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PREFACE 

This is the first and final report on Research Study No. 3-8-67-108, 

entitled 'TIynamics 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 Rairulart 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. 

Austin, Texas 

May 1972 

Nasser I. AI-Rashid 

Clyde E. Lee 

William P. Dawkins 



AI)STHACT 

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 program 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 discussed. 

Experimental devices for measuring bridge deflection and differential 

movement between the axle and the body of a moving test vehicle were 
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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 O.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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INPLEMENTATION 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 experimentation demonstrated the feasibility of in-motion weighing 

for traffic survey 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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Rolling mass moment of inertia of main body 
(Class I and III) 

Pitching mass moment of inertia of main body 
(Class I and III) 

Rolling mass moment of inertia of the cab 

Pitching mass moment of inertia of the cab 

Rolling mass moment of inertia of the trailer 

Pitching mass moment of inertia of the trai­
ler 

Pitching mass moment of inertia of tandem 
axle (Class III) 

Pitching mass moment of inertia of tandem 1 
(Class V) 

Pitching mass moment of inertia of tandem 2 
(Class V) 

Suspension spring rate of cab-trailer con­
nection 

Suspension spring rate of right side of 
axle 1 

Suspension spring rate of left side of 
axle 1 

Suspension spring rate of right side of 
axle 2 

Suspension spring rate of left side of 
axle 2, etc. 

Suspension spring rate of right side of 
tandem axle 1 (Class V) 

Suspension spring rate of left side of 
tandem axle 1 (Class V) 



xxvi 

Symbol 

v 

Typical Units 

lh/in 

lb/in 

lb/in 

lb/in 

lb/in 

lb/in 

lb/in 

lb/in 

2 . lb-sec /~n 

2/. lb-sec ~n 

lb-sec
2
/in 

lb-sec
2
/in 

2 
lb-sec lin 

2 
lb-sec lin 

in. 

in/sec 

Definition 

Suspension spring rate of right side of 
tandem axle 2 (Class V) 

Suspension spring rate of left side of 
tandem axle 2 (Class V) 

Suspension spring rate of right side of 
tandem axle (Class IV) 

Suspension spring rate of left side of 
tandem axle (Class IV) 

Stiffness coefficient of right tire of 
axle 1 

Stiffness coefficient of left tire of 
axle 1 

Stiffness coefficient of right tire(s) of 
axle 2 

Stiffness coefficient of left tire(s) of 
axle 2, etc. 

Mass of main body (Class I and III) 

Mass of cab 

Mass of trailer 

Mass of right tire and appropriate portion 
of axle 1 

Mass of left tire and appropriate portion 
of axle 1 

Mass of right tire and appropriate portion 
of axle 2 

Mass of left tire and appropriate portion 
of axle 2, etc. 

Trailer length 

Vehicle speed 



Symbol 

V1R ' V1L 

V2R ' V2L 

V3R ' V3L 

W
l 

, W
2 

Xl 

X
2 

X3 

X
12 

Xl3 

X
23 

XCI 

X
C2 

X
C23 

X
TR2 

X
TR23 

X
TR45 

X
T 

X
TRT 

Typical Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

xxvii 

Definition 

Road profile input at right and left tires, 
axle 1 

Road profile input at right and left tires, 
axle 2 

Road profile input at right and left tires, 
axle 3, etc. 

Width of axle 1, axle 2, '" 

Distance between center of'gravity of the 
main body and axle 1 (Class I) 

Distance between center of gravity of the 
main body and axle 2 (Class I) 

Distance between center of gravity of the 
main body and axle 3 (Class III) 

Distance between axle 1 and axle 2 

Distance between axle 1 and axle 3 

Distance between axle 2, axle 3, etc. 

Distance between center of gravity of cab 
and axle 1 

Distance between center of gravity of cab 
and axle 2 

Distance between center of gravity of cab 
and first tandem (Class V) 

Distance between center of gravity of trailer 
and axle 2 

Distance between center of gravity of trailer 
and first tandem 

Distance between center of gravity of trailer· 
and second tandem 

Distance between center of gravity of main 
body and tandem (Class III) 

Distance between center of gravity of trailer 
and tandem (Class IV) 



xxviii 

Symbol Typical Units 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

radians 

radians 

radians 

radians 

radians 

radians 

rad ians 

radians 

radians 

radians 

Definition 

Vertical displacement of main body (Class I 
and III) 

Vertical displacement of cab 

Vertical displacement of trailer 

Vertical displacement of right and left 
sides of axle 1 

Vertical displacement of right and left 
sides of axle 2 

Vertical displacement of right and left 
sides of first tandem (Class V) 

Vertical displacement of right and left 
sides of second tandem (Class V) 

Vertical displacement of right and left 
sides of tandem axle (Class IV) 

Angle of roll of main body (Class I and III) 

Angle of roll of cab 

Angle of roll of trailer 

Angle of pitch of main body (Class I and III) 

Angle of pitch of cab 

Angle of pitch of trailer 

Angle of pitch of right tandem axle (Class 
III and IV) 

Angle of pitch of left tandem axle (Class 
III and IV) 

Angle of pitch of first right tandem axle 
(Class V) 

Angle of pitch of first left tandem axle 
(Class V) 



Symbol Typical Units 

radians 

radians 

xxix 

Definition 

Angle of pitch of second right tandem axle 
(Class V) 

Angle of pitch of second left tandem axle 
(Class V) 



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 experiments 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 

1 
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with minimum maintenance and reconstruction costs. Currently accepted 

procedures for d~s in;:;, these structures attempt to balance the strength of 

construction mat0rials 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 frequency. 

~rhis 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 hway structures to dynamic loads, static forces rather than dynamic 

forces have been used as loading criteria in design. Some efforts at account­

ing for dynamic 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 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) 
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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 should be made in the 
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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, economical, 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 1-35 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

tor~ 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 conditions. 

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. 

7 
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Therefore, vehicle type is 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 \Vas 

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 (3S-2) were measured. Third, the forces produced 

9 

by the trailer axle of a four-axle truck-trailer combination (3S-l) 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. Other 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, stripping, 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 0 to 20 percent. 
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CHAPTER 3. TIIEORY 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 

o (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) , 
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Fig 3. System with one degree of freedom. 
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less of the amplitude of motion. The natural frequency of this system 

(w) is found to be 
o 

w 
o 

rad/sec 

The frequency (f ) 
o 

and the period 

w 
f = 0 

Hz 
0 2rc 

= Lv1 
2rc m 

T 
1 

= sec 
f 

0 

;:: 2n~ 

(3.2 ) 

(T) of motion are 

(3.3 ) 

(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 

where 

cE.Y 
dt + k Y o 

c damping rate (lb/in/sec) 

(3.5 ) 

Systems with Multiple Degrees of Freedom. The analysis of mechanical 

systems with two or more degrees of freedom is discussed briefly in this sec­

tion. 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 
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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. In 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: 

i m~ + Fsl + Fe! + Fs2 + F c2 = 0 
dt2 (3.6) 

where 

Fsl = kl (y + Xl e) , 

Fe! = (E.Y. + de ) , c l dt Xl dt 

Fs2 = k2 (y - x2e) 

F c2 = c
2 

( E.Y. de 
dt - X2 dt ) 

The magnitude of e is assumed to be small. 

From a summation of moments about the mass center 

(3.7) 

where 

I = mass moment of inertia about the mass center. 

When the expressions for Fcl' Fsl' Fc2' and Fs2 are substituted, 

Eqs 3.6 and 3~7 become 
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o 

o 

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 

(3.6a) 

(3.7a) 

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. In 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. If the 

total static deflection of the spring under the action of the supported mass 

is d , then the spring stiffness 

K s 
= ~ 

d 

K 
s 

is 

According to Eq 3.3 the frequency of oscillation is given by 

f 
o 

= l~ 2n1~ 
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This reduces to 

( 
o 

llg 
2]( "oj d (3.8) 

A possible response of a system of this type to an undulat.ing roadway profile 

at a low velocity Vl is shown in Fig 5(a). At a higher speed V
2 

the 

frequency of excitation increases. When this frequency coincides with 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. In 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 

shm·;rn 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 (4) 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. 
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Y, Yf 

KI, Ktf 

Z, Zf 

Mass Degrees of System Variables System Freedom Constants 

Front Axle I Mf Yf 

Rear Axle I M, y, 

Main Body 2 Mb,Ib Yb,8b 

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

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: D1R , for the right front corner; D1L , for the 

left front corner; D2R , for the right rear ccrner; and D2L , for the left 

rear corner. The resulting expressions for these combined translations are: 
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Class Designation 

I 2-0 

I I 25-1 

II I 3-A 

IV 25-2 

V 35-2 

Fig 7. Selected classes of vehicles. 
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(t)Y2L 

[t)Va 

-- XI ~----

, ---., 
I 
I -----., 

Fig 8. Class I vehicle model. 
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TABLE 1. CLASS I SUMMARY 

Degree of Mass Different ia 1 
Freedom System Variables Eq of Motion 

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

2. Rolling ¢X 4.6 

3. Pitching ¢Z 4.7 

4. V.T. MIR YlR 
4.8 

5. V.T. MIL YIL 4.9 

6. V.T. M2R Y2R 
4.10 

7. V.T. M2L Y2L 4.11 



Eq U I II b r I U m 

Position 

Vertical 
Translation 

Roiling 
(x AXIs) 

RIGHT SIDE 

~ - x2 -~ XI -----

£ 0---

~ -~ 
2R IR 

LEFT SIDE 

!+-xz-";" - XI ., 

Q ~ 
~.--'-

2L IL 

Fig 9. Main body motion analysis. 
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DlR Y -
( WI 

) (OX) - (Xl) (0
Z

) (4.1) c \ -0 \ 2 

DlL YO + 
( WI 

) (<bx) - (Xl) (0
Z

) (4.2) \2 

D2R Y -
( w2 

) (¢X) + (X2 )(¢Z) (4.3) 0 \\ 2 

D2L 
( w2 ) 

Yo + \."'2 (¢x) + (X2 ) (ctlz ) (4.4 ) 

The required equations of motion are 

(dD
lR 

dY
lR

, 

Ks lR (D lR - Y lR) + Cs lR \, dt - dt ) + Ks lL (D lL - Y lL) 

o (4.5) 
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o (4.6) 

o (4.7) 

a (4.8) " 



( 
dYlL _ dV lL ) _ M 

Ct lL dt dt lL 

2 
d Y2L 

2 
dt 

o 
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(4.9) 

o (4.10) 

o (4.11) 

Class II. The model describing this vehicle type (2S-l), 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 Db and D 
c 

I WI 
DIR YOI - ~ 2 

DIL YOI + 
( WI 
\2 

are expressed by Eqs 4.18 and 4.19. 

) (¢Xl) - (XCl)(¢Zl) 

) (¢Xl) - (XCl)(¢Zl) 

D2R YOI - ( :2 ) (¢Xl) + (XC2 )(¢Zl) 

(4.12) 

(4.13) 

(4.14 ) 



;.-~~~~---... ~ XT., ----I>!----XTR2 ----<.-+I .... ----XCl --, XCI ,-

I 

I I 

I : i 
I I , 

,i "¢Z2 [12 

I ",' ~~",:'....-' _' -'-~..:.....--y_),~:-L_J'-'-----! 
;,,/ M02 

" 

Fig 10. Class II vehicle model. 
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TABLE 2. CLASS II SUMMARY 

Degree of Mass Di fferent ia 1 
Freedom System Variables Eq of Motion 

1. Vertical Translation (V. T.) MOl YOI 
4.20 

2. Rolling ¢Xl 4.21 

3. Pitching ¢Zl 4.22 

4. V.T. M02 Y02 4.23 

5. Rolling ¢X2 4.24 

6. Pitching ¢Z2 4.25 

7. V.T. MlR YlR 
4.26 

8. V.T. MIL YlL 4.27 

9. V.T. M2R Y2R 4.28 

10. V.T. M2L Y2L 
4.29 

11. V.T. M3R Y3R 4.30 

12. V.T. M3L Y3L 
4.31 
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° c 

[A(OIR + OIL) + (X12 - A) (02R + 02L)J 
2X12 

The twelve differential equations of motion are 

(4.15) 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

o (4.20) 
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o (4.21) 

r ( dDlR dYlR \ 
XCI L KSlR(DlR - YlR) + CS IR ~ - dt } + KSlL(DlL - YlL) 

2 
d c!>Zl 

- IZI 2 = 0 
dt 

(4.22) 

o (4.23) 

2 
_ Cs (dD3L _ dY 3L ) -JI _ I d ¢X2 

3L dt dt X2 dt2 
o (4.24) 
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o (4.25) 

o (4.26) 

(4.27) 

o (4.28) 

2 
_ Ct ( dY2L _ dV2L ) _ d Y2L 

2L dt dt M2L 2 
dt 

o (4.29) 



(dY3R dV3R 
Ct 3R \ ~ - -d-t- ) -

2 
_ t (dY3L _ dV3L ) _ d Y3L 

C 3L \ dt dt M3L 2 
dt 
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o (4.30) 

o (4.31) 

Class III. 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: 

DlR YO - ( ~l ) ¢X - (Xl)¢Z 

DIL 
( WI \ 

YO + Z-) ~X - (Xl)¢Z 

D23R YO - ( ;2 ) ¢x + (XT)¢Z 

D23L == YO + ( ;2 ) ¢X + (XT)¢Z 

(4.32) 

(4.33) 

(4.34) 

(4.35) 
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Fig 11. Class III vehicle model. 
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TABLE 3. CLASS III SUMMARY 

Degree of Mass Differential 
Freedom System Variables Eq of Motion 

l. Vertical Translation (V. T . ) MO YO 4.36 

2. 'Rolling ¢X 4.37 

3. Pitching ¢Z 4.38 

4. V.T. MIR Y
lR 

4.39 

5. V.T. MIL YIL 
4.40 

6. V.T. M2R + M3R Y23R 
4.41 

7. V.T. M2L + M3L Y23L 
4.42 

8. Pitching eZR 
4.43 

9. Pitching eZL 4.44 
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The equations of motion are: 

( dD23L 
+ CS 23L \ dt 

I dD23R 
+ CS 23R \. dt 

( dD23L 
CS 23L \. dt 

2 
dY23L ) d YO 
dt + MO -2-

dt 

2 
dY23L \ l d 1Jx 
dt ;' J - IX dt2 

o (4.36) 

o (4.37) 
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+ CS23L ( 
dD23L dY23L ) 

Y23R) dt - dt + KS23R(D23R -

dD23R dY23R ) 
2 

+ CS23R ( 
l d ¢z 

0 (4.38) dt dt J - 1Z -2-
dt 

'2 
_ Ct (dY1R _ dV1R \ _ d Y1R 

lR dt dt) MIR 2 
dt 

o (4.39) 

2 
_ Ct (dD1L _ dV1L ) d Y1L 

lL dt dt - MIL 2 
dt 

o (4.40) 

dY23R ) _ ( 
dt Kt2R \ Y23R 

dV3R ) - - -dt o (4.41) 
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( X23 
\ -2-

dY23L ) ( 
d t - Kt2L Y23L 

X23 deZL 
-----

2 dt 

2 2 
_ dV3L ) _ d Y23L d Y23L 

dt M2L - M3L 2 
d dt 

o 

2 

) 
l d eZR 
J - I TZ 2 

dt 
o 

dV2L ) 
dt 

(4.42) 

(4.43) 

\ r 
) L Kt2L 

( Y23L -
X23 

eZL - V2L ) + Ct 2L ( 
dY23L X23 deZL 

\ -2- dt - -2- dt 

dV2L ) ( X
23 \ - I dY23L 

- dt - Kt3L \ Y23L + -2- eZL - V3L ) Ct 3L \ dt 

o (4.44 ) 
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Class IV. The model for this class of vehicles (2S-2), four-axle truck­

trailer combinations, is shown in Fig 12. The total number of degrees of 

freedom is 14 (Table 4). 

