dt ik )1 2T 2 <

“4.77)

(4.78)

(4.79)

(4.80)
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dD dy
1R 1R
Ks p@ip = Y1p) T Ospp ( it~ dt ) - Keyp (Vg = Vip)
dy dv sz
<o, [ IR IR IR (4 .81)
IR ' dt el et S T -
dt
dD dy
. 1L _ 1L ) -
Ksyp (Dyp = Yqp) + Csqp ( at dt S STASST ALY,
dy dv ' a?y
- ot <_.1L-___1L\-M 1L _ (4.82)
1L dt dt 1L '
dt
dp dy
23R 23R /
Ksy3r Po3r = Ya3r) *+ Cso3p ( it~ dt ) - Ktpp \ Ya3g
I £ I ) - ety Wy3r X3 d%1p  dVag
2 Yz1R 2R 2R dt 2 dt at  /

9
- Kt < Youo + == 8, = V ) - Ct ( Moz + “23 21
3R 23R 2 TZIR 3R 3R dt 2 dt

AT ) oM 5 M 2 Ya3r -0 (4.83)

dat 2R T2 R 2
dp ay
i 231 ST23L Y (
Ks,qyp (Dygp = Yp3p) + Csyqp ( dt ac . /" Ktop | Yagp

= I ) - ( o3, Xp3 99, Yy )
2 Z1L 21, 2L dt 2 dt dt

ke (g 2 l23 v ) - ey ( d¥o3,  Xp3 9%y
3L\ "23L 2 “71L 3L / 3L dt dt dt
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Ks,sr

(D

L R T

4sr - Yasg) t CS4sp (

X,

X5

Ktop ( Yyse T2 9%2r ~ Vsg ) - Cter ( dat

X45 99728 dVsp

D45k

d

Y, 5R

5 \
7 %9r " Var ) 7 Ctur o\

- M

dt

/

4R

dt

Nyor

X

*)]
at Lrz1

_ 23 B ) (
Kto1 ( Yos1. 7 72 %211 7 Voo ) Y Oty \ T:

2
470,15
dt’

4,41

0

) - Ktup ( Y450

45

4O2r

dv

4R

dt

2
d Yoy

dt2

2

Msp

dt

dY,, sr

2
d Y, 55
at?

d

t

0

)

(4.84)

(4.85)

(4.87)
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(4.88)

(4.89)

(4.90)
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Spolution of Equations of Motion

In many practical problems such as the one under discussion, a closed-
form solution is a lengthy and time-consuming process, and often is not
possible. When such cases arise, numerical techniques are used to obtain
approximate and reasonable solutions to these problems.

M. N. Newmark, in his paper entitled "A Method of Computation for Struc-
tural Dynamics" (Ref 30), described a procedure which may be used in solving
the relationships between forces and displacements for structures with varying
degrees of elastic and inelastic behavior.

This method has been selected for solving the equations of motion derived
in the preceding section.

The procedure is based on the assumption that the displacements, the
velocities, and the accelerations of the system are known at any particular

time ti . The values of these variables at time ti+1 where

are determined from the following relationship:

2 2
<%}é>i+1 - (%)1 + h(l-v)(i%)i + hv<i§>iﬂ (4.91)
and
2
S = o en () +t (25) (L)
* hZB (j_i% >i+1 (4.92)

Newmark (Ref 30) has shown that a false damping will be introduced merely
from the numerical procedure if v 1is not taken as 1/2. Thus, with v equal

to 1/2, Eq 4.91 reduces to:
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(), - (8) +5(58) +5(9)
i+1 i dt ‘i dt “i+l
A B-value equal to 1/6 which corresponds to a linear variation of

acceleration in the time interval was chosen for this study. The time incre-
ment h may be taken as approximately 1/5 to 1/6 of the shortest period of
oscillation to assure convergence and stability of the solution. Obviously,
more refined solutions may be obtained with shorter increments. For the
purposec of solving the sets of equations of the generalized model described
herein, the value of h depends on the speed of the vehicle. An increment
of tire equal to the time required for the wheel to travel a distance of
1 inch. or 0,001 second, whichever is less has been used. This criterion
keeps the h-value within the ranges required for convergence and stability.

The procedure used is outlined as follows:

(1) Assume a value for the acceleration of each mass.

(2) Calculate the velocity and displacement for each mass by using
Eqs 4.93 and 4.92, respectively.

(3) cCalculate the acceleration from the differential equation of motion.
(4) Compare the calculated acceleration and the assumed acceleration.

(5) Stop if the computed acceleration is equal to the assumed accelera-
tion within a reasonable tolerance limit (10'6 has been used); the
solution has been reached. 1If these are not equal, repeat step (1)
above, using the calculated acceleration as a new assumed accelera-
tion.

In case of excessive excitation any individual tire may lose contact with
the road; therefore, provisions were made to eliminate tensile forces acting

on the tires.

Dynamic Wheel Loads, Once the vertical translation of the tires is deter-

mined, the dynamic force components may be evaluated. Equations 4.94 through
4,115 give the expressions for the dynamic wheel forces. 1In order to avoid un-
necessary repetition, the subscript on the parenthesis indicates the class of

vehicle. Thus (FDYIR)I...V is the dynamic force at the right side of axle 1

for Class I through Class V; while (FDYAR)V is the dynamic force at the right
side of axle 4 for Class V only, etc.
dv dy
( ) _ ke _ (. &)
\ Fpyir = KepUip - YR + Ctip \ ot dt (4.94)
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( FoviL >1...v = Ko (Vg - Yqp) + Ceyp < E;%L - EE%L ) (4.95)
( Fpyar >I,II,IV = Ktyp(Vop = Yop) + Ctyp ( f;%ﬁ N fé%g ) (4.96)
( FovoL >I,II,IV = Kepy (Vp = Ypp) + Ctyp ( EE%L } d:iL‘> (4.97)
( Fpvar >11 = Kegp(Vgp = Yap) + Ctyp ( fg%g ) EE%B ) (4.98)
( FovaL ) = Kegp(Vgp = Ygp) + Ctyp ( EE%L " EE%L ) (4.99)

IT

%23
( Fovor > = Rtyp ( Vor " Yoz V3 eZR >
I11
Vo Tasp a3 B ) . 100)
+ Ctop | Tac dac 2 dt .
D T .- P
DY2L = Kby U Vor, ™ Y30 ¥ 72 Y1
I11
veey | e A & A & s ) . 101
o1 \ “dc dt 2 dt .
X
/ 23
( F ) = Regp i\ Vap = Yop =77 Oz
DY3R /  ; 3R\ '3
av ay X. . d6

¥ Ctg ( - - = ) (4.102)
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_ Xp3
( FoysL ), Kty ( Var " Yo31 - 2 951 >
111
e (e Mg Fa3 98 ) 4.103)
3L\ Tat dt 2 dt :
X
y ( i 34 )
( Foyar J1y Ktap W Var ™ Yaur 772 Oz
' ct ( War _ Maar | X34 g 4.106)
3R dt dt 2 dt / *
( F > Kt ( . 1 5 )
DYIL /., 3p \ Var T Yaan Yo %z
v oty ( Wy Maar |, X3y B ) %.105)
3L dt dt 2 dt N
X
_ 34 \
\ Fpyar >IV Keag \ V4R " Yaar ~ T2 Or )
v ot ( Wip  Iaup X34 405 ) ©.106)
4r \ “dr T 7 dt .
X
34
( FovaL >IV = Kt ( Vor, ~ Y341~ T2 821 )
' ot < W g, %34 48, ) .
41 \ Tdt at 2 dt (4.107)
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‘ot ( Wor o5 | %23 Bip )
2R dt dt 2 dt
X
23 \
( Fovor >v Ktor < Vor = Y230 v 2 8211 )
‘ot ( Vo, Y55 . X953 48511, )
2L dt dt 2 dt

' ce ( dVsp  Yo3p  Xp3 99p )
3R dt dt 2 dt
X
) / i 23 )
( FovaL >v = Kegp \ Vap = Yo31 - 7 %11
v oty Wy g %23 By )
3L \ ~dt at 2 dt
X
/ > ( i 45 )
\ oyar / Rt \ Var ™ Yasg ¥ 72 922r
' ot ( Vo Wasy . X5 99, 9p )
4r \ Tdt dt 7 dt
o) e ke (- g e, )
( DY4L v B 41, \ 4L 45L 2 Z2L
vt ( Vo Mast |, Xus P21 )
41, dt dt 2 dt

(4.108)

(4.109)

(4.110)

(4.111)

(4.112)

(4.113)
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_ - _ 45 \

( Foysr )V = Kty ( Vsr = Y4sr T T2 Ozom
' ot ( Vo ysp  Xys 90z Y
4r \ dt at 7 dt (4.114)

X

[ ) _ ( . _ 45 \

\ Fpys. v Kesp \ Vor = Yusp - 2 %221/
voe o BsL . Masy Xas Q8o @.115)

41, \  dt dt 2 dt  / ’

After the dynamic force components are calculated for each wheel, the
total dynamic wheel load may be determined by simply adding the static and the

dynamic force components. For axle 1, these loads are given by

F = F

TO1R (4.116)

pylr T FsTIR

Froi = Fopyir * Fsrip (4.117)

The total loads for the remaining axles are determined in similar fashion.

Description of the Computer Program

After the development of the model was completed, a computer program
"DYMOL" was written in FORTRAN language for CDC 6600 available at the time
through the computer facilities of The University of Texas at Austin. The
program consists of eight subroutines which are monitored by a main driver
routine. The solution of each set of differential equations describing the
motion of each class of vehicles and the calculation of forces for that class
are handled by separate subroutines. These subroutines are named CLASS I,
CLASS II, CLASS III, CLASS 1V, and CLASS V. 1In addition PROGRAM DYMOL pro-
vides two alternative forcing functions for the model: (1) the model may be
forced by an artificial profile, or (2) the model may be forced by a natural

profile. Each of these two alternatives is discussed briefly below.



64

Artificial Profile. The subroutine that generates this artificial pro-

file is ARTPROF. The profile may be generated as a series of bumps placed on
a smooth surface. The number, placement, and spacing may be varied for each
of the left and right wheel paths independently. The bumps are then con=-
verted to full or half sine waves as desired. Once the characteristics of

an artificial profile are specified, elevations with respect to a horizontal
smooth condition are calculated at each step increment h , by subroutine
ARTPROF for a maximum of 3,000 increments corresponding to profile distances
of 250, 132, and 44 feet for speeds of 50, 30, and 10 miles per hour, respec-
tively. These elevations are then used as road excitation inputs for the
model. An example of such an artificial road profile for a Class V vehicle

is shown in Fig 14,

Natural Profile., A more realistic prediction of the dynamic wheel loads

would be one based on natural profile excitations,

The high-speed Surface Dynamics Road Profilometer (Fig 15) (improved GMR
Profilometer) was available for measuring and evaluating profile characteris-
tics., This device was used periodically in measuring the profile of the test
section for subsequent use with the mathematical model. The subroutine that
hand les natural profile input is NATPROF subroutine.

The DYMOL program is summarized in Fig 16. A complete flow diagram,
FORTRAN listing, input guide, and an example run with coded input and sample

output are on file at the Center for Highway Research.
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Fig 15.

Surface dynamlce road profilometer (Ref 235),
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CHAPTER 5. MEASUREMENT OF MOVING WHEEL LOAD FORCES

General

The first step in the experimental phase of this investigation was to
choose a technique for measuring the forces applied to the pavement by a
moving wheel. Several investigators have used on-board measuring techniques
(Refs 20 and 21). Although these techniques have the advantage of providing
continuous records of measured wheel forces, they are not practical when
several multi-wheeled test vehicles are involved or when the dynamic wheel
loads of mixed traffic need to be measured. The other alternative is to
place in the pavement several wheel load sensing devices, or scales, which
are capable of measuring moving wheel loads. The development of such devices
has been the major concern in a number of research efforts both in the United
States and abroad. Attempts at developing an in-motion weighing system were
reported by Norman and Hopkins (Ref 31) in the early 1950's. Their work re-
sulted in the development of a scale platform made of a reinforced concrete
slab measuring 3 feet by 10 feet in plan dimension and 12-inches deep. The
slab was supported by four conventional load cells housed in a pit under the
road. This scale design was slightly modified and used experimentally in
Europe (Ref 3) and in the United States (Ref 39). Successful operation of
these scales, however, has been hampered by a number of inherent inadequacies
in the general design such as the inertia of the heavy slab and its adverse
effects on the response of the scale system to rapidly varying dynamic wheel
forces.

To be suitable for the research described herein, a scale system
must have certain characteristics. These include such properties as prota-
bility, good compliance, insensitivity to tractive forces, uniform sensi-
tivity to normal forces over the entire platform, ruggedness, reliability,
fast response, ease of installation and maintenance, and reasonable cost.

The only known portable scale satisfying the criteria suggested above
and capable of sensing the dynamic forces which are applied normal to
the roadway surface of a wheel of a vehicle moving at speeds up to 70

miles per hour has been developed by the Center for Highway Research at

69



70

The University of Texas at Austin. A comprehensive description of the
development of this scale system is included in Research Report No. 54-F of
the Center for Highway Research entitled "A Portable Electronic Scale for
Weighing Vehicles in Motion' by Clyde E. Lee and Nasser 1. Al-Rashid (Ref 26).
This chapter is devoted to a brief description of the basic design of
this scale which was used and successively improved during the course of the
experimental phase of this research program. In addition a description of

the revised design details is included.

Wheel Load Transducer

The normal component of the wheel load forces acting on the pavement is
detected by means of the wheel load transducer, which is the load sensing ele-
ment of the dynamic scale system. These forces are converted into correspond-
ing electrical signals ready for conditioning and recording. The major fac-
tors considered in the basic design of the transducer are size, portability,
ruggedness, sensitivity, response, and capability of producing electrical sig-

nals that faithfully represent the magnitude of the applied forces.

Design Description

The wheel load transducer design has passed through several stages of
improvements. The most recent design constructed in 1968 by Rainhart Company
of Austin, Texas, whose product designer, Ed Hamilton, collaborated in the de~
sign improvements is shown in Figs 17 through 22. This design whicﬁ is des-
ignated as Model B8O by Rainhart Company is 22 inches by 54 inches in plan di-
mension and about 2-1/2-inches thick. The most significant features of the

transducer are the following (Ref 26).

Frame and Bearing Pads. The skeleton of the transducer is a rectangular

steel frame shown in Fig 18. Eight cast aluminum bearing pads are held in
position relative to the frame by a temporary jig while the frame and bearing
pads are positioned in a thin layer of fresh concrete grout. The long sides
of the frame extend about 3 inches into the pavement beyond the ends of the
transducer in order to provide for additional anchorage and stability of the
frame. After the grout is set, the jig is removed thus leaving the frame

and the bearing pads supported independently in the hardened grout.
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(2)
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Viey of<Mode1 880 transducer.
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Fig 20.

Fig 21,

Load cell chassis placed in frame.

Center structural plate in place.

Fig 22. Assembled unit.
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Sealing. Moisture has adverse effects on load cells and electrical leads.
Early designs of the transducer provided for a single completely sealed unit;
but maintenance and servicing of that unit was difficult and time consuming.
Instead, a drain pipe extending from the unit to the road side is provided in
this recent design, and each load cell is tightly sealed in a special aluminum
casting. The electrical leads are housed in 1/4-inch copper tubing connected

to the castings by means of threaded connectors.

Load Cell Chassis. This is a thin aluminum sheet with eight uniquely-

designed bonded resistance foil strain gage load cells fixed to it in proper
horizontal reference to the bearing pads. The load cells all have approxi-
mately the same initial electrical resistance and are connected in series such
that a full Wheatstone bridge is formed with four active load cells in each of
two opposite arms and four temperature-compensating gages in each of the re-
maining two arms (see Fig 23).

The magnitude of an applied load is indicated by the change in resistance
of a strain gage element cemented to the body of the load cell. But since
temperature changes also induce changes in resistance, it is necessary to off-
set the effects of temperature change by incorporating identical gages not
subjected to load into the bridge circuit. This is the function of the temper-
ature-compensating gages. The design, calibration, and matching of the load

cells is described in the next section.

Structural Plates. Three structural steel plates 18 inches by 18 inches

in plan dimension and l-inch thick are used to transfer the load from the tire
to the load cells. The center plate is supported at each corner by the four
central load cells. This arrangement prevents uplift of the remaining plates

if only one plate is loaded. Each plate weighs 90 pounds.

Leveling Screws. At each corner of the center plate and at the outer

corners of the side plates, a hardened steel leveling screw bears on the spheri-
cal boss of the load cell. The purpose of these screws is to permit vertical
adjustment of the structural plates with respect to the pavement surface and

to provide uniform contact with the load cells.

Top Cover. This is a thin stainless steel sheet cover which was placed
over the structural plates in order to eliminate or reduce tractive forces and

to prevent water and deleterious debris from entering the assembled unit.
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Load Cells

In the preceding section, it was mentioned that the load cells are of
unique and special design. Basically, the most important characteristics of
the design is the size, quick response, and the capability of the load cell
to support and withstand loads up to 12,000 pounds.

The applied loads have extremely short durations, in the order of a few
milliseconds, thus requiring that the load cell have a quick response. The
cell consists of a circular diaphragm 1.000 inch in diameter and 0.150-inch
thick and with a 120-ohm spiral etched-foil strain gage cemented to the plane
surface of the diaphragm. A stiff ring 0.400-inch thick and 1.980 inches in
outside diameter is made composite with the diaphragm. The load transfer to
the cell is through a spherical boss 0.500 inch in diameter. These and other
details of the cell are shown in Fig 24. Also shown in Fig 25 is the top and
bottom views of the load cell and the special aluminum casting. The strain
gage is coated with an epoxy sealant and a layer of room-temperature-vulcanized
rubber for protection égainst moisture.

The load cells are manufactured in quantities and calibrated individually
in the laboratory under static load. The calibration was accomplished by con-
necting the cell as an active arm in a standard Wheatstone bridge circuit
powered with a constant 6-volt D.C. in order to provide the same current con-
dition used in the wheel load transducer. The cell was then loaded to 8,000
pounds through a standard double bridge Ormond load cell with 0.25 percent
accuracy and 10,000-pound capacity. A Servo-controlled hydraulic loading sys-
tem was used to apply the load. After each 2-kip increment the load was held
for a few moments before the next increment was added.

After the load of 8,000 pounds was reached the cell was unloaded so that
hysteresis effects could be detected. The output of both the load cell and
the Ormond load cell were plotted on an X-Y plotter (see Fig 26). At each
2-kip increment the output of the load cell was also printed by means of a
data logging system with 0.10 percent accuracy. The sensitivity of each load
cell, in pounds per millivolt, was calculated. A computer program was written
for calculating these sensitivities and selecting groups of eight cells, with
approximately the same sensitivities, to be used in a single transducer. The
program first calculates the sensitivities, arranges the load cells in order

of their sensitivities, selects groups of eight cells, and finally divides each
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Fig 24. Top view and section showing dimensions
of load cell (Ref 26).



Fig 25,

Top and bottom view of load cell in aluminum casting.
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group of eight into two subgroups of four cells such that the total resistance

of the two groups is balanced.

Improved Wheel Load Transducer

The transducer described above was installed in a roadway surface and
subjected to traffic loading and weather conditions. The copper tubing con-
nections on the load cell chassis and the stainless steel sheet metal cover
failed by fatigue cracking after about four months under heavy Interstate
traffic. The failure of these two components of the transducer made it nec-
essary to introduce further modifications in an attempt to eliminate these
weaknesses in the design.

Revised design details were worked out in cooperation with the manufac-
turer (Rainhart Company), and two transducers incorporating these proposed
changes were again put under traffic. The ordinary copper tubing fittings
were replaced by special rubber-mounted tubing fittings and stainless steel
tubing was used for all connections on the load cell chassis. 1In addition, a
new stainless steel sheet metal cover without bolt holes was fitted on one of
the transducers. Another transducer was installed without a sheet metal cover.
The structural plates in this transducer were grooved on the sides to allow a
neoprene tubing seal to be inserted around the periphery. Sliding aluminum
latches were provided on each outer plate to prevent accidental escape from
the frame. ‘

After about one month under Interstate traffic both units continued to
perform satisfactorily. Field tests utilizing accelerating and braking test
vehicles showed no adverse effects of eliminating the sheet metal cover.
Thus, the latter simplified design, without a cover, was selected for use in
the experimental program.

Figure 27 shows one of the structural plates with the groove around the

periphery and the latch that fits into a groove in the frame shown in Fig 28.

Laboratory Calibration

A procedure similar to that followed in calibrating the individual load
cells was used in calibrating the transducer load cell chassis; whereby the

output of the assembled load cells was compared to that from a standard Ormond
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Fig 27. Grooved structural plate.

¢ ! Seginy

Fig 28. Frame latch-catch.
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load cell. The right side, center, and the left side of the assembled wheel
load transducer was loaded bv applying load through wooden blocks to the
structural plates. A Servo-controlled hydraulic system was used for applying
the load (Fig 29) and the output of both the transducer and the Ormond cell
were plotted on an X-Y plotter. Each of these three positions of the trans-
ducer was loaded three times to a maximum load of 10,000 pounds and then un-
loaded. The millivolt output of the transducer was measured precisely by a
digital voltmeter and the voltage at the maximum applied load was recorded on
the graph (Fig 30). The average of these values was divided by 10,000 pounds
or 10 kips in order to obtain the calibration value or sensitivity of the
transducer in millivolts per kip. This value was used later in scaling the
shunt calibration step from millivolts to kips.

In addition, the laboratory calibration served as a double check on the
linearity characteristics of the group action of load cells before field in-

stallation.

Field Calibration

The calibration factor which is ultimately used in reducing the electri-
cal signals from the transducer to force units must be carefully evaluated
since it may magnify or reduce the measured dynamic forces and consequently
may affect the interpretation of the results. For this reason a field cali-
bration of the scales under actual environmental and loading conditions was
necessary in order to supplement the laboratory calibration of the load cell
chassis.

After the installation of the scales, several methods were tried. One
such method was simply allowing a vehicle with a measured static weight to
roll slowly over the scales several times at approximately the same speed.

The wheel loads were recorded as the vehicle passed each scale and the loads
were reduced by using the calibration factor obtained in the laboratory. This
factor was then adjusted based on a comparison between the measured and actual
wheel load determined by a loadometer. Another procedure attempted in cali-
brating the scales involved stopping each tire at three different positions
across the scale platform and recording the electrical signals from the trans-
ducers. Two vehicles were used in the operation. This procedure, although

time consuming, had the advantage that the wheel was not moving and thus no

excitations that may disturb the load were present. In both of these procedures,
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Fig 29,

Load cell

chassis laboratory calibration setup.
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Load cell chassis laboratory calibration curves.
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however, there were uncertainties concerning the exact magnitude of the applied
wheel loads, thus it was decided that the calibration factors obtained in
this manner should be checked further with a more precise calibration.

A local firm which periodically calibrates and certifies public scales
in the State of Texas was contracted to perform an additional dead weight
calibration in which loads with precise magnitudes are applied. In this pro-
cedure three increments of load 3,000, 6,000, and 9,000 pounds were applied
at two positions across the scale platform (left and right sides). The load
was tHhen decreased by the same increments. After the addition and removal of
each increment, the amplified electrical signals from the transducer were
read by a digital voltmeter. In addition the calibration step size was re-
corded. The loading setup is shown in Fig 31.

The applied load in kips was plotted against the scale output in milli-
volts and a least square line was fitted through the plotted points for both
the left and the right side loading positions. The value of the calibration
step in pounds were then determined and used as a calibration factor. A

typical curve is shown in Fig 32.

Signal Recording

The wheel load forces applied to the transducer cause an unbalance in
the Wheatstone bridge circuit, described in a preceding section of this chap-
ter, due to a change in the electrical resistance of the strain gage cemented
on the load cell. This change in resistance is reflected in electrical sig-
nals varying continuously with time during the application of the load and are
thus suited for direct recording in analog form. The signals are first con-
ditioned by ordinary balancing methods to zero output with no load applied and
are amplified by a factor of 333 or 1,000, depending upon the desired trans-
ducer range. After amplification, the signals are fed to the input of one
channel of a Honeywell 8100, 8-channel FM magnetic tape recorder. In addition,
the signals are recorded in the field on a light-beam oscillograph for subse-
quent manual reduction. The recording process is described in the block dia-

gram shown in Fig 33.
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Signal Playback and Reduction

The field analog record may be observed during or after recording b:
utilizing a built-in oscilloscope in the tape recorder which has the advantage
of checking the recorded signals and the presence of any noise that may dis-
tort these signals. TIf accurate scaling of the signals is desired, the analog
record can be played either in the field or in the laboratory on the screen of
a storage oscilloscope such as Tektronix Type 564. This in addition to the
light-beam oscillograph, mentioned in the preceding section, shows the versa-
tility of the analog form of recording adopted for this purpose.

For precise and efficient reduction of large quantities of data an elec-
tronic computer must be used. Analog records must be converted to digital
form before processing. For a more detailed description of the data processing

technique used for reducing and analyzing wheel force information, the reader

is referred to Ref 26.
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CHAPTER 6. EXPERIMENTAL PROGRAM

General

The main purpose of this program was to define the significant factors
that influence the dynamic behavior of selected classes of vehicles and de-
termine the extent to which these factors affect the magnitude and the nature
of dynamic wheel loads. Basically, the program involved the measurement of
forces applied normal to the roadway surface by the wheels of vehicles moving
at speeds up to 60 or 7C miles per hour at several sampling locations in a
traffic lane. At each of these locations, the forces were detected by a
wheel load transducer which has been described in the preceding chapter. The
experimental data were then compared to the predicted forces resulting from
the mathematical model simulation of the behavior of the vehicles used in the
series of experimental tests. The necessary adjustments to the mathematical
model were made in accordance with the results of this comparison.

The selection of factors, the site, the test vehicles, and the design of
tnis experimental testing program are described in the early part of this
chapter. The remainder of the chapter is devoted to a description of the
portable electronic data collection system used in the measurement and re-

cording of dynamic forces and to the procedure followed in the reduction and

tabulation of the experimental data.

Selection of Factors

It was not possible, nor practically feasible within the limitations of
this study program, to include all the factors that influence the dynamic be-
havior of a moving vehicle. For example, some factors such as environmental
and aerodynamic effects, or wheel unbalance and rotation are quite variable
and their proper investigation requires elaborate and costly experimental
setups. 1In addition, the influence of such factors, as discussed in Chapter

2, depends on their interaction with other related variables.
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Of the several factors discussed in Chapter 2, the vehicle type, vehicle
speed, surface roughness, and profile characteristics were considered to have
significant effects on the behavior of a moving vehicle. Thus, these factors
were chosen as the main parameters to be included in the experimental program.
Five different vehicle types, three levels of speed, and four patterns of sur-
face roughness were investigated. These will be discussed under the section

on experiment layout,

Selection of Test Site

One of the early efforts in this experimental program was the selection
of an appropriate site for the installation of a series of wheel load transducers.
It was important that the selected site meet the following requirements: (1)
it must be on an Interstate Highway, (2) it must have at least three lanes in
order to minimize interruptions to traffic during testing especially since the
instrumented traffic lane must be blocked during testing, (3) it must be on a
relatively smooth and level section, (4) it must not be located on a hill or
curve section, (5) it must be conveniently located between two interchanges
so that large test vehicles can turn around without excessive delay, (6) it
must not be located in the vicinity of possible sources of interferences or
noise that might affect the performance of the electronic recording equipment,
and (7) it must have a convenient source of electric power.

Several possible locations in and around Austin, Texas were considered
in the light of the above requirements. A section on the northbound lanes of
Interstate Highway 35 immediately south of Williamson Creek and approximately
one mile south of Ben White Boulevard near Austin was selected. Approval for
occupying this site was granted by District 14 authorities of the Texas High-
way Department. The profiles of the pavement surface at this site were re-
corded by the high-speed Surface Dynamics Road Profilometer. The profiles
were evaluated and a relatively flat 100-foot strip was selected for installa-

tion of the wheel load transducers.

Selection of Test Vehicles

After the test site had been selected, the portable in-motion weighing
and classification system developed for the Texas Highway Department and the

Bureau of Public Roads by the Center for Highway Research (Project 3-10-63-54)
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was installed approximately 40 feet in advance of the selected 100-foot test
strip. This system is described in detail in Ref 26. It consists basically
of a pair of wheel load transducers set side-bv-side in the two-wheel paths,
an inductance loop detector, pneumatic rubber tubes, and recording equipment.
The system can be installed in a traffic lane in a few hours and may be oper-
ated either manually or automatically to record on magnetic tape informa-
tion related to the wheel loads, speed, length, number of axles, and axle
arrangements and proximities for vehicles moving at speeds up to the maxi-
mum legal limit in addition to the time of day that the vehicle passed over
the system. The record may then be digitized and reduced by a high-speed
computer for tabulation of the collected information.

A survey of Interstate commercial traffic was conducted over a period of
seven days on a continuous basis by personnel of the Planning Survey Division
of the Texas Highway Department. Traffic signs directing trucks to use the
right traffic lane were placed ahead of the installation in order to insure
that the majority of commercial traffic would pass over the system. From this
survey a period of approximately 80 consecutive hours, during which more than
1,400 vehicles were weighed and classified as they passed over the system at
speeds up to 60 to 70 miles per hour, was selected for studying the distribu-
tion of the different classes of vehicles. The results of this classification
survey analyses are summarized in Fig 34. The five classes of vehicles se-
lected for use in the experimental program represent approximately 92 percent
of the vehicles observed.

Contacts were established with local contract haulers to arrange for ren-
tal of vehicles representative of the selected five classes of vehicles. 1In
addition to the five vehicles used in the major experiment, three Class I ve-
hicles and three Class V vehicles were also used, thus brin%ing the total num-
ber of test vehicles used in the experimental program to eleven. Each vehicle
was given an identification number that indicates its class and a serial num-
ber within the class., For example, vehicle V-4 is the fourth vehicle of Class
V group of test vehicles. Except for vehicles I-1 and I-2 which were used
early in the testing program, the static weight of the’wheels of each test ve-
hicle was determined by a loadometer at least eight times. The static weight

information are included in Appendix A.
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Preliminary Testing Program

Before the major experimental program was started, six wheel load
transducers were installed in the left wheel path of the 100-foot strip ac-
cording to an expanding spacing shown in Fig 35. A photograph of the field
installation is shown in Fig 36. Based on estimates of the period of oscil-
lation of a vehicle suspension system, this arrangement is believed to be
sufficiently long for describing at least one cycle of oscillation. A single
unit two-axle vehicle with known suspension characteristics was provided by
the Texas Highway Department for use in testing. The main purpose of this
preliminary testing program was: (1) to check the recording equipment, (2) to
develop a suitable recording technique, and (3) to check the adequacy of the
spacing arrangement of sampling locations.

The first series of tests consisted of several passes of the test truck
operating at different speeds and under various loading conditions. Braking
and accelerating tests were made in order to check the response of the wheel
load transducers and to point out any significant variations with respect to
load placement across the scale platform. Performance of the system was en-
tirely satisfactory.