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

trailer connection point are expressed in Eqs 4.45 through 4.52. 

DlR YOI - ( :1 ) ¢Xl - (XCl)¢Zl (4.45) 

DlL 
( WI ) 

YOI + \ ~ ¢Xl - (XCl)¢Zl (4.46) 

D2R YOI -
( W2 ) 
\ ~ / ~Xl + (XC2)¢Zl (4.47) 

D2L '" YOl + ( :2 ) ¢Xl + (XCZ)¢Zl (4.48) 

Db 
[(DlR + DlL)A + (D2R + D2L) (X l2 - A)] 

(4.49) 2Xl2 

D Y02 - (XTR2 + A)¢Z2 (4.50) c 

D34R 
( W3 ) 

Y02 - \ ~ ¢X2 + (XTRT)¢Z2 (4.51) 

D34L 
( W3 ) 

Y02 + \, ~ <;.lX2 + (XTRT)¢Z2 (4.52) 



Fig 12. . 1 model. V veh~c e Class I 
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TABLE 4. CLASS IV SUMMARY 

Degrees of Mass Differential 
Freedom System Variables Eq of Motion 

1. Vertical Translation (V. T.) MOl Y01 4.53 

2. Rolling ¢X1 4.54 

3. Pitching ¢Zl 4.55 

4. V.T. M02 Y02 
4.56 

5. Rolling ¢X2 4.57 

6. Pitching Y02 4.58 

7. V.T. M1R Y1R 
4.59 

8. V.T. M1L Y1L 
4.60 

9. V.T. M2R Y2R 4.61 

10. V.T. M2L Y
2L 

4.62 

11. V.T. M3R + M4R Y34R 
4.63 

12. V.T. M3L + M4L Y34L 
4.64 

13. Pitching eZR 4.65 

14. Pitching eZL 4.66 
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The equations of motion are given in Eqs 4.53 through 4.66. 

o (4.53) 

- Cs (dD1L _ dy lL ) -J: + ( W22 \) r
L 

Ks (D Y) 
lL \ dt dt \ 2R 2R - 2R 

2 
dY2L \ 1 d ¢Xl 

- cit ) J - Ix 1 d t 2 o (4.54 ) 
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o (4.55) 

o (4.56) 

dY34L \ ] 
dt ) 

o (4.57) 

o (4.58) 
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o (4.59) 

2 
_ Ct (dY1L _ dV1L ) d Y1L 

lL dt dt - MIL 2 ~ 0 
dt 

(4.60) 

(4.61) 

2 
_ Ct (dY2L _ dV2L ) d Y2L 

2L dt dt - M2L 2 = 0 
dt 

(4.62) 
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2 2 
_ dV4R ) _ d Y34R d Y34R 

dt M3R 2 - M4R 2 
dt dt 

o (4.63 ) 

2 2 
_ dV4L ) _ d Y34L d Y34L 

d t M3L 2 - M4L 2 
dt dt 

o (4.64 ) 

2 

( 
dY34R + X34 d8ZR _ dV4R ) I

J
, _ d 9ZR 

- Ct4R dt 2 dt dt ITZ ---3-
dt 

o (4.65) 

( X34 ) r 
\ -2- L Kt3L 

o (4.66) 
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Class V. Finally, the model describing this class of vehicle (3S-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. 

DIR YOI - ( :1 ) ~Xl - (XCl)¢Z 1 (4.67) 

DIL YOI + ( :1 ) ¢Xl - (XCl)¢Zl (4.68) 

D23R 
::= 

I W2 ) 
YOI - \ ~ ¢Xl + (XC23 )¢Zl (4.69) 

D23L 
( W2 ) 

YOI + ~ ~ ~Xl + (XC23 )¢Zl (4.70) 

[(DIR + DlL)A + (D23R + D23L) (X 12 - A)j 

Db == 2X12 
(4.71) 

D ::= Y02 - (XTR23 + A)¢Z2 (4.72) 
c 

D45R 
( W4 \ 

Y02 - \ ~ ) ¢X2 + (XTR4S)¢Z2 (4.73) 

(4.74) 



14----- X T .. 5 -------.. .----------XT.23----------------··~I·~----------XC23--------~~ 

I ' I ' 
I 

Fig 13. Class V vehicle model. 
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TABLE 5. CLASS V SUMMARY 

Degrees of Mass Differential 
Freedom System Variables Eq of Motion 

l. Vertical Translation (V. T.) MOl YOI 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 ¢Z2 4.80 

7. V.T. MIR YlR 4.81 

8. V.T. MIL YIL 4.82 

9. V.T. M2R + M3R Y23R 4.83 

10. V.T. M2L + M3L Y23L 4.84 

II. Pitching 6ZlR 4.85 

12. Pitching 6ZlL 4.86 

13. V.T. M4R + M5R Y4SR 4.87 

14. V.T. M4L + MSL Y4SL 4.88 

15. Pitching 6Z2R 4.89 

16. Pitching 6Z2L 4.90 



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

( dD23R 
- CS 23R \ dt 

o 

o 

53 

(4.75) 

(4.76) 
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+ CS23R ( 
dD23R dY23R ) 

Y23L) dt - dt + KS23L(D23L -

dD23L dY23L \, -\ 
2 

I d ¢Zl 
+ CS23L 

I 

IZl 0 \, dt dt ) J -
dt

2 (4.77) 

o (4.78) 

dY45L ) 1 
dt J 

o (4.79) 

( 
dD45R 

+ CS45R dt 

(4.80) 
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o (4.81) 

o (4.82) 

- Kt3R ( 
X2 

6Z1R - V3R ) - Ct3R ( 
dY23R X23 

Y23R + dt + -2- dt 

dV3R \ 
2 2 

- M2R 
d Y23R d Y23R 

0 (4.83) - dt) 
dt

2 - M3R 2 
dt 

KS23L(D23L - Y23L) + CS 23L ( 
dD23L 

dY
23L ') - Kt2L ( Y23L dt dt / 

\ _ Ct (dY23L _ X23 d6Z1L 
V3L ) 3L dt dt dt 
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2 2 
_ dV3L ) d Y23L d Y23L 

d t - M2L 2 - M3L 2 
dt dt 

o (4.84) 

o (4.85) 

0(4.86) 

(4.87) 
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X de dv d2Y4SL d2Y4 + 45 Z 2L _ --11 ) _ 
2 dt dt M4L 2 - MSL 

dt d 
o (4.88) 

o (4.89) 

( 
dY4SL X4S de Z2L dVSL \ J 

- Ct SL dt + -2- dt - dt"" ) 

o (4.90) 
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solution of Equations of Motion 

In many practical problems such as the one under discussion, a c1osed­

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 t i • The values of these variables at time ti+1 where 

= h 

are determined from the following relationship: 

( * ) H1 
( E.Y ). h(l - \I) ( 

£y \ 
2 

= + + h (~) (4.91) dt 2 \) dt2 i+l l. dt 

and 

(y) H1 (y)i + h ( ~ ). + h
2 

( t - ~ ) ( £.y \ = J. dt
2 

l. l. 

2 
+ h2~ ( 4 ) (4.92) 

dt H1 

Newmark (Ref 30) has shown that a false damping will be introduced merely 

from the numerical procedure if \) is not taken as 1/2. Thus, with \) equal 

to 1/2, Eq 4.91 reduces to: 
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( ~) +l!(D) +~(4) 
dt i 2 dt 2 i dt i+l 

(4.93) 

A ~-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 tiT'".e 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) 

(2 ) 

(3 ) 

(4) 

(5) 

Assume a value for the acceleration of each mass. 

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

Calculate the acceleration from the differential equation of motion. 

Compare the calculated acceleration and the assumed acceleration. 

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. If 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. In order to avoid un­

necessary repetition, the subscript on the parenthesis indicates the class of 

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

for Class I through Class V; while (FDy4R )V is the dynamic force at the right 

side of axle 4 for Class V only, etc. 

( FDYlR ) 
I ••• V 

(4.94 ) 
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( FDY1L \ ••• V 
(4.95) 

( FDY2R ) 
I,II,IV 

(4.96 ) 

(4.97) 

dV dY 
Kt (V - Y ) + Ct (~- --1B ) 3R 3R 3R 3R dt dt 

(4.98) 

(4.99) 

(4.100) 

(4.101) 

(4.102) 
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() ( 
X23 ) 

F 3 = Kt3L V3L - Y23L - ~ eZL DY L III 

(4.103) 

( F \ 
DY3R )IV 

(4~ 104) 

( 
dV3L dY34L + X34 deZL ) 

+ Ct3L ~ - dt 2 dt (4.105) 

(4.106) 

( 
dV4L dY34L _ X34 deZL ) 

+ Ct4L ~ - dt 2 dt (4.107) 
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(4.108) 

(4.109) 

(4.110) 

+ C ( dV3L _ dY23L _ X23 d6Z1L ) 
t3L dt dt 2 dt 

(4.111) 

(4.112) 

(4.113) 
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( FDY5R )V Kt5L ( VSR - Y4SR -
X

4S 
9Z2R 

\ 
2 ) 

( dVSR 
dY

4SR X4S d9 Z2R ) + Ct4R ~- dt - -2- cit (4.114 ) 

( 
FDYSL )V KtSL ( VSL - Y4SL -

X
4S 

9Z2L 
\ 

\ 2 / 
I 

+ 
( dVSL 

dY
4SL 

X
4S 

d9
Z2L \ 

Ct4L \ ~ - dt 2 dt ) (4.11S) 

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 

FT01R 
(4.116) 

(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 

'~YMOL" 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 IV, and CLASS V. In 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. 
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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 Profi1ometer (Fig 15) (improved GMR 

Profi1ometer) 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 

handles 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 16. Summary flow of program DYMOL. 
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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 l2-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 
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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 Centf'r for Highway Research entitled "A Portable Electronic Scale for 

Weighing Vehicles in Motion" by Clyde E. Lee and Nasser 1. AI-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 which is des­

ignated as Model 880 by Rainhart Company is 22 inches by 54 inches in plan di­

mension and about 2-l/2-inches thick. The most significant features of the 

transducer are the following (Ref 26). 

Frame and Bearing Pads. 

steel frame shown in Fig 18. 

The skeleton of the transducer is a rectangular 

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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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 I-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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Fig 23. Wheatstonp bridge circuit. 



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. 
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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 O.lsO-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 against 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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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. In 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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load cell. The right side, center, and the left side of the assembled wheel 

load transducer was loaded by 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

s tall a t ion. 

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 thr~~ diff~r~nt 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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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 t~en 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. If 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 70 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. In 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 lOO-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-by-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. In 

addition to the five vehicles used in the major experiment, three Class I ve­

hicles and three Class V vehicles were also used, thus bringing 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 1-1 and 1-2 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 maior experimental program was started, six will'l'l lo.1cl 

transducers were installed in the left wheel path of the 100-foot strip 3C­

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 installed 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 

"I-left" or simply "lL" 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, SR, 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 SL. The 

distance from lL to 2L, 3R to 4R, and from 4L to SL was made 4 feet to encom­

pass the spectrum of spacings cornmon to tandem axles. 

Pavement roughness, speed, scale position, and axles were the main vari­

able~ 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 (1S by 4S inches by 3/S-inch) over the platform of 

scales lL and lR. In 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 ISO 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 0 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. In addition, the 

amplifiers include adjustable output filters with cutoff frequencies at 2, 

200, 2,000, and 20,000 H In most cases, the amplified signals from the 
z 

transducers were filtered at 200 H in order to eliminate extraneous noise 
z 

signals which may have been caused 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 frequency 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 incllcs 

per second which provides a recording bandwidth of 0 to 625 H The follow-
z 

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 lL* lR 

2 2L lL 

3 4L* 3R 

4 5L 4R 

5 6L 4L 

6 7L (loop) 

7 (loop) 

* Recorded on both tapes. 

A model 5-114 Consolidated Electrodynamics Corporation oscillograph pr~ 

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 0 to 500 H 
z 

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 lL, lR, 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. SEeed ReElicate 

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 41. Recording equipment. 

Fig 42. Recording equipment - field setup. 



Run No. 