The transducers were then subjected to continuous pounding of Interstate
traffic for several months after which time fatigue failures in some compo-
nents of the transducers occurred as mentioned in Chapter 5. Reconditioned
wheel load transducers were then instailed in the same positions, and an addi-
tional series of tests were conducted with two two-axle vehicles (partially
loaded and fully loaded). The test vehicles made approximately 40 passes at
different speed levels up to 60 miles per hour. Three patterns of artificial
roughness were introduced in advance of the first wheel load transducer by
means of sheets of plywood (2 by 8 feet by 3/4 inch). The same sequence of
test runs was repeated with two additional patterns of roughness in individual
wheel paths.

The analysis of data from these tests revealed the following:

(1) Additional force sampling points were needed in the upstream portion

of the instrumented section.

(2) Sampling beyond the fifth scale was unnecessary due to quick damping
of vehicle oscillation after it passed over the bump(s).

(3) At certain speed roughness combinations, the tire lost contact with
the roadway surface at more than one sampling point.
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This preliminary testing program proved valuable in more than one respect
in the subsequent planning of the major experimental program which is the sub-

ject of the next section.

Major Experiment

Based on the results of the preliminary testing program, a new arrange-
ment of the transducer array was devised for the major experiment., In this
arrangement the instrumented section was shortened to 64 feet (originally
100 feet). Six reconditioned wheel load transducers were installed in the
left wheel path. Three additional transducers were installed in the right
wheel path for the purpose of studying the roll characteristics of the test
vehicles and the effect of roll on the magnitude of dynamic forces applied to
the pavement surface. The new positioning arrangement is shown in Fig 37. A
field view of installation is shown in Fig 38. Basically, there are seven
different positions in the longitudinal direction of the test section. At
some positions (1 and 4) both the left and the right wheel paths are sampled,
while at other positions (2, 5, 6, and 7) only the left wheel path is sampled.
The individual transducers, or scales, are designated for convenience of ref-
erence according to both their position and sampling location. Thus, scale
"1-left" or simply "1L" is the first scale in the array located in the left
wheel path, while scale "3R'" is the scale in the third position and located
in the right wheel path. Notice that there are no 2R, 3L, 5R, 6R, or 7R
scales.

Essentially, except for the addition of the scales in the right wheel
path and that of scale 4L, the remaining scales retained the same positions
as during the preliminary testing program. The new arrangement had the ad-
vantage of providing simultaneous force measurement of the successive wheels
of tandem axles at scales LL and 2L, 3R and 4R, and again at 4L and 5L. The
distance from 1L to 2L, 3R to 4R, and from 4L to 5L was made 4 feet to encom=-
pass the spectrum of spacings common to tandem axles.

Pavement roughness, speed, scale position, and axles were the main vari-
ables investigated in this experiment. Three patterns of artificial roughness
were introduced by placing different sources of excitation in the wheel path
of the vehicle. An 8 by 2-foot sheet of 3/4-inch plywood was placed at two

different locations in advance of the first wheel load transducer in order to
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provide two such levels of roughness. The third level was provided by placing
thinner sheets of plywood (18 by 48 inches by 3/8-inch) over the platform of
scales 1L and 1R. 1In addition, the smooth condition with no artificial
roughness was also included in the experiment thus bringing the total number
of levels of roughness to four. These are shown in Fig 39.

Three levels of speed 10, 30, and 60 miles per hour were used. For every
speed-roughness combination, each test vehicle made three runs over the in-
strumented site. Thus, the total number of runs for each class of vehicles
was 36, which in effect brings the total number of runs for the five classes
to 180. Vehicle loading and tire pressure were kept constant.

The experiment was laid out according to a statistical experiment de-
sign in order that inference concerning the significance of the different
effects and the interactions between the variables could properly and cor-
rectly be made. Several choices of statistical designs are available (Refs
1, 9, and 32). The choice of any particular design, however, depends on the
nature of the experiment and the restrictions imposed on randomization by
economical, practical, and other factors related to performing the experiment.
For example, a completely randomized factorial design would call for running
the 180 test runs in a random order. Practically, it is not feasible to
change the test vehicle, the road roughness pattern, and speed between each
run. In addition, a completely randomized design requires randomization of
force sampling locations in the instrumented section. This requirement is
virtually impossible to achieve.

A suitable procedure for running the experiment would be to use one or
more test vehicles and run the required number of passes at the different
speed levels for a particular roughness pattern. After this is completed,
the road roughness is changed and the series of passes is repeated. At each
pass the dynamic wheel loads are measured in the order of the sampling loca-
tions. Such a procedure leaves only the series of passes or experimental
units in each roughness pattern to be randomized.

An experiment designed according to this procedure is referred to as a
split-split-split plot. A description of this design is included in Appendix
B.
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Instrumentation

In the preceding sections the preliminary and the major experimental
programs were discussed. The accomplishment of these experiments as
outlined required elaborate instrumentation for signal conditioning, record-
ing, and processing. This section is devoted to a description of the portable
electronic data collection system used in recording the dynamic forces at each
sampling location.

This system is capable of producing on magnetic tape, or on a galvanom-
eter oscillograph, records of the normal wheel forces, vehicle speed, number
of axles, and axle spacing for each vehicle. The basic principles involved
in designing this recording system are the same as those discussed briefly in
Chapter 5 under signal recording.

The block diagram for this system is shown in Fig 40. For each trans-
ducer there is an individual unit which includes the constant-voltage power
supply, the bridge balance-circuit, and the shunt calibration circuit. These
are standard model 2480 signal conditioning units from Dymec Division of
Hewlett-Packard Company. The power supply provides an adjustable voltage
ranging from 0.1 to 30.0 D.C. volts and an output current of O to 200 milli-
ampere. The line and load regulation of the units is within 0.002 percent.

The signal conditioning and calibration circuit provides a standard
bridge balance range and remote controlled shunt calibration relays. These
relays are triggered by a presence loop detector located downstream from trans-
ducer "7L,'" and they operate through a time delay circuit. A calibration
pulse of 50 millisecond duration is provided at the end of the record simul-
taneously on each channel of transducer output.

The conditioned output signals from each transducer are amplified by a
model 8875A Differential Amplifier from Sanborn Division of Hewlett-Packard
Company. These amplifiers provide up to *10.0 volt output at a current
ranging up to 100 milliampere. The voltage gain of the amplifiers may be ad-
justed by vernier-controlled steps between 1.0 and 3000.0. 1In addition, the
amplifiers include adjustable output filters with cutoff frequencies at 2,
200, 2,000, and 20,000 Hz . In most cases, the amplified signals from the
transducers were filtered at 200 HZ in order to eliminate extraneous noise
signals which may have been causeq by vehicle ignition and other sources of

interference.
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The dynamic forces and other vehicle data were recorded in analog form
simultaneously on both a frequencv modulated magnetic tape system and on a
direct writing galvanometer oscillograph. Two 8-channel Honeywell model 8100
magentic tape recorders were used and operated at a tape speed of 1-7/8 inches
per second which provides a recording bandwidth of 0 to 625 Hz . The follow-
ing table shows the channel assignments to the different scales. This infor-

mation is also shown in Fig 40.

TABLE 6. CHANNEL-SCALE ARRANGEMENT

Channel Scale
Tape 1 Tape 2
1 11* 1R
2 2L 1L
3 41* 3R
4 5L 4R
5 6L - 4L
6 7L (loop)
7 (loop)

*
Recorded on both tapes.

A model 5-114 Consolidated Electrodynamics Corporation oscillograph pro-
vided a visual recording of data as it was being recorded on the magnetic
tapes. The recording galvonometers used in the oscillograph provided a flat
frequency response of 0O to 500 Hz

An inductance loop detector located over the first pair of transducers
provided a vehicle presence signal which coincided with the wheel load pulses
from scales 1L, 1R, and 2L and thus could be used to establish the number of
axles belonging to a particular vehicle. This information was especially im-
portant in the mixed traffic study.

The output of each scale calibration and all the necessary voltage adjust-
ments were read with a model 3440A Hewlett-Packard digital voltmeter. This
meter provides 0.05 percent accuracy with *10 microvolt resolution in the D.C.

voltage ranges.
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This recording equipment (Fig 41) was housed in a van shown in Fig 42.
Arrangements were made to provide a source of 115 V.A.C. power at the test
site in order to avoid using portable generators which could possibly cause
interference with the electronic systems and result in undesirable noise.

The equipment described above provided the flexibility and the accuracy
necessary for collecting meaningful wheel load data under the varying condi-

tions dictated by the plans for the experiments.

Testing Procedure

During the planning stage of the experimental program a general scheme
for scheduling the test vehicle passes was selected and the experiment was
designed accordingly. Based on this scheme a general procedure was followed
throughout the major experimental program. A brief description of this pro-
cedure is included in the following paragraphs.

The three-speed levels: 10, 30, and 60 miles per hour, were designated
as levels: 1, 2, and 3, respectively. These levels were arranged with the

replicate numbers (three repetitions for each speed level) as such:

Pass No. Speed Replicate
1 1 1
2 1 2
3 1 3
4 2 1
5 2 2
9 3 3

The order of running these passes was selected at random and this order is
shown in Table 7.

Each test vehicle then made nine passes according to this order of speed
levels over each roughness pattern. After the test vehicle completed this

series of passes, the roughness pattern was changed. The experiment was con-

ducted over a period of several days with one or more test vehicles operated
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Fig 41l. Recording equipment.

Fig 42. Recording equipment - field setup.
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TABLE 7. RANDOM ORDER OF TEST RUNS

Run No. 1 2 3 4 5 6 7 8 9

Speed 60 30 30 10 10 10 60 30 60

each day. When more than one test vehicle was used, the drivers were in-
structed to follow the same order of passes whereby all vehicles made the run
before starting on the next one. Every pass having relevance to the major
experimental program was given a serial number for identification purposes.
The above procedure was found to be simple and efficient from the stand-

point of field organization during data collection.

Data Reduction

The analog record for each pass made by a test vehicle starts when the
test vehicle is detected by the upstream presence loop detector (around scale
1L, 1R, and 2L) and lasts until the end of the calibration pulse after the
vehicle passes over the downstream loop detector located just beyond the last
scale (7L). The length of the record is inversely proportional to the speed
of the vehicle. For example, a record of a 10-mile per hour pass is six times
as long as a record of a 60-mile per hour pass. The significant portions of the
record, however, are the force waveforms or pulses that give a measure of the
forces applied to the scale surface. The portions of an analog record during
which a force pulse occurs correspond to the time during which the tire is
being supported, partially and completely, by the scale platform. Thus, there
are as many pulses as there are scales. The shape and the duration of the
pulse depends on several factors including: (1) speed of the vehicle, (2)
tire contact length, and (3) the effective width of the scale platform, which
in this case is 18 inches. These factors are discussed in Ref 26. The gen-
eral shape of a typical force pulse is shown in Fig 43. Basically, the pulse
is made up of (1) a rise portion corresponding to the wheel establishing grad-
ual contact with the scale, (2) a relatively flat maximum attained level cor-
responding to the wheel fully supported by the scale, and (3) a fall portion
which corresponds to the wheel gradually loosing contact with the scale. The

portion of the pulse which is of interest in the calculation of the wheel
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Fig 43. Typical force pulse.

TABLE 8. DURATION OF MAXIMUM LEVEL OF PULSE

Cogizit Durations in Seconds for Vehicle Speeds (mph)

L 10 20 30 40 50 60 70 80

9.0 L0511 .0255 .0170 | L0127 0102 .0085 L0073 .0063
10.0 L0454 .0227 L0151 .0113 .0090 L0075 0064 L0056
11.0 .0397 .0198 .0132 .0099 L0079 .0066 L0056 .0049
12,0 ,0340 L0170 0113 .0085 .0068 L0056 .0048 .0042
13.0 .0284 0142 .0094 L0071 .0056 0047 .0040 .0035
14.0 .0227 L0113 .0075 .0056 L0045 .0037 .0032 .0028

Note: Effective width of transducer = 18 inches.
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load forces is the central portion which includes the maximum attained level.

The duration of this portion depends again on the speed of the vehicle and the
contact length of the tire. Pulse duration for several combinations of speed

and tire contact length are given in Table 8.

Data reduction, which includes determining the average of the central
porticn of each force pulse to represent the wheel load forces, may be accom-
plished either manually from the strip charts which is produced by the oscil-
lograph or electronically by the high speed computer. The latter requires
digitization of the analog record before actual reduction and tabulation.

Each of these methods are now discussed briefly.

Manual Data Reduction. The analog records displayed on 7-inch-wide strip

charts by the galvanometer oscillograph provided one method of data reduction.
An example of such records is shown in Fig 44. Each horizontal trace shown

in the figure represents the signals from an individual scale whose number is
given at the beginning of the trace. The photographic traces have been marked
with ink to allow for adequate reproduction. The record is shown in two parts
with a time reference giving the start and the end of each part. At the end
of the record nine calibration pulses appear simultaneously as mentioned in
the preceding section. The gain of the oscillograph amplifiers was adjusted
to allow for the maximum expected dynamic force.

The following procedure was used in the reduction of each of these

records:

(1) At the bottom of each force and calibration pulse a no-load level
was established by extending the trace immediately preceding the
force pulse.

(2) An average of the central portion of the pulse was determined in
order to establish the height of the pulse. 1In the case of a
smooth flat-top pulse the average was simply the maximum attained
central level. But, on the other hand, the majority of force
pulses, especially those produced by fast moving wheels, had high
frequency wave fluctuations with relatively small amplitude super-
imposed on them. This has been noticed by other investigators
(Refs 26, 33, and 34) and is largely attributed to the vibration
of the unsprung masses of the vehicle and the scale system. It is
for such force pulses that extreme caution must be exercised in
establishing the average level of the central portion in order to
avoid erroneous and inconsistent results.

(3) The height of each pulse was then scaled against the corresponding
calibration pulse whose value in pounds is known, thus establishing
the wheel load forces which are represented by these heights.
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The numbers given near the top of each force pulse represent the
corresponding wheel load forces in 100-pound units.

Manual reduction, although time consuming, had an advantage in that hu-
man judgment could be used to eliminate extraneous noise pulses or noise sig-

nals that may have occurred within the averaging zone of a force pulse.

Computer Reduction of Data. This method of data reduction differs from

the preceding method in that it is performed in stages rather than in one
step directly from the analog record. The analog record must first be con-
verted to digital form. An SDS 930 computer with special analog-to-digital
capabilities has been used for this purpose. Each channel of digitized in-
formation was searched for force pulses by a digital computer program.. A
technique in which the magnitude of the varying electrical signals was com-
pared with a threshold limit was used in identifying the rise and the fall of
a force pulse. Furthermore, a procedure was used to isolate noise pulses of
relatively short duration from valid force pulses by discarding all pulses
less than 6 milliseconds in duration. Digital information describing all
detected pulses was written on magnetic tape along with additional information
regarding the relative time between successive pulses. At the end of each ve-
hicle record, a calibration step pulse which simulates a constant force on each
‘transducer was introduced as a check on instrumentation drift. The calibration
steps were then used in a second computer program to scale the force pulses.
Finally, since two 8-track tape recorders were used simultaneously in recording
analog signals from the nine scales, a third program was used to coordinate and
tabulate the forces indicated by each of the nine scales. The different steps
involved in this data reduction method are summarized in Fig 45. A typical
printout of the reduced data is shown in Table 9. Seven wheel load samples
from the central portion of each load pulse and the average of each of these
samples are tabulated in this printout.

All the experimental data were reduced by visual inspection of analog
records and have been used in the analysis. A comparative study of the results

of both methods of reduction showed no significant differences between the two.
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TABLE 9.

PRINTOUT OF COMPUTER REDUCED WHEEL LOADS

SPEED29.281 NUMBER OF AXLES 5 RUN NUMBER 419
1L 1L 1R 2L 3R 4 4L L Y] St 6L AN
AXLE NUMBER 1
45,476 43,608 43,667 42,770 62,214 57.007 56,693 23.189 44,356 51.788 50,235
47,209 47,066 45,475 40,193 60,191 60,315 59,259 204703 41,683 S0e094 46,198
46,439 44,794 44,842 40,9806 56.916 59.112 57.518 15.&}62 37.878 45671 45,509
42,395 40,876 45,2064 39,995 52.966 57,709 $7.151 18,033 36,027 43,789 46,986
43,743 43,608 45,746 38,311 51,810 58,310 56,693 177517 34,999 43977 46,789
42,780 41,317 45,746 35,437 47,378 56,406 S4,494 17.388 34,176 43,695 43,0647
40,951 41,229 46,830 34,446 44,103 55,604 S4,494 17,849 32,531 424377 43,0647
* 44,959 40,785 45,339 39,109 53,207 56,840 56.827 21,113 38,483 45,795 45,974
AXLE NUMBER 2
52,220 61,457 57.753 67,653 98,417 69,818 68,097 584072 715,972 73.301 57.079
49,717 46,561 60,374 62,500 98,128 71,823 68,097 54,297 71,448 72,454 55,996
55,680 52,819 $9,470 60,419 92,830 69,818 66.997 524179 71.139 6He408 $5.208
43,170 $0.528 59.832 58,833 87,531 70.019 68,005 48.312 67.026 664149 S4,.617
44,133 43,564 60,464 55,960 85,894 T0.219 68,188 41,515 65,175 66443] 52,15%
48,658 44,269 6n.826 S0.707 H],.,269 68,615 66,905 46,164 62,912 63,985 S1.761
42,689 47,002 60,1023 49,221 75,393 67,5173 65,439 43,800 59,828 6le4és 50.974
* 50,278 49,245 59,300 S8,110 86.923 68,922 664555 514223 66,095 674942 53,690
AXLE NUMBER 3
48,634 45,530 46,618 51.119 77,931 58,822 58,755 39,040 54,336 514633 514,545
36,792 36,628 4,417 52,609 73,307 60,526 60,129 32,226 48,064 47.586 49,083
44,013 44,208 45,534 47,056 72,826 61,127 60.037 280115 41,482 45.986 46,720
41,221 38,743 47,883 38,633 68,779 60.626 60,679 25,689 36,444 44,951 46,818
36,792 36,628 47,34 36,750 65,311 61,227 60,587 254505 33,770 43,728 45,040
37,659 39,095 41,918 34,371 60,784 61,628 60,587 23.019 30,068 41,375 43,470
40,932 40,153 46,618 g9,159 58,760 60,225 59,854 20,993 6,98 40,152 40,319
* 41,736 41,154 45,969 40,131 67,159 60,28) 8§9.525 2T.776 §7:012 44,946 45,880
AXLE NUMBER 4
48,215 46,786 55,286 46,367 71,443 65,914 63,785 Sle7 = 46,830 51e346 42,894
56,784 55,424 56.551 4].809 64,507 65,613 62,502 Slel2s 48,064 464076 45,159
50,815 $0.047 53,659 39,926 63,929 62,806 58,47 S4 444 504326 414370 41,811
49,274 47,667 64,020 38,439 61,4264 58,396 55,355 59.917 53.719 39,582 39,743
49,274 49,166 53,568 40,223 60,075 56,892 52.88] 57,114 55,673 39.488 40,925
49,082 46,521 52,213 36,358 58,919 52,080 50.040 60.613 59,375 39.770 41.023
50,430 49,254 514580 33,980 59,401 50,076 48,849 644572 65,75] 39.112 40,629
* 51,580 49,626 $3,574 39,370 63,731 57,918 655,44] 58,910 56,181 44564 42,599
AXLE NUMBER S
67,808 664111 65,747 63,744 89,916 86,488 79.926 534850 47.015 734541 71,428
8p,420 76,600 68,549 61,563 85,195 78,669 74,153 51.4506 42,901 704530 73.686
77.050 17,041 66,289 52.050 75,851 75,863 70,030 53,482 40,94R 644789 70,437
72,429 68,843 62,855 48,483 62,460 68,645 60,042 53,6606 40.639 60648 60,885
75,606 72,369 63,397 47,888 59,899 60.826 59,767 S5cet37 39.097 57.637 58,1719
74,45) 74,308 58.969 39,564 54,078 60.325 58.026 S52el45 37.143 564037 57,340
68,963 67,433 55,805 35,303 46,661 52,005 50,604 54.310 38.274 524931 50,4945
* 14,858 73.105 62.900 48,213 65,307 67,826 66,526 53,249 41,220 61.866 62.476

*

Average of the Seven Samples

€11
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CHAPTER 7. VALIDATION OF THE MODEL

General

The primary objective of this study program as stated in Chapter 1 was to
develop a generalized mathematical model, or a series of models, which describe
the dynamic behavior governing the magnitude and variation of dynamic wheel
loads applied normal to the roadway surface by the wheels of the several
classes of vehicles that represent mixed commercial highway traffic. The model
was developed for both single unit vehicles and articulated multiaxle commer-
cial vehicles. Before this model can be used confidently to simulate real-
world conditions, it must be checked and validated by comparing the predicted
dynamic wheel loads with observed loads under the same, or nearly the same,
vehicular and roadway conditions.

This chapter describes a comparison between the predicted and the observed
wheel loads in order to determine the accuracy of the model under varying oper-
ating conditions. The observed wheel loads which are used in this comparison
are part of the data collected in the field during the major experimental pro-
gram. These data have been properly documented and are presented in tabular

form in Appendix C of this report.

Predicted versus Observed Forces - Comparative Study

The magnitude and the variation of the predicted dynamic wheel loads are
greatly influenced not only by the assumptions involved in the physical and
mathematical formulation of the model, but also by the vehicle and road char-
acteristics which are used as an input for the model. An attempt has, there-
fore, been made to obtain information from manufacturers and other related
groups regarding numerical quantities that must be assigned to the physical
characteristics of the vehicles being modeled. Load deflection curves, or
constants; damping characteristics; the distribution of mass, or weight of

the vehicle, particularly the mass of the wheels, tires, and axles including
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the differential and housing for the drive axles; and information pertaining
to the flexibility of the vehicle body are among the vehicle characteristics
required. Only a limited amount of information has been obtained from these
sources, but field measurements on several representative vehicles per-

mitted reasonable estimates to be made for all vehicle parameters needed in
the model. A digital record of the natural profile of the test section for
each pattern of roughness was recorded on a magnetic tape by the GMR profilom-
eter in order to provide the road profile forcing function for the model. A
total of 12* runs were simulated by the model for each of the five classes of
vehicles. Point dynamic loads produced by the wheels of each class of vehi-
cles were determined at 1l-inch intervals over a stretch of pavement surface
approximately 200-feet long including the instrumented test section. The
range of predicted dynamic wheel loads was computed for the time increments
when the wheel would be supported by a transducer at each sampling location.
The total number of wheel load samples was 1,224%% or 418 at each of 10, 30,
and 60 miles per hour speeds. The observed dynamic wheel loads at every
sampling location were compared with the corresponding range of predicted
wheel loads. The difference between the closest observed value to the pre-
dicted range was determined. A summary of this comparative study 1s presented
in Table 10, The model performance, as shown in this summary, appeared to be
quite remarkable at low and medium speeds. This 1s indicated by the fact that
92 and 82 percent of the field observations were within 10 percent of the pre-
dicted range at 10 and 30 miles per hour, respectively, for all five classes
of vehicles combined. For individual vehicles the percentage ranged between
85 percent for Classes II and III to 100 percent for Classes I and IV, at 10
miles per hour; and between 73 percent for Class V to 100 percent for Class I,
at 30 miles per hour. At 60 miles per hour speed, however, only 53 percent

of the observed values were within 10 percent of the predicted range. Again,
this percentage varied for each vehicle ranging from 45 percent for Class V
vehicle to approximately 65 percent for Class I vehicle., Consequently, the

predicted dynamic wheel loads at this speed were inspected over the

* 4 roughness conditions X 3 speeds = 12,

** 12 runs X 17 axles X 6 sampling locations (scale locations) = 1,224.
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TABLE 10. COMPARATIVE STUDY SUMMARY OF THE DIFFERENCE
IN OBSERVED AND PREDICTED WHEEL LOADS
Vehicle Speed, Percent Within Predicted Range

Class wph 0 5 10 15 20 225

10 82 10 8 - - -

I 30 50 6 4 - - -
60 52 2 10 4 4 28
10 72 10 3 8 3 4
IT 30 68 8 7 3 4 10
60 50 8 1 4 15 22
10 78 3 4 8 1 6
ITT 30 68 5 7 3 0 17
60 31 10 7 11 7 34

10 100 - - - - -
v 30 70 5 5 2 2 16
60 46 2 6 4 8 36

10 80 0 3 4 3 -
v 30 62 5 6 8 4 15
60 37 3 5 3 2 50
10 86 3 3 4 1 3
I~V 30 70 6 6 4 2 12
60 42 5 6 5 7 35
I -V 10, 30, 60 66 5 4 4 3 18
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entire sampling section, and Iin many cases it was found that model
oscillation was not completely in phase with the observed oscillation. Fur-
thermore, vehlcle oscillation which frequently was produced by existing unbal-
ance In the wheels of the vehicle as well as road profile irregularities,
tended to increase with the vehicle speed thus accounting, at least in part,
for poorer agreement between the observed and the predicted range of dynamic
wheel load at high speeds.

A separate comparative study was also made of the observed and the pre-
dicted wheel loads for the tandem axles. This involved Classes III, IV, and
V and included a total of 576* samples. The results of this study are sum-
marized in Table 1l. Generally, the overall performance of the model for the
tandem axle wheel loads appeared to be similar to that found in the preceding
study.

In addition to these descriptive statistical studies which involved all
combinations of roughness, speed, axles, and sample location, it 1s desirable
to present a few of these comparisons in graphical form. Thus, additional in-
structions were incorporated in the computer program '"DYMOL'" to make use of
plotting routines available in the CDC 6600 system at The University of Texas
at Austin in order to plot the predicted left wheel path dynamic loads over
the position of each scale. The plotted wheel loads were produced on microfilm
from which prints were later made. A smooth curve indicating the predicted
pattern of load variation over the 18-inch effective width of the scale plat-
form was fitted through the point wheel loads. The total number of runs made
by the model resulted in 204%% sets of curves.

Furthermore, it was desirable to check the performance of the model under
more than one loading condition since it would be expected that the dynamic be-
havior of moving vehicles may vary according to whether the vehicle is loaded
or empty. Additional passes were thus simulated with an empty Class I vehicle
for this purpose.

After these curves were completed, the average dynamic wheel forces re-
corded in the field at each sampling locatlion under a specific roughness-speed

condition were plotted on the corresponding curve in order to provicde for an

* 4 roughnesses X 3 speeds X 6 scales X (2 axles (III) + 2 axles (IV) + 4
axles (V)) = 576.

%% 12 runs X 17 axles = 204,
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TABLE 11. COMPARATIVE STUDY SUMMARY OF THE DIFFERENCE IN OBSERVED
AND PREDICTED WHEEL LOADS FROM TANDEM AXLES

Vehicle Speed, Percent Within Predicted Range

Class mph 0 5 10 15 20 =25
10 80 4 2 6 2 6
ITI 30 56 6 8 5 0 25
60 25 6 8 8 9 44

10 100 - - - - -
IV 30 61 4 4 4 27
60 50 2 4 4 2 38

10 99 0 0 1 -
Y 30 69 3 1 8 14
60 39 1 3 1 1 55
10 94 1 1 2 1 1
I11, IV, V 30 63 3 4 6 4 20
60 38 2 5 4 3 48

III, IV, V 10, 30, 60 66 2 3 4 2 23
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immediate visual comparison between the observed and the predicted wheel
loads.

The observed wheel loads were recorded in analog form and reduced manually
by visual inspection of analog field records (see Fig 44, page 110). The tech-
nique used in this reduction which consisted of determining the calibrated
average height of the central portion of the pulses representing each wheel
load, has been discussed in details in the preceding chapter.

Due to the large number of sets of these comparative curves, only those
representative of both good and poor agreement between the predicted and ob-
served wheel loads were included in this chapter. The selected curves are
shown in Figs 46 through 54. 1In addition, the figures show the variation in
the degree of replication of three repeated passes at the same roughness-speed
condition. Except for a few cases where the range in the observed loads
reached as much as 2,000 pounds, the degree of replication was quite satisfac-
tory.

These segmentary curves do not show how the dynamic wheel loads varied
continuously over the entire pavement test section. 1In order to demonstrate
such variation the predicted wheel loads produced by the drive axles of Classes
I (both loaded and empty), II, and IV for roughness 4 and speed 30 miles per
hour are shown in Figs 55 through 58. The road profile for the stretch over
which the loads are determined is also included at the bottom of each figure.
High frequency oscillations were eliminated and a smooth curve has been fitted
to show the overall variation of the load.

As shown in these figures, the 3/8-inch board placed over scale 1L plat-
form resulted in impact factors* of 130 percent (Class I, empty), 90 percent
(Class IV), 55 percent (Class III), and 44 percent (Class I, loaded). The
duration of these impact forces was short due to the rapid variation in the
magnitude of the load. TFor example, the wheel load for the drive axle of
Class I empty vehicle dropped from a maximum of approximately 6,000 pounds
(130 percent impact factor) to zero (tire losing contact with the road sur-
face) in approximately 25 milliseconds (20 Hz). The corresponding load varia-
tion for the loaded Class I vehicle was from a maximum of 10,200 pounds (44
percent impact factor) to approximately 4600 pounds (see Fig 56) in about 25

milliseconds. Although the tire in thils case did not lose contact with the

% Tmpact factor is the excess in dynamic force over static force expressed as
percentage of static.
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pavement surface, the rate of change of the load remained approximately the
same as in the empty condition. For Class II and IV vehicles a slightly
smaller rate of force change was noticed with drops amounting to about 4900

and 3600 pounds, respectively, in 25 milliseconds (see Figs 57 and 58).

Study of Dynamic Load Component¥*

In the preceding section the validation of the mathematical model in-
volved a direct comparison between the predicted dynamic wheel loads and the
observed loads. Although this comparative study which was presented in a
descriptive statistical form, and in part in graphical form, is sufficient
for the purpose of establishing the accuracy of the model, the model has been
subjected to a further check involving a study of the frequency distribution
of dynamic load component resulting from predicted and observed dynamic wheel
loads. The dynamic component corresponding to each roughness-speed-axle com-
bination of wheel load samples was calculated for both cases (predicted and
observed). Due to the deterministic nature of the model formulation, however,
only one value can be predicted at each sampling location as compared to three
field observations. Thus in order to equalize the number** of samples for
both cases, the average of the three observations has been used in determining
the observed dynamic components. The computer program which was used in de-
termining these components was also used in sorting and listing each component
according to its absolute value. From this listing, frequency tables were
formed and cumulative frequency curves were then drawn for the combined classes
of vehicles as well as for individual classes. These curves are shown in Figs
59 through 64.

It must be pointed out, however, that these frequency diagrams are purely
intended for comparative purposes and that no conclusion regarding the magni-
tude of wheel loads should be made since only the absolute values of the dyna-
mic components have been used. 1In additionm, the term dynamic component has
been selected for this absolute difference between static and dynamic in order
that it may not be confused with impact factor which normally implies positive

components where the dynamic load is greater than static load.

* Dynamic load component is the difference in dynamic and static forces ex-
pressed as a percentage of static force.

%% 1,224 samples (= 4 roughnesses X 3 speeds X 17 axles X 6 scales).
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The predicted dynamic components for the combined samples of all classes
of vehicles generally appear to be greater in magnitude than the observed com-
ponents. This is shown in Fig 59 where the predicted curve falls below the
observed curve with a maximum variation in frequency of about 5 percent. Ex-
cept for the Class I vehicle, a similar comparison for individual classes of
vehicles indicates that the two curves follow nearly the same pattern. The
predicted cumulative frequency curve for Class I samples, however, fall above
the corresponding observed curve which is an indication that the predicted
components were generally lower in magnitude than the observed. Another in-
teresting feature of these frequency curves for this class (see Fig 60) is
that all of the predicted dynamic components are less than 40 percent in mag-
nitude while only about 90 percent of the observed components fall below
40 percent in magnitude. A similar feature is shown for Class II (see Fig 61)
where all of the predicted components, compared to 94 percent of the observed
components, are below 65 percent in magnitude. As mentioned earlier, it cannot
be determined from the figures how many of these loads were above or below the

corresponding static load.

Summary

Based on the above comparative studies between the predicted and the ob-
served dynamic wheel loads, it can be concluded that the model performance
under a wide range of different conditions was in general quite good. The
average difference between the observed and the predicted range of wheel loads
is less than 10 percent with relatively few extreme variations. This average
may be indicative of the accuracy of the model. It must be noted, however,
that certain assumptions involved in the formulation of the model can be modi-
fied in order to improve the accuracy of the model, particularly with regard
to modeling the tandem axles where the mass of the fore-and-aft connection
frame has been ignored in comparison to the masses of the wheels. Consequent-
ly, extreme pitching of the tandem has resulted especially at high speeds.
One possible means of reducing the extent of tandem pitching would be by in-
cluding this mass which in turn would increase the mass moment of inertia
thus reducing the pitching frequency.

Finally, the accuracy of the model predictions depends on the accuracy of

the numerical quantities used for the physical characteristics of the vehicles.
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The extent to which these affect the predicted forces can be determined by

performing a sensitivity analysis on the model.



CHAPTER 8. DISCUSSION OF EXPERIMENTAL RESULTS

General

The experimentally measured dynamic loads applied normal to the roadway
surface by the wheels of selected classes of vehicles are documented in Ap-
pendix C as noted in the preceding chapter, The general layout of the experi-
mental program has been described earlier in this report.

The objective of this chapter is to analyze the variation in the magni-~
tude of the dynamic wheel forces over the different levels of each factor or
combination of factors included in the experiment. Basically, the hypothesis
is first made that the factors selected have no significant effect on the magni-
tude of the wheel loads and that the observed differences at the various levels
are attributable to random variation and are not due to relationships which
exist between the factors and the dependent variable (dynamic load). An anal-
ysis of variance was conducted on the data in accordance with the experiment
design presented in Appendix B in order that inference concerning the signifi-
cance of these differences could properly be made, For example, if at a cer-
tain significance level the dynamic wheel loads recorded at one speed level
are found to be significantly different from loads at the remaining speed levels
then this indicates that these differences are not purely due to chance or ran-
dom variation but that there is a dependence of dynamic forces on speed.

The factors and factor interactions which were found significant are dis-
cussed, and the corresponding variation in the average dynamic wheel loads over
the different main effect levels are presented graphically in bar diagram form.
Each bar diagram represents a dynamic wheel load obtained by averaging obser-
vations from all combinations included in that particular level. Although these
average effects are helpful in interpretation of the differences between the
different levels, in many instances they tend to mask extreme variations which
may exist in individual measurements especially in situations involving aver-

aging over a large number of combinations such as in the case of main effects.
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Analysis of Variance

Before the analysis of variance was performed, an alpha (@) level of
0.01 was selected in order to establish a threshold which could be used to
accept or reject the above stated hypothesis concerning the significance of
the variation in the magnitude of dynamic wheel loads. At this level, one is
99 percent confident that differences which are found significant are in fact
significant,

The choice of the « level is a matter of practical or economical consid-
eration., Basically, the research worker selects a level in such a manner that
the results are most valuable to him (Ref 1). In situations where minor dif=-
ferences which have no practical or economical importance are known to be sig-
nificant at a certain level, a much lower level is used thus permitting the
detection of only highly significant differences. The reverse is also true.

The major experiment was designed and analyzed as a split-split-split
plot in order to guard against bias resulting from restrictions on randomiza-
tion at several stages of the experiment. However, after the analysis of
variance was performed according to the statistical model described in Appen=-
dix B, it was found that the split plot errors were not significant and that
a pooled error could be used instead. The analysis of variance based on this
pooled error is presented in Table 12 in which the factors and interactions
are listed in the order of their relative importance. All of the factors
listed were found significant at a level much lower than the selected 1 per-
cent.

The fact that two-way and three-way interactions were found to be signi~-
ficant is an indicated of the dependence of one factor on the other factor(s)
in the manner in which they influence the magnitude and variation of the re«
corded dynamic wheel loads. This dependency may be either simple or complex;
but regardless of its nature, it indicates that at least some interactions

must be considered if the analysis is to be complete.

Main Variable Effects. The differences between the levels of the main

variables which include axles, speed, scale or sampling location, and pattern
of roughness have been found significant at the 1 percent level. The average
dynamic loads and the dynamic components have been determined at each level

and are summarized in Table 13. Graphical representation of the variation in these
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TABLE 12. ANALYSIS OF VARIANCE

Source of Degrees of Sum of Mean Significance Level,
Variation Freedom Squares Square F percent
A 16 961,539.7 60,096.2 855.6 1
S 5 70,957.4 14,191.5 202.0 1
v 2 26,033.3 13,016.7 185.3 1
VX8 10 107,563.8 10,756.4 153.1 1
TxS 15 33,098.3 2,206.5 31.4 1
T 3 5,029.6 1,676.5 23.9 1
UXT XS 30 40,399.7 1,346.7 19.2 1
Axv 32 31,150.4 973.4 13.9 1
VXS XA 160 126,315.8 789.5 11.2 1
AXS 80 58,482.5 731.0 10.4 1
AXT 48 16,588.7 345.6 7.2 1

VXS xAXT 480 191,851.8 399.7 5.7 1
AXSXT 240 89,932.1 374.7 5.3 1
VXT XA 96 32,986.1 343.6 4.9 1

VXT 6 1,660.3 276.7 3.9 1
Error 2,448 171,936.7 70.2

Factors Legend

A - Axle
S ~ Scale
V - Speed
T - Roughness



a. Axles (&)

Axle Static Dynamic
1 30 35% (17 )%*
2 71 79(11)
3 22 26(18)
4 67 73(9)

5 51 58(14)

6 50 52 (4)

7 66 75(14)

8 66 70(6)

9 29 31(7)
10 48 57(19)
11 27 37(37)
12 29 37 (28)
13 43 46(7)
14 53 64 (21)
15 41 52(27)
16 57 64 (12)
17 58 66(14)

TABLE 13, MAIN VARTABLES AVERAGE EFFECTS

b. Speed (V)

Speed Dynamic

10 51(6)
30 55(15)
60 57(19)

¢, Scale (8) d. Roughness (T)
Scale Dynamic Roughness Dynamic
1L 62(29) R-1 53(10)
2L 49(2) R-2 55(15)
4L 51(6) R-3 54 (13)
5L 58(21) R-4 56(17)
6L 52(8)
7L 53(10)

Axles: 4 (T) x 6 (8) x 3 (V) x 3 (Repetitions)

= 216 observations.

Speeds: 4 (T) x 6 (8) x 17 (A) X 3 (Repetitions)

= 1,224 observations.

Scales: 4 (T) x 3 (V) X 17 (A) %X 3 (Repetitions)

= 612 observations.

Roughness: G (§) x 3 (V) x 17 (A) X 3 (Repetitions)
= 018 observations.

% All forces are in 100 pounds.

*% Numbers in parenthesis represent dynamic load components (percent).

a1
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average dynamic loads are shown in Figs 65 through 68 where both static and
dynamic wheel loads are indicated, The shaded portion of each bar diagram
represents the excess of dynamic load over the corresponding static load.
When these shaded portions are expressed as a percent of the corresponding
static load, impact factors are obtained.

The highly significant nature of the variation in average dynamic wheel
loads between the different axle levels (main effect A) as indicated by the
analysis of variance and demonstrated in Fig 65 was, of course, anticipated
since the static loads of individual wheels differ in magnitude. However, it
is the relative differences in the average dynamic components produced by the
left wheel(s) of each axle that is important, The following observations can
be made regarding these differences:

(1) The magnitude of these components ranged between +4 percent to

+37 percent for the combined left wheels of all 17 axles.

(2) TFor most of the vehicle classes, the wheel with the least static
load within each class produced the largest dynamic component for
that particular class.,.

(3) The average dynamic components for the fore-and-aft tandem wheels
were within 9 percent which indicate the similarity in their dynamic
behavior,

(4) For individual classes of vehicles, Class IV showed the largest
variation in the dynamic component with a range of +7 percent for
axle 1 to +37 percent for axle 3. Class V had the second largest
variation with a range of +7 percent to +27 percent for axles 1
and 3, respectively.

Next in the order of significance among the main effects was the scale

or sampling location along the roadway surface. This has particular importance
to the highway engineer since extreme variations which produce maximum dynamic
component or impact factors result in destructive effects on the pavement sur-
face. As shown in Fig 66, the average dynamic wheel load effect for all axles
ranged between 6200 and 4900 pounds within the sampling section. The corres-
ponding dynamic components, based on an average static load of 4800 pounds,
ranged between +2 and +29 percent, respectively. Since these values were
averages for all axles combined, they should be considered as parameters meas-
uring average effects rather than actual wheel loads. The two extreme values
just mentioned were measured within a 4-foot interval thus indicating the

rapidly varying nature of the dynamic wheel loads. Also, the pattern of load

variation described by the first three samples was repeated to a lesser extent
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by the last three samples with a large dynamic component at the fourth sampling
location decreasing at the fifth and the sixth locations. This was probably
due to an uneveness in the roadway profile immediately in advance of scale 5L
(fourth sampling location). This unevenness was caused partly by slight set-
tlements in the pavement and partly by patches around the scale frame thus
causing reexcitation of the vehicle suspension system. The reader is referred
to Figs 55 through 58 (pages 129 through 132) for further examination of this
natural profile,

The average dynamic loads at each speed level are shown in Fig 67 and an
increasing trend of these loads with increasing speed is evident. When meas-
ured by the dynamic component, this increase amounted to approximately 9 and
4 percent corresponding to an increase in speed from 10 to 30 miles per hour
and from 30 to 60 miles per hour, respectively.

Finally, the variations caused by the four levels of artificial patterns
of roughness are shown in Fig 68. Of the four main effects this variation was
found to be the least significant with an increase in the average dynamic com-
ponent of approximately 6 percent between R-1 and R-4, This was no doubt due
to the fact that the major differences between these artificial patterns of
roughness were localized around the areas where the bumps were placed and thus
only the samples nearest these areas were expected to exhibit large differences.
The large differences could be detected as high order interactions involving

sampling locations and roughness condition and are examined later,

Speed - Scale location Interaction (VxS). The magnitude and variation of

the average dynamic wheel loads at 10 and 30 miles per hour were considerably
less than at 60 miles per hour. This is evidenced by the fact that the dynamic
component ranged between minimum values of O and +10 percent to maximum values
of +12 and +23 percent at 10 and 30 miles per hour, respectively, while the
corresponding range for 60 miles per hour was between ~10 percent and +56 per-
cent. Most of the variation took place in the early part of the test section

with practically no variation in the last two samples for all speeds,

Scale Location - Roughness Interaction (SXT). The maximum average dynamic

loads for this interaction occurred at the first sampling location. At this
location, the average dynamic component increased from 10 percent for the
natural profile (R-1) to 48 percent for a 3/8-inch step bump on Scale 1. This

means that a 3/8-inch bump produced an average increase in dynamic coﬁponent
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s case impact factor) of 38 percent of static at the first scale
This increase was equivalent to double the average effect measured

es of 6 and 14 feet downstream from a 3/4-inch bump. The average

dynamic component resulting from both R-3 and R-2 was 29 percent which repre-

sented an

increase of 19 percent over R-1l, At the last two scale locations

almost no variation in dynamic load factor was noticeable between the four

roughness

patterns. This is an indication that the bumps produced no signifi-

cant dyanmic load effects at locations more than 36 feet downstream from the

step bump.

Speed

- Axles Interaction (VxXA). The following observations can be made

concerning
ining data
loads with

classes,

(D

(2)

(3)

(4)

©))

Axle

this interaction after performing an analysis of variance and exam-~
shown in Table 14 concerning the variation of average dynamic wheel

respect to speed for the axles corresponding to individual vehicle

In general, dynamic wheel load components increased with an increase
in speed. This is evidenced by the fact that of the 34%* possible
speed changes from either 10 to 30 miles per hour or from 30 to

60 miles per hour:

(a) Twenty-four showed an increase in average dynamic wheel load
components; these increases ranged between 3 percent and
37 percent when going from the lower speed to the next higher
speed level,

(b) Six showed a decrease ranging between 4 percent and 13 percent.
(¢) Four remained unchanged.

The maximum single axle variation with speed, measured in dynamic
load component is between O percent at 10 miles per hour to +70 per-
cent at 60 miles per hour (Class IV, axle 3).

The pattern of variation in dynamic load component was approximately
the same for the front axle of each vehicle except for Class II
which was considerably higher than the remaining axles.

For each class of vehicles, the axle with the least static load showed
the maximum percent variation in the magnitude of dynamic load com-
ponent with speed.

The overall variation at each speed level for all axles was from a
minimum of 0, -3, and +7 percent to maximums of +17, +37, and +70 per-
cent at 10, 30, and 60 miles per hour, respectively.

- Scale Interaction (AxS), This interaction involves the variation

of the ave

rage dynamic forces along the roadway surface produced by the left

%

17 axles

each varying from 10 to 30 and from 30 to 60 miles per hour.
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TABLE 14, AXLE-SPEED INTERACTION (AxV)
Static Speed, mph
Axle Load 10 30 60

1 30 33%(10)** 36 (20) 37(23)
2 71 77(9) 77 (9) 83(17)
3 22 22 (0) 29(32) 27(23)
4 67 67(0) 75(12) 78(16)
5 51 56 (10) 56 (10) 60(18)
6 50 50(0) 53(6) 55(10)
7 66 69(5) 81(23) 76(15)
8 66 71(8) 64 (-3) 74(12)
9 29 30(3) 31(7) 31(7)
10 48 50(4) 60 (25) 62(29)
11 27 27(0) 37(37) 46(70)
12 29 30(3) 36 (24) 44 (52)
13 43 43(0) 46(7) 49(14)
14 53 57 (8) 69(30) 66(25)
15 41 48(17) 50(22) 58 (41)
16 57 66(16) 64 (12) 64 (12)
17 58 64(10) 71(22) 63(9)

* Average of 72 observatioms, in 100 pounds.

%% Numbers in parenthesis represent the dynamic component

(percent) .
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wheels of each of the 17 axles. Thus, it serves to point out any variation,
by a single axle or a group of axles, from the observed pattern ol variation
for all the axles combined which has been discussed earlier. The following ob-

servations can be made concerning the data presented in Table 15:

(1) The maximum variation in the average dynamic load for the left
wheels on a single axle was from 9400 pounds to 6100 pounds (axle 2,
Class I11I1), while the minimum variation was from 4800 pounds to
4500 pounds (axle 1, Class V). These two extreme variations corres-
ponded to reductions in dynamic load components of 50 and 7 percent,
respectively,

(2) With the exception of the tandem axles of Class III and the front
axle of Class V, the maximum dynamic wheel load component for each
axle was recorded at the first sampling location. But in all cases
a sharp reduction of the load occurred at the second and third
sampling locations.

(3) The same pattern of load variation at the first three locations was
repeated at the last three locations for Classes I, III, and V with
a departure from this pattern by Classes II and 1IV.

(4) There were no extreme differences in load variation for the fore-
and-aft tandem axles,

Axle-Roughness Interaction (AxXT). The average dynamic wheel loads at

roughnesses R-2, R-3, and R-4 were in general greater than the corresponding
loads at roughness R-1, Differences in the dynamic load components for each
axle ranged between 2 percent and 23 percent with no apparent relationship
between these ranges of variation and the corresponding static wheel loads.,
Furthermore, the dynamic components varied for all axles from minimums of +3,
+6, +4, and +6 percent to maximums of +30, +30, +48, and +33 percent for R-1,
R-2, R-3, and R-4, respectively,

Speed-Roughness Interaction (VXT). According to the analysis of variance

this interaction was the least significant of all interactions considered. The
maximum increase in this component was 17 percent which corresponds to an
increase from 6 percent at 10 miles per hour to 23 percent at 60 miles per

hour.

Speed-Roughness~Scale Interaction (VXTxS). As shown in Table 12 (page

144) this is the most significant of the three-factor interactions and, there-
fore, the first three-way interaction that will be discussed in this chapter.,

The most noticeable feature of this interaction was the considerable change

in the magnitude of the average dynamic wheel load at 60 miles per hour with
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TABLE 15, AXILE-SCALE INTERACTION (AxS)
Static Scale

Axle Load 1L 2L 41, 5L 6L 7L

1 30 41%(37)** 31(3) 33(10) 39(30) 34 (13) 32(7)
2 71 86(21) 76(7) 78 (10) 82(15) 75(6) 74 (4)
3 22 32(45) 24 (9) 23(5) 25(14) 26(18) 25(14)
4 67 77(15) 73(9) 70(4) 72(7) 74 (10) 74 (10)
5 51 65(27) 52(2) 53(4) 57(12) 56(10) 63(23)
6 50 59(18) 47(-6) 54 (8) 55(10) 51(2) 49(-2)

7 66 90 (36) 70(6) 70(6) 94 (42) 61(~-8) 68 (3)
8 66 85(29) 55(-17) 63(~-5) 86 (30) 64(~1) 65(-1)
9 29 33(14) 27¢-7) 33(14) 29(0) 31(7) 32(10)
10 48 68 (42) 50(4) 54(12) 56(17) 57(19) 59(23)
11 27 42 (56) 35(30) 32(18) 34(26) 38(¢41) 39(44)
12 29 43(48) 33(14) 32(10) 37(28) 37(28) 37(28)

13 43 46(7) 45(5) 45(5) 48(12) 45(5) 47(9)
14 53 72(36) 56(6) 60(13) 72(36) 64(21) 61(15)
15 41 57(39) 44(7) 45(10) 64 (56) 51(24) 52(27)
16 57 75(32) 57 (0) 60(5) 73(28) 59(3) 63(10)
17 58 80(38) 58(0) 63(9) 67(15) 65(12) 65(12)

* Average of 36 observations, in 100 pounds.

*% Numbers In parenthesis represent the dynamic component (percent).
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the change in roughness pattern. At scale 1L this amounted to an increase in
the dynamic wheel load component of 54 percent (from 25 percent at R-1 to 79 per-
cent at R-4). The corresponding increase at 10 miles per hour at the same lo-
cation was 17 percent or approximately one-third of this amount. At 60 miles
per hour and at the second sampling location (scale 2L), the decrease in the
dynamic component for R-1 was 8 percent while the corresponding decrease for
R-2, R~3, and R-4 was 80, 98, and 83 percent. Such variation in the load re-
flects the manner in which vehicles traveling at high speeds will respond to
sudden disturbances on the roadway surface and the wide ranges in the dynamic
wheel loads produced as a result of such disturbances. Again as pointed out
in earlier discussions, the differences in impact loads resulting from the
four patterns of roughness were considerably less noticeable for all three

speeds at the last two sampling locations (scale 6L and 7L).

Speed-Scale-Axle Interaction (VXSxA). An increase in speed resulted in

an increase in the magnitude and the range of variation of the average dynamic
wheel load for most of the axles. For example, the dynamic component ranged
between -2 percent to +15 percent at 10 miles per hour, -8 percent to +37 per-
cent at 30 miles per hour, and 6 percent to 105 percent at 60 miles per hour
at the first sampling location. At the second sampling location, these com-
ponents varied by as much as 32, 62, and 134 percent for 10, 30, and 60 miles
per hour, respectively.

Furthermore, the scale layout in the field (see Fig 37, page 98) allowed the
left wheels of a tandem axle to be supported simultaneously once by scales
1L and 2L and again by 4L and 5L, thus permitting an examination of the pitch-
ing behavior of the tandem axle at each speed level. The extent of pitching
may be measured by the difference in the dynamic load component produced simul-
taneously by the fore-and-aft tandems at each of these locations. These dif-
ferences ranged between 2 and 30 percent, 2 and 35 percent, and 5 and 126 per-
cent for 10, 30, and 60 miles per hour, respectively. This clearly indicates

that the amount of pitching increased with speed.

Roughness-Scale-Axle Interaction (TxSxA). This interaction was the least

significant of the interactions considered. The range of sample variations of
the average dynamic wheel loads for each of the 17 axles changed with the

pattern of artificial roughness. For R-1l, the maximum variation in the dynamic
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load component ranged between 1l to 37 percent, while the corresponding ranges
for R-2, R-3, and R-4 were 8 to 73 percent, 1l to 63 percent, and 31 to 145 per-
cent, respectively, Each of these percentages represent the change between the
maximum and the minimum components observed for a particular wheel., Again as
noted in earlier discussions most of this variation, particularly for R-4, took

place in the upstream part of the sampling section.

Sumuary Discussion

In the preceding statistical analysis, all the main variable effects and
the two-factor and three-factor interactions were found significant at the
selected confidence level of 99 percent. These factors and the associated in-
teractions were then arranged in a hierarchial order of decreasing significance
and discussed individually. In this discussion it was pointed out that the
dynamic behavior of individual axles measured in terms of the magnitude of
dynamic load components produced by the left wheels varied by as much as 33 per-
cent with a mean of approximately 16 percent for all left wheels of the 17 axles.
Dynamic wheel loads were also found to vary in magnitude along the roadway sur-
face, and the general pattern of this variation was presented. Furthermore, the
effect of vehicle speed on the average magnitude of dynamic wheel loads was
discussed. Both the magnitude and the rate of variation of these average loads
were found to increase with an increase in speed. The effects of each of the
four patterns of artificial roughness were found to be localized in areas near
the bumps,

Extreme variations in the magnitude of individual dynamic wheel loads have
not been included in the above discussion of average dynamic wheel load effects.
While in actuality these extreme variations are considered in establishing the
statistical significance of the main factors and interactions, they were some-
what masked by the process of obtaining average effects as noted earlier in
this chapter. An example of an extreme condition was observed in the field
where the tire actually lost contact with the roadway surface and thus registered
no load at one or several sampling locations. Generally, this occurred at high
speeds and within the first 16 feet of the instrumented roadway. Such behavior
is of particular importance to pavement or bridge design engineers since in

many cases impact factors of more than 100 percent were produced as the tire(s)

again came in contact with the roadway surface.
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In one instance, this off-ground-on-ground behavior was noticed tc take
place over a stretch of roadway extending about 30 feet from the source of
disturbance* with nearly the same pattern for all three passes of the test
truck (see tandem axle pairs 4 and 5 of Class V, Tables C.12, C.1l5, and C.18,
pages 242, 245, and 248, respectively). Extreme pitching of this tandem axle
may be noticed by examining the wheel loads at scales 1L and 2L and at 4L and
5L. While the left tires on the forward axle were completely off the roadway
surface, the left tires on the back axle were applying a dynamic force exceed-
ing twice the corresponding static force. There are other instances in which
the dynamic wheel load resulting from a 3/8-inch board exceeded twice the static
load not only at high speeds but also at medium speeds. Examples of such cases
may be found by referring to Tables C.47 and C.48 (pages 277 and 278).

Finally, it must be recognized that the comments and observations pre-
sented in the course of the discussion in this chapter are applicable only
within the inference space which is defined by the different levels of the main
variables or main effects., For example, conclusions cannot be drawn or in-
ference be made with the same level of confidence regarding the magnitude and
variation of dynamic loads beyond the test section, at speeds higher than
60 miles per hour, for vehicles which are different from those used in the
experiment, or for other patterns of roughness, Thus the comments upon which
these conclusions are subsequently made are primarily based on what has been
observed in the field within the framework of the experiment and this in turn

depends on tolerances in the experimental measurement and visual reduction of
field data.

" 8 feet by 2 feet by 3/4-inch plywood placed 14 feet in advance of scale 1L,
"R=2 "
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CHAPTER 9. MODEL REFINEMENT

A detailed description of the development of several vehicle models and
the procedures used for validating the models are given in previous chapters.
Since only one set of input parameters was used to characterize the tire and
suspension components of each vehicle in these studies, subsequent sensitivity
analyses described in this chapter were devoted to determining the best values
of spring stiffness and damping to use as input to the vehicle models. The
need for some minor refinements in the model configurations became apparent
after the effects of extreme as well as small variations in model input param-
eters were evaluated. These are described in the last sections of this chap-

ter L d

Sensitivity Analysis

The procedure used to evaluate the input parameters that are required for
calibrating the vehicle models was performed in three phases, In the first
phase, the class of vehicle, speed, and profile roughness were all held con-
stant while parameters describing the suspension and tire systems were varied
until the best feasible agreement was obtained between model output and experi-
mental data. In the next phase, the speed was allowed to vary, and a slightly
altered set of suspension and tire system parameters were obtained. In the
third phase, the profile roughness, as well as speed, was varied, and the final
set of most generally agreeable input parameters was chosen. This same three-
phase process was carried out for the model of each of the five classes of
vehicles. In the following discussion, all examples are taken from the analy-
sis of the Class I vehicle model,

This heuristic, or step learning, type of analysis was performed using the
interactive graphics capability of the CDC 252 cathode ray tube display system
which is part of the CDC 6600 computer system at The University of Texas at
Austin. It was recognized that a more nearly 'closed-form'" solution to model
calibration could .probably be obtained, but several factors discouraged the

developement of such a solution. First, the method employed here permitted the
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observation of the final ''best' solution as well as all intermediate solutions
which led to it. The numerous intermediate solutions allowed the overall ef-
fects of each input parameter to be evaluated qualitatively and quantitatively.
Second, since facilities for immediate visual display of all numeric results
were readily accessible, an overall saving in time could be realized by using
human judgment to evaluate the displayed results as soon as computations were

completed,

Tire Subsystem, The tire subsystem used in the vehicle models consists

of a paralleled spring and dashpot (see Fig 8). Values for the spring stiff-
nesses and for the dashpot damping coefficients must be selected as input to
the vehicle model,

Representative values of tire stiffness were obtained from several sources
as mentioned in Chapter 7, and for a tire inflation pressure of 65 to 70 psi,
these values were approximately 4000 pounds per inch of deflection. When this
value was used in the model, there was good agreement between computed and
observed wheel forces for low vehicular speeds (30 mph or less). Figure 69
shows the results of varying the 4000 pounds per inch by + 50 percent, It is
obvious that the model is quite sensitive to changes in tire stiffness, since
doubling the tire stiffness approximately doubled the magnitude of the peak
dynamic loads for this particular road profile roughness pattern.

After varying the tire stiffness in this manner and studying the resulting
agreement between theoretical and experimental data, it was noted that a tire
stiffness of 4000 pounds per inch of deflection produced the best results for
speeds up to 30 mph. Studies of higher speeds (approximately 60 mph) showed
that it was necessary to increase tire stiffness slightly with speed, up to
about 4500 pounds per inch at a speed of about 60 mph in order to have good
agreement between computed and observed forces.

Even though it is known that truck tires have no great capacity for damp-
ing, a small amount of damping in the model subsystem produced the best re-
sults, Various amounts of damping were tried, from zero to 10 percent of
critical, as shown in Fig 70. The best agreement was finally obtained when a
damping factor of approximately 2 percent of critical for both front and rear

tires was used (see Fig 71).

Suspension Subsystem. As may be seen in the schematic diagrams of the

models for the five classes of vehicles that are included in Chapter 4, the
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vehicle suspension system is also simulated by springs and dashpots connected
in parallel. The stiffness of the springs under static loading can be simply
and accurately determined experimentally by applying incremental loads and
measuring the resulting deflection. For the Class I vehicle, representative
numbers were found to be 535 and 3750 pounds per inch of deflection for the
front and rear suspension subsystems, respectively. Doubling these experi-
mentally determined values resulted in dramatic changes in the computed wheel
forces, as shown in Fig 72. These changes, as well as the variations in tire
stiffness discussed earlier, primarily affected variations in amplitude of the

computed wheel forces but had little effect on the frequency of oscillation,

Suspension Damping. Since most large trucks do not have shock absorbers

as such, the damping that occurs in the suspension system is largely that which
is due to friction and the resulting energy dissipation. Although the models
described herein utilize viscous instead of friction damping, it was found that
viscous damping allowed good approximation of wheel forces, especially in the
zone of peak dynamic force where the suspension system usually experiences high-
frequency oscillation.

In this study, the critical damping factor for the tire-suspension-axle
system was computed and the damping coefficient was expressed as a percent of
this critical value. Many combinations were tried, and the resulting theoreti-
cal force diagrams were compared with the experimental information. Figure 73
shows the results of varying the suspension damping between a maximum of
20 percent of critical and a minimum of 1 percent of critical. As may be seen,
these changes again primarily affected the overall amplitude of the computed
wheel force curves, but they also produced some small changes in frequency.
After viewing these results and simulating different speeds of each vehicle
class over various roughness patterns, a compromise situation was reached for
the Class I vehicle., Coefficients of 5 percent and 2 percent of critical are

recommended for the front and rear wheel suspension elements, respectively.

Model Refinements

The sensitivity analysis pointed out the need for some refinements in the
model configuration. These refinements are outlined in the following para-

graphs,
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Tire Enveloping. Pneumatic tires of highway vehicles have an enveloping

action, That is, rather than maintaining point contact with the road surface,
the tire has a finite contact length ranging from about 4 to 10 inches,
depending on the size and stiffness of the tire, This enveloping action re-
duces the effect of small changes in the road surface profile, allowing the
effects of small bumps or depressions to be completely absorbed by the tire,
without displacing the axle,

The mathematical model was originally configured to recéive profile ele-
vations on a point-by-point basis, thus not allowing for the tire enveloping
action., This caused the model to predict abnormally high wheel forces for
small or abrupt surface irregularities,

To overcome this problem, two possible solutions were considered., The
first involved averaging computed wheel forces, That is, the arithmetic mean
of the wheel forces over a distance roughly equal to the length of the actual
tire envelope were computed on a point-by-point basis. The other solution
was to average the surface profile over some distance again equal to the length
of the tire envelope prior to inputting the profile into the model.

Since both of these sclutions produce similar results (see Fig 74), the
profile-averaging technique was chosen for two reasons. First, it seemed to
be the more logical of the two since it represents mathematically the actual
tire enveloping action. Second, it allows the computed axle and body movements
to be more nearly equal to the true values and thus facilitates the study of

differential movements between the axles and the vehicle body.

Tandem~-Axle Modifications. As noted in Chapter 4, the original version of

the model ignored the mass of the fore-aft connecting member on tandem axles
(see Fig 51). Use of this '"massless" bar resulted in extreme pitching of the
tandem axles, especially at high speeds. To overcome this problem, the model
was revised to take into consideration the mass of the connecting members,
The extra mass increased the mass moment of inertia which in turn helped re-

duce the severe tandem axle pitching phenomenon predicted by the model,

Summary

The sensitivity analysis and calibration procedure yielded the following

information:
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Tire stiffness is the most sensitive of the model input parameters.
From the sensitivity analysis, the best values for tire stiffness
were found to be 4000 and 4500 pounds per inch of deflection for
speeds of 30 mph or less and speeds of approximately 60 mph, respec-
tively.