Speed 

TABLE 7. RANDOM ORDER OF TEST RUNS 

1 

60 

2 

30 

3 

30 

4 

10 

5 

10 

6 

10 

7 

60 

8 

30 

9 

60 
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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-mi1e per hour pass is six times 

as long as a record of a 60-mi1e 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 

Tire 
Can tac t Durations in Seconds for Vehicle S s (mph) 

L 10 20 30 40 50 60 70 80 

9.0 .05ll .0255 .0170 .0127 .0102 .0085 .0073 .0063 

10.0 .0454 .0227 .0151 .01l3 .0090 .0075 .0064 .0056 

11.0 .0397 .0198 .0132 .0099 .0079 .0066 .0056 .0049 

12.0 .0340 .0170 .0113 .0085 .0068 .0056 .0048 .0042 

13 .0 .0284 .0142 .0094 .0071 .0056 .0047 .0040 .0035 

14.0 .0227 .01l3 .0075 .0056 .0045 .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 t~e 

contact length of the tire. ~lse 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 

portien 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. In 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 lOa-pound units. 
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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 RUt. t.UMSEIl 419 
IL IL IR 2L 3R 4L 4L 4k 5L 6L lL 

AXLE NUMBER 
45.476 43.608 43.667 42.110 62.21 4 51.001 56.693 2J.189 44.356 51.188 50.235 

47.209 47.046 45.475 40.193 60.191 60.3 15 59.259 20.103 41.6113 50.094 46.1911 

46.439 44.154 44.842 40.98t> 56. 9 16 59. 112 57.518 111.~62 31.818 4~.611 45.509 

42.395 40. 01 6 45.204 39.995 52. 9 66 51.709 57.151 111 .033 36.021 43.189 46.986 

43.143 43.608 45.746 311.311 51.1110 58.310 56.693 11.151 34.999 43.'111 46.189 

42.780 41.311 45.746 35.431 41.3711 56.406 54.494 17.388 34.11~ 43.695 43.041 

40.951 41.229 46.830 34.446 44.103 55,6U4 54.494 17.e4'1 32.~JI 42.311 43.041 

* 44.'159 40.185 45.339 39.10'1 53.201 56.8 4 0 55.821 21.113 38.483 ~ 45.914 

AXLE NUMBER 2 
52.220 61.451 57.153 61.!>!'3 98.411 69.818 68.091 511.012 15.912 13.301 51.019 

49.717 46.561 60.374 62.500 98.128 71.8~3 68.091 54.e~1 1l.~48 12._54 55.9'16 

55.611t> 52. tl 19 59.4 7 0 60.41 11 92.1130 69.818 bb.991 52.17" 11.139 6t1.4011 55.2011 

43.170 50.5211 59.832 511.833 87.531 70.019 68.005 48.311 61.02~ 6110149 54.611 

44.133 43.!>64 60.464 55.960 85.1194 70.219 680188 4/.5/5 65.115 M.431 5l.155 

48.658 44.269 60.826 50.10 1 1I1.~69 68.615 66.905 4601 ~~ 62.912 113.985 51.161 

~. il...MZ ~ ~ ~ lio.llJ ~ 43.800 59.~28 61.~44 50.91_ 

* 50.278 49.245 !i9.300 511 011 0 86.923 68.922 66.555 51.2:>3 66.095 61.942 53.690 

AXU, NUMBER 3 
48.634 45.530 46.618 51.11 9 17. 9 31 58.8l2 58.155 3".0 4 0 54.336 51.633 51.545 

36.792 36.6211 34.411 52.605 13.30 1 60. 52 6 60.129 3l. <26 4B.064 41.586 49.0113 

44.013 44.208 45.534 41.05t> 12. tl 26 61.1Z'? 60.031 211.1
' 

S 41.4112 45.986 46.120 

41.221 38.143 41.883 38.6J3 68.779 60.6e6 60.619 25.68'1 36.444 44.951 46.818 

36.792 36.628 41.34 1 36.150 65.J11 61.2,a 60.581 2~.505 33.110 43.128 45.046 

37.659 39 .095 41.918 34.311 60. 1114 61.628 60.581 23.01'1 30.068 41.315 43.410 
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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 mu1tiax1e commer­

cial vehicles. Before this model can be used confidently to simulate rea1-

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 roa~ 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 I-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 su~ry of this comparative study is presented 

in Table 10. The model performance, as shown in this summary, appeared to be 

quite remarkable at low and medium speeds. This is 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. 



Vehicle 
Class 

I 

II 

III 

IV 

V 

I - V 

I - V 

TABLE 10. COMPARATIVE STUDY SUMMARY OF THE DIFFERENCE 
IN OBSERVED AND PREDICTED WHEEL LOADS 

Percent Within Predicted Range 
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Speed, 
mph o 5 10 15 20 ~25 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10, 30, 60 

82 
90 
52 

72 
68 
50 

78 
68 
31 

100 
70 
46 

90 
62 
37 

86 
70 
42 

66 

10 
6 
2 

10 
8 
8 

3 
5 

10 

5 
2 

0 
5 
3 

3 
6 
5 

5 

8 
4 

10 

3 
7 
1 

4 
7 
7 

5 
6 

3 
6 
5 

3 
6 
6 

4 

4 

8 
3 
4 

8 
3 

11 

2 
4 

4 
8 
3 

4 
4 
5 

4 

4 

3 
4 

15 

1 
0 
7 

2 
8 

3 
4 
2 

1 
2 
7 

3 

28 

4 
10 
22 

6 
17 
34 

16 
36 

15 
50 

3 
12 
35 

18 
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entire sampling section, and in many cases it was found that model 

oscillation was not completely in phase with the observed oscillation. Fur­

thermore, vehicle 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 11. 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 is 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 l8-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. Add.itional 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 location under a specific roughness-speed 

condition were plotted on the corresponding curve in order to provide 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. 



TABLE 11. COMPARATIVE STUDY SUMMARY OF THE DIFFERENCE IN OBSERVED 
AND PREDICTED WHEEL LOADS FROM TANDEM AXLES 

Percent Within Predicted Range 
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Vehicle 
Class 

Speed, 
mph o 5 10 15 20 ~25 

III 

IV 

V 

III, IV, V 

III, IV, V 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10 
30 
60 

10, 30, 60 

80 
56 
25 

100 
61 
50 

99 
69 
39 

94 
63 
38 

66 

4 
6 
6 

0 
2 

0 
3 
1 

1 
3 
2 

2 

2 
8 
8 

4 
4 

0 
1 
3 

1 
4 
5 

3 

6 
5 
8 

4 
4 

1 
8 
1 

2 
6 
4 

4 

2 
0 
9 

4 
2 

5 
1 

1 
4 
3 

2 

6 
25 
44 

27 
38 

14 
55 

1 
20 
48 

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. In 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. In 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. For 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 this case did not lose contact with the 

* Impact 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. In addition, 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. 

Sunnnary 

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 (0') 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 0' 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 sp1it-sp1it-sp1it 

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 



Source of Degrees of 
Variation Freedom 

A 16 

S 5 

V 2 

Vxs 10 

TXS 15 

T 3 

vxTXS 30 

AxV 32 

VXSxA 160 

AxS 80 

AXT 48 

VXSxAxT 480 

AxSxT 240 

VXTxA 96 

VXT 6 

Error 2,448 

Factors Legend 

A - Axle 
S - Scale 
V - Speed 
T - Roughness 
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TABLE 12. ANALYSIS OF VARIANCE 

Sum of Mean Significance Level, 
Squares Square F percent 

961,539.7 60,096.2 855.6 1 

70,957.4 14,191. 5 202.0 1 

26,033.3 13,016.7 185.3 1 

107,563.8 10,756.4 153.1 1 

33,098.3 2,206.5 31.4 1 

5,029.6 1,676.5 23.9 1 

40,399.7 1,346.7 19.2 1 

31,150.4 973.4 13.9 1 

126,315.8 789.5 11.2 1 

58,482.5 731.0 10.4 1 

16,588.7 345.6 7.2 1 

191,851.8 399.7 5.7 1 

89,932.1 374.7 5.3 1 

32,986.1 343.6 4.9 1 

1,660.3 276.7 3.9 1 

171,936.7 70.2 



TABLE 13, MAIN VARIABLES AVERAGE EFFECTS 

Axle 

1 
2 

3 
4 
5 

6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 
17 

a. Axles (A) 

Static 

30 
71 

22 
67 
51 

50 
66 
66 

29 
48 
27 
29 

43 
53 
41 
57 
58 

Dynamic 

35*(17)** 
79 (11) 

26 (18) 
73 (9) 
58 (14) 

52 (4) 
75(14) 
70 (6) 

31 (7) 
57 (19) 
37 (37) 
37 (28) 

46 (7) 
64 (21) 
52(27) 
64 (12) 
66(14) 

* All forces are in 100 pounds. 

b. Speed (V) c. Scale (S) d. Roughness (T) 

Speed 

10 
30 
60 

Dynamic 

51 (6) 
55 (15) 
57(19) 

Scale 

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

Dynamic 

62 (29) 
49 (2) 
51 (6) 
58(21) 
52(8) 
53 (10) 

Roughness 

R-1 
R-2 
R-3 
R-4 

Dynamic 

53 (10) 
55(15) 
54 (13) 
56 (17) 

a. Axles: 4 (T) X 6 (S) X 3 (V) X 3 (Repetitions) 
~ 216 observations. 

b. Speeds: 4 (T) X 6 (S) X 17 (A) X 3 (Repetitions) 
~ 1,224 observations. 

c. Scales: 4 (T) X 3 (V) X 17 (A) X 3 (Repetitions) 
= 612 observations. 

d. Roughness: G (S) X 3 (V) X 17 (A) X 3 (Repetitions) 
~ 918 observations. 

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



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. 
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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) For 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-l 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 0 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-l) 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 component 
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(or in this case impact factor) of 38 percent of static at the first scale 

location. This increase was equivalent to double the average effect measured 

at distances 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-1. 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 (VxA). The following observations can be made 

concerning this interaction after performing an analysis of variance and exam­

ining data shown in Table 14 concerning the variation of average dynamic wheel 

loads with respect to speed for the axles corresponding to individual vehicle 

classes. 

(1) In general, dynamic wheel load components increased with an increase 
in speed. This is evidenced by the fact that of the 347< 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. 

(c) Four remained unchanged. 

(2) The maximum single axle variation with speed, measured in dynamic 
load component is between 0 percent at 10 miles per hour to +70 per­
cent at 60 miles per hour (Class IV, axle 3). 

(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. 

(4) 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. 

(5) 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. 

Axle - Scale Interaction (AxS). This interaction involves the variation 

of the average 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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Axle 

1 
2 

3 
4 
5 

6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 
17 

TABLE 14. AXLE-SPEED INTERACTION (AxV) 

S ta tic 
Load 

30 
71 

22 
67 
51 

50 
66 
66 

29 
48 
27 
29 

43 
53 
41 
57 
58 

10 

33*(10)** 
77 (9) 

22 (0) 
67 (0) 
56 (10) 

50(0) 
69(5) 
71(8) 

30(3) 
50(4) 
27 (0) 
30 (3) 

43 (0) 
57 (8) 
48 (17) 
66 (16) 
64 (10) 

Speed, mph 
30 

36 (20) 
77 (9) 

29 (32) 
75 (12) 
56(10) 

53 (6) 
81(23) 
64(-3) 

31 (7) 
60 (25) 
37(37) 
36 (24) 

46(7) 
69(30) 
50 (22) 
64 (12) 
71 (22) 

* Average of 72 observations, in 100 pounds. 

60 

37(23) 
83 (17) 

27 (23) 
78(16) 
60(18) 

55(10) 
76(15) 
74 (12) 

31 (7) 
62(29) 
46 (70) 
44 (52) 

49(14 ) 
66 (25) 
58 (41) 
64 (12) 
63 (9) 

** Numbers in parenthesis represent the dynamic component 
(percent). 

.. 
I 



155 

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 of variation 

for all the axles combined which has been discussed earlier. The [ollo\ving 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 III), 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 IV. 

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

Axle-Roughness Interaction (AxT). 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-Sca1e 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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Axle 

1 
2 

3 
4 
5 

6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 
17 

Static 
Load 

30 
71 

22 
67 
51 

50 
66 
66 

29 
48 
27 
29 

43 
53 
41 
57 
58 

TABLE 15. AXLE-SCALE INTERACTION (AXS) 

lL 2L 

41*(37)** 31 (3) 
86(21) 76(7) 

32 (45) 24 (9) 
77 (15) 73 (9) 
65 (27) 52(2) 

59(18) 47(-6) 
90 (36) 70(6) 
85(29) 55 (-17) 

33(14) 27 (-7) 
68 (42) 50 (4) 
42 (56) 35(30) 
43 (48) 33 (14) 

46(7) 45(5) 
72 (36) 56(6) 
57 (39) 44(7) 
75(32) 57 (0) 
80 (38) 58(0) 

Scale 
4L 

33(10) 
78 (10) 

23 (5) 
70 (4) 
53 (4) 

54(8) 
70(6) 
63 (-5) 

33 (14) 
54 (12) 
32 (18) 
32(10) 

45(5) 
60 (13) 
45 (10) 
60(5) 
63 (9) 

5L 

39(30) 
82(15) 

25 (14) 
72(7) 
57(12) 

55(10) 
94 (42) 
86 (30) 

29(0) 
56(17) 
34 (26) 
37(28) 

48 (12) 
72 (36) 
64(56) 
73 (28) 
67(15) 

* Average of 36 observations, in 100 pounds. 

6L 

34 (13) 
75(6) 

26(18) 
74(10) 
56(10) 

51(2) 
61 (-8) 
64 (-1) 

31 (7) 
57(19) 
38 (41) 
37 (28) 

45(5) 
64(21) 
51(24) 
59(3) 
65(12) 

** Numbers in parenthesis represent the dynamic component (percent). 

" 

7L 

32 (7) 
74(4) 

25(14) 
74(10) 
63 (23) 

49(-2) 
68(3) 
65(-1) 

32 (10) 
59(23) 
39(44) 
37(28) 

47 (9) 
61(15) 
52 (27) 
63(10) 
65(12) 
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the change in roughness pattern. At scale 1L this amounted to an incre~se 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-Seale-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-Seale-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-1, the maximum variation in the dynamic 
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load component ranged between 11 to 37 percent, while the corresponding ranges 

for R-2, R-3, and R-4 were 8 to 73 percent, 11 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. 

Summary 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.15, and C.1S, 

pages 242, 245, and 24S, respectively). Extreme pitching of this tandem axle 

may be noticed by examining the wheel loads at scales lL 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/S-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.4S (pages 277 and 27S). 

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. 

S feet by 2 feet by 3/4-inch plywood placed 14 feet in advance of scale lL, 
''R-2 • II 
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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. 

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 

deve10pement 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 receive 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 solutions 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 Modit'ications. 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. 

Sunnnary 

The sensitivity analysis and calibration procedure yielded the following 

information: 
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(1) Tire stiffness is the most sensitive of the model input param~ters. 
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. 

(2) 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. 

(3) Approximate values for spring stiffness of the vehicle suspension 
system may be measured experimentally. 

(4) 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, 

instrumentation 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 pl~vood 

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 0.014 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 inner 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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TABLE 16. TEST VEHICLE CHARACTERISTICS 

Vehicle Type: 2D (Class I) 

Make: Dodge 

Model: 1969 

License Number: 173 479 

Measurements: W
1 

== 5 feet 7 inches 

W2 == 5 feet 10 inches 

X
12 

= 11 feet 6 inches 

Tire Pressure: 70 psi 

Static Weights: 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 side 

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-frameomovements 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 vehic le model. The road surface profi le 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 spepds 

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 loais 
into consideration. 
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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. In 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 l8-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 profi10meter 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 whee 1 was taken as the independent, or error- free, variab 1e (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 

'" 10 mph 30 mph 60 mph Statistic 

Numbe~ 
of Sc 

In(sl) == .0763 In(sl) = .6387 In(sl) = .8260 Equation 
+ .9805(lnS) + .8582(),nS) + .8446(lnS) 

1 6.6 U.S 13 .4 Coefficient of 
Variation (%) 

0.97 0.88 0.84 R2 

In(sl + s5) = .7564 In(sl + s4) = 1.408 In(sl + s3) = 1.177 Equation 
+ .9838(lnS) + .8386 (lnS) + .9162(lnS) 

2 5.1 7.7 11. 7 
Coefficient of 
Variation (%) 

0.98 0.94 0.89 R2 
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10 mph 30 mph 60 mph Statistic 

.en (s 1 + s5 + s6) .en(sl + s4 + s5) .en(sl + s3 + s4) Equation 
1.256 + .9630(.enS) = 1. 751 + .8557 (.enS) = 1.753 + .8682 (.enS) 

4.9 6.7 11.5 
Coefficient of 
Variation (%) 

0.98 0.96 0.88 R2 

where S = static weight s4 = scale 4 estimate 

sl = scale 1 estimate s5 = scale 5 estimate 

s2 = scale 2 estimate s6 = scale 6 estimate 

s3 = scale 3 estimate 

Note: All weights and estimates must be expressed in 100 1b uni ts. 