The tire subsystem in the vehicle model should include some damping.
This was determined to be approximately 2 percent of critical damp~
ing for the wheel mass.

Approximate values for spring stiffness of the vehicle suspension
system may be measured experimentally,

The damping of the suspension system of a vehicle may be satisfacto-

rily simulated by viscous damping for evaluating peak dynamic forces

resulting from vehicle components oscillating in the range of 6 to

12 Hz. Representative quantities for this damping action consist of

5 percent and 2 percent of critical damping for front and rear wheels
of the Class I vehicle.
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CHAPTER 10, BRIDGE STUDY

One objective of the research study was to evaluate the interaction of
the mathematical vehicle models described in Chapter 4 with an actual bridge
profile and to provide some general information about vehicle-bridge inter-
action. Conventional bridge structures undergoing dynamic vehicular loading
deflect slightly and usually vibrate at frequencies between 2 and 12 Hz., Under
these conditions, the profile over which the vehicles travel varies with time
and is somewhat different than the profile of a pavement. The specific aims
of the bridge study were to evaluate the behavior of the mathematical vehicle
model when subjected to a varying profile which included relatively long, small
amplitude waves and to gain as much information as feasible about vehicle-
bridge interaction., Field studies were limited to one bridge structure near
Austin.

Even though it was highly desirable to embed wheel load transducers in the
bridge deck and measure applied wheel forces directly, restricted time and
resources made such an installation unfeasible in this study. Alternatively,
ins trumentation for measuring and recording the relative displacements between
the test vehicle axles and the vehicle frame was devised as a means for eval-
uating the mathematical vehicle model. Since previously described phases of
this study indicated the adequacy of the model for predicting dynamic wheel
forces directly from known vehicle characteristics and road profile information,
good agreement between measured and computed axle-frame displacements would

lend further credence to the model.

Experimental Program

The field studies were conducted on a three-lane, three-span continuous,
steel girder bridge with reinforced concrete deck at Brushy Creek on the south-
bound lanes of IH-35 about 20 miles north of Austin. Vertical displacements
of six points on the bottom flange of one girder under the median lane of the
bridge were measured and recorded simultaneously with the relative vertical

movements between the axles and the frame of a loaded 2-axle test truck. The
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instrumental test truck was run at several speeds over the existing roadway
surface and then over a series of bumps created by placing 3/4-inch plywood
panels at selected positions on the bridge approach and on the deck of the

first span of the bridge.

Bridge Instrumentation

The instrumentation on the bridge consisted of six strain-~gaged canti-
lever beams furnished by the Texas Highway Department; these were supported
at ground level and connected to the lower flange of a girder by music wire
for measuring vertical deflections (see Fig 75). Two pneumatic road tubes
were used on the deck surface for determining the longitudinal position of
the test vehicle with respect to time. Electrical signals from these detectors
were recorded on a multichannel light-beam oscillograph equipped with galvon-
ometers capable of frequency response to 500 Hz.

Music wire 0.0l4 inch in diameter was used between the bridge girder and
each cantilever beam in preference to a larger diameter wire in order to mini-
mize errors induced by coiling or kinking of the larger wire under the varying
dynamic load. Elongation of the small diameter wire even under the relatively
small forces required to deflect the cantilever beam was of a significant
magnitude, and it was therefore necessary to include this effect in the design
and calibration of the deflection measuring system. Laboratory experiments
were conducted to determine the appropriate elastic constants for the wire
and for the beam, and a calibration procedure which considered these elements
as two springs connected in series was devised. Computations included adjust-
ments for the respective lengths of wire used at each deflection measuring
station.

Deflection was measured at the quarter-span points on the first 50-foot

span of the three-span bridge and at the third-span points on the inmer span.

Vehicle Instrumentation

The vehicle used in the experimental program (a loaded Class I truck, see
Table 16) was equipped with instruments which permitted the recording of dif-
ferential movements between the axles and the frame. This equipment consisted

of rotary potentiometers mounted on the frame of the vehicle above each wheel

to be studied and connected to the axle below by a stiff arm and a small but
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Fig 75. Straip-gaged cantilever beams pupported by sand=
filled containers at ground level beneath bridge.
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TABLE 16.

Vehicle Type:

Make :

Model :

License Number:

Measurements :

Tire Pressure:

Static Weights:

TEST VEHICLE CHARACTERISTICS

2D (Class 1I)

Dodge

1969

173 479

wl = 5 feet 7 inches
WZ = 5 feet 10 inches
X12 = 11 feet & inches

70 psi

. Front Axle: 6,360 pounds
Rear Axle: 17,620 pounds
Gross: 23,980 pounds
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relatively rigid wire (see Fig 76). As a wheel moved vertically, with respect
to the frame, the potentiometer through its linkage yielded a resistance change
that was directly proportional to the amount of movement. Only the right sidé
of the truck was instrumented, since roll of the vehicle was considered to be
negligible in this experiment. The voltage changes produced by the displace-
ment transducer system were recorded on a galvanometer oscillograph carried on
board the truck. The analog records were subsequently analyzed and converted

into a digital form that was suitable for computer processing.

Experimental Measurements. The truck that was available for the field

tests was relatively light (24,000 pounds); therefore, it was desirable to con-
figure a series of roughness patterns which would produce the maximum feasible
suspension system activity and thereby result in measurable bridge deflections.
The mathematical model of the Class I vehicle was used to study the effects of
various bump spacings on the resulting dynamic wheel forces, and seven patterns
of roughness which would best accomplish the desired results for various vehicle
speeds were determined. A preliminary series of tests in which the instrumented
vehicle made 22 passes over selected roughness patterns placed on a smooth pave-
ment indicated that the computed spacings were near optimum for the chosen speed
conditions.

The four roughness patterns illustrated in Fig 77 were used in the bridge
study, and the test truck made a total of 31 runs over the bridge at speeds up
to 60 miles per hour. Information concerning axle-frame movements and vehicle
position on the bridge was recorded by the on-board instruments in the truck
while bridge girder deflections at six points and vehicle position data were

recorded simultaneously on another oscillograph at the roadside.

Data Reduction and Analysis. All analog data from the field experiments

were converted to a digital format suitable for computer processing in the
mathematical vehicle model. The road surface profile of the '"unloaded'" bridge
as measured by the GMR profilometer was corrected to reflect the artificial
roughness patterns and the deflected shape of the bridge with respect to time
and position of the test truck. The deflection of the structure actually had
little influence on the dynamic loads since the light test truck caused maxi-
mum girder displacements on the order of 0.1 inch. The axle-frame deflection
data were digitized and compared with computed data from the model by visual

inspection on a CDC 252 cathode ray tube display unit.
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Fig 76. Potentiometers for measuring axle-body deflections,
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The mathematical vehicle model was 'run' successively at the proper speeds
over the corrected profile in the CDC 6600 computer, and calculated axle-frame
displacements were displayed for each of the 31 vehicle passes. Figure 78 is
an example of the display of experimental values along with the computed dis-
placements. Agreement is quite good in the region of maximum suspension ex=-
citation, but the viscous damping used in the model does not adequately simu-
late vehicle behavior in the low-frequency, small amplitude realm. Friction
damping of the type suggested in Ref 21 would probably improve the model per-
formance in this area of interest., But, because computed and measured axle-
frame displacements in the zone of maximum dynamic activity were found gener-
ally to agree closely throughout the range of speed and profile conditions
evaluated, the mathematical vehicle model was used to study vehicle-bridge
interaction under critical loading conditions. Ideally, axle-~frame displace-
ments should have been measured simultaneously with the dynamic wheel forces
in the pavement experiments in order to validate the model, but no on-board
instrumentation was utilized in this earlier phase of the study.

After finding the model to be adequate for predicting maximum axle-frame
displacements and peak wheel forces, the effects of the four selected roughness
patterns on bridge loading were compared. The computed wheel forces resulting
from a 3/4-inch step bump on the bridge approach (roughness K, see Fig 77) are
shown in Fig 79 for the test truck running at 60 miles per hour. Peak dynamic
wheel forces are shown to be in excess of 170 percent of static wheel loads
just beyond the step bump. As might be expected, the computed dynamic forces
were less when the speed of the vehicle was reduced to 30 miles per hour
(see Fig 80).

The wheel force diagrams generated by the model for a vehicle operating
at 30 miles per hour over roughness patterns L, M, and N are shown in Figs 81,
82, and 83, respectively. Even small irregularities on the roadway surface
cause large dynamic wheel loads. A single 3/4~inch step bump (roughness L,
see Fig 77) generated dynamic wheel forces which were more than 180 percent
of static weight. More dramatic, but perhaps less likely to occur in routine
practice, are the dynamic wheel forces that reach magnitudes greater than
2-1/2 times the static wheel weight when the vehicle travels at 30 miles per
hour over three 3/4-inch high bumps spaced 50 inches apart (see Fig 83).
Certain types of bridge deck deterioration can, however, conceivably produce

roughness patterns of this general types, and under these conditions,
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concentrations of very high wheel loads on the deck are to be expected. The
model can be used to analyze any particular situation of interest.

The energy imparted to the massive bridge structure by the varying dynamic
wheel loads is not reflected directly as deflection or strain in the girders
or other structural members below the deck. Inertia of the bridge prevents
this, but the deck receives the full impact of the dynamic loading and should
be designed to withstand large numbers of repetitions of critical dynamic
wheel loads. Results of this study indicate that road surface irregularities
less than an inch high can easily result in dynamic wheel loads that are 150 to
250 percent of static wheel weight. Bumps of this size are not uncommon, par-
ticularly on bridge approaches and at some structural joints., As bridge deck
design procedures are refined to account directly for such factors as localized
load distribution through the tires and for repetitions of dynamic wheel loads,
consideration should be given to using wheel load impact factors in the range

of 150 to 200 percent,

Summary of Bridge Study

From the model analysis and field study of rather limited scope, the

following observations and conclusions are warranted:

(1) The technique for measuring bridge deflections with strain-gaged
cantilever beams and small-diameter music wire is convenient and
accurate, but proper calibration procedures must be utilized.

(2) Axle~-frame displacements in a moving vehicle can be measured success-
fully with simple, inexpensive potentiometer transducers and on-
board analog recording equipment. These experimental data provided
a secondary check on the validity of the mathematical vehicle model
described in Chapter 4,

(3) Computed axle-frame displacements agreed well with experimental
values in the critical realm of maximum suspension system activity,
but for low-frequency, small-amplitude displacements, the viscous
damping utilized in the model was inadequate. Friction damping of
the type suggested in Ref 21 might produce better simulation.

(4) Under the 24,000 test truck running at 30 mph, maximum girder de-
flection was on the order of 0.1 inch when three 3/4-inch high bumps
spaced at 50 inches were placed on the first span of the bridge deck.
This deflection had negligible effect on the dynamic behavior of the
model but represented considerable structural displacement for such
a light vehicle., The bridge oscillated at about 10 Hz; this was
approximately the same frequency at which the truck under carriage
oscillated after having been driven by the step bumps.
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(5) Surface irregularities less than an inch high can produce dynamic
wheel forces that are 150 to 250 percent of static wheel weight.

Procedures for designing bridge decks should take these dynamic loads
into consideration.



CHAPTER 11. ESTIMATING STATIC VEHICULAR WEIGHTS

An idealized vehicle traveling on a perfectly smooth pavement at normal
roadway speeds exerts dynamic wheel forces on the pavement that are essentially
equal to the static weight of the vehicle, 1In practice, these ideal conditions
are never realized completely, but when variations from the ideal are small,
static weight estimates of acceptable precision for certain purposes can be
made from one or more samples of dynamic wheel force. Some of the experimental
data obtained in this study are representative of actual roadway and truck
traffic conditions and are analyzed to determine the accuracy with which static
wheel weights and gross vehicle weights can be estimated from dynamic wheel
forces measured with transducers in the pavement. A stepwise multiple re-
gression computer program, BMD-2R{(Ref 51) has been used for the statistical
analysis.

The technique of obtaining the experimental data for five classes of test
trucks is described in preceding chapters and in the appendices of this report.
Static wheel weights that are used as a basis for comparison are average values
of between four and ten weighings of each wheel of five test vehicles that were
obtained from careful use of portable wheel load weighers as detailed in Ap-
pendix A. The maximum coefficient of variation in these static wheel weight
data was 4 percent, but most coefficients of variation were less than 2 per-
cent. Dynamic wheel force data are average values of force on the wheel load
transducer while the wheel was fully supported on the 18-inch effective length

of the transducer.

Static Wheel Weights

For visual inspection, dynamic wheel forces measured by a wheel load trans-
ducer in the left wheel path of the test vehicles are plotted versus the cor-
responding static wheel weights in Figs 84, 85, and 86 for speeds of 10, 30,
and 60 mph, respectively. Each test truck used in the experiment made several
passes over the transducer at each speed indicated. At 10 mph, the data points

are clustered rather eVenly about the 45 degree line of perfect agreement, but
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for 30 and 60 mph, the dynamic wheel forces are generally somewhat greater than
the corresponding static weights. A number of factors could account for this
difference, but one likely explanation is that when these tests were run the
wheel load transducers were standing slightly above the surrounding pavement
by perhaps 1/8 to 1/4 inch in the wheel paths. During the several months of
experimental work, the flexible pavement in the test section and for a half
mile or so in advance rutted in each wheel path. Profile measurements with
the GMR profilometer indicated that the transducers were standing somewhat
proud of the approach pavement (see Fig 55, Chapter 7). The dynamic effects
of these '"bumps' would tend to be greater at the higher speeds. However,
profile irregularities of this magnitude may exist in practice; therefore,
the data are considered to be representative of a worst condition.

In order to examine the relationship between static weight and dynamic
wheel force numerically, a linear multiple regression analysis was performed.
Although the obvious purpose of this analysis was to determine the precision
with which static wheel weights can be predicted from samples of dynamic wheel
force, the regression equations were derived by using static weights to esti-
mate dynamic wheel forces. This was necessary since in a normal regression
equation (y = A + Bx), the independent variable (x) is assumed to be virtually
error free, while the dependent variable (y) may have errors associated with
it. The static wheel weight information averaged from multiple weighings of
each wheel was taken as the independent, or error-free, variable (x) in de-
veloping the regression equations. These equations may be inverted, or solved
for x, so that dynamic wheel forces can be used to estimate static wheel weight.
This inversion technique is called inverse estimation and is fully documented
in Ref 52.

Results of the regression analysis are summarized in Table 17. A regres-
sion equation was developed for each of the three truck speed classes and for
various combinations of scales used in the experiment. A log transformation
of the data was utilized in the statistical analysis, and the resulting equa-
tions are presented in this form. The coefficient of variation for each re-
gression equation is a measure of the precision with which estimates of static
wheel weight can be predicted by the equation. As explained above, these
coefficients were computed on the basis of static wheel weight being the in-
dependent variable; therefore, small inaccuracies can result from applying the

coefficients to the inverted equations. These inaccuracies, however, cannot



TABLE 17,

REGRESSION ANALYSIS FOR WHEEL WEIGHT STUDY

&
e
€S 10 mph 30 mph 60 mph Statistic
Number™&
of Scales
zn(sl) = ,0763 Azn(sl) = ,6387 .zn(sl) = ,8260 Equation

+ .9805(4nS)

+ .8582(4n8S)

+ .8446 (UnS)

Coefficient of

1
6.6 11.5 13.4 Cetacton (1
2
0.97 0.88 0.84 R
ﬂ,n(s1 + 35) = ,7564 ﬁn(sl + 84) = 1.408 zn(s1 + 53) = 1.177 Equation
+ .9838(4nS) + .8386(4n8) + .9162(4nS)
Coefficient of
2
5.1 7.7 1.7 Variation (%)
2
0.98 0.94 0.89 R
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761



TABLE 17. (Continued)

QY
G@O’

% 10 mph 30 mph 60 mph Statistic
Number 3
of Scales

J&n(s1 + 85 + s6) zn(sl tos, 55) zn(sl + sy 54) Equation

= 1.256 + .9630(¢nS) = 1.751 + .8557(4nS) = 1,753 + .8682(4nS)
3 4.9 6.7 11.5 Coefficient of

Variation (%)

0.98 0.9 0.88 R
where S = static weight S, = scale 4 estimate
s1 = scale 1 estimate s5 = scale 5 estimate
s, = sgcale 2 estimate s6 = scale 6 estimate
s3 = gcale 3 estimate

Note: A1l weights and estimates must be expressed in 100 1b units,

The following confidence levels may be applied to the data in this table:

Number of Standard Deviations
(Coefficient of Variation) Confidence (%)

1 68
2 95
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possibly be large because of the relatively small scatter in the observed data
and the fact that all data points cluster near the 45 degree line in Figs 84,
85, and 86.

The following interpretation of the regression equations and associated
statistics shown in Table 17 is warranted. Static wheel forces estimated by

the regression equations from dynamic wheel force measurements will be within
+ n X coefficient of variation

of the true value, where n 1is the number of standard deviations from the mean
that will satisfy an associated confidence level in the estimate. For example,
if n is 1, then approximately 68 percent of any random group of dynamic

wheel weight observations will, from the regression equations, yield static
wheel weights that vary no more than + 1 X coefficient of variation from the
true values. If n 1is 2, approximately 95 percent of the observations would
produce estimates within + 2 X coefficient of variation of the true values.

Two trends in the data shown in Table 17 are important. First, at the
scale installation under consideration where profile roughness was caused by
pavement rutting around the wheel load transducers, speed of the vehicles
influenced the accuracy of the static wheel weight estimates. At vehicle
speeds of 10 mph, a single sample of the dynamic wheel force used with the
appropriate regression equation yielded static wheel weight estimates within
+ 6.6 percent approximately 68 percent of the time while at 60 mph comparable
limits of accuracy were + 13.4 percent. The higher speeds resulted in poorer
estimates of static wheel weight at this multiple scale installation.

Second, increasing the number of scales improved the estimates of static
wheel weight. The greatest improvement indicated in Table 17 was at 30 mph
where the coefficient of variation decreased from + 11.5 percent to + 6.7 per-
cent when three transducers were used instead of one. The advantage of multiple
scales is less pronounced at the other vehicle speeds with reductions in the
coefficient of variation being generally less than 2 percent when considering
two or three scales. It is interesting to note that Scale 1 always contributed
most to explaining the relationship between dynamic and static wheel loads as
evidenced by the sequence in which the scales were added in the regression
equations, and that various scales combined in an orderly way to improve the

estimate. At 10 mph, the scales farthest downstream (Scale 5, then 6) were
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found to further reduce the error of estimate; whereas, at 30 and 60 mph, the
scales nearer to Scale 1 (Scales 3, 4, and 5) made larger contributions than
those downstream. The fact that various scales were combined in the regres-
sion equations to yield the best estimate of static wheel weight and that the
regression coefficients were somewhat different in each equation is further
evidence that the profile roughness caused by pavement rutting interacted in
a complex manner with the suspension system of the moving vehicles. Judgment
should be exercised in deciding whether or not the relatively small improve-
ments in accuracy justify the expense of more than one wheel load transducer

in each wheel path.

Static Gross Vehicle Weight

Part of the wheel weight data used in the previous analysis were combined
with additional output from a transducer in the right wheel path to yield
gross vehicle weights, and the same regression technique was employed to
evaluate the accuracy with which static gross vehicle weights can be predicted
from dynamic wheel forces measured by a single pair of wheel load transducers,
Results of the regression analysis are presented in Table 18, and since the
prediction errors are relatively small, multiple transducer combinations were
not investigated.

Using the regression equations that were developed for the subject scale
site and shown on the second page of Table 18, gross vehicle weights can be
predicted within + 3.4, + 4.5, or + 8.0 percent with 68 percent confidence for
vehicular speeds of 10, 30, and 60 mph, respectively. Or, without using a
regression equation (see first page of Table 18), gross weights can be pre-
dicted with 68 percent confidence within + 4.6, + 9.7, or + 15.5 percent for
speeds of 10, 30, or 60 mph, respectively.

As with wheel weight predictions, the rutted pavement apparently induced
dynamic effects that caused larger errors in static gross weight estimates
at the higher speeds. Speed effects were found to be much less pronounced at
this site before the pavement rutted and after the roadway was overlaid with
approximately 1-1/2 inches of asphaltic concrete to smooth and deslick the
surface., The variations in estimated static gross vehicle weight indicated
in Table 18 represent a worst case scale installation condition that would be

considered acceptable in practice, It is recognized that the wheel load



TABLE 18.

ANALYSIS OF STATIC CROSS WEIGHTS

<
Q%?
%, 10 mph 30 mph 60 mph Statistic
Type of ¢
Analysis
X =y X =y X =y Equation
4.6 9,7 15.5 Coefficient of

Variation About 45° Line
X=X

Variation (%)

0 + bX)

Zero Regression Interceét
04

nX = 0 + ,9984inX
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Equation
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<&
Q
4
10 mph 30 mph 60 mph Statistic
&
Type of<¥
Analysis
a 4nX = -,925 + 1,0874n¥Y InX = ,966 + .9154nY InX = 723 + .943inY Equation
2
o
2Ea
B Coefficient of
£2a 3.4 4.5 8.0 Variation (%)
4 i
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where Y = static gross weight
X = composit transducer estimate of gross weight
4n = natural logarithm

Confidence levels may be applied to the data in this table as follows:
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2 95

661



200

transducers must be flush with the surface of a smooth approach pavement if

dynamic effects are to be minimized.

Summary

Based on the data available from the pavement dynamics study and on the

statistical analysis described above, the following statements can be made

regarding the accuracy with which static vehicle weights can be predicted from

measurements of dynamic wheel force with transducers in the pavement.

(1

2)

3)

4)

)

For best accuracy, the wheel load transducers must be maintained
flush with the pavement surface in order to minimize dynamic

effects. The influence of pavement rutting that was approximately
1/4 inch deep in the wheel paths around the transducers at the test
site is included in the coefficient of variation shown in Tables 17
and 18 and referred to subsequently in relation to expected accuracy.
This condition probably represents a worst case that would be con-~
sidered tolerable in practice, and the estimates of possible accuracy
discussed in this chapter should be interpreted accordingly.

Examination of the experimental data indicated that measured dynamic
wheel forces were generally greater than corresponding average
static wheel weights; therefore, it was desirable to utilize a
linear multiple regression technique to quantify and evaluate the
relationship., While the resulting regression equations are appli-
cable only for the conditions at the experimental site, they serve
to indicate the nature of the relationship that can be expected if
the pavement and the transducers are not maintained as a smooth
riding surface.

When appropriate regression equations for a particular site are used,
static wheel weights can be estimated from the dynamic wheel force
information produced by a single transducer with an expected accuracy
of + 7 percent for speeds near 10 mph or + 13 percent for vehicles
traveling at 60 mph with about 70 percent confidence. At a 95 per=-
cent confidence level, the range in the expected accuracy of the
estimate is approximately twice these percentages.

Estimates of static wheel weight can be improved by using multiple
wheel load transducers. The regression equations developed from
multiple transducer experimental data yielded somewhat smaller
coefficients of variation than those based on information from a
single transducer. The regression equations were different for the
two cases, but the error of estimate, as indicated by the coefficient
of variation, was generally reduced by less than 2 percent when two
or three transducers were used rather than one.

Static gross vehicle weight can be estimated by a regression equation
using information from a single pair of wheel load transducers with
an accuracy between + 3 percent at 10 mph and + 8 percent at 60 mph
with 68 percent confidence. When no regression equation was used
with the experimental data (see first page of Table 18), the
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coefficient of variation ranged between + 4.6 and + 15,5 percent
for the same confidence level, A smooth pavement surface around
flush~mounted transducers will reduce this error of estimation,
Static gross vehicle weight estimates were more accurate than in-
dividual wheel weight estimates on a percentage basis,

(6) Even though individual static weight estimates from dynamic measure-
ments do not agree perfectly with average weights obtained from
wheel load weighers* the in-motion weighing technique can be used
to yield adequate data for certain purposes such as traffic weight
surveys. For such surveys, the technique makes it feasible to
obtain very large samples of traffic (up to 100 percent for any
selected period of time) and determine weight characteristics of
individual classes of vehicles or of the traffic stream as a whole
without hazard or delay to any vehicle. Mean weights computed from
a large sample, even though individual measurements are not deter-
mined as accurately, are probably more representative of the true
weight characteristics of traffic than are mean values computed
from a small sample consisting of more accurately measured weights.

(7) 1In order to evaluate comprehensively the accuracy with which static
vehicle weights can be estimated from dynamic wheel force measure-
ments, it will be necessary to analyze data from controlled tests
at a minimum of five field sites, The analysis presented in this
chapter points out again the strong interaction between the moving
vehicle and the pavement surface profile and indicates the range
of accuracy that can be feasibly achieved in practice.

An 1interactive graphics technique that utilized a cathode ray tube dis-

play was found to be a fast and efficient means of comparing the results of
mathematical simulation with experimental data. An analysis of the vehicle

simulation model by this technique lead to the following conclusions:

(1) Of the model input parameters, tire stiffness was the most sensitive.
Computed wheel forces agreed most closely with observed wheel forces
when values of tire stiffness of 4000 and 4500 pounds per inch of
deflection for speeds of 30 mph and 60 mph, respectively, were used.

(2) A small amount of viscous damping in the tire simulation subsystem
of the model produced the best results. Approximately 2 percent of
critical damping for the wheel mass was found most satisfactory.

(3) For model input parameters, the suspension stiffness of any vehicle
can be adequately estimated from experimental measurements of axle-
frame displacements resulting from application of known static load
increments.

(4) Viscous damping in the suspension subsystem of the model resulted in
wheel forces that agreed well with observed values in the realm of

kg
The National Conference on Weights and Measures recommends a maintenance
tolerance of 3 percent of a known test load for wheel load weighers,
Ref 53,
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(5)

maximum suspension system activity where dynamic forces were pro-
duced by oscillations of the unsprung mass in the range of about

6 to 12 Hz, For the Class I (2-axle) vehicle, suspension damping
of 5 percent and 2 percent of computed critical damping for the
front and rear tire-axle-suspension subsystem, respectively, were
found to yield best results, Friction damping might possible give

better results in the range of low frequency, small amplitude oscil-
lations.

Tire enveloping can be simulated by averaging the road surface pro-
file over a distance approximately equal to the tire contact length.
This is a better representation of the real tire-pavement interface
than the moving point contact frequently used in simulation models.



CHAPTER 12, CONCLUSIONS AND RECOMMENDATIONS

According to the objectives stated in the early part of this report, this
investigation was divided into two phases: (1) theoretical and (2) experi-
mental, The theoretical phase involved the development of a mathematical
technique which can be used to predict the magnitude, position, and duration
of the dynamic wheel loads applied normal to the roadway surface by the wheels
of moving traffic., The experimental phase involved the design of a portable
electronic data collection system capable of sampling dynamic loads applied by
the wheels of several classes of vehicles operating at wide ranges of speeds,
The measured dynamic wheel loads were then used to validate the accuracy of
the mathematical technique by comparing the predicted and the measured loads.
In addition, a statistical analysis was performed to evaluate the significance
of some of the factors which influence the magnitude and variation of dynamic
wheel loads. The conclusions drawn from this statistical analysis, as em-
phasized in the preceding chapter, are applicable only within the inference

space defined by the general layout of the experiment design,

Conclusions

Based on the work described in the preceding chapters, the following con-
clusions are warranted:

A generalized mathematical model which consists of a series of intercon-
nected masses, springs, and dashpots has been developed to characterize five
classes of highway vehicles.

The normal component of the dynamic forces applied to the roadway sur-
faée by the wheels of each of these several classes of single unit and artic-
ulated vehicles operating under various conditions can be predicted with rea-
sonable accuracy by using this model in a simple mathematical simulation pro-
cedure,

At vehicle speeds of 10 and 30 miles per hour, the model accuracy is quite
satisfactory since 92 and 82 percent, respectively, of the total observed

wheel loads (2,448 observations at these speeds) were found to fall within
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10 percent of the range predicted by model simulation. At high speeds many
of the observed bscillations were not in phase with the predicted oscilla=-
tions. This resulted in a poorer agreement whereby only 53 percent of the
observed values were within 10 percent of the predicted range of wheel loads.
With relatively few exceptions, however, the average difference between ob-
served and predicted wheel loads was less than 10 percent,

The computer program which solves the sets of differential equations
necessary for calculating the dynamic wheel load forces is operational, effi-
cient, and easy to use, Although this computer program has been written for
the CDC 6600 computer, it may easily be adapted for use on other machines of
comparable size or capacity. Furthermore each class of vehicle is handled
separately in a subroutine thus allowing flexibility for modifying the char-
acteristics of each particular class individually.

An analysis of variance was performed on the data in accordance with the
experimental design in order that inference concerning the statistical signi-
ficance of the various factors considered could be made. Four main effects,
six two-factor interactions, and four three-factor interactions were found to
have significant influence on the magnitude of dynamic wheel loads. According

to their order of decreasing significance, the main effects included:

(1) axle,
(2) sample location,
(3) speed, and

(4) roughness.
The two-factor interactions include

(1) speed-sample location,

(2) roughness-sample location,
(3) axle-speed,

(4) axle-sample location,

(5) axle-roughness, and

(6) speed-roughness.
The three-factor interactions include

(1) speed-roughness-sample location,
(2) speed-sample location-axle,
(3) axle-sample location-roughness, and

(4) speed-roughness-axle,
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Average dynamic wheel loads increased with an increase in speed. A total
of 3,672 observations of dynamic wheel force were made at six scale locations
along a 64 foot instrumented section for five test vehicles operating at 10,
30, and 60 miles per hour over four patterns of surface roughness. The average
dynamic wheel load components resulting from these tests were 6, 15, and 19 per-
cent of static load for the respective Speed levels,

Dynamic wheel loads also vary as vehicles move along the roadway surface.
Dynamic wheel load components calculated by averaging the wheel force observa=-
tions from the test conditions described above were found to vary by as much
as 27 percent of the static load,

Even though the four pavement roughness patterns studied produced rela-
tively small dynamic wheel load components when considered in terms of the
average force applied along the 64 foot long test section, large dynamic loads
at or near the step bumps were frequently observed. An obstruction in the
roadway surface as small as 3/8-inch high caused the tire of a vehicle travel-
ing at high speeds to lose contact with the roadway surface. Impact factors
of more than 100 percent were produced as the tire mounted the step bump and
again as the tire regained contact with the roadway surface.

The following conclusions and observations characterize the dynamic be-
havior of Class I single~unit vehicles. The left wheel path was more heavily
instrumented and vehicle roll was found to be negligible; therefore, reference
is made primarily to wheels on the left side of the vehicle.

(1) The overall average dynamic load component produced by the left

wheel of the front axle is 1-1/2 times the corresponding component
produced by the left wheels of the rear axle (drive axle).

(2) Higher speeds resulted in greater average dynamic wheel load com-
ponents for both axles.

(3) The maximum range of variation in the average dynamic load com-
ponent along the test section was produced by the left wheel of the
axle with the least static load.

(4) A step bump 3/8-inch high on scale 1L produced an average increase
in the dynamic component at this scale of about 40 percent for both
left wheels as compared with no bump.

The following conclusions and observations characterize the dynamic be-
havior of Class II articulated vehicles:
(1) The overall average dynamic load component produced by the left

wheel of the front axle is 2 times the corresponding component pro-
duced by the left wheel of axle 2 (drive axle) and approximately
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(2)

(3)

(4)

1-1/4 times the component produced by the left wheel of axle 3,
The magnitude of these dynamic load components is inversely propor-
tional to the corresponding static wheel load.

Higher speeds resulted in greater average dynamic wheel load com-
ponents for the drive axle and the trailer axle, Axle 1, however,
produced its maximum dynamic load component at 30 miles per hour.

The maximum range of variation in the average dynamic load component
along the test section was produced by the left wheel of the axle
with the least static load.

A step bump 3/8-inch high on scale 1L produced an average increase
in the dynamic component of about 40 percent for all left wheels
studied.

The following conclusions and observations characterize the dynamic be-

havior of Class I1I single~unit vehicles:

(L

2)

(3)

(4)

There appears to be no consistent relationship between the overall
average dynamic wheel load components and the corresponding static
wheel loads for the conditions observed.

In general, higher speeds produced greater average dynamic com-
ponents,

The maximum range of variation in the average dynamic load component
along the test section was produced by the left wheel of the forward
tandem axle,

A step bump 3/8-inch high on scale 1L produced an average increase
in the dynamic load component of about 20 percent for all left
wheels studied.

The following conclusions and observations characterize the dynamic be~

havior of Class IV articulated vehicles:

(1)

(2)

(3

4)

(5)

The overall average dynamic load component produced by the front
axle of this class of vehicle is much less than the corresponding
components for the remaining axles where the magnitude is inversely
proportional to static load. Although the left wheel of axles 1, 3,
and 4 have nearly the same static load, the dynamic components pro-
duced by the latter two (tandem pairs) are much higher,

Higher speeds resulted in greater average dynamic components for
all axles.

The maximum range of variation in the average dynamic load component
along the test section was approximately the same for left wheel of
the drive axle and for the fore-and-aft trailer tandem axle.

A step bump 3/8~inch high on scale 1L produced an average increase
in the dynamic load component of about 50 percent for all left
wheels studied.

In general there is no difference in the behavior of the fore-and-
aft tandem axles with regard to their effect on the magnitude and
pattern of variation of dynamic wheel load component,
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The following conclusions and observations characterize the dynamic be-

havior of Class V articulated vehicles:

(1) As in the case of Class IV vehicles, the average dynamic component
produced by the left wheel of the front axle is much less than the
corresponding components for the remaining axles where the magni-
tudes of these components have also been found to be inversely pro-
portional to the static load,

(2) 1In general higher speeds resulted in greater average dynamic com-
ponents.

(3) The maximum variation in the average dynamic component along the
test section was produced by the left wheel of axle 3.

(4) A step bump 3/8-inch high on scale 1L produced an average increase
in the dynamic load component of about 40 percent for all left
wheels studied.

(5) 1In general there was no difference in the behavior of the fore-and-
aft axles of each tandem with regard to their effect on the magni-
tude and pattern of variation of dynamic wheel load component. The
drive tandem, however, produced greater dynamic components than the
trailer tandem,

The bridge study was of limited scope, but it served to further verify

the adequacy of the vehicle simulation model for predicting maximum dynamic

wheel forces. The on-board instrumentation used in the test truck for measur
ing axle~frame displacements was simple and inexpensive, but satisfactory.
Small displacements of the bridge had little effect on the performance of the
mathematical model in predicting peak dynamic wheel loads, but the axle-frame
displacement measurements again indicated the inadequacy of the viscously
damped model for predicting low-frequency, small-amplitude oscillations.
Friction damping in the suspension subsystem might be better. Certain pat-
terns of road surface irregularities only 3/4-inch high produced dynamic wheel
forces up to 250 percent of static wheel weight, and the field tests demon-
strated that even small bumps on a bridge deck can result in impact factors

up to 100 percent. Bridge decks should be designed to accommodate loads of
this kind.

Samples of dynamic wheel forces measured by wheel load transducers that
are appropriately designed and installed can be used to estimate static wvehicle
weights with acceptable precision for certain purposes. Where the pavement
surrounding the transducers is not maintained in a smooth condition, dynamic
effects resulting from different vehicle speeds affect the accuracy of the

estimate, For a worst tolerable installation, static wheel weights can
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probably be estimated from regression equations within about + 7 percent for
slow moving vehicles and within about + 13 percent for high speed vehicles
with 68 percent confidence. Relatively small improvements in the expected
accuracy of these estimates will result from using two or three transducers

in each wheel path rather than one. Static gross vehicle weights can be esti-
mated from a single sample of dynamic wheel forces with an expected accuracy
between + 3 percent at 10 mph and + 8 percent at 60 mph with 68 percent
confidence from appropriate regression equations or within about + 4 to

+ 15 percent for these conditions without regression equations. Better esti-
mates can be expected from smooth pavement approaches. Up to a 100 percent
sample of traffic is feasible with the in-motion weighing technique, and the
large sample size tends to compensate for the inaccuracies in estimated static

weight based on samples of dynamic wheel force,

Recommendations

Experience gained in the conduct of this study suggests recommendations
for further study or development in three general areas: mathematical model

refinement, field experimentation, and analysis of dynamic bridge loading.

Model Refinement., The viscous damping utilized in the mathematical model

failed to represent adequately the effect of long period, small amplitude os-
cillations observed in the test vehicles. Friction damping of the type out-
lined in Ref 24 can be readily incorporated into the model damping subsystem
and future modeling of vehicle suspension systems should combine friction and
viscous damping as elements in the simulation. Interactive graphics can aid
in determining the best values for friction breakaway steps to use in the sub-
system,

Further study should be given to modeling the tandem axle. There is some
interaction between the fore and aft axles, but the best technique for sim-
ulating this phenomenon is not readily apparent, Field data described in

Chapter 6 will serve to evaluate the adequacy of trail configurations.

Field Experimentation. In future field studies, instrumentation should

include both on-board wvehicle force or displacement recorders and in-road
dynamic force transducers. These measurements are complementary, and if ob-
tained simultaneously, provide the necessary parameters for evaluating a

mathematical simulation model,
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Test vehicles of known static weight and operating at a range of speeds
should be utilized at a minimum of five different field installations to yield
data for a comprehensive analysis of the accuracy with which static vehicle
weights can be estimated from dynamic wheel force measurements. Pavements at

these sites should be maintained in as smooth a condition as feasible.

Bridge Studies., The instrumentation techniques described herein give

valuable information for analyzing dynamic bridge behavior under known vehicle
loads; however, future studies should utilize a wider range of vehicle types,
a larger variety of profiles, and strain gages on the bridge deck. Impact
factors of up to 1007 of an individual wheel load should be considered in
deck design even though the maximum impact loads from all wheels do not nec-

essarily occur simultaneously.
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APPENDIX A. STATIC WHEEL LOADS OF TEST VEHICLES

The static load for each wheel of each test vehicle was determined
immediately prior to use of the vehicle in testing by means of a pair of
loadometers. The loadometers had been previously calibrated in the laboratory
and periodically checked by the Texas Department of Public Safety.

The loadometers were set in pits in each wheel path on a specially con-
structed level ramp in the equipment yard of the Texas Highway Department
warehouse located on Highway 183 southeast of Austin (Figs A.l and A.2).

Each vehicle was weighed at least eight times (Figs A.3 and A.4) except
for vehicles I-1 and I-2 which were weighed only four times. Summaries of

these static weights are tabulated in the following figures.
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Fig A.l. Static weighing operation
{front axle).

Flg A2, Btatlc welghing operation
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N Vehicle No. I-1 11" 2"
Model 1967 Dodge
License No. 135456
I‘—an—’ﬂ
Tire Press. 65-70
3 4 5 6 7 8 9
Number of | Avg Static Stondard Voriance Coefficient | Maximum Minimum
Weighings Weight Deviation b2 of Var. Weight Weight
ib Ib % ib ib
9 4 2240 5.7 33 0,25 2245 2235
o
§ 4 2335 5.7 33 0.24 2340 2330
>
= 4 7844 31.7 1004 0.40 7880 7815
=}
I
4 8371 11.8 140 0.14 8380 8355
Fig A.3. Summary of static weights (vehicle No. I-1).
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Vehicie No. I-2 V2 13' 2"
Mode| 1963 Dodge
License No. L4002
Tire Press. 65 - 70
| pd 3 4 5 6 7 8 9 10
Loading Axle Number of | Avg Static | Stondard Varionce Coefticient | Moximum Minimum Ronge
Condition Weighings Weight Deviation b2 of Var. Weight Weight "’g
b b Y% b ib
o 'R 4 2298 19.0 360 0.83 2310 2270 40
]
-t g
&9 I -t 4 2539 8.54 73 0.34 2550 2530 20
t 3
3 A 2 -R 4 3940 0.0 0 0.00 3940 3940 0
2 -L 4 4177 79.0 6240 1.90 4250 4090 160
I - R
I — L
2 -R
2 - L
Fig A.4. Summary of static weights (vehicle No. I-2).
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N Vehicle No. 1-3 Xlz 129"
International
Model 1969
l y License No. 162 - 058
12—
Tire Press. 65 - 70
I 2 3 P 5 6 7 8 9 10 I
Loa_diﬁg Axle Nu-mb'er of | Avg .Srotic Srar.\dc.:rd Varionce Coefticient Mon.imum Min.imum Range E’_q_,
Condition Weighings Weight Deviation b2 of Var. Weight Weight Ib 308,
ib b % b ib
' -R 10 2265 13 161 0.57 2280 2245 35 S
<
o) P -t 10 2238 14 201 0.63 2265 2220 45 -
> 2 -R ‘

= 10 2847 5 29 0.18 2850 2835 15 2
2 —L ' "

10 2587 9 73 0.35 2600 2575 25
- R 10 3139 12 143 0.38 3170 3130 40 o
a - L o

% 10 3012 L4 1950 1.46 3090 2930 160
= 2-R 10 7780 14 189 0.18 7810 7760 50 2
\O
<
2-t 10 7103 37 1335 0.52 7145 7030 115 —

Fig A.5. Summary of static weights (vehicle No. I-3).
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'{! ml—” Vehicle No. 1-4 X.z
'@... Y
4 5 ‘ = Model Dodge 1965
i No.
Ny License No 156 - 395
L— ‘z——-I

Tire Press. 65 - 70
| 2 3 4 5 6 7 8 9 10 t
Loo#ipg Axle Nu»mb.ef of | Avg §tntic Sra:?dgfd Variance Coefficient “ax‘imum Min?mum Range g%
Condition Weighings Weight Deviation b2 of Var Weight Weight Ib S8

ip b % b b ,
I -R 10 2029 9 81 A 2040 2010 30 o
o
o
2 -t 10 2068 7 51 .30 2080 2060 20 =
2 ¢ -R 10 2907 6 34 .20 2915 2900 15 |32
2 —L "
10 3107 8 62 025 3120 3095 25
I-R 10 2164 12 134 «55 2180 2140 40 2
- L 3
g 10 2164 8 60 .36 2175 2150 25
3 2-R 10 7907 37 1401 46 7960 7850 110 2
[FaY
2-L 10 7979 90 8173 1,12 8125 7865 260 ~
Fig A.6. Summary of static weights (vehicle No. I-4).
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Vehicle No. IT-1 X2 10'8"
= Model FORD 1967 Xi3 31'3"
' ’ V :
LF_ l l LLicense No. 7 - 734
L Xlz'—’i _j Tire Press . 20 - 75
~ X3 |
{ 2 3 4 5 6 7 8 9 10 i
Looding Number of | Avg Static Standard ) Coefficient | Moximum | Minimum £ o
o Axie o ) L variance . ) Range to
Condition Weighings Weight Deviation Ib2 of Vor. Weight Weight b 38
ib b % b b
t=R 8 2161 22 498 1.01 2200 2130 70 o
o
-t 8 2200 4t 1971 2.00 2300 2160 1o |9
2-R 8 6013 113 12679 1.87 6110 5850 260 |2
[T
[9¥]
2-L 8 6678 91 8279 1.36 6780 6570 210 —
3-R 8 4560 50 2457 1.09 4630 4500 130 o
uy
3ot 8 5121 69 4727 1.34 5210 5020 190 |

Fig A.7.

Summary of static weights (vehicle No. II-1).
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Vehicle No. I11-1 X2 18'10"
Model  loMC - 1962 Chevy | X3 22'10"
; License No. 146 - 493
td— X3 Tire Press. 70 - 75
| 2 3 4 5 6 T 8 9 10 {1
L'Gfii'ﬂo : Axle Nur.nb.‘r of | Avg »Stmic Srm?do‘rd Variance Coefficiant | Maximum | Minimum Range E'g
Condition Weighings Weight Devigtion 2 ot var. Weight Weight b 8é
b ib % b b
'R 8 4729 11 127 .23 4750 4720 30 9
wy
'L 8 4986 12 141 24 5010 4970 40 o
— R
2 8 6624 39 1541 .58 6690 6550 140 %
o
2-L 8 6575 103 10543 1.56 6750 6410 340 —
3-R 8 6516 19 370 .29 6540 6580 60 2
3 -1 N
8 6585 22 486 .33 6610 6540 70

Fig A.8.

Summary of static weights (vehicle No. III-1).
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Vehicle No. V-1 X2 12'1"
International x
Model 67 3 41711
License No. Xia
J23 - 302 46'0"
Tire Press. 70 - 75
| 2 3 4 5 6 7 8 9 10 "
Loading Axle Number of | Avg Stotic Standard Vari Coefficient| Maximum | Minimum Ran Eg
Condition Weighings | Waeight Deviation | = o3 < ° of Var. Weight Weight AT I
b b % ib b
I —R 10 2906 42 1738 1.44 2970 2850 120 ia
3
- L
10 2872 65 4262 2.26 3010 2800 210 "
2 -R 10 4855 43 1850 .88 4920 4780 140 S
uy
2 - L o
10 4751 48 2321 .99 4800 4650 150
3 -R 10 2904 31 938 1,07 2940 2840 100
3 -t 10 2689 23 521 0.86 2730 2650 80 =
O
O
4 -R 10 2984 24 582 0.80 3010 2930 80 —
4-L 10 2888 24 596 0.83 2920 2860 60

Fig A.9.

Summary of static weights (vehicle No. IV-1).
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T e o X
] Mode! e X1s
l I License No. J - 1165 X,q
. ._I Tire Press. 70 ~ 75 X5
gt}
| 2 3 4 5 & 7 8 9 £} 1
l.oading Number of | Avg Stotic Standord Ceoetfficient| Maximum Minimum EE
Condition Axie Weighings Weight Devigtion Vor;:znce of Var Weight Weight Rc':;ge 83,,?’
ib b % b b
I - R 8 4335 31 943 0.72 4380 4290 90 =4
N
-t 8 5129 57 3270 1.11 5200 5030 170 ®
2 -R 8 8233 22 479 0.27 8270 8210 60
2 -t 8 8738 33 1079 0.38 8800 8700 100 %
—
3 -R 8 6479 55 3041 0.85 6570 6380 190 «
3ot 8 7320 28 800 0.38 7350 7270 80
4-R 8 7886 116 13513 1.47 8110 7770 340
4-L 8 8626 166 27684 1.92 8790 8310 480 §
o~
S R 8 7691 99 9841 1.29 7820 7540 280 o
5-tL 8 8998 123 15221 1.37 9160 8820 340

Fig A,10.

Summary of static weights (vehicle No. V-1).
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Vehicle No. V_2 XIZ ].0'7"
Model International X3 14'10"
License No. J - 1162 X q 3217n
Tire Press. 70 - 75 X g 36'10"
t 2 3 4 5 6 7 8 9 10 t
Loading Axle Number of | Avg Static Standard Variance Coefficient| Maximum Minimum Range E%
Condition Weighings Weight Deviation b2 of Var Weight Weight Ib S&
Ib Ib % b b
| - R 1 4180 3
O
&
-t 1 4180
2 -R
8 8233 22 479 0.26 8270 8210 60
2 - L 8 8790 76 5714 0.86 8840 8610 230 &
-
3 -R 8 6479 55 3041 0.85 6570 6380 190
3-tL 8 8691 75 5670 0.86 8820 8590 230
4 - R 8 7886 116 13513 1.47 8110 7770 340
4-L 8 8626 166 27684 1.92 8790 8310 480 3
N
5 -R 8 7691 99 9841 1.29 7820 7540 280 <
5 -L 8 8998 123 15221 1.37 9160 8820 340

Fig A.11.

Summary of static weights

(vehicle-No. V-2).
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Vehicle No. V-3 X2 123"
Model MACK 1957 X13 16'4"
L.icense No, J - 1161 Xia 3411
Tire Press. 70 - 75 X5 384"
I 2 3 4 5 [ 7 8 9 10 I
Sootrs | ane | ot agg s | St | yupiney | Costien | wormun | mamen | gong, | £3
b b Yo Ib b
| - R 10 3998 28 796 0.70 4020 3930 90 o
S
h-L 10 4270 40 1578 0.9 4330 4190 140 ©
2 -R 10 5680 47 2178 0.83 5770 5600 170 3
o
2 -t 10 5341 87 7543 1,63 5560 5250 310 -
3 -R 10 4681 38 1477 0.81 4760 4630 130 §
3t 10 4115 36 1272 0.87 4180 4050 130
4-R 10 5729 77 5943 1.34 5920 5660 260 §
4-L 10 5710 79 6267 1.38 5920 5650 270 -
5 R 10 5641 69 4699 1.22 5770 5550 220 2
o
5 -L 10 5839 9% 8743 1.61 5970 5660 310 -

Fig A.12.

Summary of static weights (vehicle No. V-3).
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. QAR an Venicle No. V-t X 1z gr4n
! w Model INTERNATIONAL X3 135
y ] l l 1960
'z_-i i License No X
d g3 - 1240 e 31'1"
" X3 i :
X|4 :] Tire Press, 70 - 75 x|5 35!‘{"!!
X)g >
{ 2 3 4 5 6 7 8 9 10 it
Loading Number of | Avg Static Standard . Coefficient] Maximum Minimum Eo
Condition Axte Weighings Weight Deviation Var;:znce of Var Weight Weight Ra}:‘;e §§
b b % ib b
I - R 10 4524 36 1316 0.79 4580 4480 100 -
wy
o
=t 10 4378 60 3573 1.37 4490 4310 180 ©
2 -
R 10 3409 49 2432 1.44 3520 3350 170
2 -t 10 3446 139 19449 4,03 3540 3070 470 8
pd
pord
3 -R 10 6740 71 4978 1.05 6910 6680 230 o
3-L 10 6650 95 8933 1.43 6890 6520 370
4 -R 10 5461 28 766 0.51 5490 5410 80
4-L 10 5192 30 929 0.58 5240 5160 80 §
-l
5 -R 10 5810 11 111 1.89 5830 5800 30 o~
5 -L 10 5157 33 1112 0.64 5210 5120 90

Fig A.13.

Summary of static weights (vehicle No. V-4).
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APPENDIX B. EXPERIMENT DESIGN

In Chapter 6 the procedure for carrying out the major experiment has been
described. This procedure introduced several restrictions on randomization
and caused "splits" in the design. Thus, under these conditions, the best
suited experiment design is a split-split-split plot. According to this
design, the general layout for the major experiment is shown in Fig B.l. 1In
this figure Xl’ ceey Xn represent the random order of individual passes
by each test vehicle. The appropriate model for the statistical analysis of

the data is:

= + +
Y{ iklm bH T bagy S STy b(ij)k + Ap + AT
+
+ ASlk + ASTikl + C(ijk)l + Vm + VTim VSkm + VTSikm
+
+ VA, + VAT, + VAS 4+ VAST .+ d(ijkl)m
where:
o = the common effect (mean),
t
Ti = the effect of the i h level of ROUGHNESS where i =1, 2, 3, 4 ,
th
S = the effect of the k level of SCALE POSITION where
k - )
k=1, 2, 3, ..., 6,
_ th
A1 = the effect of the 1 axle, where 1 =1, 2, ..., 17 , and
th
Vm = the effect of the m level of SPEED, where m =1, 2, 3 .
Error "a', '"b", '"c¢'", and "d'" are the errors at each split.

Accordingly, the analyses of variance table is shown in Table B.1.
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2

Roughness

3

4

Replicate

Replicate

Replicate

Replicate

(n

Speed

30

(2)
Speed
30

10 60

(3)

Speed

60

(4)
Speed

60 {10

(s)

Speed

30|60

io

(6)

Speed

30

60

Speed

(7)
30

60

(8)
Speed
30

0 60

Spee

(9)
30

Q.

60

Speed

(10)
30

60

(n
Speed

10 | 30]60

(12)
Speed

60

Classes

Fig B.l.

Major experiment layout.
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TABLE B.1

235

ANALYSIS OF VARIANCE TABLE

Source of

Degrees of

Expected Mean Square

Variation Freedom
2
T 3 2 + 30i + 510b + 3060i 918 ¢ (T)
2
Error "a" 8 2 + 302 + 5102 + 3060
c b a
s 5 ? + 360 + Slo. + 612 ¢ (5)
2 2 2
S x T 15 + 3OC + 510b + 153 ¢ (ST)
Error 'b" 40 02 + 30i + 510%
2 2
A 16 o + 30C + 216 ¢ (A)
2
A X T 48 T+ 30i + 54 ¢ (AT)
2 2
A XS 80 + 30, + 36 ¢ (AS)
A XS xT 240 2+3oi+9®(AST)
Error 'c¢" 768 2 + 30i
2
\Y 2 o + 1224 ¢ (V)
VX T 6 2+306®(VT)
V xS 10 2 + 204 ¢ (VS)
V X A 32 2 + 72 ¢ (VA)
VXTxS 30 2+51¢(VTS)
VXTxA 96 2+18¢)(VTA)
VxS xA 160 2 412 ¢ (vsa)
VXS XAXT 480 2+3¢(VSAT)
M an 2
Error 'd 1632
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APPENDIX C. EXPERIMENTAL RESULTS

This appendix contains tabular documentation of the experimental data
recorded in the fleld and reduced by visual inspection of the analog records.
Samples of observed wheel loads in both the left* and the right#** wheel paths
are presented in Tables C.l through C.36. The average of each set of samples,
the static load, the difference between the average and the static load ex-
pressed In percent of static, the serial number assigned to the corresponding
vehicle pass, and the date of field collection are also included in these
tables.

The average dynamic load components of the three observations at each
sampling location Iin the left wheel path at the different combinations of
roughness and speed and which have been used in the comparative study in Chap-

ter 7 are summarized in Tables C.37 through (C.48.

* Six samples per axle for each run.

** Three samples per axle for each run.

239



Table No. C.1  Roughness: 1 Replicate Na: 1 Speed: 10 Site: 1-35
Ex::::::m Left Wheel Poth Scales Right Wheel Poth Scales fo
Duol 200l 2wy el Sy By Average | Static | Diff b __zni 3 ghverage | Static | piff a s
i o
- ﬂ‘" 30 (36 |35 |35 |32 1 311 33| 30| 9 f29 |35 | 33| 32| 3| & ~4%
L E N
“ 92 18 |74 | 8 |77 654 75| 71 6 |65 | 79 76 | 73 | 718 | - 6 A
23 |21 |22 | 23 | 20 | 20| 21 | 22 |-2 }J2t 22 | 20 | 21 | 22 -5 =
| [TaR
H “l65 166 |65 | 69 | 69 | 68 | 67 | 67 | 0 |59 |68 66 | 64 | 60 7 1912
""" ” ™~
“ 48 55 49 | 64 51 57 54 51 6 39 59 55 51 | 46 11 :
(Pels1 5o |53 {55 50 | 48| 51 so| 2 |47 | 48 | 49 | 48 | 47 2 o
H ™71 70 68 87 70 62 71 66 8 312
lF l73 |7 | 7| 72 | e 9 |
- Wy
E 74 |68 |8 |8 | 66 | 66 | 72 | 66 |10 70 |72 | 71 | 71 | 65 9 !
R !
g ﬁ["’ 29 |32 29 |33 |31 | 28| 30| 29| 5 |29 |32 | 28 | 30| 29 2 ‘
$ 2
” 45 48 48 | SO | 43 | 50 | 47 | 48 |-1 |42 | 55 | 48 | 48 49 | -1 [«
2 I s S A i SR A A SIS
=l31 |23 23 |16 28 | 31| 25 | 27 (-6 |29 | 28 | 28 | 28 | 29 | -2 =
p (3t 23 23 16 28 | 3L L 25 27 =6 129 |28 |
®27 l2s |18 | 28 31 | 35| 28 | 29 -4 [19 20 | 20 | 20 30 | -34
(P2 a2 |43 | a5 |63 | a1 | a3 | 43| 43 o }39 | 39 | 33 | 37| 40 -7
Y55 |57 |60 | s4 | 53 | 56| 56| 53| 5 |57 | 60 | 64 | 60 57 6
H [tp'b o %
47 | ws |56 | 47 | 43 | a5 | 47 | 41 |12 |45 47 | 45 | o4e | 47 | -3 | g5
o S
39 57 |69 65 | 68 | 60 | 63 | 64 | 57 |12 |58 | 73 | 67 | 66 | 57 | 16 "~
“lss |70 |77 |61 |64 | 68 | 66 | 58 |14 |53 |63 | 53 | 56| 56| o0

Al Weights in {00 Pounds

2

onve



Table No. C-2 | Royghness: Replicate Na: 1 Speed: 30 Site: 1-35
Exgea:i::::tul Left Whee! Path Scales Right Wheel Pgth Scalss f: o
Ceal 2oul 3wl % sl Sy B Awrage | static | Diff ' om 2o 3 mgfverage | Static | Dt 2z
O
g -l 38 | 37 30 | 37 31 32 3¢ | 30| 14 | 35 | 38 | 38 | 37 31 19 e
~ 2.&
77 69 | 86 | 75 | 77 81 77 71 9 | 81 78 | 82 | 80 78 30 IS
Pm| 26 35 | 33 | 31 22 26 29 | 22| 31 | 21 21 | 30 | 24 | 22 9 x
I SlS
70 | 67 77 71 | 65 76 71 67 6 71 88 | 70 | 76 60 27 55
"0l 55 51 50 | 53 | 63 67 56 51 | 11 | 41 67 51 53 46 15
wa 52 49 60 53 48 52 52 50 5 49 51 50 50 47 6 o
B |~ NS
| 70 73 | 90 | 74 | 67 70 | 74| 66 | 12 72 84 | 71 76 66 15 |8)Q
w [T ]
g ® 75 | 68 | 76 71 | 68 68 71 66 8 | 62 85 57 68 65 5
Q
3 Cdt"’ 33 25 | 24 | 29 | 31 34 29 29 1 | 27 35 | 46 | 36 29 24
S o
> . 2 60 51 | 61 | 47 | 63 60 57 48 | 19 59 | 64 | 67 63 49 29 | |®
v | 7
— |~
L7l 34 | 3¢ | 32 | 31 | 43 36 35 27 | 30 27 39 | 43 36 | 29 25 r~
D .
o .
134 136 36 | 35 | 39 | 42 37 29 | 28 | 28 | 31 24 | 28 30 | -8
CF2 a6 | 40 | 49 | 39 | 46 | 47| 44| 43| 3 | 42 | 62 | 25| 43| 40 7
7| 51 | 60 | 69 | 6L | 64 | 60 | 61 | 53| 15 | 63 | 88 | 61 | 71| 57| 24| |o
Wl e oS
-l 36 | 45 | 59 52 | 48 | 46 | 48 | 41| 16 4t 72 37 51 47 9 |3
M~
w
p—| 47 43 58 | 68 | 46 57 53 57 |- 7 50 | 60 | 60 57 57 | -1
~
-1 70 | 65 | 65 | 39 61 55 59 | 58 2 | 62 82 41 62 56 10

All Weights in 100 Pounds

2

1%e



Table o C.3 | goyghness: 1 Replicate Na: 1 Speed: 60 Site: 1-35
E"‘:"""“” Left Wheel Poth Scales Right Whesl Path Scales z
ssults : : 2| &
| 60 2(2&.1 3 " 4 - 5 ~ 6{? Awerage Static | Dift. t u i 2 3 “4Averaqe Static Ditf 3 Lg
RN
{[— 40 |39 34 | 42 | 38 | 32 38 |30 25 |26 | 35 | 41 | 34 {31 10 §
- ~
~ 90 | 88 82 91 | 79 | 71 83 | 71 18 68 73 87 76 | 78 -3 P
W 26 | 21 | 21 19 | 29 | 26 | 23 |22 6 | 20 | 27 27 25 | 22 12 -
N
H * 76 | 83 69 | 56 | 76 | 81 73 | 67 10 | 64 76 88 76 |60 |27 2|2
“ 69 56 | 55 | 44 | 54 | 63 57 | 51 11 51 | 62 58 57 |46 | 24
“ 56 | 51 | 54 | 55 55 | 55 54 | 50 9 | 49 52 59 53 | 47 13 9
©
Bl AM76 |75 |69 73 | 76 | 76 | 74 |66 |12 |78 | 75 | 87 | 80 66 |21 |~ |S
-« il
s ®l 75 75 70 | 66 | 81 | 69 73 | 66 10 70 | 75 90 78 |65 |21
§ i[f_’]_n 25 26 21 | 25 | 27 25 |29 |13 4 8 19 10 |29 |-64
o o
Tyl Vol2s (se 51 |36 |38 53| 37 48 |-20 22 30 | 31 | 28 |49 -4k o T
— o
7| 15 17 12 17 19 | 29 18 127 [-33 12 12 18 | 14 |29 |-52 ~
& 12 15 12 21 20 24 17 |29 |-40 6 7 8 7 130 |-77
(P=s0 |4 |39 |50 | 49 | 47 46 | 43 8 |40 | 49 | 62 50 |40 | 26
=l 66 63 57 | 65 | 60 | 64 63 |53 |18 | 62 79 98 80 |57 |40
H ﬂ,“nm ~ o
“l47 |56 |40 5L | 58 | 46 50 | 41 21 | 42 55 | 102 66 47 | 41 |F|®
o
2 67 80 74 | 47 7% | 72 69 157 |21 |57 50 | 113 73 157 129 ~
Sl 59 87 69 | 60 | 77 | 65 69 |58 |20 |42 a4 |112 66 | 56 18