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

Number of Standard Deviations 
(Coefficient of Variation) 

1 

2 

Confidence 

68 

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 is 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 w~ight 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 is 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 des lick 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 
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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) 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. 

(2) 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. 

(3) 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. 

(4) 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. 

(5) 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) In 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 interactive 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 

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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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. 

(5) 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. CONCLUS IONS 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

face 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 oscillations 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 fourtd 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/B-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/B-inch high on scale lL 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 ) 

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 
ponents for the drive axle and the trailer axle. 
produced its maximum dynamic load component at 30 

wheel load com­
Axle 1, however, 
miles per hour. 

(3) 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. 

(4) A step bump 3/8-inch high on scale lL 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 III single-unit vehicles: 

(1) 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. 

(2) In general, higher speeds produced greater average dynamic com­
ponents. 

(3) 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. 

(4) A step bump 3lB-inch high on scale lL 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) 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. 

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

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

(4) A step bump 3/8-inch high on scale lL produced an average increase 
in the dynamic load component of about 50 percent for all left 
wheels studied. 

(5) 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) In 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 lL produced an average increase 
in the dynamic load component of about 40 percent for all left 
wheels studied. 

(5) In 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 vehicle 

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 vehicle 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 100% 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. 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



REFERENCES 

1. Anderson, Virgil L., "Design and Optimum Techniques for Consulting 
Statisticians and Experimenters," lecture notes prepared for publi­
cation. 

2. Apetaur, Milan, Jaromir Cmiral, Karel Janac, and Jiri Skrivanek, "Ride and 
Road Holding, Statistical Analysis of Suspension Problem on an Ana­
log Computer," Automobile Engineer, April 1966, pp 142-148. 

3. Bachmann, I. W., ''Weighing Moving Vehic les," German Construction Engineer­
ing, June 1959, pp 870-871. 

4. Bellini, W. R., and E. N. Thrower, "A Digital Computer Program to Simulate 
the Passage of a Vehicle Over a Road Surface," Road Research Labora­
tory Report LR 181, Ministry of Transport, Crothorne, England, 1968. 

5. Bieniek, M. P., "Suspension Dynamics," Automobile Engineer, Vol 50, April 
1960, pp 143-147. 

6. Bundorf, R. T., D. E. Pollock, and M. C. Hardin, "Vehicle Handling Response 
to Aerodynamic Inputs," Society of Automotive Engineering Transac­
tions, Vol 72, 1964, pp 7-23. 

7. Cain, B. S., Vibration of Rail and Road Vehicles, Pitman Publishing Corpo­
ration, New York, 1940. 

8. Clark, D. C., "A Preliminary Investigation into the Dynamic Behavior of 
Vehicles and Highways," Society of Automotive Engineering Transac­
tions, Vol 70, 1962, pp 447-455. 

9. Cochran, W. G., and G. M. Cox, Experimental Designs, 2nd Edition, Wiley 
and Sons, 1957. 

10. Crandall, S. H., and W. D. Marks, Random Vibration in Mechanical Systems, 
Academic Press, New York and London, 1963. 

11. Cudney, G. R., "The Effects of Loading on Bridge Life," Research Report 
No. R-638, Michigan State Highway Department, January 1968. 

12. Dearinger, John A., "Dynamic Weighing of Vehicles," Public Roads, Vol 31, 
No. 10, October 1961, pp 200-204. 

13. Den Hartog, J. P., Mechanical Vibrations, 4th Edition, McGraw-Hill, New 
York, 1956. 

211 



212 

14. Ditlevsen, Ove, "Statistical Description of Traffic Loads on Structures," 
ACTA Polytechnica Scandinavica, Copenhagen, 1964. 

15. "Dynamic Studies of Bridges on the AASHO Road Test," Special Report 71, 
Highway Research Board, 1962. 

16. Ellis, J. R., "An Introduction to the Dynamic Properties of Vehicle Sus­
pensions,1I Proceedings of Institution of Mechanical Engineers, Vol 
179, 1964-65, pp 98-111. 

17. Epsco Incorporated, "The Design and Installation of a Complete System for 
the Automatic Weighing of Vehicles in Motion and Collection of Traf­
fic Data, II Report for Project S2F-26, Michigan State Highway Depart­
ment, October 1963. 

18. Fabian, G. J., D. C. Clark, and C. H. Hutchinson, "Preliminary Analysis of 
Road Load Mechanics," Bulletin 250, Highway Research Board, 1960, 
pp 1-19. 

19. Fenves, S. J., A. S. Veletsos, and C. P. Siess, "Dynamic Studies of the 
AASHO Road Test Bridges," Special Report 73, Highway Research Board, 
1962, pp 83- 96 . 