All Weights in 100 Pounds

2

e



Table Mo C.4 | Royghness: 1 Replicate Na: 2 Speed: 10 Site: 1-35
Ex:;:si:;::%d Lett Wheel Path Scoles Right Wheel Path Scales N f .
Dol 2oul 3wy 4 sul Sy Sy Average | Static | it I Umé R M]}Avemge Static | Ditf 33
. ﬂ— 30 |32 36 |35 32 | 33 | 33 |30 10 |29 | 35 | 35 | 33 |31 6 |8
77777 ~ 65 80 |73 |91 70 | 70 | 74 |71 5 |64 |8 | 77 | 74 78 | -6 = ~§
m 22 24 21 | 24 | 20 | 20 | 22 |22 0 j21 |23 |22 |22 l22 |0 |
H %" 64 66 63 64 | 69 70 66 | 67 -1 55 70 63 63 | 60 4 §§
“ 45 |55 | 48 | 56 | 48 | 56 | 51 |51 0 |39 61 | 50 | 50 |46 9 h
® 54 45 50 | 55 | 50 | 45 50 | 50 0 | 52 50 | 44 49 | 47 4 Loy
H C@- ' Sl
70 |66 |72 | 79 | 60 | 70 | 70 |66 5 |72 |65 | 77 | 71 |66 8 &<
g ®70 |64 (80 | 73 | 68 | 66 | 70 | 66 s |68 | 70 | 69 | 69 |65 6 "
g "'30 130 [32 |32 |31 ]3] 3129 6 |29 |30 | 29 | 29 |29 0
g y Plah |47 |53 47 | 43 | 52 | 48 |48 0 |39 |57 | 47 | 48 |49 | -3 |w %
“l27 |19 |21 |16 | 27 | 33 | 24 |27 |-12 loa |27 | 24 | 25 |29 |-14 Ts
29 |28 |22 28 |31 | 37 | 29 |29 0 {22 |28 21 | 24 [30 |-21
2an |41 |45 | ab 42 | 43 | 43 |43 o |40 |40 | 37 | 39 |40 |-2
CL—’ 47 |55 |67 58 | 51 | 54 | 55 |53 | 4 |52 |60 | 73 | 62 |57 | 8
H 242 |48 |47 50 | 42 | 46 | 46 |41 |12 |45 | 49 | 42 | 45 |47 -4 5 %
“l59 |59 |66 | 8 | 47 | 59 | 63 157 |10 |62 |65 | 75 67 |57 |18 ~
|56 |58 |61 |76 |57 | 56 | 61 |58 5 |49 |55 | 56 | 53 |56 |5 |

All Weights in {00 Pounds

2

£ve



Table No C.5 | Roughness: 1 Replicate Na: 2 Speed: 30 Site: I1-35
Experimental Left Whesi Path Scales Right Whee! Path Scaoles ‘:?
Results . - 7 — — g L]
= ] b oo 2.0 3.0 4 . S eyl ] Averoge | Static Diff. L 2 3 emAverage | Static Diff. sl 8
N
-l 36 34 32 35 33 | 29 33 | 30 11 32 35 34 34 |31 9 |ul®
- 28
~ 8o 71 | 78 | 67 71 | 79 7% |71 5 81 80 | 87 83 | 78 6 =
™ 24 32 35 37 28 | 22 30 |22 35 20 | 24 26 | 23 |22 6
I N
— | O
T 69 67 75 64 | 74 | 70 70 | 67 4 70 | 85 68 7% 60 |24 NS
B o =
©l 58 | 47 45 | 54 60 | 57 53 |51 5 45 72 47 55 | 46 19
K N
C’“’ 59 | 47 59 | 55 50 | 50 | 53 |50 7 51 | 51 | 51 | 51 |47 9 ©
(20 T l*))
N | N
F'“ 76 |68 |90 |8 |60 | 68 | 74 |66 |12 t75 |79 | 78 | 77 le6 |17 |O|3
z ® 59 62 68 70 | 71 | 65 66 | 66 0 61 85 65 70 | 65 8
2 >
: bo| 35 26 25 30 | 30 | 35 30 |29 4 29 38 53 | 40 |29 |38
> Q| 57 56 59 | 47 63 | 60 | 57 |48 19 |49 74 70 | 64 |49 31 o3
— N |~
= |~
=] 38 | 43 32 130 |35 | 41 | 36 |27 35 28 | 45 | 41 | 38 Tz9 31 =
: | -
S 33 42 33 33 | 33 35 35 |29 |20 |28 33 26 | 29 |30 -3
Q’j 45 36 52 35 | 45 | 46 | 43 |43 0 | 42 53 23 39 |40 -2
B -
% 48 55 65 73 68 | 55 61 |53 14 | 58 87 50 | 65 |57 14
240 |50 |55 |55 |49 |52 | 50 [a1 |22 |46 |67 | 37 | 50 47 6 ol
— N
(Vo] 3| —
b1 50 | 43 64 | 63 | 55 | 43 53 |57 2 52 | 70 | 55 59 |57 4 Ny
= 73 63 68 43 | 63 69 63 |58 9 |62 82 51 65 | 56 16

All Weights in 100 Pounds

2

7%7¢



I-35

Table Na C .6 | Roughness: 1 Replicate Na: _ 2 Speed: 60 Site: - f
Ex%‘:;mf:” Left Whee! Path Scales Right Wheel Path Scalss f: .
ol Pou Pud tar Sf Spfawns Dsme [om vl 2, 3 g terese [soe | onr |88
B ﬂ— 35 33 |35 |40 |37 |35 | 36 |30 |19 |28 35 | 41 | 35 |31 12"__5%
“go s |75 |8 81 |79 | 8 |71 |12 |75 |78 | 93 | 82 |78 s TS
°31 17 |14 33 |26 27 | 25 |22 |12 j19 |30 |25 25 (22 |12 | |_
o) Belgr 198 |60 72 |78 |83 | 77 67 115 |e2 |85 | 97 | 81 |60 |36 3 §
67 |55 159 |52 |55 | 72 | 60 |51 |18 |49 | 63 | 67 | 60 |46 |30 i
[[[“’ 62 50 |52 |57 |57 |52 | 55 |50 |10 |47 |51 |56 | 51 47 | 9 3
H N o
88 |75 |70 |85 | 8 |73 | 79 |66 |19 173 |66 | 94 | 78 |66 |18 O
§ @78 |80 |73 |67 |8 |72 | 75 |66 |15 |63 |60 | 95 | 73 |65 |12 ”
S i{"’ 32 |23 30 |26 |31 |32} 290 [29 o |27 |36 |43 | 35 |29 |22
* " 265 |51 's59 |51 |58 |62 | 58 |48 |20 |52 |75 | 79 | 69 |49 |40 3 jt:i
g: 51 |46 [ 38 |36 | 45 | 43 | 43 |27 |60 |33 |44 | 51 | 43 |29 |47 o~
“laa 143 |37 |37 |46 |35 | 40 |29 |38 |25 |35 | 36 | 32 |30 7
CFP2s2 laz |37 |53 |45 |50 | a7 |43 |10 |36 |51 | 66 | 51 |40 |27
lgg 61 |57 |71 | 65 | 66 | 64 |53 |21 |59 |75 | 95 | 76 |57 |34
J 249 62 |45 |51 |54 |6l | 54 |41 |31 |40 |56 97 | 64 |47 |37 | s
g‘f 70 |67 67 50 | 67 |68 | 65 |57 |14 |62 58 |106 | 75 |57 32 __q N
I~l63 |79 |71 |58 |66 |68 | 67 |58 |16 |39 |51 | 97 | 62 |56 |11

All Weighis in 100 Pounds

2

T4



Table No C.7 | Roughness: 1 Replicate Na: 3 Speed: 10 Site: 1-35
E‘:e:;::::m Left Wheel Path Scales B Right Wheel P;;h ‘Scales E: °
L ou 2 (L) 3 () 4 .0 5 U 6, AvorogL Static Diff # L, 2 3 3 1 Average | Static Diff k- :g'
| ] R o
g ﬂ‘ 30 35 35 36 30 32 33 30 10 27 32 33 31 31 0 2
gl _ —10S
4
N 70 78 76 89 71 69 75 71 6 68 79 77 75 78 -4 g
P 22 19 22 24 22 22 22 22 0 22 24 21 2?:_ 22 0 o
H < M=
62 63 63 70 68 68 66 67 -2 56 71 63 63 60 6 |
T ~
o 49 51 45 61 49 51 | 51 51 0 39 59 52 | 50 |46 9
|
[(P° 51 |47 |52 |53 | 49 | 47 | s0 | s0 0 |50 | 48 | 46 | 48 |47 2 | =
O~
H p" 65 72 70 82 61 64 69 66 5 66 72 71 70 66 6 ‘%g
“ p - R s
3 ® 73 66 81 75 65 66 71 66 8 70 70 72 71 65 9
o S | R ]
- @ 30 30 31 31 30 32 31 29 6 29 28 31 29 29 0
£ T —
Z . 9l 45 49 59 55 42 41 48 | 48 0 42 64 50 52 |49 6 |~lD
— T (22 B
- < =
~l 28 25 28 20 28 33 27 27 0 25 J 29 27 27 29 -7 E
N T T ]
L T 27 35 28 | 24 28 | 35 30 | 29 2 22 28 21 24 |30 |-21
- 45 41 44 43 42 45 43 43 0 43 43 41 42 40 6
<
|l 47 53 65 56 53 56 55 53 4 56 6l | 72 63 57 11
M 2 44 51 A 50 46 48 47 41 15 | 47 50 44 47 47 0 -;g
© S - .
1 59 63 77 77 55 59 65 57 16 |58 | 68 | 78 ,ﬁ_Té]i-_l\L ™~
~
1 57 57 61 65 63 59 60 | 58 4 51 55 53 53 [ 56 |- 5

All Weights in 100 Pounds

2

9%¢
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Table Na C .8 Roughness _____ 1 Replicate Na: 3 Speed___ 30 Site. 1-35

E";‘f;:;f:'“‘ Left Wheel Path Scales o RN Right Whesl Pain Scales ‘(’f i
- oo Zey| Pyl fen S (ss_] 6 gy Average | Static | Ditf. -_'_Jis_l, 2 u“T 3 Average L_smr.c oo ﬁ_fd
B ﬂ- 36 |36 |37 | 40 32 | 34 | 36 [30 19 33 |39 37 | 36 31 |17 m@
~ 77 |70 |80 73 |76 | 78 | 76 |71 7 |81 |77 | 83 | 80 |78 3 =S
i[" 24 |38 32 |28 | 25 26 | 29 |22 |31 123 !23 |30 |25 |22 |15 ~
BB e7 |79 |72 |65 | 73 67 | 70 |67 5 |es |91 | 77 | 77 |60 | 29 §§
| Po 56 42 |54 46 | 53 60 | 52 |51 2 |55 |75 | 59 | 63 46 |37 EE
[(Pels2 490 59 |53 | 48 | 51 | 52 |50 |4 |50 |51 | 49 | 50 47 6 o
H |71 |75 87 |87 |68 | 66 | 76 |66 |15 |72 |82 74 | 76 |66 15 §§
§ 56 |67 68 |73 | 68 | 72 | 67 |66 2 Je1 |81 | 64 | 69 |65 6 "

s @33 |28 [30 |28 |32 |31 | 30 |29 s |29 |32 |40 | 3% |29 16
> ; 58 |44 57 |51 |46 |63 | 53 |48 |11 |45 80 58 | 61 49 |26 ol%
Zla2 {27 |35 |32 |31 | a3 |35 |27 |30 {33 |42 |42 |30 |20 l3a |7

3 132 |36 |37 |39 |32 | 35 |20 |21 |26 |41 | 32 |33 |30 |10

43 135 |54 40 | 43 | 45 | 43 |43 0 |42 |53 24 | 40 |40 0

57 |51 |70 70 | 60 |58 | 61 |53 |15 je2 |79 | 60 | 67 |57 |18

lob®s0 ae se |57 an | aa | 49 |a1 |20 46 | 77 50 | 58 |47 | 23 '3
©61 |44 50 |56 |64 | 62 | 56 |57 |-1 157 |53 |59 | 56 57 |-1 |T|R

'~ 82 |58 |78 |50 |76 |69 | 69 [58 |19 |73 |88 | 46 | 69 |56 | 23

All Weights in 100 Pounds
2

Lwe
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Tabe Na C.9 | moyghness: 1 Replicate Na. — 3 Speed 60 Site: I1-35
&22::” Left Whes! Path Scales 7 Right Wheel Path Scales T iib
! ) 2 .y 3 (L) 4LL) 5 80 6 - Average Static D:f_f U s ,_ZJABI 3 jAverage  Stahic .Pfi ;‘; ; ;‘
» [i[" 38 36 31 41 38 30 i 36 30 19 27 34 41 34 31 10 'xfég
~ 85 86 75 83 82 72 80 71 13 75 71 87 78 78 0 H‘E;

"l 31 19 20 28 27 31 26 | 22 18 24 32 29 28 122 29

H 78 76 69 | 73 | 80 86 | 77 |67 15 |65 | 8 | 99 | 82 le0 |36

4h5
7/1/69

“r 71 56 1 61 56 59 79 64 |51 25 50 64 65 60 | 46 30

Pel 60 | 45 |50 {54 53 | 51| 52 |50 4 49 (50 | 58 | 52 |47 11

,,,,, , =
H "~ 86 67 65 79 79 66 74 | 66 12 77 70 88 78 | 66 19

329
5/29/69

81 70 70 65 81 65 72 | 66 9 65 75 92 77 | 65 19

32 21 30 28 30 34 29 |29 0 30 35 39 35 |29 20

Vehicle Class
9

75 38 61 58 62 74 61 | 48 28 49 79 73 67 | 49 37

Lt
7/1/69

53 |41 |36 | 48 |50 | 53 | 47 |27 |73 |33 |46 | 50 | 43 |29 |48

48 35 36 55 53 44 45 129 | 56 26 42 46 38 30 27

L

(P53 151 |37 Isa 47 | s0 | 49 |43 |13 |36 |52 | 66 | 51 |40 |28

o B e s

70 63 56 | 61 68 73 65 |33 23 66 | 82 108 85 | 57 50

M mﬁe
50 63 44 47 55 65 | 54 41 32 42 61 115 73 47 55
ke 72 66 72 42 53 77 64 57 12 63WW ézwh 121 84 57 47

| 66 a5 63 48 76 68 69 58 20 43 50 117 70 | 56 25

443

771769

AN Weights in 100 Pounds
2



Table Mo C.10Q Roughness: _____ 2 Replicate Na: — 1 Speed 10 Site I1-35 :
Exparimonta Left Wheel Poth Scales R Wneel Pomn scoes 2
T AT B (su{ 5 ol 6y Awrase | Statc IR SR Zx;ﬂiw..w?msfemg?ﬂafSf?flc ] Di_n%-ig
WTH {[— 34| 30 | 38| 36| 33, 24| 32| 30 8 | 37 30 35, 3 31 10 g%
| ~ 67 | 77| 73 90 74 8| 78 7L ! 10| 67, 77 79| 74 78 |-5 S
Pl 22 | 23 | 23 24 19| 21| 22| 22 0 ( 24 | 23] 22| _2“317“:”3; 5

H) Beel 63, 67 | 69 77 67| 69| 69| 67 2| 62| 73 65| 67| €0 | 11 |9
o 52 | s | 53 es| s1 58| s6| su| 10 a3 60l 57| 53 46 16 'Q*S
(Fe s6 48 | 50| 57 50 48| 52| 50 3| 52 | 49 46| 49 47 | 4 | ‘0\
Hl I~ 8 | 63 | 71| 8| 68 64| 72 66 9| 8 | 74| 75| 78! 66 | 19 §§
§ B 2 62 | 69 | 75 | 74| 65| 65| 68| 66 4| 60 | 80| 70| 70| 65 g | |7

g e 26 | 32 | 31| 32| 29| 30| 30| 29 3] 28| 26, 29| 28 29 |-5
g " iLB 45 | 52 | 58 | 53| 581 56f 54| 48 | 12 | 39 | 55| 60| 51| 49 5 9%
po| 260 31| 43| 37| 25| 32| 32| 27 | 19| 25 | 44| 45 38| 29 | 31 | S

a2 | a7 | 43| 41| 38| 36| 41| 29 | 41| 30 37| 31| 33| 30 9

(P2 42 | 42 | 45 | 46| 41 a4| 43| 43 0] 40 40 33| 38 40 | -6

Yl 51| 56| 70| es | 51 53| 57| 53 8 | 58 | 47| 8| 62 57 9
H [F‘i’ 47 | 46 | 52| s6| 50| 45| 49| 41| 20| 44 | 50 40| 45 47 | -5 |9
g‘f 58 | 72 | 77! 81| 57| 6L} 68| 57 | 19 | 49| 70| 80 66| 57 16 S

S s8 | 55| 72 e9| s2| e2] 61| 58 6 | 45 | 55| 62| 54| 5 | -4

All Weights in 100 Pounds

2

6%¢



]
Table Mo C . 11 Roughness: 2 Replicate Na: 1 Speed: 30 Site: 1-35 N
Ex:e;::::m Left Whesl Path Scales Right Wheet Pgth Scc!;;—~-»-—-— %
R - - s S Syl Averoge | static | Diff w20 ‘; 3 fveroge | Static | Dt M“%Zi é
)
- [&- 30 | 39| 3| 40| 36| 32| 35 30| 17} 35! 39| 33| 36| 31 15 |~ 12
o~ O
e
™ 76 | 76 79| 8L 77| 75) 77, 71 9 88 | 76| 81| 82 78 5 =
" 8 | 3 39| 35| 25| 200 27 22 22 18 | 25 23| 22| 22 0 |
H < ) I%
y 74 1 63| 771 631 59| 671 67| 67 o] 74| 79, 67 731 60 | 22 93
[ e T e e — T [
I~
" 56 55 . 57 48 6l 670 57 51 | 12| 41| 65| 57| 54 46 18
| 1
(P 68 | 48| 57 53 50 50| s4| 50 81 53| 53] 49| 52, 47 11| ‘4
H ™~ o =
P 125 102 114 98 69 58 94 66 42 107 91 90 96 66 45 |1200a
w S
3 *l 47 38 | 79| 8| 57| 70| 63| 66 -5 | 40 75 93 70| 65 8 o
(& F— — N S
s ﬁ“’ 40 29 | 25| 31| 30 34| 32| 29 91 33| 30 45| 36| 29 | 24
g " © 53| 49| 64 51, 58| 57| 55| 48 15 | 48| 70| 69 62| 49 | 27| o
- ( Ya) '\
- 18 46 27 35 28 39 32| 27 19 11 38 47 32| 29 10 ¥.Z
™ e S T K T ~~
% 44 30 39 30| 34 330 35 20| 21| 41| 33| 31 35 30 17
(P° 47 | 38| 53| sol 44! as| a6l 43 70 42| 58| 23] 41 40 2
<
b | 76 | 71| _ 75 63| 57| 571 67| 53 | 25 | 81 | 112 | 61} 8 57 | 49
b a5 | as | s 63| 43| 40| 46 &1 | 11| 25| 70| 30 42 47 -11 _ |3
1 T T [~ [V T B
2l 3 | 81| 60| 22| 82| e2] 65| 57 | 1) 90| 90| 43 74| 57 | 307 |S
" 56 | 55 105 | 8| 65| 52 69| 58 | 19| 59 ! 108! 59 75| 56 35

Atl Weights n 100 Pounds
2

08¢



Table No.C - 12} Royghness: 2 Replicate No: 1 Speed: 60 Site: I-35 o
Ex‘::si:::w Left Wheel Path Scaleﬁs_ Right Whee! Pct_h ’écclas ~~v: A_: f:' .
_ "aol 2ol Sagl % en Sy SoyfAverese | Static | Diff D oml Zoml 3 emfiverage | Stotic ..wa_,__kjig_.
i ,
ﬂ— 58 | 23| 30| 39| 39| 30| 37| 30| 221 44| 36| 35| 38| 31, 24 i .2
- 1 - . —fen o
SRR
~ 70 96| 80| 8 | 8o 71| 80 71| 13| 54 81| 99| 78 78 o= R
i:*" 51 51 20| 12 32| 31] 25| 22 4 | 37 | 47 15, 33 22 | 50 | |
-
H Y 66| 8 | 73| 82| 93 80| 79| 67 18 | 52| 8| 101| 79| 60 | 32 Z!¥
S
g
Pol 68 | s6 | 61| 54 61| 720 62| 51| 22| 54| 63| 71| 63| 46 | 36 "™
b N H
[(Pel 571 53! 52 57| 59| 52| 55 50| 10] 45 58| 60| 54 47 16 1 3
S
Hl |~ g
" 127 | 25 24| 147 40| 100} 77| 66 | 17 | 139 | 138| 65| 114, 66 73 & N
@ w
- ® 133 | 28 | 24| 13| 44! 87| 75| 66 | 14 | 120 141 | 60| 107, 65 @ 65 |
(&
3 Cd:‘” 31 | 29 | 34| 25| 31| 31} 30| 29 4| 36| 54| 29| 40| 29 | 37
z o 88 | 51| 61| 52| 62| 791 66! 48 | 36| 68| 79| 77| 75| 49 | 52 o
K 22
- rf
7l 20 | 72| 18| 20| 37| 45| 37| 27| 36| 17| 62| 50| 43| 20 | 48 |7 X
P
N
| 75 | sg | 22| 36| 54| 38| 47| 29| 63| 40| 30| 10] 27| 30 | -1l
"y
(P2 43| a5 | 33| 60| 41| s0| 45| 43 51 40| 55| 67| 54| 40 | 35
%1113 | 31| 38| 100| 8 | 54| 70| 53 | 32| 99 | 103| 8| 95| 57 | 67
b J_tP-n o
2 97 10| 10 80| 54| 57| 51| 41| 25| 81| 72| 69| 74| 47 | 57 | |9
" ' 3
L=l 115 0 0| 132 | 57| 30| 56| 57 | -2 | 107 | 143 19) 90! 57 | 57 | I~
e ,
~
-] 140 0 5| 130| 78| 54| 68| 58 | 17 | 120 | 175 o] 98| 56 | 76

All Weights in 100 Pounds

2

162



Table NaC .13 | Roughness: Replicate Na: 2 Speed: 10 Site: 1-35 {
El:’::}::m Left Wheel Po'h. Scales N Right Wheel Poth Scales 1 é ‘ .
Dol 2anl 3w % el Sy By Average | Static | Diff ! 2 3 |Average | Static . Diff 3. gj
N I T
{[- 3¢ | 30| 40| 36| 32| 34 34| 30| 14| 37| 28| 35| 33| 31 8| |3
— — I~
™ O
~ 60 | 77 76 | 88| 74, 73p 75| 71 5({ 66 80| 79| 75| 78 | -4 |7 }Q
B
m 20| 22| 22| 22 19| 20f 21| 22 | -5}f 22| 20| 21} 21| 22| -5
wny |
H v 63| 68| 70| 83| 71| 67| 70 67 51 61| 69| 67| 66| 60 9 1212
—
\
w 50 | 54 59| 67| 50| 55§ 56| 51 91 42| 62 64| 56| 46 | 22 ~
1 |
© 53| 47| 52| 57 48| 47} 51| S0 1| 55| 48| 47, 50, 47 6 | o
— ——— f "Jr—'* O
= ~ ! S
L 88 71| 70| 8| 65| 64| 74| 66 | 12 93 1 70! 751 79, 66 | 20 &I
. ~
2 w
2 "’| 70 | 73 78 | 72| 66| 64| 71| 66 7.1 67 I_79 74| 73] 65 | 13
S 29 1 27 | 30| 32 321 340 31| 29 6 | 30| 32 28| 30| 29 3
$ —
z 9 41 | 52 59 | 48| 45| 44) 48] 48 0 33 67 | 49| 50| 49 1 o
H — 4o
- gy
= 36 | 28 | 25| 19| 30| 33 28] 27 6 | 33| 34| 26| 31| 29 7 J
- — N 4.7_*_‘ ~
® 29 | 29| 25| 23| 29! 34| 28| 29| -3 22| 27| 22| 24| 30| -21
241 | 42| 46! 46| 43| 44| 44| 43 2] 40| 40| 39| 40| 40 0
T 49 | su| 71| e8| 53| s8] 59| s3 | 11| ss| 60| 85| 67| 57 | 17
-
H 0 o
41 | 46 | 50| 58| 46| 45| 48 47 1) 47| 59| 450 50| 47 7 |e|s
® 1
o052 | 62| 73| 84| 55| S6| 64| 57 12| s4| 70| 80| 68| 57 | 19 ~
= 64 58! 66| 78 62| 61| 65| 58 12 60 | 57| 59| 59 56 5

All Weights in 100 Pounds

2

[AY



Toble Na C. 14 Royghness: 2 Replicate Na: 2 Speed 30 Site: [-35
Expermenta Left Whesl Path Scoles How wheel Pam scaws | 21
esulfs ! . o ,g| ®
Vol 2.,, 3 wl Y su 5 wu C o Average = Stahe Diff F 2 Bh{i&jéyerage Statc Diff. & i a
l ' o o
. {[— 26 36 |29 | 40 | 36 | 34 | 34 30 |12 | 3 36 0 34 | 35 0 31 12 TS
—~ N
e
™77 70 | 79 | 78 73 75 75 71 . 6 189 | 77 | 77 81 | 78 | 4 "
b, o
19 |25 25 |32 26 | 23 | 25 | 22 |14 |25 |25 | 30 | 27 | 22 {21 | I3
“ R Al
L 82 69 | 78 | 70 | 64 72 73 | 67 | 8 | 74 83 74 77 | 60 |28 ¥
“l60 | 54 |58 | 50 | 64 70 ) 59 | 51 |16 |42 |65 | 60 | 56 | 46 |21 ]
(P67 |47 sa |53 |49 | 49| 53 | s0 | 6 |53 52 | 50| 52 47 |11 | D
[NoR e
H ~M127 107 (107 | 90 | 77 | 57 | 94 | 66 | 42 111 88 | 80 | 93 | 66 |41 |= S
: ® 44 |41 |83 | 86 | 54 | 71| 63 | 66 |-5 Lao |79 | 95 | 71 | 65 | 9
é 38 |27 |31 |28 | 32 33 1 31 | 29 | 9 133 133 | 39 | 35 | 29 |21
[ o
g 2 55 |57 |49 | s8 7% | 64 | 60 | 48 | 24 | 43 88 | 64 | 65 | 49 |33 |o%
H R
Tl2s a7 a4 |34 | 40 | 45 | 39 | 27 |45 |30 |41 | 49 | 40 | 29 |38 A
“la7 l2o 29 |37 |33 | 33 | 35| 290 |20 |3 |43 | 26 3% | 30 | 14
43 lar [ sa |37 | as | as | owa | 43| 3 | a2 59 | 33 | 45 | 40 12 |
T64 | 66 |68 | 55- | 63 | 59 | 63 53 | 18 | 68 | 97 | 107| 91 57 | 59 .
1 / >
M 2l 40 76 63 52 55 52 56 41 | 37 50 40 50 47 47 0 5 E
™~
S84 {50 [s0 | 79 61 | 64 | 65 | 57 |13 |91 |46 | 88 | 75 | 57 | 32
Slo1 |97 (49 |46 | 52 | 52 | 65 | s8 |11 |85 |59 | s0 | 65 | 56 | 15

All Weights in 100 Pounds

2

£5¢



Table Na C. 15 Roughness: 2 Replicate Na: 2 Speed ' 60 Site: L1735
E“;:’;:::"" Left Wheel Path Scales T Right Wheel Poth Scales . f: 3
_ Lol 2 m] 3 (‘LL 4 o) Sy 6y Avrase | Static | Diff D e 2om 3 'Avi[?gitsmc ot 3 ::’
g ﬂ‘ 52 |25 132 |3 | 35 | 31| 35 | 30 |17 [41 | 38 | 37 | 39 | 31 |25 |a22
“'68 98 |73 | 79 | 80 | 71| 78| 71|10 |58 | 8 |102 | 81 78 | 4 TS
Ci:" 56 6 18 | 26 | 27 | 37 | 28 | 22 |29 {33 |41 | 21 | 32 | 22 | 44 o
H 73 | 82 72 | 83 | 90 | 85 | 81 | 67 |21 |61 | 87 108 | 85 | 60 |42 JE §
"l 73 |56 159 |59 | 59 | 75 | 64 | 51 25 |60 | 65 | 71 | 65 | 46 | 42 ]
E°jfs7 51 |51 |56 | 59 | 53 ) 54 | 50| 8 |45 |59 | 60 | 55 | 47 17745 !g
H ~127 | 28 |31 |145 | 48 |102 | 80 | 66 | 21 |138 |139 | 64 | 57 | 66 |-14 '§ 3
g F‘” 131 |35 25 [131 | 47 | 92 [ 77 | 66 | 17 |122 |140 | 64 [110 | 65 | 69 "
: °/35 |33 33 |31 | 3% | 38| 3 | 29|17 |25 |46 | 44 | 38 | 29 |32
> . ©99 |62 61 |50 | 72 | 65 | 68 | 48 |42 |68 |91 | 84 | 81 | 49 657(\' )
o
=35 | 67 9 |44 | 52 | 46 | 42 | 27 56 |35 |45 | 51 | 44 | 29 |51 |7 =
< 91 43 27 61 56 | 47 54 29 | 87 | 53 28 24 35 30 | 17
- ™42 | 48 | 35 | 60 s |
52 st | 49 | 43 | 14 |35 | 56 | 68 53 | 40 | 18 |
102 | 44 50 | 88 | 95 | 68 | 75 | 53 | 42 | 98 | 98 | 105 | 100 | 57 | 75 %
Hob2 62 30 |12 | 86 | 62 | 65| sa | a1 |32 181 |75 | o5 | s | 47 | 79 §§
2132 0 0 |140 | 40 | 47 | 60 | 57 5 100 |122 | 47 | 90 | 57 | 59
“|158 0 0 |128 37 | 44 | 61 | 58 5 117 |112 78 | 102 | 56 | 82

All Weights in 100 Pounds
2

VATA



Table Mo C.16 | Roughness: 2 Replicate Na: 3 Speed: 10 Site: 1-35 ’
Exparimental Left Whesl Poth Scotes Right Wheel Path Scales %)
Resuits - 2l e
fan 2 3 o) 4 W) 5 o) iUL Average Static Diff PR 2 n 3 e {i\verage Static i Ditff a8
&
- O
- ﬂ 30 34 33 35 29 30 32 30 6 28 27 31 29 31 -8 s
— &
“ 65 77 77 90 72 70 75 71 6 66 82 77 75 78 -4 A
24 21 23 21 20 20 21 22 -2 23 22 21 22 22 | 0 3
ON ™
Ml B<| 67 |64 |68 |78 | 72 | 70 | 70 | 67 | 4 |66 |68 67 | 67 60 |12 |Z|3
“ 57 | s7 |53 |65 | 53 | 56 | 57 | 51 |11 |s0 |63 | 59 | 57 | 46 | 25
as :
50 46 54 52 48 44 49 50 -2 46 50 46 47 47 0 ©
o
H gh 69 65 71 45 62 66 63 66 -5 71 74 78 74 66 13 PR
Y
g ® 67 68 78 74 68 61 69 66 5 69 75 72 72 65 11
2 i;‘” 30 127 |30 [ 32 |31 133 | 31 20| 5 {30 33 |3 |31 | 29 7
s o S
= 41 52 60 50 45 50 50 48 3 38 64 52 51 49 5 o
H - 3|2
L 1 40 28 29 24 33 35 31 27 17 35 37 30 34 29 17
f
® 28 132 |30 |27 |33 |35 | 31 | 29| 6 |23 [31 | 25 | 26 | 30 |-12
(P2 41 J42 a7 |41 |41 |45 | a3 | 43| o [40 |40 |41 | 40 | 40 | ©
T 49 55 75 65 57 60 60 53 14 58 64 87 70 57 22 o
H |_tF‘” ~|2
Y 47 48 57 42 49 47 41 16 46 49 51 49 47 4 212
— e~
D‘f 54 63 75 84 53 59 65 57 13 60 64 78 67 57 18
2
562 62 65 71 61 61 64 58 10 59 60 61 60 56 7