20. Fisher, J. W., and H. C. Huckins, "Measuring Dynamic Vehicle Loads," 
~~~~~~~~~, Highway Research Board, 1962, pp 138-148. 

21. General Motors Corporation, "Dynamic Pavement Loads of Heavy Highway 
Vehicles," National Cooperative Highway Research Program Report 
105, Highway Research Board, 1970. 

22. Gilliam, R. P., IIDynamic Response of Nonlinear Automotive Suspension Sys­
tems," Master's Thesis, The University of Texas, Austin, 1962. 

23. Hadley, William 0., W. Ronald Hudson, and Thomas W. Kennedy, "An 
Evaluation of the Factors Affecting the Tensile Properties of 
Asphalt-Treated Materials," Research Report No. 98-2, Center for 
Highway Research, The University of Texas at Austin, March 1969. 

24. Hopkins, R. C., and H. H. Boswell, "A Comparison of Methods Used for Mea­
suring Vibrations in Loads Transferred Through Vehicle Tires to the 
Road Surface," Public Roads, Vol 29, No. 10, October 1957, pp 221-
226. 

25. Hudson, W. Ronald, "High Speed Road Profile Equipment Evaluation," Research 
Report No. 73-1, Center for Highway Research, The University of 
Texas, Austin, 1966. 

26. Lee, Clyde E., and Nasser I. A1-Rashid, "A Portable Electronic Scale for 
Weighing Vehicles in Motion," Research Report No. 54-1F, Center for 
Highway Research, The University of Texas at Austin, 1968. 

27. McCracken, D. D., and W. S. Dorn, Numerical Methods and Fortran Program­
ming, Wiley and Sons, New York, 1964. 



213 

28. MCDowell, Edward L., "Transverse Vibration of Beam Resting on Elastic 
Foundation," Ph.D. Dissertation, Illinois Tnstitutc of Technologv, 
1954. 

29. Mitschke, Eng. M., "Influence of Road and Vehicle Dimensions on the Ampli­
tude of Body Motions and Dynamic Wheel Loads," Society of Automotive 
Engineering Transactions, Vol 70, 1962, pp 434-446. 

30. Newmark, N. M., "A Method of Computation for Structural Dynamics," Trans­
actions, Vol 127, Proceedings of the American Society of Civil Engi­
neers, 1962, pp 1406-1435. 

31. Norman, D. K., and R. C. Hopkins, ''Weighing Vehicles in Motion," Bulletin 
50, Highway Research Board, January 1952. 

32. Ostle, B., Statistics in Research, 2nd Edition, Iowa State University 
Press, 1963. 

33. Philco-Ford Corporation, "Dynamic Vehicular Weighing System," Philco Proj­
ect for Pennsylvania Department of Highways, June 15, 1967. 

34. Philco-Ford Corporation, "Dynamic Vehicular Weighing System," Philco Proj­
ect for Pennsylvania Department of Highways, June 3, 1966. 

35. Pradko, F., "Computer Simulates Vehicle Suspension Systems," Society of 
Automotive Engineering Journal, Vol 71, April 1963. 

36. Ragazzini, J. R., and G. F. Franklin, Sampled-Data Control Systems, Mc­
Graw Hill, New York, 1958. 

37. Salvadori, M, G., and M. L. Baron, Numerical Method in Engineering, Pren­
tice-Hall, Englewoods, New Jersey, 1961. 

38. Sethna, D. R., "Dynamics of a Four-Wheeled Vehicle and the Effects of 
Suspended Geometry," Proceedings of Automobile Division, No.6, 
Institute of Mechanical Engineers, 1962-63. 

39. Stiffler, W. W., and R. C. Bensly, ''Weighing Trucks in Motion and the Use 
of Electronic Scales for Research," Traffic Engineering, Vol 26, No. 
5, February 1956, pp 195-199, 206. 

40. Symonds, P. S., "Traveling Loads on Rigid Plastic Beams," Engineering 
Mechanics Division Journal, Proceedings of the American Society of 
Civil Engineers, January 1960, pp 79-89. 

41. Texas Highway Department, Design Manual of Controlled Access Highways, 
Chapter 3, "Design of Pavement Structures," 1960. 

42. "The AASHO Road Test Report 6: Special Studies," Special Report 61F, 
Highway Research Board, 1962. 

43. Timoshenko, S., Vibration Problems in Engineering, D. Van Nostrand, New 

York, 1937. 



214 

44. Trott, J. J., and J. W. Grainger, "Design of a Dynamic Weighbridge for 
Recording Vehicle Wheel Loads," Road Research Laboratory Report 
LR2l9, Ministry of Transport, Crowthorne, Berkshire, England. 

45. Trott, J. J., and A. C. Whiffin, 'Measurements of the Axle Loads Moving 
on Truck Roads," Roads and Construction, July 1965, pp 209-214. 

46. Tung, C. C., "Random Response of Highway Bridges to Vehicle Loads," 
Engineering Mechanics Division Journal, Proceedings of the American 
Society of Civil Engineers, October 1967, pp 79-94. 

47. Volterra, E., and E. C. Zachmanaglou, Dynamics of Vibrations, Merrill 
Books, Columbus, Ohio, 1965. 

48. ''Weigh Axles in Motion," Taller and Cooper, Incorporated, 75 Front Street, 
Brooklyn, New York (commercial advertisement). 

49. Wen, Robert K., "Dynamic Response of Beams Traversed by Two-Axle Loads," 
Engineering Mechanics Division Journal, Proceedings of the American 
Society of Civil Engineers, October 1960, pp 91-111. 

50. Yoder, E. J., Principles of Pavement Design, John Wiley, New York, 1959. 

51. Biomedical Computer Programs, ''BMD-2R-Stepwise Multiple Regression," 
University of California at Los Angeles, 1964. 

52. Halperin, Max, "Inverse Estimation in Linear Regression," Technometrics, 
Vol 12, No.4, November 1970, pp 727-730. 

53. National Bureau of Standards Handbook 44-3rd Edition 1965, "Specifications, 
Tolerances, and Other Technical Requirements for Comnercia1 Weighing 
and Measuring Devices," Superintendent of Documents, U. S. Govern­
ment Printing Office, Washington, D. C. 20402 (including 1968 
Replacement Sheets). 



APPENDIX A 

STATIC WHEEL LOADS OF TEST VEHICLES 
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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.1 and A.2). 

Each vehicle was weighed at least eight times (Figs A.3 and A.4) except 

for vehicles 1-1 and 1-2 which were weighed only four times. Summaries of 

these static weights are tabulated in the following figures. 
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Vehicle No. 1-1 X 12 111 2" 

Model 1967 Dodge 

License No. l35456 

Tire Press. 65-70 

I 2 3 4 5 6 7 8 9 10 

Looding 
Axle 

Number of Ayg Static Stondard 
Voriance 

Coefficient Maximum Minimum 
Range 

Condition WeiQhingl WeiQht Deyiation 
Ibz of Var. Weight Weight 

Ib 
Ib Ib 0/0 Ib Ib 

'0 I - R 4 2240 5.7 33 0.25 2245 2235 10 
OJ 

'0 
~ I - L 4 0.24 2340 2330 10 0 2335 5.7 33 H 
;>, 2 -R ...... 7844 31.7 1004 0.40 7880 7815 65 ...... 4 
::I 

f;r., 2 - L 4 8371 11.8 140 0.14 8380 8355 25 

I - R 

1- L 

2 - R 

2 - L 

Fig A.3. Summary of static weights (vehicle No. 1-1). 



I 2 

Loading 
A lie 

Condition 

I - R 
>-...-I 

...-1"'0 
I - L ttl <lJ 

• .-1 "'0 
-1-1 ttl 
l-I 0 

2 -R ttI!-l 
~ 

2 - L 

I - R 

1- L 

2-R 

2 - L 

\/eh iete No, 1- 2 

Model 1963 Dodge 

license No. 44002 

Tire Press. 65 - 70 

3 4 5 6 7 e 

Nu mber of Avg Static Standard 
Variance 

Coefficient Malimum 

Weighingl Weight Deviation 
Ib2 of Var. Weight 

Ib Ib 0/0 Ib 

4 2298 19.0 360 0.83 2310 

4 2539 8.54 73 0.34 2550 

4 3940 0.0 0 0.00 3940 

4 4177 79.0 6240 1.90 4250 

Fig A.4. Summary of static weights (vehicle No. 1-2). 

X 12 13' 

9 

Minimum 

Weight 

Ib 

2270 

2530 

3940 

4090 

" 

2" 

10 

Range 

Ib 

40 

20 

0 

160 

N 
N 
o 



Vehicle No. I- 3 

Model 
International 
1969 

LIcense No. 
162 - 058 

Tire Press. 65 - 70 

I 2 3 4 5 6 7 8 

Loading 
A Itle 

Number of Avg Static Standard 
Variance 

Coeffrcient Maltimum 

Condition Weighing. Weight Deviation 
Ib2 of Var. Weight 

Ib Ib 0/0 Ib 

I - R 10 2265 13 161 0.57 2280 

~ 
I - L 10 2238 14 201 0.63 2265 

~ 
2 - R ~ 10 2847 5 29 0.18 2850 

2 - L 10 2587 9 73 0.35 2600 

I - R 10 3139 12 143 0.38 3170 
t=1 1- L ~ 10 3012 44 1950 1.46 3090 
~ 
8 2 - R 10 7780 14 189 0.18 7810 

2 - L 10 7103 37 1335 0.52 7145 

Fig A.S. Summary of static weights (vehicle No. 1-3). 

X 12 

9 

Minimum 

Weight 

Ib 

2245 

2220 

2835 

2575 

3130 

2930 

7760 

7030 

12 19" 

10 

Range 

Ib 

35 

45 

15 

25 

40 

160 

50 

115 

" 
E '" E-o CJ 

u~ 

0 
(") 
.:j-
.:j-

0 
If) 

N 
If) 

0 
N 
....... 
-0 

0 
-0 
-0 
.:j-
....... 

N 
N 
t-' 



Vehicle No. 1-4 

Model Dodge 1965 

license No. 
156 - 395 

Tire Press. 
65 70 -

I 2 3 4 5 6 7 B 

Loading 
Axle 

Number of Avg Static Standard 
Variance 

Coefficient Mal.imum 
Condition Weighing_ Weight Deviation 

Ib2 of Var. Weight 

Ib Ib 0/0 Ib 

I - R 10 2029 9 81 .44 2040 

I-L 10 2068 7 51 .30 2080 
~ 
~ 2 - R 

10 2907 6 34 .20 2915 ~ 

2 - L 
10 3107 8 62 .25 3120 

I-R 
10 2164 12 134 I .55 2180 

~ 1- L 
10 2164 8 60 .36 2 

~ ... A 
10 7907 37 1401 .46 7960 

2 - L 10 7979 90 8173 1.12 8125 

Fig A.6. Summary of static weights (vehicle No. 1-4). 

X 12 

9 

Minimum 

Weight 

Ib 

2010 

2060 

2900 

3095 

2140 

2150 

7850 

7865 

'. 

10 

Range 

Ib 

30 

20 

15 

25 

40 

25 

110 

260 

II 

E ell 
Eo 
0<.> 
U(f) 

0 
M 
0 
-.:t 

0 
\0 ,.... 
If) 

0 
0 
M 
-.:t 

0 
If) 
If) 
If) 
...... 

N 
N 
N 



Vehicle No. II-1 

Model FORD 1967 

I , 
101------- X 13 -----...... .,1 

License No. 
J - 734 

Tire Press. 
70 75 -

I 2 3 4 5 6 7 8 

Loading Number of Avg Static Standard CoeffiCient Maximum 
Axle Variance 

Condition Weighings Weight Deviation of Vor. Weight Ibz 
Ib Ib 0/0 Ib 

I - R 8 2161 22 498 1.01 2200 

I - L 8 2200 44 1971 2.00 2300 

2 - R 8 6013 113 12679 1.87 6110 

2 - L 8 6678 91 8279 1.36 6780 

3-R 8 4560 50 2457 1.09 4630 

3 - L 8 5121 69 4727 1.34 5210 

Fig A.7. Summary of static weights (vehicle No. 11-1). 

XI2 

XI! 

9 

M!nlmum 

Weight 
Ib 

2130 

2160 

5850 

6570 

4500 

5020 

10' 8" 

31 '3" 

10 

Range 

Ib 

70 

140 

260 

210 

130 

190 

II 

Eel) 
Eo 
OU 
(.)(/) 

0 
N 
N 
..:;t 

0 
-0 
If) 

N 
~ 

0 
("') 
If) 

0'\ 

N 
N 
\J.l 



Vehicle No 
III-l X 12 18'10" 

Model 
GMC 1962 Chevy XIS 22'10" -

License No. 
146 - 493 

Tire Press. 
70 - 75 

I 2 3 4 5 6 7 8 9 10 II 

Leading 
Altl. 

Number of Avg Stafic Standard Coefficient Maltimum Minimum 
Range 

E Q) 
Variance Eo 

Condition Weighing. Weight Deviation Ibl of Var. Weight Weight Ib 00 
UCll 

Ib Ib 0/0 Ib Ib 

I - R 
8 4729 11 127 .23 4750 4720 30 0 

(T) 

U'I 
I - L 

141 .24 5010 4970 40 <::TI 
8 4986 12 

2 -R 
8 6624 39 1541 .58 6690 6550 140 0 

..j-
\0 

2 - L 
(T) 

8 6575 103 10543 1.56 6750 6410 340 .-I 

3-R 8 6516 19 370 .29 6540 6580 60 0 
co 
co 

3 - L 
N 

8 6585 22 486 .33 6610 6540 70 .-I 

Fig A.8. Summary of static weights (vehicle No. III-I). 
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~'I eft' 
l-XI2~ ! I 
I4-t --x 13 __ ---..!~I 11 

.... ~I---------X 14. _____ 

1

-----i .. 1Io! 

Vehicle No IV-l 
International 

Model '67 

License No. 
J23 - 302 

Tire Press . 
70 75 -

I 2 3 4 5 6 7 8 

Loading Number of AvO Static Standard Coef f icient Maximum 
Ax Ie Variance 

Cond ition Weighings Weig ht Deviation of Var. Weight Ibl 
Ib Ib 0/0 Ib 

I -R 
10 2906 42 1738 1.44 2970 

I - L 
10 2872 65 4262 2.26 3010 

2 - R 
10 4855 43 1850 .88 4920 

2 - L 10 4751 48 2321 .99 4800 

3 -R 10 2904 31 938 1.07 2940 

3 - L 10 2689 23 521 0.86 2730 

4 - R 10 2984 24 582 0.80 3010 

4 - L 10 2888 24 596 0.83 2920 

Fig A.9. Summary of static weights (vehicle No. IV-l). 

Xl2 

X I3 

X I4 

9 

Minimum 

Weight 

Ib 

2850 

2800 

4780 

4650 

2840 

2650 

2930 

2860 

12' 1" 

41'11" 

46'0" 

10 

Range 
Ib 

120 

210 

140 

150 

100 

80 

80 

60 

II 

E Q) 

Eo 
o U 
U(f) 

0 
M 
~ 
If") 

0 
\!) 
If") 

0'1 

0 
0'1 
\!) 

0 
r-< 

N 
N 
V1 



I 

Loading 
Condition 

~XI2~ • 

E
' X13~ 
- X 14--------< .. 11011 I 
14------- X IS ------I .. 1»l 

2 3 4 

Axle 
Number of Avg Stolle 
Weighlngs Weight 

Ib 

I - R 8 4335 

I - L 8 5129 

2 - R 8 8233 

2 - L 
8 8738 

3 - R 8 6479 

3 - L 
8 7320 

4 - R 8 7886 

4 - L 8 8626 

5 - R 8 7691 

5 - L 8 8998 

5 

Standard 
Deviation 

Ib 

31 

57 

22 

33 

55 

28 

116 

166 

99 

123 

Vehicle No. V-I X'2 

Model MACK X'3 

License No. J - 1165 X,4 

Tire Press. 70 - 75 X'5 

6 7 8 

Coefficient Maximum 
Var lance 

of Var. Weight 
Ib2 

0/0 Ib 

943 0.72 4380 

3270 1.11 5200 

479 0.27 8270 

1079 0.38 8800 

3041 0.85 6570 

800 0.38 7350 

13513 1.47 8110 

27684 1.92 8790 

9841 1.29 7820 

15221 1.37 9160 

Fig A.IO. Summary of static weights (vehicle No. V-I). 

9 10 

Minimum 
Range 

Weight 
Ib 

Ib 

4290 90 

5030 170 

8210 60 

8700 100 

6380 190 

7270 80 

7770 340 

8310 480 

7540 280 

8820 340 

II 

E<D 
Eo 
0(.) 
UUl 

0 
("') 
(j\ 

co 

0 co 
r--
.--l 
("') 

0 

'" (j\ 

N 
("') 

N 
N 
(j\ 



I 

Loading 
Condition 

~XI2---; , 

E
' X13~ 
I"'-t------ X 14------~~j I 
14------- X 15 -----~.~ 

2 3 4 

Axle 
Number of Avg Static 
Weighlngs Weight 

Ib 

I - R 1 4180 

I - L 1 4180 

2 -R 
8 8233 

2 - L 8 8790 

3 - R 8 6479 

3 - L 8 8691 

4 - R 8 7886 

4 - L 8 8626 

5 - R 8 7691 

5 - L 8 8998 

5 

Standard 

Deviation 

Ib 

22 

76 

55 

75 

116 

166 

99 

123 

Vehicle No. V-2 X I;! 

Model International X I3 

License No. J - 1162 X I4 

Tire Press. 70 - 75 XI!! 

6 7 8 

Coefficient Maximum 
Variance 

of Var. Weight 
Ib2 

0/0 Ib 

479 0.26 8270 

5714 0.86 8840 

3041 0.85 6570 

5670 0.86 8820 

13513 1.47 8110 

27684 1.92 8790 

9841 1.29 7820 

15221 1.37 9160 

Fig A.ll. Summary of static weights (vehicle·No. V-2). 

10 17" 

14 I 10" 

32 17" 

36 110" 

9 10 " 
Minimum E Q) 

Range Eo 
Weight 00 

Ib urn 
Ib 

0 

'" M 
ex:> 

8210 60 
0 

8610 230 0\ 

'" M 
M 

6380 190 

8590 230 

7770 340 

8310 480 
0 
..j" 
tr) 

..j" 
M 

7540 280 

8820 340 



Vehicle No. V-3 X'2 12' 3 II .. 
Model MACK 1957 

Xl3 16' 4 If 

License No. 
J - 1161 X'4 34' 1" 

Tire Press. 70 - 75 X III 38 '4" 

I 2 3 4 5 6 7 8 9 10 II 

Loading Number of Avg Static Standard Coefficient Maximum Minimum eo> 
Axle Var ianc, Range Eo 

Condition Weighing $ Weight Deviation of Var. Wet g ht Weight o <> 
Ibtl Ib U W 

Ib Ib 0/0 Ib Ib 

I - R 10 3998 28 796 0.70 4020 3930 90 0 
r-
N 

I - L 00 
10 4270 40 1578 0.94 4330 4190 140 

2 -R 10 5680 47 2178 0.83 5770 5600 170 0 
C"') 

Ui 
0 

2 - L .-l 

10 5341 87 7543 ~63 5%0 5250 110 

:3 - R 0 
10 4681 38 1477 0.81 4760 4630 130 .-l 

N 
0'> 

:3 - L 
10 4115 36 1272 0.87 4180 4050 130 

4 - R 10 5943 1.34 5920 5660 260 
0 5729 77 Ui 
..;t 
.-l 

4 - L 10 5710 79 6267 1.38 5920 I 5650 
.-l 

270 

5 R [ 220 
0 10 5641 69 4699 1.22 5770 5550 C"') 

0'> 
0 

5 - L 10 5839 94 8743 1.61 5970 5660 
.-l 

310 

Fig A.12. Summary of static weights (vehicle No. V-3). 



I 

Loading 
Condition 

I--XI2--1 ' 

E
X'3~ , 

~-I-------- X 14-------I .. """j I 
f+------- X I!~ ------1 .. 101 

2 3 4 

Axle 
Number of Avg Static 
Weighing, Weight 

Ib 

I - R 10 4524 

I - L 10 4378 

2 -R 
10 3409 

2 - L 10 3446 

3 - R 10 6740 

3 - L 10 6650 

4 - R 10 5461 

4 - L 10 5192 

5 R 10 5810 

5 L 10 5157 

5 

Standard 
Deviation 

Ib 

36 

60 

49 

139 

71 

95 

')0 

30 

II 

33 

Vehicle No. V-4 X 12 

Model INTERNATIONAL X 13 

1960 
License No. J - 1240 XI4 

Tire Press. 70 - 75 XIS 

6 7 e 9 

Coefficient Maximum Minimum 
Variance 

Ib2 at Var. Weight Weight 

0/0 Ib Ib 

1316 0.79 4580 4480 

3573 I 1.37 I 4490 4310 

2432 1.44 3520 3350 

19449 4.03 3540 3070 

4978 1.05 6910 6680 

8933 1.43 6890~ 
766 0.51 5490 5410 

929 0.58 5240 5160 

III 1.89 5830 5800 

lll2 0.64 5210 5120 

Fig A.13. Summary of static we s (vehicle No. V-4). 
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APPENDIX B 

EXPERIMENT DESIGN 
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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. In 

X 
n 

represent the random order of individual passes this figure Xl' ••• , 

by each test vehicle. The appropriate model for the statistical analysis of 

the data is: 

where: 

Y. 'kl ~J m 

+ VAlm + VAT ilm + VAS 1km + VAST iklm + d(ijkl)m 

~ the common effect (mean), 

T. 
~ 

the effect of the ith level of ROUGHNESS where i 

the effect of the kth level of SCALE POSITION where 
k = 1, 2, "3, '.', 6 , 

1, 2, 3, 4 , 

Al the effect of the lth axle, where 1 = 1, 2, .", 17 , and 

V 
m 

th 
the effect of the m level of SPEED, where m 

Error "a", "b", "c", and "d" are the errors at each split. 

1. 2, 3 0 

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

233 



Roughness 
I 2 3 4 

Replicate Replicate Replicate Replicate 
( I ) (2) (3 ) (4) (5) (6) ( 7) (8) (9) (10) (II) (12) 

Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed 
AlCles 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 10 30 60 

I XI - -
I 

2 XI - -

3 

:II 4 

5 

6 

(/) 
1II 7 Q) 

(/) 
(/) 
0 8 

U 

9 

10 
m 

II 

12 

13 - - Xn 

14 - - Xn 

!l 15 - - X. 

16 - - Xn 

17 - - x. 

Fig B.I. Major experiment layout. 



Source of 
Varia tion 

T 

Error "a" 

S 

S X T 

Error "b" 

A 

A X T 

A X S 

A X S X T 

Error "c" 

V 

V X T 

V X S 

V X A 

V X T X S 

V X T X A 

V X S X A 

V X S X A 

Error "d" 

X T 
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TABLE B.1 ANALYS IS OF VARIANCE TABLE 

Degrees of 
Freedom 

3 

8 

5 

15 

40 

16 

48 

80 

240 

768 

2 

6 

10 

32 

30 

96 

160 

480 

1632 

Expected Mean Square 

0
2 

+ 30~ + 510~ + 3060! 918 0 (T) 

0
2 

+ 30~ + 510~ + 3060! 

2 2 2 
+ 612 (S) 0 + 30 + Slob 0 c 

2 2 2 
153 (ST) 0 + 30 + Slob + ¢ 

c 
2 2 2 

0 + 30 + Slob c 

2 
+3i + 216 0 (A) 0 c 

2 
+3i a 

c 
+ 54 ¢ (AT) 

i + 3i 
c 

+ 36 0 (AS) 

2 2 
+ 9 0 (AST) a + 30 

c 
2 2 

0 + 30 
c 

2 
+ 1224 0 (V) 0 

2 
+ 306 0 (VT) 0 

2 
+ 204 (VS) 0 1J 

2 
+72 0 if; (VA) 

2 
+ 51 )" 0 (VTS) 

2 
+ 18 0 rjJ (VTA) 

2 
+ 12 if; (VSA) a 

2 
+ 3 0 (VSAT) 0 

2 
a 
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APPENDIX C 

EXPERIMENTAL RESULTS 
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APPENDIX C. EXPERIMENTAL RESULTS 

This appendix contains tabular documentation of the experimental data 

recorded in the field 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 in 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.4S. 

* Six samples per axle for each run. 

** Three samples per axle for each run. 

239 



Table No. G. 1 1 Rougtvless: 

E xperimentai 
Results 

I (ILl 2 ZLl 

IH ~: 30 34 

72 81 

23 21 

I=t 1: 65 I 64 

48 I 55 

1: 
I 

51 50 

a 71 70 .. .. 
0 74 68 
u .... -

~ 

.!! CPa> 29 u 

.e 

'" ~ PQ > 
45 

~ 
= 31 

~ 27 I 
..... -

~I ()~ 

55 

PI ~ ~ 47 
m' 

W - 57 
!'-- 55 

~ ...... 

All Weights in 100 Pounds 

2 

32 

48 

23 

28 

43 

57 

44 

69 

70 

". 

1 

3 {4L 

35 

74 

22 

65 

49 

53 

I 68 

80 

29 

48 

23 

18 

45 

60 

56 

65 

77 

Replicate No: 1 Speed' 

Left Wheel Path Seales 

4 {~Ll 5 !6L 6 (7 Average Static 

35 32 31 33 30 

82 77 65 75 71 

23 20 20 21 22 

69 69 68 67 67 

64 51 57 54 51 

! I 
55 50 48 51 50 

.-

87 70 62 71 66 

81 66 66 72 66 

33 31 28 30 29 

, 50 43 50 47 48 
I 
I 16 28 31 25 27 

28 31 35 28 29 

43 41 43 43 43 

54 53 56 56 53 

47 43 45 47 41 

68 60 63 64 57 

61 64 68 66 58 

10 Site: 1 .. 35 
........... -~. 

Right Wheel Path Scales 

~f~ ',.. 
. ........ _--

Diff Average Static 

9 29 I 35 33 32 31 ,--
78 6 65 I 79 • 76 73 

- 2 2~~ 22-]mmZ() 21 22 

I 
0 59 68 66 64 60 

6 39 59 55 51 46 

2 47 48 49 48 47 
-

8 73 71 71 72 66 

10 70 72 /1 71 65 

5 29 32 28 30 I 29 

- 1 42 55 48 48 I 49 

- 6 29 28 28 28 29 
.... _ .... 

- 4 19 20 20 20 30 

0 39 39 33 37 40 

5 57 60 64 60 57 

12 45 47 45 46 47 

12 58 73 67 ~§..6. 57 
_. .m •••• 

I 14 53 63 53 56 56 , 

.... 

0 
z 
<> 

Diff ii 
., 
;:; 

(f) Cl 

0'1 

4 r-I ~ 
r-I 0 
r-I N 

- 6 I 
........ 
lI"l 

, 

- 5 0'1 
\0 

lI"l ........ 
7 N r-I 

...:t ........ 
r-

11 

~ 2 
• ...:t 

...... ~~ 
0'1 

~ 
lI"l 

j 2} 
- 1 

\0 
...:t ........ 
N r-I 
...:t ........ 

- 2 
r-

. ............. -

-34 

- 7 

6 
0'1 

M \0 

- 3 N ........ 
...:t r-I 

........ 
r-

16 

0 

N 
.j::'o 
o 



Table No. C . 2 Roughness. 

Experimental -

Ret",lts 

I I 
(ILll 

.... 1t 38 

77 

1: 
26 

1=1 70 

55 

1: 
52 

~ 70 
.. 
." 

75 0 

u 

!! CPa> 33 <> 
.c:. 
C> 

~ Po > 
60 

I:i 
34 

£! 
34 

1~' 44 
51 

~~ ~ 
PI 

70 

All Weights in 100 Pounds 

2 

2 IlLl 

37 

69 

35 

67 

51 

49 

73 

68 

25 

51 

34 

45 

43 

65 

1 

3 '.l 
30 

86 

33 

77 

50 

60 

90 

76 

24 

61 

32 

36 I 

59 

58 

b.) I 

Replicate No: 1 Speed 

Left Wheel Path Scales 

4 I~L.l 5 16L I 6
17 

Awrage Static 

37 I 31 32 34 30 

75 77 81 177 71 

31 22 26 I 29 I 22 

71 65 7~1 67 

~ ... ,..., /".,-53 V.J v ..IV 51 

53 48 52 52 50 

74 67 70 74 66 

71 68 68 71 66 

29 31 34 29 29 

47 ~~ 60 57 48 

':1. 36 35 27 

35 39 42 37 29 

39 46 47 44 43 

61 64 60 61 53 

52 48 46 48 41 

68 46 57 53 57 

39 61 55 59 58 

-
I 30 Site: 1-35 ................................. -

--
; I ~ Right Wheel Path Scoles 

Diff I IIRl 2 Illll 3 (.R Averoge Static Dlff t I "0 
(1)10 

14 35 38 38 37 31 19 . I"-~-

~ ·N 

9 81 78 82 80 78 ...... 

I 
i 

31 I 21 21 30 24 22 I 9 10'\ : i \0 
I"- ...... 

60 I 
,.....r ,.....r 

6 71 88 70 76 27 1...::1" ...... 
I"-

• 

I 
I 11 41 67 51 53 46 15 

5 49 51 50 50 47 6 
! 

NI~ 
12 72 84 71 76 66 15 N 0'\ 

C"") N ...... 
11l 

8 62 85 57 68 65 5 

1 27 35 46 36 29 24 

I 

0'\ 

19 59 64 67 63 49 29 \0 
\0 ....... 
,.....r.,.....r 
...::I" ...... 

30 27 39 43 36 29 25 l"-

28 28 31 24 II 28 30 - 8 

3 42 62 d~ 40 7 

15 §.3._ 88 61 71 57 24 0'\ 
\0 

LIi ...... 
16 44 72 37 51 47 9 

,.....r ,.....r 
...::I" ...... 

I"-

- 7 50 60 60 57 57 - 1 

~ 62 82 41 62 56 10 



Table He. C.3 RoLl9hness: 

Experimental 
Results 

1 I 
(I 

~: 
40 ... 
90 

1: 
24 

~ 76 

69 

~: 
56 

rl:t 76 .. .. 
.!:! 75 
u 

.!! C::PO> 27 v 

.c - -.. 
> Q 

28 
I:! -

J 
- 15 ... 

~ 12 

1: 50 

66 

I~ 
~: 

47 
........ _ ..... 

67 

59 
'-- .... 

All Weillhts in 100 Pounds 

2 

2 

39 

88 

21 

83 

56 

51 

75 

75 

25 

~4 

17 

15 

44 

63 

56 

80 

87 

1 

3 (4L 

I 
34 

82 

21 

69 

55 

54 

69 

70 

26 

31 

12 

12 

39 

57 
... ~ .. 

40 

74 

~ 

Rrplicate No: 1 Speed-

Llf I 'MIIII Palh Scolls 

4 (~Ll 5 (&L1 6 (1 Alllr. SIalic 

42 32 38 30 
I 

38 

91 79 71 83 71 

19 29 26 23 22 

56 I 76 81 73 67 

44 
I 

54 63 57 51 

55 55 55 54 50 

73 76 74 74 66 

66 81 69 73 66 

21 25 27 25 29 

36 38 53 31 48 ... 

17 19 ! 29 18 27 

21 2 4 17 29 

50 49 7 46 43 

65 60 64 63 53 

51 58 46 50 41 

47 74 72 ~9 57 

60 i 77 65 69 58 

60 Site: 1-35 
0 

Rillht Whee' Path Scales z 
"0 1! .. 

Oiff I utd 2 (3R1 3 Static Oiff 
., 0 

UJ a 

25 26 rs 41 34 31 10 
1:--'0 
:-

1.1"10 
~-~----

0;"" ,.-I 1_ 
18 68 73 87 76 78 -3 1.1"1 

6 20 27 27 25 22 12 
0\ 
\0 

M -10 64 76 88 76 60 27 .-I .-I 

~I-
11 51 62 58 57 46 I 24 I r--

9 49 52 I 59 53 47 
-'~T; 
13 I~ -.-I 0\ 

12 78 75 80 66 21 N N -- M -1.1"1 

10 70 75 90 
1---

78 65 21 _ ...... -

-13 4 8 19 10 29 1_ 64 
0\ 

-24 22 30 -44 
\0 

31 28 49 N -.-I .-I 
~ -12 r--

-33 12 18 14 29 - 52 

-40 6 7 8 7 30 -77 

8 40 49 62 50 40 26 
--I-

18 62 79 98 II 80 57 40 ._ ....... 

.-I 0\ 
21 42 55 102 66 47 41 .-I \0 

...... - ~ -.-I -21 57 59_ 113 73 57 29 r--
-

20 42 44 112 66 56 18 



Table No. C. 4 Roughness: 

E xperimenfal 
Results 

I (ILl '" 

11: 30 32 ... 
65 80 

1: 
22 24 

I=j 64 66 

45 55 

1: 54 45 

a 66 ! 70 ---r .. .. ., 70 64 
u 

.! 

~: 
30 30 .., 

s: ... 
> 

44 47 
~ 

--
27 ---~ 

~ 
29 28 

1: 44 /, 1 

47 55 

PI 

l~ 
42 48 

~ 59 

56 58 

All Weights in 100 Pounds 

2 

1 

3 (4l 

73 

21 

63 

48 

50 

72 

80 

32 

53 

21 

22 

67 

47 

66 

61 

Replicate No: '2 Speed: 

Left Wheel Path Scales 

4 (~ 5 (6l 6 (7l AverQ98 Static 

32 33 33 30 

91 70 70 74 71 

24 20 20 22 22 

64 69 70 66 67 

56 48 56 51 51 

55 50 45 50 50 

79 60 70 70 66 

73 68 66 70 66 

32 31 30 31 29 

47 43 52 48 48 

I 16 27 33 24 27 

28 31 37 29 29 

44 42 43 43 43 

! 

58 51 54 55 53 

50 42 46 46 41 

86 47 59 63 57 

76 57 I 56 61 58 

10 Site: 1-35 r 
-~- <> 

Right Wheel Path Scales 
z 

" 
"'" {3Rl

i 
~--- ;.:; .! 

Diff. 3 HAl Average Stat i c Diff '" <> 
<Il a 

2~:~ 
,---

10 35 33 31 i 6 I ~ 
: I ~(V)-

5 64 80 77 ~ 78 1-6·.!~ I~ 
0 21 23 22 22 I 22 • 0 I ' 

-~ ~------IO'I ~ 

-1 55 70 63 
. IN-

63 60 • 4 1--:1" ~ 
........ - ... ~ 

Ir--
0 39 61 50 50 46 9 I i 

0 52 50 44 49 47 4 ! 
0\ 
\.D 

II') -5 72 65 77 71 66 8 N 0 
(V) N -II') 

5 68 70 69 69 65 6 

6 29 30 29 29 29 0 

::+: 
0'1 

0 39 57 47 -3 \.D 
co -N .--I 
--:1" --12 24 27 24 -14 

r--
! 

Oft?? 28 21 24 30 -21 

0 40 40 37 39 40 - 2 

4 52 60 73 62 57 8 
0'1 

12 45 49 42 45 47 - 4 
r--
~ i~ -- ,---
r-..... 

10 62 65_ , 75 67 57 18 
r--

5 49 55 56 53 56 - 5 I 



Table No. C. 5 Rougtvless: 

E xper imental 
Results 

I (IL) 

~: 36 .... 

80 

1: 
24 

1=1 69 

58 

~: 
59 

a 
76 

• ., 
59 0 

L> 

... Cpen 35 u 
.c: ... 

~ PQ > 57 
~ 

-- 38 

~ 33 

C}'-= 45 

! 48 

PI ~ 40 
<D 
- 50 

p 
r-
- 73 

All Weights in 100 Pounds 

2 

2 IlL) 

34 

71 

32 

67 

47 

47 

68 

62 

26 

56 

43 

42 

36 

55 

50 

43 

63 

1 

:3 (4L 

32 

78 

35 

75 

45 

59 

90 

68 

25 

59 

32 

33 

52 

65 

55 

~ 

68 

Replicate No.: 2 Speed: 

Left Wheel Poth Scales 

4 15Ll 5 (tiL 6 (7 Average Static 

35 33 29 33 30 

67 71 79 74 71 

37 28 22 30 22 

64 74 70 70 67 

54 60 57 53 51 

55 50 50 53 50 

83 60 68 74 66 

70 71 65 66 66 

30 30 35 30 29 

47 63 60 57 48 

30 35 41 36 27 

33 33 35 35 29 

35 45 46 43 43 

73 68 55 61 53 

55 49 52 50 41 

63 55 43 53 57 

43 63 69 63 58 

JO Site: I-J5 ~I Right Wheel Poth Scoles 
---- ~)~ 

DiU I lIR) 2 DR) :3 14R Average Stat i c Diff .. 0 
(f) 0 

0'\ 

11 32 35 34 34 31 9 \0 
0'\ --- 0 0 
..--4 N 

5 81 80 87 83 78 6 -If"\ 
35 20 24 26 23 22 6 

0'\ 
..--4 \0 

4 70 85 68 74 60 24 N --d" ..--4 -
5 45 72 47 55 46 19 I~ 

0'\ 

7 51 51 51 51 47 9 \0 -("") 0'\ 
N N 

12 75 79 78 ~ 66 17 ("") -If"\ 
0 61 85 65 70 65 8 

4 29 38 53 40 29 38 

19 49 74 70 64 49 31 0'\ 
0 \0 
N --d" ..--4 

35 28 45 41 38 29 31 -~ 
20 28 33 26 29 30 -3 

0 42 53 23 39 40 -2 

14 58 87 50 65 57 14 

22 46 50 47 0'\ 67 37 6 0'\ \0 
..--4 --d" ..--4 

2 52 70 52 ')9 'iL 4 -~ 
9 62 82 51 65 56 16 



Table Na C .6 Roughness: 

E xperimelltaf 
Reslills 

I 
(ILl --... 

I 

~, 1r: 34 

80 

11~ 31 

~ .,. 
81 

10 

f--l-----~7 

~: 
62 

1:1 
88 .. .. 
78 0 

(.) 

.!! COl ... 

.c .. 1)9 > 
I 65 

fj 
-- 51 

P 
~ 

42 

1: 52 

65 

1>1 

~~ 
49 

70 

63 

All WeiQhls in 100 Pounds 

2 

2 (2.U 

33 

82 

17 

78 

55 

50 

75 

80 

23 

51 

46 

43 

47 

61 

62 

67 

79 . 

1 Replicate No: 2 

Left Wheel Palh Scates 

3 (4L 4 I~Ll 5 (!!L 

"I 
6 (11. AWlralle 

35 40 37 35 36 

75 81 81 79 80 

14 33 26 27 25 

69 72 78 83 77 

59 52 55 172 60 

52 57 I 57 52 55 

70 85 82 __ ~1 79 

73 67 84 72 75 

30 26 31 32 29 

59 51 58 62 58 

38 36 45 43 43 

37 37 46 35 40 

37 53 45 50 47 

57 ]1 65 66 64 

45 51 54 61 54 

67 50 67 68 65 

71 I 58 66 68 67 

Speed' 60 Site. 1-35 I ! ---- I 
--_.- 01 

RiQhl Wheel Path Scales ZI 
- "9! (V ....... 

SIalic Diff I II~J 3_~R1 AYeroge .. ., 
DR! 

L,,). 0 
.-_._ .. - . __ .- .... --'-_.-

' 0\ 

30 19 41 35 1 \0 
! I" -. -- ---_ . ,...---_ .... ...... 0 

...... N 

71 I 12 ! 78 _93 82 5 ----'----
LI"'\ 

-19-~~-i 25 I 

22 12 25 22 I 12 r---i·------ c

-. 

-.-- 0\ 
I" \0 

67 15 62 85 97 81 60 36 ('I") -....:t ...... -I" 
51 18 49. 63 67 46 30 .---f----r--- ..... 

I" ! ~ 50 -- .. 
10 47 51 56 51 47_ !---..-J __ 

N'O\ 

66 19 73 66 94 78 66 18 ('I") N -tI'I 
66 15 63 60 95 73 65 12 

29 0 27 36 43 35 29 22 
.. ............... - f---

48 20 52 75 69 49 40 
0\ 

79 \01\0 ('1")1-....:t ...... 

27 60 33 44 51 43 29 47 -il" .-- I----

29 38 25 35 36 32 30 7 

43 10 36 51 66 51 40 27 

53 21 59 75 95 76 57 34 
0\ 

41 31 40 56 97 64 47 37 IJ"'I \0 
('I") -....:t ...... -57 14 62 58 106 75 57 32 I" 

--... - ... 

58 16 39 51 ~ 56 11 



Table No. c. 7 Roughness: 

Experimenlal 
Results 

1 
(Ill 

11: 30 
~ 

70 

1: 
22 

~ 62 

49 

1: 51 

S 65 
.. .. 73 D 

U 

..! (oC!) 30 u 

.&: ... 
> 

~ 
~ 0Q 45 

-- 28 
p 
~ 

27 

1: 45 

47 

~ 

~~ 
44 

59 

57 
All Weighls in 100 Pounds 

2 

2 (ll) 

35 

78 

19 

63 

51 

47 

72 

66 

30 

49 

25 

35 

41 

53 

51 

63 

57 

1 

3 14L1 

35 

76 

22 

63 

45 

52 

I 70 

81 

31 

59 

28 

28 

44 

65 

44 

77 

61 

Replicate No: J 

LeI I Wheel Palh Scales 

4 (~Ll 5 (6L 6 (7L AlI8ralle 

36 30 32 33 

89 71 69 75 

24 22 22 22 

70 68 68 66 

61 49 51 51 

53 49 47 50 

82 61 64 69 

75 65 66 71 

31 30 32 31 

55 42 41 48 

20 28 33 27 
---,----f---

24 28 35 30 

43 42 45 43 

56 53 56 55 

50 46 48 47 

77 55 59 65 

65 63 59 60 

Speed: 10 Site: 1-35 
-- ci 

RighI Wheel Palh Scales 
z 

--
c~ .-.'-. 

..- "0 .. 
I " "0 SIalic Diff c. _.' , . 2 D. 3 ,.. A""" SIalic Diff '" '" Cl 

-- ---- -

:"" 
30 10 27 32 33 31 31 0 en I~ - -------r'- -... - ---- .--11° 

68 79 77 II 75 1 
.--IN 

71 6 78 - 4 i~ 

22 0 22 24 21 22 22 0 r 
I"" 

--~-- f---- -. --t---- --~ 
C"')i\.O 

67 - 2 56 71 63 63 60 _6_~~12 --_. --

. ,r--. 

51 0 39 59 52 50 46 9 --~-+--- --

. I 

50 0 50 48 46 48 47 2 i"" ---- f---- ,-- ~. . -_. :\0 
\0 ......... 

66 5 66 72 71 70 66 6 
-- ~ ~ 

en 
66 8 70 70 72 71 65 9 

,--------

29 6 29 28 31 29 29 0 

48 0 42 64 50 52 49 6 "" N \.0 

C"')~ ..j".-l 

27 0 25 29 27 27 29 - 7 r--. 
- -- f---------- ._---- _._.-.. - ----r---

29 2 22 28 21 24 30 -21 -- ----

43 0 43 43 41 42 40 6 

5_3.. 4 ~ _...QL 72 6J 57 11 I 

0 "" 41 15 47 50 44 47 47 .--I \.0 
-- _._- .- _. C"') ~ ..j" 

52 16 58 68 78 ~--t-~J-- 19 -;::: 
- --- ------ c---- --

58 4 51 55 53 53 I 56 - 5 



Table No. C.8 Roughness' _---=1=--_ Replicafe No: _~3,,--__ Speed __ ~3<....::0,--___ . Site. 
t----------~-------------~------~----..... - ------.----- __ I .-. ------------1 

Right Wheel Path Scales 
r----r----T·~········~~---~----,_--_r----~~-_,·~----+~---·~-·--~r----~-.-~----~--~ 

~,., 

Resulls 
Left Wheel Path Scales 

III .ill (.L 4 {~L 5 (6L I 6 F A1I8rClge • Static Diff I IIRl
i 

2 tlRl {~~IAVerQII'+ 

.-. (P-+-- ___ 1--_.-+---_--+_40_+--__ 3 .... 2 __ . +--.3 .. _4._._11---_3 _6 -+-_3_0_.,--_1_9 __ +---3 .. 3 ...... _._+-_3_9 __ 1:-__ 7_--;t---_3_6. -1-----1--.--.,' 0\ I~ 
LpN 77 70 80 73 76 78 76 71 7 81 77 83 80 7 3 ~ ~ 

1=:1 1t: I:: .1
1

:: :: ':: :; ~: :~_+-3_: --. r-.-::--.-r--~:-31--+-... :.~- -:; 22 I~: ~ ~ -r--- . . !-----t-----+-----+---+ .. ~ .... ___ l--_-+-___ .+ ___ ~1t--.-.__t_6-0---+_--___j.,;t ~ 

!--+-_"'+5~\6~_~4~2=--_1 ~54~~I_~LL.~,;+-1:!..5::3--1~6~0~--.::5~2:..-~5 :..1_1-:.2 ... _-1- 5 5 ___ r-?.5 __ -+_5_9_li--___ 
L1 

__ _+_- ... _ +-_.r-.-j' 

51 52 50 4 50 51 49 50 47 6 iO\ 
\.0 

co ........ 

:: 
a 1_:(1)1-57_21_+---49_-+-,_5_9 --+-1 _5_3__ 48 

75 ! 87 87 68 66 76 66 15 72 82 74 76 66 15 N 10'1 
--+----/-............. - +--.- t--------lI------+- ......... ---t-----j C'") .~ -- -.-- - .. - ........ - --

IJ') 

o 56 67 68 73 68 72 67 66 2 61 <..> 1---1------+-.=-=---+---=-'-----,-,....;:;...;.'----+--:..=.----1 -.::...:....--+......:....:=--+----=-:...... j--=-"---+-- --t--:::...~- 81 _ 64--/1---6_-.::.9--t.....::6=5 __ +..:::.6_t-+--l 

(pO) 33 28 0 32 31 30 29 5 29 40 34 29 16 

! PQ 58 44 57 51 46 63 53 48 11 45 80 58 61 49 24 

- 42 27 35 32 31 43 35 27 30 33 42 42 39 29 34 g-f---- +-----+-----+----!I-·~-+-----~·--__t----+---+-----+----+----+--+--+-·---+------t 

~ 34 32 36 37 39 32 35 29 21 26 41 I 32 33 30 10 

43 o 45 43 43 0 42 53 24 40 40 
--t--....... -tc--------j-----.------r.-.- f-- ....... -+-.----i 43 35 54 40 

! 

All Weillhls in 100 Pounds 

2 

5 1 z() _ _+_..:...7.=..0 ---+---=-6-,-0 ---+----=-5.;:;...8 --+_ ~I __ r2:3---+-1=5'---t---=-62=----+_--=-7-'-9_t--6: .. -0--fi ...... 6:--=--7 5 7 18 



Table No. C. 9 Roughness: _---"1____ Replicate No: _~3L-__ Speed. __ --"-6-"'-0 ___ Site: _.,.........I ..... -..... ·3~5 ______ ! 
Experimentoi 

Results 

f-----------------------------'-r--------------"-----------·,---- ~ Left Whee' P<Jtll SeQles Right Wheel Path Scales 
I (Ill 2 (lU

T

·'··'-3-(4---'L '-4---(5L-r) - ;, \6L 6 -:J,'-'-"'I~A=IIf.I=rQ=oe=:=-~==:==--.----·-'I--- -I -!-,B-'.,---2~:D!~~R1~'·~_3-...I.:-4""'R1l1__nA~Ye'=ro=\j=e :~~=----,-"-Ol··f·f----l ] ! ~ 
l---l}--'--·T.,-3'-S-~=t--3-6~T--3-1-=='!-4~~--3-S-t-;~ 36 27 I ~4 41 34 I 31-- 10 r-l !~ 

~ i ~-N+-. -8-5-+-S-6--+--7-5 -r--8-3-t---8-2---+---72---1I-8-0~-t-7----t-------H--;;-1-;1--+--8-7-----fr--7-8-~7"8"'" --+--0 _-l ~ I ~ 
~~_~ __ ~ __ ~ __ +-_~_~__ _~-~---+-1 __ 3-+--~-1---~--+_-~-

;;:I 1_:I"ltl)<T~3~1~WL"J.~2~0~~2 8~_.--12:Z7----+---.:3~1W~2§.6 -+-~2 2~+l1~8 24 32 I 29 -II- _2_8_+_ 2~ 2 ______ +--2.:-=-9~ J ~ 
i r-

71 56 I 61 56 59 79 64 51 25 50 65 60 30 ~ I 

]~7~. 69 ..::.7..::.3 ~-----=-80_+----,8:..::.6--"r_7.c7_ --+-_=_6-=--7 _----i1---'1=5 ___ -t_-=6-=.5 __ 1--_ 8:.c.....1_+--=--99~#__--8~2_+_60--+_-=-3.6:::-J ~ 12 

: a 1::: I~: --I :~-~:-,_.~-,.5-7--:-'···-·~i--:-;--~'~-;-4-2~~~:~:-_-_~-1--:~-.--+--:~:~~~·---:--~:~~-~~---'!··-··':·-~'~-;-:~~-:--:---_~c--"",~61_'6-,~ -+,.-:~-t i~ 
~ 81 70 70 65 81 65 72 -+-6:..::.6_-+~9__~? __ +-7_5_+__9,--2-lI____7-7__i,.-6-5--_+__1-,' 9_ .. ,_-+-_+----1 
., 
U 

J::. 

'" > 

(pen 32 21 28 39 35 29 
--+----j---+------i'''''---+--~- ---+---1----1 
29 30 30 34 29 o 35 20 30 

~;>-= 75 38 61 58 62 74 61 48 28 49 79 73 67 49 37 J..q,~ 
~ ~~l'---4=1~~~}~~~4~8~~5=iO~-5-=--i3~~47~1--2=7~~73~~3~3~4:"::'~6~-~ ~ 29 148 lil~ 

'--12;d:~-1 :: ---t--=:~:--t---C:~,"':c".-.. +-,-=:,i,,=-~--r-.45~40..:..,--t--:·-=:'----1"~:=--:=----~ ~- -:~-- :: 1 :: :::: r ::~ 
---j----t____--t--.,,-"" +--"""--~--/---"-+-----I- -- ~- -- - r-- ---

<T I I I 
p. 70 63 56 _6_1--+_-=-68=--+-7'--'3=--1--6=5=--t-_-=-5,.3::-__ -+-=23=-----_-II-~6_c6::._ I ....§~ ___ 108_ • .J32---t 57 __ 1 5Q_ I 

~ ~ 50 63 44 47 55 65 54 41 32 42 61 115 I 73 • 47 • 55 ("') ~ I----'''-'---l--,-''=--t---'''=---+.'''''.:.,~,,,.-- +-=-j I ~ .~~~~~r--"---..q 
• I ..q 

,,':>72 66 72 42 53 77 64 57 12 63 67 121 84 i57 ·47 Ir---