Alt Weights in {00 Pounds
2

€ee



Table Na G- 17| Roughness: 2 Replicate Na: 3 Speed: 30 site: L1735
E“:;S::m Left Wheel Path Scales Right Wheel Path Scales o f: .
B Daal Zaul 2wl Y eul S Sy Averose | Static | Diff | mzni_—f.u 3 HBJJ‘Averaqe Static | Diff ElE
7 ﬂ‘ 43 |36 |41 |46 | 31 34 | 39 | 30 |28 |38 |40 36 | 37 | 31 |20 |~ §i
“ 8 |62 |8 |76 |78 |so | 76 | 71 7 Lot {75 8 |8 | 8|9 7%
| 29 28 |28 |32 27 | 23 | 28 | 22 |27 [27 |27 |32 | 29 22 |30 ‘ -
BB 76 170 78 |66 | 70 | 72 | 72 | 67 | 7 |74 |8 | 74 | 78 60 |30 § é
1 56 |47 |47 | 54 | 64 | 58 | 54 | 51 7 |51 73 | 51 58 | 46 |27 :
(el 66 |49 |55 (54 |48 |49 | 53 | s0 | 6 |50 |52 |50 | st 47 9 B
H [F'“ 133 [106 (101 |90 | 76 | 59 | 94 | 66 |42 J117 86 | 81 | 95 | 66 | 44 15 §
§ ®l 38 36 88 |88 | 50 | 68 | 60 | 66 ~9 139 |8 |98 | 73 | 65 |12
S i’j“” 38 |28 |32 [33 |32 135 |33 | 29 |14 |33 36 | 47 | 39 | 29 |33 o
> o s6 |57 |50 |55 |7 66 | 5o | 48 |26 |ao |8 |61 | 64 | 45 |31 oS
7| 28 |46 |40 |28 |42 |37 | 36 27 |35 |22 |50 | 48 | 40 | 29 |38
® 50 |28 32 |36 |3 |35 | 36 | 29 |24 f40 |47 | 36 | 41 | 30 | 37
CP= 52 |aa |55 |56 | 49 | 47 | 50 | 43 |17 45 |59 | 44 | 49 | 40 |23
%l 62 |61 |72 (62 |53 | 57 | 61 | 53 |15 |73 |90 | 72 | 78 | 57 |37 o
4B se o6 las s 57 | 4s | 57 | 41 |39 leo |se | 70 | 68 | 47 45 |3 g
° 65 |65 |82 |62 | 68 |64 | 68 | 57 19 |73 |95 | 63 | 77 57 35 |
E 48 |65 |85 | 69 | 65 70 | 67 | 58 |16 |44 | 98 | 45 | 62 56 | 11

All Weights in 100 Pounds

2

9¢¢



Table N C. 18 poyghess: Replicate Na: 3 Speed:— 00 Site: 1233 o
| o
Experimantal Lett Wheel Path Scales Right Wheel Path Scales [z
Results ; _ 5w
i aw 2 teLs 3 () 4q w0 5 6L - Avomqe_ Static Diff !_“_& 2 (BN} 3 « Iﬁ’fimge Static Dif¢ & a8
: : [o)]
— O
- {[ 58 |21 | 28 |42 | 40 | 29 | 36 | 30 |21 |42 |35 | 38 | 38 | 31 24 [=l2
™ IN
~ 83 |104 |80 | 8 | 80 | 72 | 8 71 18 |59 | 76 | 97 | 77 | 78 | -1 A
o 57| 6 |21 10 | 35 | 33| 27 | 22 |23 |42 |46 | 19| 36 | 22 |62 =
— T
AR 74 85 |77 |83 | o4 | 89 | 8 | 67 [25 |59 | 87 107 | 84 | 60 |41 % T
“ 76 |62 |62 | 62 | 60 | 76 | 66 | 51 |30 |57 |65 | 69 | 64 | 46 38 | |
© 58 |49 |50 {55 | 58 | s4a | s4 | s0o| 8 |46 |60 | 61 | 56 | 47 |18 '3
©
. ~Fr N
Bl UM 128 130 |37 143 | 56 [105 | 83 | 66 | 26 136 140 | 63 | 113 | 66 | 71 |2 S
1w
H ® 130 |41 |26 [128 | 51 | 96 | 79 | 66 |19 124 |139 | 69 |111 | 65 | 70
L&
: [i"’ 31 |31 |35 |27 {31 | 38| 32 | 29 |11 |45 |55 | 36 | 45 | 29 |56 |
5 R
g © 87 |50 |60 |53 | 64 | 92 | 68 | 48 |41 |66 | 97 | 83 | 82 | 49 |67 gIZ
Hl Y- S
- 7 180 |24 |12 |33 | s6e | 35 | 27 |31 |35 |75 | 59| s6 | 29 |94 |
+3
a3 7 |31 |12 |42 39 | 40 | 29 |39 |63 |32 11 | 35 30 | 18
(P2 42 |52 |38 |59 |56 |59 | s1 | 43 |20 |36 |55 | 64 | 51 | 40 |28
*l108 |35 50 |87 |97 |81 | 76 | 53 |43 {97 ! 99 | 97 | 98 | 57 | 72 o
M ﬂﬁw A
Sl 62 |45 |15 190 78 | 73 | 61 | 41 |49 |84 | 74 |104 | 87 | 47 |85 |5|Z
©140 | 0 | o [135 |31 |46 | 59 | 57 | 4 |11s |149 | 40 [101 | 57 | 77
Fe 160 | 0 | o 128 |39 |47 | 62 | 58 | 7 |130 |165 | 66 |120 | 56 |114

All Weights in 100 Pounds

2

IAYA



Toble Na C .19 Roughness: 3 Replicate Na: 1 Speed: 10 Site- 1-35
E‘;::’;::'d Left Wheel Path Scaoles Right Wheel Poih Scoles § .
i Deol 2aul 3wul % sl S By Averoge | Static | Dt el 2om 3 aﬂmmge Static | Oift | 8|8
(@)
- ﬂ’ 38 | 28 34 | 28 | 30 31 31 30 5 135 33 36 35 31 (12 | & :C;i
o]
o
“ 87 70 78 | 86 73 | 68 77 71 8 |90 |77 | 78 | 81 | 78 5 =
™ 25 21 | 24 | 22 | 22 | 21 | 22 | 22 0 |24 25 | 24 | 24 | 22 |11 o
y R ~|2
54 | 71 | 66 70 | 68 | 68 | 66 | 67 | -1 55 71 | 66 64 | 60 719
P
Pl 62 | 63 52 | 67 | 52 57 | 59 51 |15 |59 | 63 57 | 60 | 46 | 30
C"" 54 |40 | 54 | 49 | 49 | 45 | 48 | 50 | -3 |46 |49 | 49 | 48 | 47 | 2 S
H N 82
"l 64 | 81 | 62 | 88 | 61 | 64 70 | 66 | 6 | 57 73 | 67 | 66 66 | 0 <=
s r
s ® 89 | 65 86 71 | 62 | 65 73| 66 |11 {71 | 64 78 | 71 65 | 9
2 i:” 3 122 32 |29 32 |28 | 30 200 2 ts31 |31 |31 31 29| 7
& o
z H 2 38 | 54 57 58 54 52 52 48 9 38 60 56 51 49 5 o <
- & [~
= 47 | 29 36 36 26 30 34 27 | 26 53 40 46 46 29 | 60 ™
b i - i 6
38 135 43 |43 | 30 | 28 ) 36 | 29 |25 | 36 31 39 35 | 30 | 18
P a6 |41 |43 | as | 42 | 45 | 43 43 0 {45 | 43 | 39 | 42 | 4O | 6
63 55 |68 53 | 53 58 | 58 | 53 /10 |70 |6l | 79 | 70 | 57 |23 3
H ey g :
| 52 |55 |37 |58 | 42 | 49 | 49 | 41 | 19 53 | 64 | 48 | 55 | 47 |17 |¥[3
2 74 | 66 71 | 83 55 57 | 68 | 57 | 19 | 82 67 73 74 | 57 |30
68 | 62 64 78 | 64 | 59 | 66 58 | 14 54 | 61 | 61 59 56 5

All Weights in 100 Pounds

2

86¢



Table No. C . 20 Roughness: ___3 Replicate Na: 1 Speed: 30 Site: 1-35
. o]
E‘;‘::::m Left Wheel Path Scales Right Wheel Path Scales ‘;; .
el 20 3wl % el Sy . Sy Averoge | Static | Ditf v um} 2 o Bi‘mﬁmeruge Static | Ot | 3|3
O
T[- 15 128 |44 | 40 | 33 | 34 | 32 | 30 | 8 |33 |41 | 36 | 37 | 31 |18 |_|©
Ll Ka\]
“ 69 66 | 85 | 72 79 | 79 | 75 71 6 77 | 87 | 80 | 81 78 | 4 >~
Pol 41 | 35 | 28 | 27 | 26 | 23 30 | 22 |36 {40 | 27 | 29 | 32 | 22 |45 o
gk
BB 83 |89 |71 | 62 79 | 12 | 76 | 67 |13 |76 100 | 73 | 83 | 60 38 |9~
© 64 | 48 | 54 51 | 59 | 55 55 | 51 | 8 |62 |69 | 56 | 62 | 46 |36
C”“’ 50 | 48 58 | 55 | 48 | 50 | 51 | 50 | 3 P46 | 60 | 52 | 53 | 47 |12 9
o~
Hbn 41 ss |97 |97 | s | 75 | 76 66 |15 {29 |115 | 90 | 78 | 66 18 B
L3 p uy
k4 ® 82 |73 |40 |57 | 75 | 60 | 64 | 66 | -2 | 92 77 | 42 70 | 65 | 8
gL | 8 /3 |40 |57 |75 | 60 | 64 |
s 7 18 |33 |29 |24 {30 | 35} 28 | 29 | -3 |39 |45 | 50 | 45 | 29 | 54
» L)l
> ® 69 | 76 |48 | 56 | 66 | 51 1 61l | 48 [ 27 |69 | 73 | 63 | 68 | 49 | 39 ||
e o 22
Sl 31 |47 40 [ 32 |35 | 39 | 37 | 27 |38 |23 |22 | 58 | 34 | 29 |18 ~
“ 80 132 |31 |28 |37 | 29| 39| 29 |36 [s54 |50 | 39 | 48 | 30 |59
(P2 46 |47 |47 |35 |46 | 45 | 44 | 43 | 3 |45 |60 | 25 | 43 | 40 | 8
5 69 |94 |75 |66 | 67 | 61 72 53 |36 168 | 97 | 71 79 | 57 | 38 o
P~
H ﬂ-% 39 | 44 75 | 57 |53 | 48 | 53 | 41 |28 |4l |83 | 49 | 58 | 47 |23 |G 2
2l 84 11s |70 |39 | 38 | 1 70 57 |22 (100 |123 | 59 T“% 57 65
o
= 48 |62 133 68 61 70 74 58 | 27 37 |115 99 84 56 | 49

All Weights in 100 Pounds

2

374



Vehicle Class

T

Table Na C. 21| Roughness: 3 Replicate Na: 1 Speed: 60 Site: I-35
E":""’“""‘" Left Wheel Path Scales " Right Wheel Path Scales 2

esults , %l w
. 2 3 4 5 6 Averoge Static Diff. . 2 3 “ Average | Static Diff ol 8
[{I8] {2L) (aL (SLH (6L {7 ) S ,J_, =~
- {[" 62 5 10 58 46 33 36 30 19 63 48 31 47 31 53 5 g
— [N
“~118 66 84 83 77 76 84 71 18 98 63 100 87 78 12 P
™ 52 79 68 36 25 36 49 22 |124 39 54 14 36 22 62 o
T 1B in] L
H v O | —
66 | 54 | 59 | 72 70 | 81 | 67 | 67 | 0 |55 |72 | 99 | 75 | 60 |26 ¥ T

48 0 0 46 53 70 36 51 |-29 42 72 75 J 63 46 37

-

el 73 42 52 64 49 49 55 50 10 58 51 58 56 47 18 >
T - - ~
~| o
Hl 0~ 152 |10 |46 |93 | 94 | 3 | nn | 66| 8 155 | 95 | 58 |103 | 66 | 56 |2l
1wy

®l 148 11 78 _102 98 33 78 66 19 133 r89 99 107 65 65

@ 38 18 40 22 30 36 31 29 6 50 61 22 44_J7 29 53
(o)
H 9 103 7 31 93 67 63 61 4L8 26 80 i 112 71 88 49 79 < ©
QO —
— 3|~
b7l 83 70 71 45 65 45 63 27 1134 30 53 52 45 29 55 ~

P

= 0 0 52 47 L4 55 33 29 714 16 62 76 51 30 71

(P2 22 |50 |39 |54 | 59 | st | 46 | 43| 7 |12 |67 | 70 | 50 | 40 | 24
Y 83 |50 |18 | 95 | 67 | 72 | e4 | 53 |21 |68 [102 | 51 | 74 | 57 | 30 o
k. r A
H = 126 51 78 133 61 50 83 41 | 102 81 91 111 94 47 1100 ﬁ .
o ™~

2 29 | 0 w0 |37 |33 | 79| 53| 57| -7 }30 69 52| 50| 57 [-12

— o v , | L
- 15 0 0 27 75 55 29 58 |-50 7 F 52 133 64 56 14

All Weights in 100 Pounds

2

092



Table No. C.22|  Royghness: 3 Replicate Na: Speed: 10 Site: I-3>
E":"'im""" Left Wheel Path Scales Right Wheel Path Scales ?
esults — 2 &
| o0 2 (2L 3 L 4 0 5 L) 6(7 Average Static Diff. 1 R 2( 3. Average | Static Diff a8
()}
. -l 30 |29 |36 |31 |32 |32 | 32 | 30| 6 |35 |33 37 |35 | 31|13 | |3
A RN
“ 87 163 |79 |87 | 72 | 70| 76 71| 8 |9 |8 | 78 | 8 | 78 | 8 A
m 27 |21 |25 |21 | 21 | 19| 22 22| o {27 |24 | 26 | 26 | 22 |17 >
12
H * 60 |63 |62 | 63 | 66 | 66 | 63 | 67 | -5 |57 |69 | 66 | 64 | 60 | 7 |RIZ
“ 65 | 57 56 | 64 | 48 | s& | 57 | 51 |12 |61 |61 | 60 | 61 | 46 | 32
° 55 |47 |50 | 50 | 48 | 47 | 49 | 50 | -2 |47 |49 | 45 | 47 | 47 | O o
| O
H ~ 64 | 78 |63 |87 | 60 | 65 | 70 | 66 | 5 [ 59 |69 | 68 | 65 | 66 | -1 89|«
[Ta)
s ® 85 |65 |8 | 72 | 69 | 65 | 74 | 66 ;12 |68 |65 | 80 | 71 | 65 | 6
S 27 {30 |27 |33 |30 | 30| 29 | 29| 0o j27 |40 | 29 | 32 | 29 |10
S o
g o 57 |48 |45 |48 | 50 | 48 | 49 | 48 | 3 |eo |58 | 47 | 55 | 49 |12 g[S
B | TN
=l 10 |17 |20 |16 | 25 | 30 | 20 | 27 |-27 |22 |38 | 32 | 31 | 29 | 6
¥ 27 131 |20 |28 | 29 | 32 | 28 | 29 |-4 |28 |25 | 26 | 26 | 30 |-12
48 |40 |43 |44 | 42 | as | oas | 43 | 2 {45 |46 | 39 | 43 | 40 | 8
* 63 |55 |68 | 52 | 55 | 58 | s8 | 53|10 |72 |65 | 77 | 71 | 57 |25 o
Nej
oY | S~
H 2l s2 |ss |39 |s6 | 47 | 49 | 50 | 41 |21 |53 |59 | 41 | st | 47 | 9 [T
B ™~
® 77 |73 |70 | 8 |53 | 56 | 69 | 57 |20 |87 |68 | 71 | 75 | 57 |32
~ 71 |68 |67 | 78 | 64 | 63 | 68 | 58 | 18 |60 | 60 | 62 | 61 | 56 | 8

All Weights in 100 Pounds

2

19¢



Table NaC .23 | Royghness: 3 Replicate Na: 2 Speed: 30 Site; I-35 !
E";:’;:::"" VVVVVVVVVVVVVV Left Whesl Poth Scales Right Wheel Path Scales A i'j' )
Vool 2ol g @ sul Sy Sy Aversss | Static | Diff Uil 2oam 2 “4453@0% Static | oitf | 2| 3
E ""*‘”"'"‘E?
g ﬁ" 2433 |41 |40 | 34 | 33 | 34 | 30 14 137 |47 | 40 | 41 | 31 |33 |al2
'z
75 64 75 | 73 | 77 | 80 | 74 71 | 4 } 73 | 8 | 85 | 81 78 | 4 1R
Cé[”’ 44 | 38 |30 | 30 | 27 25 | 32 | 22 |47 40 | 31 | 32 | 34 | 22 |56 | ‘{%
h 12
H v 82 | 79 69 67 78 78 75 67 | 13 73 103 68 81 60 | 36 31
d I
e 64 | 52 |51 | 56 | 64 | 69 | 59 | 51 |16 |62 | 75 | 56 | 64 | 46 |40
(Pl 48 (48 |57 |56 | 50 | 50 51| s0| 3 [38 |57 |50 049 47 4 | o
s : B = VA
fom |~
H lF“ 37 |93 107 | 98 | 61 | 70 | 78 | 66 |18 |22 |130 |100 | 8 | 66 |27 |29
p—
g [Ea
K ®l 75 63 |28 |69 | 77 | 67 | 63 | 66 | -4 |78 | 62 | 43 | 61 | 65 | -6
3 ?l 19 033 130 [ 23 | 31 | 34 | 28 | 29 | -2 |4l |41 | 46 | 43 | 29 |47
; o o
b 2 57 | 77 |48 |53 65 | 54 | 59 | 48 23 |57 | 73 | 67 | 66 | 49 | 34 52
-l 28 47 133 |3 | 40 | 37 | 36 | 27 |35 |22 |22 | 56 | 33 | 29 |15 ~
b 37
¥ 85 129 |38 |26 | 32 | 3 | 41 | 29 |40 |57 |43 | 41 | 47 | 30 | 57
(P2 37 |42 |54 |49 | 49 | 48 | 46 | 43 | 8 |41 | 62 | 31 | 45 | 40 | 12
5| 8 |72 |81 | 90 | 64 | 60 | 75 | 53 |42 |90 |105 | 76 | 90 | 57 | 58 2
" [[P,n o=
? 41 |42 |43 |58 | 45 | S1 | 47 | 41 |14 |36 | 64 | 49 | 50 47 | 6 <3
L2l 31 | 57 96 78 | 55 | 56 | 62 57 9 |36 | 87 | 8 | 69 | 57 |21
3 | °7 L
-] 114 |65 |60 |46 | 66 | 69 | 70 | 58 |20 [ 94 | 86 | 40 | 73 | 56 | 31

All Weights in 100 Pounds

2

79¢



Table Na C. 24| Royghness: Replicate Na: 2 Speed: 60 Site: I-35
Ex;;erimemal Left Wheel Poth Scoles Right Wheel th Scoles %)
esults 2l e
P an 2 L) 3 (L) 4 5 - 6(7“ Average Static Diff. | 0 2 le 3 a lAveraqe Static Diff 3 o‘é’
- {[- 68 10 |19 |48 | 41 | 32 | 36 | 30 |21 |61 |43 | 3% | 46 | 31 48 |~ 2
— N
“i122 80 79 |83 |78 | 72| 8 | 71 |21 |03 |60 | 94 | 8 | 78 |10 A
™ 55 | 0 |11 4 | 49 |20 | 23 22 | 5 |41 52 9 | 3 | 22 |55 o
e
H A4 © e
91 |57 |60 |90 | 78 | 90 | 78 | 67 16 |61 |85 | 8 | 77 | 60 |28 5>~
© 57 |57 |67 |68 | 58 | 76 | 64 | 51 |25 |39 |65 | 72 59 | 46 | 28
Pw EG\
(Fel 68 (45 |53 |62 | 51 | 46 | s4 50 | 8 |46 | 51 58 | 52 | 47 |10 ©
O
Bl I~1so | o |12 J160 | 14 | 79 | 67 | 66 | 2 h22 135 |15 | 91 | 66 37 |RI¥
b [
s ®l 149 0 |21 |176 25 75 74 66 | 13 1111|125 41 92 65 | 42
2 Pl 42 |24 |96 |22 | 33 | 36 | 42 | 29 45 |43 |60 | 17 | 40 | 29 |38
£ — o
3 O
> © 9 | 3 |33 | %R 73 | 61 | 60 | 48 |24 |67 (100 | 76 | 81 49 |65 |®IS
H [Ea :
7| 70 | o |87 |75 | 59 | 51 ] 57 | 27 ;111 |30 |55 | 63 | 49 | 29 |70
:
| 0 173 |75 |43 37 |58 | 48 | 29 |66 fou |74 | 73 57 | 30 | 90
(P2 22 |72 (42 61 | 55 |58 | 52 | 43 [ 20 |13 |28 | 97 | 46 | 40 | 15
IF 124 | 0 |40 |8 | 8 | 74 | 67 | 53 |26 |8 [105 | 93 | 93 | 57 |63 2
[
H 2113 | 0o |8 | 58 | 60 76 | 65 | 41 |59 J113 (111 |107 |110 | 47 136 |R T
=
2| 86 | 0 0 |52 |41 | 91t ! 4s | 57 |-21 |82 145 | 16 | 81 | 57 |42
p .
128 | 0 0 |48 | 31 | 66 | 46 | 58 -21 75 |126 | 74 92 | 56 | 64

All Weights in 100 Pounds

2

€9¢



Table NaC - 25 Roughness Replicate Na: 3 Speed:— 10 Site: I-35
Experimental Left Wheel Path Scales Right Wheel Path Scales ?
Results L - Sl
B Lo Z(H 3|4q 4M G(7 Average Static Dift L 2(; 3 EJAverage Static T Diff a8
rﬁ o)
({[— 37030 36 130 32 | 33| 33 30 9 [3 |33 |35 | 35| 31 |12 |22
- - - | - | O
-
~ 89 | 73 77 | 90 | 72 | 69 78 71 | 10 | 89 76 77 | 81 78 | 3 N
P 25 | 19 23 20 21 20 21 22 | -3 26 26 24 25 | 22 |15 o
| 26 , s
—
H T 63 | 67 69 | 70 | 64 67 67 67 0 57 71 65 64 60 7 R <
Pl 62 | 58 54 65 50 56 57 51 | 13 55 60 57 57 46 | 25 ]
Cb“’ 55 | 42 53 48 47 44 48 50 | -4 45 48 49 47 47 0 23
1 — - - TN R
H F" 64 | 78 63 83 58 67 69 66 4 57 72 66 65 66 | -2 |Ojx
- [Fa
g ® 8 | 67 85 75 70 60 74 66 | 11 69 65 80 71 65 | 10
(& ] S | I
3 27 | 32 27 33 30 30 30 29 3 27 40 30 32 29 | 11
r ) 1 (o))
> ol 55 | 50 40 42 57 45 48 48 0 58 57 44 53 49 8 |3 §
H i N
=] 18 | 23 24 16 24 30 22 27 |-17 18 | 38 32 29 | 29 0 |
: -
j)_ ®l 33 | 30 20 26 27 32 28 29 | -3 32 23 25 | 27 30 |-11
(P2 47 |40 40 | 43 40 A 42 43 | -2 A A 39 42 40 6
D‘J 62 | 54 63 49 50 55 55 53 5 70 58 | 73 | 67 57 | 18 o
W e ‘1 - [
=l 55 | 56 48 58 | 46 46 52 41 | 26 56 59 50 55 47 |17 R S
2| 88 | 75 58 80 53 60 69 57 | 21 92 69 ‘Zé_f 78 57 | 37
76 | 74 65 71 57 65 68 58 | 17 69 65 58 64 56 | 14

Ail Weights in 100 Pounds

2

%79¢



Table No. C. 26 Roughness: 3 Replicate Na: 3 Speed: 30 Site: 1-35
E"‘:a’m::"" Left Wheel Path Scales Right Wheel Path Scales ‘z .
Uil 2oul 3edl Yol S Sy Average | Static | oift el 2 i 3“mHAveroge Static | Ditt | &1 3
~ {I' 28 33 |43 |39 | 34 | 3 | 35 | 30 |17 |37 |44 | 37 | 39 | 31 @ 27 g%
b
“ 77 61 |79 |67 | 75 | 79| 73 | 71| 3 |74 |8 | 8 | 8 | 78 | 3 S\”
o 41 |32 |23 |26 | 26 | 24 | 20 | 22 |30 |38 |28 | 31 | 32 | 22 |47 o
H | 88 |8 |73 |70 | 83 | 76 | 79 | 67 |18 |80 |105 | 75 | 87 | 60 44 = lE
66 | 50 52 53 63 65 58 51 | 14 64 75 56 65 | 46 | 41
CF“’ 47 | 49 59 | 56 | 49 | 49 51 50 3 39 56 50 | 48 | 47 3 w@
H gh 39 (101 (113 |100 | 70 | 64 | 81 | 66 |28 |24 {136 |103 | 88 | 66 | 33 ;i
g © 80 62 30 |74 |69 | 74 | 65 | 66 | -2 |71 |56 | 50 | 59 | 65 | -9 |
£ ol 20 |32 |29 |25 |32 |35 | 29 | 29 | 0 J41 44 | 38 | 4l | 29 |41
5 i}’.@ 76 | 70 51 59 | 69 65 | 65 | 48 | 35 67 72 61 67 | 49 |36 | 3
B =
=] 36 |65 |47 28 |35 | 42 | 42 | 27 |56 |30 |21 | 59 | 37 | 29 |26 =
3
® 65 |29 |22 |32 |37 |28 | 35 | 29 |22 |48 |59 | 32 | 46 | 30 | 54
(P® 38 |43 |52 40 |47 |46 | 44 | 43 | 3 47 | 61 | 20 | 43 | 40 7
*l 73 {94 |79 |8 |66 | 62 | 76 | 53 |43 |81 [103 | 87 | 90 57 |58 | S
Ml Tel 30 135 |62 [s6 |46 | 49 | a6 | 41 |13 |42 | 64 45 | so a7l o7 |7 -
¢ 53 |73 j1o1 |70 | 83 | 72 | 75 | 57 |32 |68 [i15 | 78 | 87 | 57 53
"~ 23 |36 |90 |6s |63 | 73 | 66 | 58 |15 |63 | | 78 | 72 | se |28

All Weights in 100 Pounds

2

15



Table Na C . 27| Roughness: Replicate Na: 3 Speed: 60 Sife: I-35
E‘;’;L’:::M Left Wheel Path Scales o Right Whee! Path Scales -jm ;_'z .
: (18] 2(2&.) 3(‘l. 4 (St) 5(6L 6(‘I Average Static oiff : UR 2(3 3“41\\167096 Static Diff (% é
. {[— 76| 8 |16 |56 |46 | 33| 38| 30 |27 |61 |41 | 35 | 46 | 31 | 47 9|2
) - T O
“l 120 | 75 |83 89 | 77 | 79| 87 | 71 |23 |94 | 53 |100 | 82 | 78 6 =
33| o |10 |17 | 44 | 24 | 21 | 22 -3 139 |48 | 14 | 3 | 22 | 53| |2
] 5o
BB 74 167 |69 | 80 | 71 | 76| 73 | 67 | 9 |65 | 79 | 97 | 80 | 60 | 34 S
P f
°l 53152 | 65 | 59 53 | 59 | 57 | 51 |12 |42 |65 | 76 | 61 | 46 | 33 | |
L
(P° 76 47 |46 | 56 | 50 | 51| 54| so| 8 |61 |52 | s6 | 56 | 47| 20 |
I ] 52
115 | 76 | 44 106 | 76 | 50 | 78 | 66 | 18 f108 | 79 | 82 | 90 | 66 | 36 &A%
b 1.1 e
S| | %135 |46 | 64 |102 | 8 | 47 | 80 | 66 | 21 |91 | 79 | 82 | 8 | 65 | 29 "
< i:” 41 |20 |39 |21 |32 ] 29| 30| 29| 5 f42 |58 | 20 | 40 | 29 | 38
S [
g ' © 88 | 9 |37 |98 | 68 | 52 | 59 | 48 | 23 66ﬁ 103 | 63 | 77 | 49 | 57 |of%
- ~
<l 60 | o |88 | 58 | ea | 41 ] 52| 2793 |31 |48 | 63 | 47 | 20 | 62 7N
o B T 17 N
L 0.n 60 | 43 35 b4 42 29 | 45 | 17 68 72 52 | 30 74
(P2 24 |70 |39 |62 52 | 57 | 51 | 43 |18 9 | 3 | 65 | 36 | 40 |- 10
5 39 | o |40 | 8 | 78 | 74 | 53 | 53| o |01 |120 | 75 | 99 | 57 | 73 o
— O
Ifo | |
H © — |
119 | 0 |69 |74 | 51 | 75 | 65 | 41 | so |130 |135 | 82 | 116 | 47 | 147 W <
— — r~
b2l 74 | o | o 120 | 55 | 62 | 52 | 47 |10 |66 [130 | 17 | 71 | 57 | 25
o - I . o A
5 81 ] o 0o l135 | 68 | 81 58 61 |156 | 44 | 87 | 56 | 55

All Weights in 100 Pounds

2

99¢



Toble NaC .28 | Royghness: 4 Replicate Na: 1 Speed: 10 Site: 1-35
E':’:‘::::"" Lsft Wheel Path Scoles - * Right Wheal Path Scales f:
Y oan I 3 4 5 ) (g Averoge Static Dift v 2 3 (“)EAveruge Static | Diff % : ;‘5
o
ACT 42|31 |36 | 32 | 32 | 320 34! 30|14 |37 | 30 | 36 ] 3 | 31 9 (2
: 3z
88 | 73 |80 | 87 | 71 | 71| 78| 7110 |87 | 74 | 81 | 81 | 78 3] ”
» 26 | 20 | 24 | 22 | 20 | 20| 22 | 22| o |30 | 24 | 22 | 25 22! 15 o
=] <« 32} *}8
L, 73646 70 | 73 | 68 | 65| 69| 67| 3 |79 | 70 | 67 | 712 | 60 20 QT
P~
“ 66| 68 | 54 | 60 | 49 | sa| s8 | 51015 |69 | 64 | 61 | 65 | 46, 41 | |
(P9 54 a2 |50 | 54 | 48 48| 49| so|-1 | 53 | 51| 47 | 50 | 47 7] 3
H N i
" 72| 83 |65 85 | 60 | 63 f 71| 66| 8 |83 | 73 68 | 75 | 66 | 13 @&
- wy
S ® 83 les 8 | 77 | 61 | 62| 72 66| 9 |8 | 61 | 75| 74 | 65| 14
S ﬁ["’ 3 132 | 32 | 35 | 31 | 20| 32| 29|11 |36 | 30| 20 | 32| 29 9
@ N
g o 63|59 |48 | 48 42 | 43| 51 48| 5 |66 | 66 | 47 | 60 | 49| 22 12
H| - 2|
L] 38 | 12 20 35 27 29 27 27 0 47 25 30 34 29 17 ™
p| 38 | 12 | 20 35 | 27 | 29| 27 | 27| O |47 | 25 | 30 | 34| 2
o
32 014 | 17 | 25 | 26 | 320 24 | 29 |-16 ) 32 | 23 22 | 26 30 |- 14
CP7| 45 | 43 |46 | a2 | a2 | 43| 43| 43| 0 |47 | 42 | 41| 431 40| 8
g
60 73 |65 | 56 | 53 | 54| 60| 53| 14 | 78 | 60 | 72 | 70 | 57| 23| |
ul o o ' Al
bel as | se | ss | sa | ae | ar | a9 | ar ot |as | 47 | s | 47| 47 0 |n|S
% 67 | 73 | 75 | 78 | 53 | 57| 67 | 47 | 43 | 69 | 70 | 81 | 73 | 57 | 29
]
~
“| 60 | 63 | 68 | 71 | 60 | 59| 63| 58| 9 |63 | 62 | 56 | 60 | 56 8