~~~_~_~~66~~~9~5_~6~3_~4~8_~.7~6~~6~8_~~69~~-5=8==:=2=0==:~4~3:~--~50_~~~;t:-~- I 
All Weights in 100 Pounds 

2 



Table tb C .19 Roughness: 
Expenmental 

Tat; Ii _I~(II.) 212.LI 

! cu- 34 
30 

I ..... ' I 
I I I 
. I N 67 77 

~ 
i m' 22 I 23 

"Il~~~ 67 

Il) 52 I 58 

1: 
56 48 

~ 84 63 
.. .. 62 69 " u 

... CPU! 26 32 ... 
.<: ., 

IF>Q > 45 52 
~ 

-_ .......... -

-- 24 31 

!!J 
42 47 

Cp~ 42 42 

~ 
51 ....... f--56 

!:oj ~ ~ 47 

~ 58 

~ 
58 

Ali Weights in 100 Pounds 

2 

46 

72 

55 

2 

1 
:; (4L I 

38 

73 

23 

69 I 

71 

75 

31 

58 

43 

43 

45 

70 

52 

77 

72 

Replicate No: 1 Speed 

Left Wheel Path Scales 

4 (SL I 5 (ilL 6 (7 A ... rage 

36 33 24 32 30 

90 . 74 86 78 71 

24 19 21 22 22 

77 67 69 69 67 

1 58 ' 56 51 

50 48 52 50 

83 68 64 72 66 

74 65 65 68 66 

32 29 30 30 29 

53 58 56 54 48 
---_ ...... 