All Weights in 100 Pounds

2

L9¢



T
Table No.C . 29| Roughness: 4 Replicate Na: 1 Speed: 30 Site: I-35 -
Exc;:rsi:';::lol VVVVVVVVVV Left Wheel Poih Scales | Right Whesi Path Scoles ?jz °
b on 2 (2L 3 " 4 a0 5 e 60 Averags Static Diff ! u 2 - 3., Average | Static Dif 5’; ! ;‘
=)
B ﬂ- 570 41 | 30 | 41 31 31 38| 30| 28 | 45 | 37 | 40| 41| 31| 31,32
| -0
PN
11158 | 85 78 | 76 | 77| 8 | 71! 14 |105 | 79 | 8 | 8 | 78| 12 X
!
| 39 48 | 19 | 16 | 27 | 24| 29| 22 31 {33 | 30| 34| 32| 22| 47| |q
= ™ “‘38‘
112 | 96 | 78 | 80 | 71 | 74| 85, 67 27 |10l 88 | 81 90 | 60 50 %<
: .r\
© 93| 43 | 54 | 52 | 59 | 64| 6L | s1| 19 | 75 | 77 | 58| 70 46| 52
o T
° 59 45 | 58 | 55 | 54| 49 53 501 7 |58 | 47| 51| 52 477 1l ‘o
g R
"l 82| 75 105 | 74 | 59 | 72| 78| 66| 18 | 94 | 8 | 77 | 8 | 66 27 |~
- wy
g 62| 50 71 70 79 67 66 66 0 62 84 62 69 65 7
S i["’ 48 | 31 31 | 32 | 30| 30| 34| 29| 16 | 44 | 43 | 47| 45| 29 54|
® [
g 112 | 75 | 89 | 54 | 49 71| 75| 48| 56 |100 | 73 | 90 | 88 ' 49| 79 418
H IS
b7l 71| 48 | 32 | 31 | 40 | 37| 43| 27| 60 | 65 | 54 | 47 55| 29| 91| ™
4
“l 52140 | 37 | 36 27| 35| 37 20| 29 136 | 49| 39| 41| 30| 38
(P° 61135 | 55 | 46 | 47 | 50| 49| 43) 14 | 55 | 58| 33| 49| 40 22
Yl 90 | 54 | 87 | 78 | 76 | 59| 74| 53 40 | 90 |109 | 8 | 95| 57 67| |
AR
JuL 54160 | 41 | 53 | 45 | 50| 50| 41 23 | 52 | 77 | 46 | 58 47 | 24 |A|S
2 93| 49 | 68 | 88 | 70| 50| 70| 47| 48 | 90 | 37| 73| 67| 57| 17
> ! 37073 ] 67| 57
Sl 133|104 | 81 | 41 |107 | 94 93| 58| 61 |125 [129 | 61 | 105 56 87 |

All Weights in 100 Pounds
2

892



1-35

Table Na C.30 Royghness: 4 Replicate Na: 1 Speed - 60 Site:
Experimental Left Wheel Poth Scoles Right Wheel Path Scales %
Results . . [ Sl e
i oL 2 L) 3 )l 4 0 5 s 6\7; Average Static Diff. i {"Eﬁ 2 i-’ﬁi 2 Lﬁk&verage Static | Diff ¢ a
[@))
. {[“ 53 | 34 | 29 37 33 31 36 30 | 21 46 27 46 40 31 28 | o -§
el O\
™ 110 | 86 61 77 73 72 80 71| 12 {112 80 85 92 78 18 A
| 43| 16 10 | 40 23 30 27 22 | 23 38 37 19 31 22 42 o
] | My
H Y| 107 84 | 65 | 64 | 80 | 78 80| 67 !-4 | 99 87 | 102 | 96 | 60 60 |"|S
® 96 | 54 57 56 54 | 67 64 51| 25 80 61 69 70 | 46 52
€ 81| 45 53 60 52 43 56 50 | 11 60 50 57 56 47 18 o
. O
|~
H ~ 123 | 68 | 30 | 127 41 65 76 66 | 15 98 87 | 100 95 66 44 | R o
""""" ~
) [Ta
s ® 119 | 42 32 | 120 | 40 52 67 66 2 96 86 57 80 65 23
(S )
2 P® 40 | 19 33 24 31 33 30 | 29 3 | 47 46 33 42 29 45
< o
> o 92| 40 51 63 72 68 64 | 48 | 33 |104 91 73 89 49 82 lo §
B S
- faa
=l 75| 20 7 55 48 50 42 27 | 56 | 80 41 39 53 29 84
:
% 66!l o | 16 73 | 57 | 451 43| 29| 48 | 46 | 50 | 57 | 51 30 | 70
(P2 651 66 | 30 | 57 | 46 | 52| 54| 43| 26 | 59 | 31 | 71| 54 40 | 34
F| 100 | 38 | 21 |112 | 62 66 66 | 53| 25 |107 98 66 90 57 58 o
E‘b B (o) ‘*\8
ML L2 g 0 7 | 107 64 | 61 541 41| 32 81 78 83 81 47 |+ 72 | AL
™~
2| 100 | 100 52 58 | 91 88 82 47 | 74 98 70 | 104 91 | 57 60
]
=l 95| 90 82 L4 78 70 76 58 | 31 | 89 53 | 104 82 56 46

All Weights in 100 Pounds

2

69¢



0LT

Table Na C.31 Roughness %  Replicate Na: 2 Speed- 10 Site: I-35
E xperimentol . 2
1
Results Left Wheel Path Scales Right Whee! Pqih Scales B 5
_ Fau 2(&2 3‘%, 4 stm S .. Average | Static Diff I (@L 2 m 3 mlAverage | Static &

37 | 29 36 32 31 33 33 30 10 35 30 34 33 31

89 80 78 89 70 72 80 71 12 86 71 78 78 78

167
5/20/69 | Dote

7/1/69

69 | 71 52 62 | 48
54 | 43 50 54 47 47 49 50 (- 2 57 48 44 50 47

Mo 75 | 84 68 45 60 68 67 66 1 85 73 74 77 66

397

® 73 64 | 8 | 71 | 71 | 57 ] 69 | 66 5 |75 | 65 | 70 | 70 | 65

5/29/69

33 | 30 29 33 30 29 31 29 6 33 29 31 31 29

Vehicle Closs

™ 24 20 23 21 20 20 21 22 |- 3 27 24 22 24 22
H 1 73 | 65 72 69 70 67 69 67 3 74 70 68 71 60
© 56 60 51 | 17 64 67 60 64 46

2 62 65 48 51 33 52 52 48 8 66 64 49 60 49

37 13 18 15 25 29 23 27 |-15 48 35 27 37 29

536
7/1/69

3 [

40 16 19 25 28 32 27 29 |- 8 37 23 24 28 30

(P2 45 |43 |45 | 49 | 41 43 | 44| 43| 3 fa7 | 43 38| 43 | 40

58 74 67 60 55 53 61 53 15 75 | 58 72 68 57

H @F“-’ 39 [ 52 |57 |56 | 43 | 47| 49 41|20 |47 | 50 | 45 | 47 | 47

535

7/1/69

66 75 | 76 | 79 | 56 | 67 | 69 | 47 |48 | 70 | 70 | 78 | 73 | 57

61 60 76 70 59 66 65 58 13 67 61 56 61 56

All Weights in [00 Pounds
2



Toble Ma C. 32| Royghness: 4 Replicate Na: 2 Speed: 30 Site: I-35 |
E"z;:;::"" Left Wheel Path Scales Right Wheel Poth Scales ’:z 5 .
Dal Zoul 3wy %ol Sy S Average | Static | Diff NENER ISR
LT so 35 |37 |45 [ 31 | 33 | 38 | 30 |28 |41 |41 | 38 | 40 31 | 29 |o 5’;5
P 103 |57 |se |73 |76 |81} 79 | 71 11 Jios | 79 | 92 | 92 | 78 | 18 TS
Pl 36 | 49 | 23 | 16 | 27 | 27 | 30 | 22 |35 {35 | 3L | 34 | 33 | 22 | 52 o
H I 92 |93 78 |78 | 77 | 76 | 82 | 67 |23 |93 |85 | 8 | 88 | 60 | 47 § g
“ 79 |38 |50 |4 | 57 | 61 | 55 | 51| 8 |75 |80 | 58 | 71 | 46 | 54
(Pel 59 |50 |58 |53 48 | 52 | 53| 50| 7 |59 |51 | 53 | s4 | 47 | 16 o
¥
H L™l 89 | 80 |100 73 57 70 78 66 | 18 99 87 82 89 66 35 ;% g
§ F. 53 | 58 |59 |61 | 75 | 59 | 61 | 66 |-8 |59 |85 | 62 | 69 | 65 6 "
S i:"’ 40 |31 35 |36 |33 | 30 | 34 | 29 |17 Jau |40 | 42 | 42 | 29 | 45
> 2 83 |71 66 50 | 46 64 | 63 48 | 32 85 | 82 79 82 49 67 | E
1o SN
| 55 |31 |35 |32 |32 |37 | 37 | 27 |37 |58 |62 | 37 | 52 29 | 80 |
* 47 a0 4o |35 |30 | 37| 38 | 29 |32 |36 |49 | 39 | 41 | 30 38
(P= 65 |33 |56 | 49 | 45 | 47 | 49 | 43 |14 |56 | 57 | 31 | 47 | 40 | 18
Y104 |89 |8 | 8 | 75 | 61 | 83 | 53 |56 101 | 94 | 91 | 95 | 57 | 67 o
H EPQ 62 | 55 |41 | 50 | 43 | 49 | 50 | 41 |22 |57 | 73 | 47 | 59 | 47 26 N g
g‘f 105 |47 |73 | 92 | 49 | 49 | 69 | 47 |47 |97 | 47 | 8 | 76 | 57 | 33
" 86 l103 |71 |32 | 8 | 78§ 76 | 58 |30 |98 |118 | 38 | 85 | 56 | 51

All Weights in 100 Pounds

2

1.2



(444

Table No. C.33 | Royghness: 4 Replicate Na: — 2 Speed: 60 Site: I-35
E‘;’;:::’d Left Whael Poth Scales Right Wheael Pofﬁ Scales i; o
ol 2ol 3wd %ol S Sy Average | Stotic | Diff Uiel 2am 3 mlfverage | Static | i | 8|8
(o))
. ﬂ' 52 36 33 56 37 32 41 30 37 | 43 26 | 43 37 31 20 ;:g
—~ ™~
“ 103 98 | 64 | 8 | 77 | 71 83 71| 12| 99 | 62 | 8 | 82 | 78 50w
m 41! 10 12 38 | 20 | 33 26 22 171 28 37 16 27 22 23 o
O
WY |
H Y o111 | 77 62 74 85 78 81 67 21| 98 78 93 90 60 49 | E
P~
96, 55 59 | 60 57 70 | 66 51 30 79 58 | 69 69 46 49
© 8L /45 | 53 | 60 | 52 | 43 f 56 | 50| 1l | 60 | S50 | 57 | 56 47 18 2
CIN EAP
123 | 68 30 127 41 65 76 66 | 151 98 | 87 | 100 95 66 | 44 T
791
3 ® 119 | 42 32 1120 40 33 67 66 2 1 96 86 57 80 65 23
2 A
3 40| 22 31 | 26 32 301 30| 29 4| 47 43 28 39 29 36
£ [ an
> 2 101 38 52 67 73 61 65 48 36 | 88 72 69 76 49 56 |« |2
g - I o —/ &<
|77 | 29 9 61 49 45 45 27 67 | 69 39 29 46 29 57 ~
] — 67 6 |
¥ e8!l o 21 | 78 | 59| a7l 45| 20| s70 41 ) 50| s1| 47| 30 58
(P2 65| 57 | 39 | 56 | 46 | s1| 52 43| 22053 | 29 | 71| sSL| 40| 27
Tl 101 | 46 18 104 | 65 | 62 66 53 25 {100 | 103 41 | 81, 57 43 3
H @Bm ’ :“? :
2 88 0 0 | 100 | 57 62 51 | 41 24 1 80 93 | 65 | 79 | 47 69 ||
F‘f 97 | 98 | 46 | 55 | 96 | 102 | 8 47| 74l 90 | 69 | 94 | 84| 57| 43
=l 98 | 69 80 | 51 92 94 81 58 39| 76 60 | 101 79 56 | 41

All Weights in 100 Pounds

2



Table No. C+ 34 | goughness: 4 Replicate Na- — 3 Speed: 10 Site: 1-35
Ex;e;:}::ial Left Wheel Path Scoles d .R'\qhi Wheel Path Scales ?Z o
Diol 2aul 3wyl 4 en S S Averase | Static | Diff L 24 3(‘4]Avercge Statc | Diff. | &| 2
B o))
{r’- 38 33 | 34 | 33 | 31 34| 34 30 13| 34 | 32 29 32 31 2 o2
i 218
Pv g 85 | 77 | 91 | 70| 70l 8o 71| 13| 85 | 71| e8|l 75| 78|- 4| =&
Pl o5 18 | 26 | 17 | 20| 20| 21| 22 51 27 | 25| 21| 24| 22 11 o
p—d |
H Y| 77 62 64 | 73 | 65 | 72| 69| 67 3l 79 | 7a ] 64| 72 60! 21 AR
® 65| 64 48 63 54 54 58 51 141 64 64 57 62 46 34
CPel sa| a3 | 50 | 56 47| 47| 49| s0|- 2| 57 | 48| 46| 50 47 6 o
)
Hi |~ NI
" 75| 84 | 68 | 45 | 60 | 68| 67| 66 1) 85 | 73| 74| 77| 66| 17|H|Q
D
o )
s ° 73] 64 | 80 | 71 | 71| 57| 69 66 50 75 | 65 70| 70 g5 8
2 i:"‘ 330 28 | 33 | 31 ] 30| 31| 31| 29 70 34 | 270 30 30| 29 5
= o
3 O
g © 651 69 | 52 54 | 32| 46| 53| 48| 10} 63 | 61 | 50 | 58| 49| 18|23
E 1 1 1 1 1 [*a) ':
5l 39 18 25 | 16 | 24 | 29| 25| 27|- 70 42 | 47 | 36| 42 29| 44
g
® 4ol 32 | 20| 18] 25| 301 28| 29 - 4] 39 30 | 23| 31, 30 2
UCP2 48| 40 | 43 | a5 | 42 | 43| 43| 43 0| 46 | 41 | 40 | 42| 40 5
Y 62| 63 | 62 | 60 5L | 53| 58| 53 10| 69 | 62 | 70 | 67| 57 18| |o
s perp oo e
= 51| 53 50 52 42 45 49 41 19 | 53 55 49 52 47 11 |’
. P
2 68| 70 | 67 | 76 | 53 | 62| 66| 47| 40| 77 | 68 | 73| 73 57 | 27
K ] -
" 64| 58 | 67 | 70 | 57 | 63| 63 58 9l 67 | 62 | 59| 63 56| 12

All Weights in 100 Pounds

2

£€LT



Table NaC.35| Roughness: 4 Replicate Na: — 3  Speed: 30 Site: 1-35

LT

Experimental Left Wheel Path Scales Right Wheel Path Scales

Results —
. : (18] z (2t) 3 (LS 4 tsuimfs 6L} 6 7 Average Static Dif : U, E— LL’#_A-A_J;}\E??E _,E'i“i - D'.'L

Tl 551 43 27 40 31 34 38 30 28 | 42 39 40 40 31 30

Sergt No

173

® 116 | 59 85 | 77 75 78 | 82 71, 15 | 106 78 | 82 | 89 78 | 14

y 27 ) o rr 2 ity B =

5/20 /69 bate

549
7/1/69

ﬁ[m 33 | 42 14 15 27 25 26 22 18 & 29 26 29 28 22 27
P

wjiw

WooB 90| 90 | 74 | 78 | 67 | 67| 78| 67| 16| 8 | 90 79| 8 | 60 43

“?l 76 | 38 54 43 54 60 54 51 6| 75 74 63 71 46 54

[(Pel so |50 | 58 [ 53 | 48 | 52 ) 53| so 7059 | 51| 53 | 56| 47| 16
> , |16 ]

H : 89 | 80 100 73 57 70 78 66 18 1 99 87 82 89 66 35

390
5/29/69

53 | 58 38 61 75 59 61 66 |- 8 | 59 85 62 69 65 6

Vehicle Class
10 g

o w

L] -J

28 | 29 | 29 | 29 | 28| 30| 29 30 41 | 26 | 43| 37| 29 26
(o)1
65 | 74 | 48 | 50 | 62| 60 | 48| 25|83 | 75 | 77 | 78 49 | 60 |/
H A
7| 61l 27 | 25 | 30 | 35 | 34| 35| 27| 3155 | 54 | 40| 50| 29{ 71| |7
: I
" s1la0 27 |35 27| 25| 34| 20| 18] 32 | 46 | 34| 37| 30| 24
(P2 55|37 | 53 | 50 | 44 | 45| 47| 43| 10§ 50 | 45 | 36 | 44 40 9

% 83 B4 73 74 55 53 70 53 33 | 91 98 90 93 57 63

547
7/1/69

e 74 | 60 49 39 84 56 60 47 28 1 96 43 42 60 57 6

" ﬁﬁe 51 66 | 40 | 59 55 | 44| 52| 41| 28 41 | 61 | 68 | 57 | 47| 21

=l o3 74 1106 85 50 71 80 58 38 | 94 131 70 98 56 76

Alt Weights in 100 Pounds
2



Table Mo C.36 | Roughness: Replicate Na: 3 Speed. 60 Site: 1-35
E‘f:;::::"' Left Wheel Path Scoles ) Right Wheel Poth Scales 2 N
w 2ou 3w Y eul Sy B Averege | Static | Diff i uﬁLz{} 3 olAverage | Static | Diff 3 ]
. ﬂ— S0 37 | 30 | 39 | 37 | 30| 37| 30| 24| 45 31 | 41 | 39 | 31| 26 ﬁg
“ 119 94 | 68 | 88 | 78 | 76 | 87 71| 230107 | 67 | 84 | 86 8 10 3
Pl 35| 15 | 11 | 39 | 26 | 30| 26| 22 18] 37 | 38 | 21| 32| 22 45| |a
H | 98 76 | 67 | 82 80 | 87 82 67| 22)1020 | 87 105 | 98 | 60| 63 ﬁE
=
“ 84| 50 | 58 | 60 | 53 | 76 64 | 51 25| 84 | 62 73 | 73| 46 59
(Pel 81| 45 | 53 | 60 52 | 43| s6 50| 12| 60 | 50 | 57 | 56 47 | 18 | i
H ~ < [
| 123 | 68 30 127 41 | 65| 76 66 | 15 . 98 | 87 |100 | 95 66 | 44 |2 &
é ®l 119 | 42 32 120 | 40 | 52 | 67 66 219 | 8 | 57 | 80 65 | 23 "
§ i[‘” 48 1 20 | 32 | 25 | 29 [ 29} 30| 29 5045 | 39 | 30| 38 29| 31
> 2l 107 | 38 49 55 68 61 63 48 31| 90 73 77 80 49 63 | o §
I i
| 84| 24 | 10 | 65 | 49 | 47 47| 27 74| 65 | 38 | 33 | 45| 29| 55| |™
® 931 o0 | 20 75| 50 43| 43| 29| 50| 43 | 47 | 54 | 48| 30| 60
(P2l 67| 59 | 35 | 58 | 43 48 s2 | 43| 21 54 | 30| 72| 521 40| 30
U; 100 | 41 | 18 |107 | 63 | 6l 65 | 53 23 |100 | 99 | 48 | 82 | 57| 44| |9
i fe 91 | 0 5 92 | 56 | 58} so| 41| 23 77 | 98 | 107 | 94 | 47 | 100 5%
| 95 | 99 sa 52 88 | 76| 77| 47| 65| 92 | 60 | 45 66 57| 15
| 95 75 | 84 | 35 | 67 | 64| 70| s8| 21| 78 |105 | 105 | 96 56| 71

All Weights in 100 Pounds

2

€Lz
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TABLE C.37. DYNAMIC COMPONENT (PERCENT OF STATIC)
Roughness 1 - Speed 10 mph
Scale Number

1L 2L 41, 5L 6L 7L
1 0 12 18 18 4 7
2 -3 12 5 23 2 <4
3 2 -3 -2 8 -6 -6
A -5 =4 -5 1 3 3
5 -7 5 -7 18 -3 7
6 4 -5 3 9 -1 -7
7 4 5 6 25 -4 -1
8 10 0 22 16 1 0
9 2 6 6 10 6 3
10 -7 0 11 6 -11 -1
11 6 -17 -11 -36 3 20
12 -5 5 -22 -8 3 23
13 2 -3 4 1 -3 2
14 -6 4 21 6 -1 4
15 8 16 20 20 7 13
16 2 12 22 35 -5 6
17 -3 6 14 16 6 5

Note: Each value is the mean of three observations at the

speed-axle combination.

same roughness-
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TABLE C.38. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 1 - Speed 30 mph

Scale Number

1L 2L 41, 5L 6L 7L

1 22 19 10 24 7 6

2 10 -1 15 1 5 12

3 12 59 52 45 14 12

4 3 6 11 -1 6 6

5 11 -9 -3 0 15 20

6 9 -3 19 7 -3 2

7 10 9 35 23 -2 3

8 -4 -1 7 8 5 4

9 16 -9 -9 0 7 15

10 22 5 23 1 19 27
11 41 28 22 15 35 48
12 16 26 21 21 28 25
13 2 -14 20 -12 4 7
14 -2 4 28 28 21 9
15 2 15 37 33 15 15
16 -8 -24 1 9 -4 -5
17 29 12 21 -21 26 17

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.
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TABLE C.39. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 1 - Speed 60 mph

Scale Number

1L 2L 4L 5L 6L 7L
1 24 20 11 37 26 8
2 20 20 9 20 14 4
3 30 -14 -17 21 24 27
4 17 18 3 0 16 24
5 35 9 14 -1 10 40
6 19 -3 4 11 10 5
7 26 10 3 20 20 8
8 18 14 8 0 24 4
9 10 -21 7 -14 -1 7
10 42 -15 25 1 10 31
11 91 61 37 56 75 78
12 52 35 26 59 71 37
13 20 10 -12 22 9 14
14 26 18 7 24 21 28
15 19 47 5 21 36 40
16 22 25 25 -19 14 27
17 8 50 17 -5 26 16

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.



TABLE C.40.

DYNAMIC COMPONENT (PERCENT OF STATIC)

279

Roughness 2 - Speed 10 mph

Scale Number

1L 2L 4L 5L 6L 7L
1 9 4 23 19 4 -2
2 -10 9 6 26 3 8
3 0 0 3 2 -12 -8
4 -4 -1 3 18 5 3
5 4 11 8 29 1 11
6 6 -6 4 11 -3 -7
7 22 1 7 8 -2 -2
8 1 6 17 11 1 -4
9 -2 -1 5 10 6 12
10 -12 8 23 5 3 4
11 24 7 20 -1 9 24
12 14 28 13 5 15 18
13 -4 -2 7 2 -3 3
14 -6 4 36 24 1 8
15 6 13 22 39 12 13
16 -4 15 32 46 =4 3
17 6 1 17 25 1 6
Note:

Each value is the mean of three observations at the same roughness-

speed-axle combination.



280

TABLE C.41. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 2 - Speed 30 mph

Scale Number

1L L 4L 5L 6L 7L
1 10 23 16 40 14 11
2 10 -2 12 10 7 8
3 -15 32 39 50 18 0
4 15 1 16 -1 -4 5
5 12 2 . 6 -1 24 28
6 34 -4 11 7 -2 -1
7 94 59 63 40 12 12
8 -35 42 26 31 -19 6
9 33 -3 1 6 8 17
10 13 13 13 14 43 30
11 .12 69 37 20 36 49
12 62 0 15 18 16 16
13 10 -5 26 11 7 6
14 27 25 35 13 9 9
15 -11 63 33 53 26 12
16 36 15 12 -5 23 11
17 12 25 37 13 5 0

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.
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TABLE C.42. DYNAMIC COMPONENT (PERCENT OF STATIC)
Roughness 2 - Speed 60 mph
Scale Number

1L 2L 4L 5L 6L 7L

1 87 -23 0 30 27 0

2 4 40 9 16 13 1

3 149 -74 -11 -27 42 53

4 6 23 10 23 38 26

5 42 14 19 14 18 46

6 15 2 2 12 17 6

7 93 -58 -54 120 -27 55

8 99 48 -62 99 -28 39

9 12 7 17 -5 10 23

10 90 13 26 8 38 64
11 -24 170 -37 5 51 82
12 140 101 -8 25 75 43
13 -2 12 -18 39 14 26
14 103 =31 -13 73 74 28
15 80 -24 -70 108 58 59
16 126 -100 -100 138 -25 -28
17 163 -100 -97 122 -12 -17
Note: Each value is the mean of three observations at the same roughness-

speed~axle combination.
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TABLE C.43, DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 3 - Speed 10 mph

Scale Number

1L 2L 4L 5L 6L 7L

1 17 -3 16 -1 4 7

2 24 -3 10 24 2 -3

3 17 -8 9 -5 -3 -9

4 -12 0 -2 1 -2 0

5 24 16 6 28 -2 9

6 9 -14 5 -2 -4 -9

7 -3 20 -5 30 ~-10 -1

8 30 -1 30 10 2 -4

9 1 -3 : -1 9 6 1

10 4 6 -1 3 ' 12 1
11 -7 -15 -1 -16 -7 11
12 13 10 -5 12 -1 6
13 9 -6 -2 2 -4 4
14 18 3 25 -3 -1 8
15 29 35 1 40 10 17
16 40 25 16 43 -6 1
17 24 17 13 31 6 8

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.
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TABLE C.44. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 3 - Speed 30 mph

Scale Number

1L 2L 41, 5L 6L 7L

1 -26 4 42 32 12 12

2 4 -10 12 -1 9 12

3 91 59 23 26 20 9

4 26 25 6 -1 - 19 12

5 27 -2 3 5 22 24

6 -3 -3 16 11 -2 -1

7 -41 41 60 49 -4 6

8 20 0 -51 1 12 2

9 -35 13 1 -17 7 20

10 40 55 2 17 39 18
11 17 96 48 16 36 46
12 164 3 5 -1 22 5
13 -6 2 19 -4 10 8
14 42 64 48 50 24 15
15 -11 -2 46 39 17 20
16 -2 43 56 9 3 17
17 35 -6 63 1 9 22

Note: ©Each value is the mean of three observations at the same roughness-
speed-axle combination.
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TABLE C.45. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 3 ~ Speed 60 mph

Scale Number

1L 2L 4L 5L 6L 7L

1 127 -74 -50 78 46 9
2 69 4 16 20 9 7
3 112 20 35 -14 79 21
4 15 ~11 -7 20 9 23
5 3 -29 -14 13 7 34
6 45 -11 1 20 0 -3
7 106 -57 -49 81 -7 -18
8 118 -71 -18 92 6 -22
9 39 ~-29 101 -25 9 16
10 99 - 87 -30 97 44 22
11 163 - 14 204 120 132 69
12 ~100 66 115 53 33 81
13 47 49 -7 37 29 29
14 55 -69 ~38 67 43 38
15 191 -59 89 115 40 63
16 11 -100 -18 22 -25 36
17 29 -100 -100 21 0 16
Note: Each value is the mean of three observations at the same roughness-

speed-axle combination.



TABLE C,46. DYNAMIC COMPONENT (PERCENT OF STATIC)
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Roughness 4 - Speed 10 mph

Scale Number

1L 2L 4L 5L 6L 7L

1 30 3 18 8 4 10
2 24 12 10 25 -1 0
3 14 ~12 11 -9 -9 -9
4 11 -5 3 7 1 2
5 31 33 1 21 -1 7
6 8 ~15 0 8 -5 -5
7 11 26 0 9 -9 -2
8 21 -3 24 14 -3 =9
9 15 3 8 14 5 2
10 32 34 3 6 26 -2
11 41 ~47 -22 -19 -6 7
12 31 -29 -36 -22 -9 8
13 7 -2 4 5 -3 0
14 13 32 22 11 0 1
15 8 29 32 32 5 13
16 18 28 26 36 -5 9
17 6 4 21 21 1 8
Note: Each value is the mean of three observations at the same roughness-

speed~axle combination.
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TABLE C.47. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 4 - Speed 30 mph

Scale Number

1L 21, 4L 5L 6L 7L
1 80 32 4 40 3 9
2 55 -18 19 7 7 11
3 64 111 -15 -29 23 15
4 46 39 14 17 7 8
5 62 -22 3 -8 11 21
6 18 -3 16 7 0 2
7 31 19 54 11 -13 7
8 -15 -16 -5 -3 16 -7
9 44 3 9 9 6 1
10 77 47 59 6 1 37
11 131 31 14 15 32 33
12 72 38 20 20 -3 12
13 40 -19 27 12 5 10
14 74 43 55 47 30 9
15 36 47 -1 32 16 16
16 59 -9 11 28 19 -9
17 79 62 48 -9 39 40

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.
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TABLE C.48. DYNAMIC COMPONENT (PERCENT OF STATIC)

Roughness 4 - Speed 60 mph

Scale Number

1L 2L 4L, 5L 6L 7L

1 72 19 2 47 19 3

2 56 31 -10 18 7 3

3 80 -38 -50 77 5 41

4 57 18 -4 10 22 21

5 - 80 4 14 15 7 39

6 62 -10 6 20 - 4 -14

7 86 3 -55 92 -38 -2

8 80 -36 -52 82 -39 -21

9 47 -30 10 -14 6 6

10 108 -19 6 29 48 32
11 191 -10 -68 124 80 75
12 138 -100 -35 160 91 55
13 53 38 -12 33 5 17
14 89 -21 -64 103 20 19
15 115 -100 -90 143 44 56
16 71 74 -11 -4 61 56
17 66 35 41 -25 36 31

Note: Each value is the mean of three observations at the same roughness-
speed-axle combination.
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