37 25 32 32 27 

41 38 34 ' 41 29 

44 41 • 44 43 43 

64 51 I 53 57 53 

56 5~ 45 49 41 

81 57 61 68 57 

69 52 62 61 58 

.-
i 10 Site: 1-35 

- ,--~. _.-
Right Wheel Path Scales 

,------ . ._-- ., 
_~~(lJ 3 __ .H~ lAve .eJ Diff 

;; 
DRI 

Ie ,0 
~~- t~-· -~f-- -~ ---

I :0"1 
8 37 30 35 1 10 : \0 :--- .--- :0 

IN 

10 77 79 78 - 5 ,-
r--- --,------- if I 0 24 22 23 22 5 I 

-- f-.. -- _ .. 1- --
!O"I 

2 65 67 60 11 MI\O 
\01_ 

10 60 57 53 46 16 
1 

.;:tIM '-I ....... - ------ .. ---- , 

3 52 49 46 49 : 4 I~ , ... _-c-· 

9 86 74 75 78 19 0"11_ C""l0"l 
C""lN -7 

Lr) 
4 60 80 70 65 8 

3 28 26 29 28 29 - 5 
I 0"1 

12 39 55 60 51 49 is. 0 \0 
' \0 I 

29t~"% 19 25 44 45 38 

41 30 37 31 33 30 9 
.. _.- . 

I 
0 40 40 33 38 40 - 6 

1i 58 47 82 62 57 9 
0"1 

20 44 50 40 45 47 5 \0 0"1_ 
.... _-

Lr) M 
.;:t -19 49 70 80 66 57 16 ....... 

--

6 45 55 62 II 54 56 - 4 



Table No. C .11 Rouglvless: 

Experimental 
Results 

I 

~ -1lJ: _JIJJ 

30 

76 

I 1: 
8 

~ 74 
I 

56 

~; 
68 

a 
1''1 .. ., 
47 0 

Or--
.! CPO) 40 <> 
r. .. 

~ ~2 > 53 
~ 

-- 18 -r 
£:1' 

p~ ::T C_...... , 
, ':'!' 

7h p. 

t>I I() - 25 

':£ 
g- 83 ...... _ .... 

"-- 56 

All Weights <n 100 Pounds 

2 

212.L 

39 

76 

34 

63 
-

55 

48 

10? 

38 

29 

49 

46 

30 

38 

71 

48 

81 

55 

2 

(4L 

34 

79 

39 

77 1 

57 

57 i 

114 

79 

25 

64 

27 

39 

53 

75 

55 

60 

105 

ReplIcate No.: 1 Speed: 

Left Wheel Poth Scales 

!~l 5 (6L 6-:- AverOQe I Static 

40 36 32 35 1 30 

81 77 75 77 1 71 

35 25 20 27 22 

63 59 67 67 67 

48 61 ' 67 57 51 
-

53 50 i 50 54 50 
..... -~,-- -' 

9R 69 58 94 66 

85 57 70 63 66 

31 30 34 32 29 

51 58 57 55 48 

35 28 39 32 27 
..... _ ............ -----

30 34 • 33 35 29 

50 -:r~5 46 43 

63 57 57 67 53 

63 43 40 46 41 
----

22 82 62 65 57 

82 65 52 69 58 

30 Site: 

Right 

Diff I IORl (3R 

17 35 39 

9 88 76 

22 18 25 
--'--1--

0 74 79 I 
-- -~--

12 ~!-1-_ 65 

8 53 53 

42 107 91 
1 _ 

5 40 75 

9 33 30 • 
........ -

15 48 70 

19 11 38 

21 41 1 33 

7 42 58 

~5 81 ._J12 

11 25 70 
'-' ---_. 

14 90 90 r 19 59 I 108. 

1:-35 
! , 

-- i 
----~o Wheel Poth Scoles Z 

3
14R 
~~roge~~io~ ]j ~ 

+ ---t- -.-- r - ,-

33 36 31 I ~'" i~ 
N 0 
..-I N 

81 82 78 5 I I~ 
i 

, 

23 • 22 22 -~J 
I 

i .-f-- 0'1 
M 1..0 

67 I 73 60 22 LIl ........ 
i ..:t ..-I 

........ 
r-

57 54 46 18 , 
I 

49 52 47 11 ,0'1 
1..0 

90 96 66 45 i~'~ !M IN 
I ........ 

93 70 8 LIl 

45 36 2 24 
--~- I 

69 62 9 27 10'1 
N'I..O 

3: 
LIl! ........ 

47 ..:t,..-I 

I;:: 
31] 35 30 17 

23 41 40 I 2 

61 • B5 57 49 
I' 47 30 I 42 -11 0'1 

..-I 1..0 
LIl ........ 
..:t ..-I 

74 30 43 57 ........ 
r-

59.
i 

75 • 56 35 

N 
VI 
o 



Tobie No. C . .2 

Experimental 
Results 

(lL 
2 ___ .J.lli 

1:: ..... 

70 

1: 
51 

~ 66 

68 

9~ 
57 

1-·········· 

S 
127 

Of 
Of 133 .. 
u 
., 

1: 31 I u 
£ 

'" > 88 
!?J 

k 20 

75 

CD~ 43 

! 113 
I:.j ~ 97 

~ 115 

!::: 
140 

All Weillhts in 100 Pounds 

2 

23 

96 

5 

80 

~-
53 • 

I 
25 I 
28 

29 

51 

72 

58 

45 

31 

10 

0 

0 

2 

:3 !4l 

30 

80 

20 

73 

61 

52 

24 

24 

34 

61 

18 

22 

33 

38 

10 

0 

5 

Replicate No: 1 Speed: 

Left Wheel Path Scales 

4 !5LI 5 tr,L 6 (7l Allllrage I Static 
........... 1---

39 39 30 37 30 

84 80 71 80 71 

12 32 31 25 22 

82 93 80 79 67 

54 61 I 72 62 51 
-

57 59 52 55 50 

147 40 100 77 §L 

134 44 87 75 66 

25 31 31 30 29 

52 62 79 66 48 
- -

29 37 45 37 27 

36 54 38 47 29 

60 41 50 45 43 

100 84 54 70 53 

80 54 57 51 41 

132 57 30 56 57 

130 I "'1'0 54 68 58 

60 

I Oiff I . i!f!J 

22 

13 54 

14 37 

18 52 

22 54 

10 45 

I· 
17 139 

1 14 120 
........... -

4 36 

36 68 

36 17 

63 40 
... ---

5 40 
-

32 99 

25 81 
.......... - .... 

- 2 107 

17 120 

Site: I-35 -~ 
- , 

A __ ' __ 

._._-.... c I ' z' 
Right Wheel Poth Scales • _ f 

[}.J. 3~ Ave;~-Statlc :~~f-' -~ r~ 
T f- - - -+-~; -. '" 

36 35 38 31 I 24 I 1 
. ~+~- -;8 ;~+ ;lB:~ 

- --Ii 
47 15 33 I 22 50 i I 

--r--'---' 

:!~~l::-'~ • '" 84 101 '" -t-I -: 63 71 1"--: 

- I ---;-r----' 
58 60 54: 47 L16 i '" '" -+---, =--=---j -10 '" 138 65 114 66 73 M C'J 

M -Lf"\ 

141 60 107 65 65 

54 29 40 29 37 
-........ - f--'~ I····~--i 

79 49 52 77 75 '" co '" ..j- -62 431 
..j- t-I 

50 29 48 -.... - ........ - I"--

30 10 27 30 -11 -_. 

55 67 54 .. : .. --~ 35 ......... ~ 

103 84 95 57 67 
.. _ .... - -- ~-. 

'" 6~ 72 74 47 57 I"-- .:::: 
....... _-

..j- ~ ..j-

143 19 90: 57 ~~ I"--

175 
... ::::..::..::::. .. OJ 98 56 76 I N 

V1 ..... 



Table No.C .13 

E llperimentol 

Results 

RoUCjjhness: __ --=2'--__ _ Replicate NQ: _--=2~ __ __ S~: ___ l~O~ ____ __ Site: 1-35 

~------------------------------------------------~-----------------------
Left Wheel Path Scoles Right Wheel Path Scoles 

-~--- T-----1 .~ ! ~ 
__ 2 13R1 :3 14R Ave,age Static Diff U'l : a 

----+-----.,.-
3

14L 
5 

16L 
6

17 
AIIII,oge Static 2 1Zl ) Diff_ 

1 IIR: 4 15Ll Ill) 

~ 
34 30 40 36 32 34 34 30 14 37 28 35 33 31 8 b 

..... -+N---+----+--l-----+-------+---It--------l-----+-----1I--------+------+--------1I---------t------t-----------1 M I~ Mia 
60 77 76 88 74 73 75 71 5 66 I 80 79 75 78 - 4 M ~ 

~+_--_+-----~----~----+_----~--_+----~----4-----+-----~---~----_+ In 

H1_-:~:==2=0=:==-22-~-2--2~:~~-2-2~:~~~1~9~:==2=0::~~-2~1~~~-2:2:::--==5=:=~-22~-:::-26-90~---6~71 6

2

6

122 

-5 ..... ~ 63 6~70 83 71 67 70 67 5 61 60 1-------;- ~ I~ 
I ,-

50 54 59 67 50 55 56 51 9 42 62 64 I 56 46 22 i :r--
-- -----+----I-----~_+__-1 

:: 

I:l 1-..... C[)<D~-53---l-4-7---+--52-+--5 7-+_4_8-+-_4 __ 7--\-__ 5_1-+--__ 5_0_ ,-_!_-+--_55---+_4_8-+_4_7-+ __ 50-+-, _4_7_ ~-~ N I~ 
88 71 70 86 65 64 74 66 12 93 70 75 79 i 66 20;:;!; ~ 

o 70 73 78 72 66 64 71 66 7 67 79 74 73 65 13 
-If''I 

u ~+_---+--~~~~4_~~+-~~--~~--~4_--~+-~~~~~~~_+-~~--~~~--~+-~~~~_+~~ 

~ .., 
.c; .. 
> 

(p-+~~~~----+--~~~~~~+-~-~~~~ 29 27 30 32 32 34 31 29 6 30 32 28 30 29 3 
---+----4-----*-----~---+----~ 

~PQ 41 52 59 48 45 44 48 48 0 33 67 49 50 49 1 0'\ 
-+-----1-----+-----1------1 ---~--~----_+----~----4-----+_--~-----*----~-----+---~~ ~ 

36 28 25 19 30 33 28 27 6 33 34 26 31 
-j-M -29 7 

11:'-1------1-----+--- -- -------~--+--_+-----l--------.Cj----- --- ---- - ------+------+------+_----1 r--

28 -3 24 30 27 22 -21 29 29 22 29 34 25 
-----+-----+----~--------~-----+-----~--~----_+----~----+---+---~-----~----+_----~+--1 

23 29 

41 42 46 46 43 44 44 43 2 40 40 39 40 40 o 

49 54 71 68 53 58 59 53 11 55 60 85 67 57 17 
~--~4_~'--+_~~~~_+--~~--~+---~~~~~--_4--~-~----~---- ---+---r--~ 

41 46 50 58 46 45 48 47 1 47 59 45 50 47 7 M ~ ----- ----~----+----'---j \0 _ 
-j-M 

52 62 73 84 55 56 64 -r--68 __ 5,-,-7-+~1~9 -1 57 12 54 70 80 
- --- ----- ---- ----

64 58 66 78 62 61 65 58 12 60 57 59 59 56 5 

All Weights in 100 Pounds 

2 

N 
V1 
N 



----------------_ .. _-------_._------- ._----,.---,--, 

Table No. C.14 Roughness: _2 ___ Replicate No: __ 2 __ --..... -_spe~d __ -.---=3-0----- Site: __ ._.-_---"I-.=:.3~5_=_._=__=_=_._=_._:_._~.=-_=__=___I "'! 
Experimental Left Wheel Path Scales Ri9hl Wheel Path Scoles Z I 

Results f-.... --~---.--- .......... ~-....... -~---...... ,_-->r---__r_ -.- ---,---+'--. ·-T----··..,----j ~ I ~ 
I • I 3 4· 5 I A._.~~a St t DI'ff I ,J' -',no Diff :)lio'" 

1---'-~!-.l-.--+-.--...:{~ll"+-- ,i,-"Z"L'T_-=14::.LjL _._,(,~cL"'c-____ -'I~""'+l .. - 17l ~.u.y",,, 0 IC __ ~_ (!t<. (~R 14",I·\V"ru~, ::'~~ 

F>_ 6 36 29 40 36 34 34 30 12 34 36 34 35 31 12 ;::;I~ 
~ P-rN-7-7-+I'-7-'~-+-7-9-+--7B-+-7-3--+--7··5·····-+-7-5-4-7-1-4'--6--+-~-+---~·--~-8-1~-7-8·-~--~~1~ 
~~----l ___ +--!_v-l--__ -+--_-!-__ ~--__+ _-+-_-+-__ ---+-_8_9 __ +-77 ___ +--7_' 7_--lI- ....... _--+ - 1-'-+-1--

~ 1=::~:~:==:~ ::=:~~~= 27= s8=~~-"'-37~20~~:::~:=:·-...... ·-.. -:-: -I!-_:-=:---f-+_.-_-.-:.~:~:=-1··--:'--.. _+_---.::....:.4--· .. -... fl___""-:=3~:=~3::O;"~'"--II-- -~~T 6:_·~_-~ ~ i ? 
"---+--_-1-;:;...6 0:::..---+_.::.54"'---+-..:::5.:::.8_1----=5:...:::0_r--:6:...,:4'--.+--__ 7 0'"---ll--,,5=9--+~5,,-,l=- +._l=L 6::.._._-+-..... 4 2__ ~5 6 0 ....26+_~_12.1 __ '-T: 

.. 
a 1'-127 107 107 90 77 57 94 66 42 111 88 80 93 66 41 ~i ~ 

--+-- .+-----f~-_+_--~-- +-~_4--~--~--+- .. -~--~~+----l I~ 1_u:>+-67 ....... _~4-7--;,-54 ... --1--5-3---+__4-9 ......... --'---4.9--__J-5_3 ....... _+ __ 5.0 __ +_6_ ....... -';-.. 53 52 50 I 52 i 47 11 i -0
1 ~ 

~ «l 44 41 83 86 54 71 63 66 - 5 40 79 95 71 65 9 
o ~~--~-----f~ -~~~_+---+--_4~-~-~+- ~L-----r-- -.~--~f-.-~~-~-~~~~~~-~---f--~ 

c. :~J .. 8= .. _+-=2.7: -f- 3:::11":::"'_-1-=2..::..8 --+--=-3.::..2 --+--=:3.=3_+-I...:::: ,3~1_+---,,2c:..9 -+---e::..9---,~3~3 --+-=3::::...3 -+--",-3 9"---lI--30"~, 5~_-1 29 21 

I P_2+-=5..=.5_+-= I 5=-=-7-+_4.:....:9~+_5=-8~+-.:...74..:-~64 60 48 24 43 88 64 65 49 

41 ~_~2=5_~4~7 __ +-4~4 __ ~3~4~+-4~0~+_~45 39 
p 

45 40 38 27 49 29 30 

~ 47 29 29 37 33 33 35 29 20 34 43 26 34 30 14 "---+--- ...J.--~"":"'-+-=~-4- - --+- ....... ---1-----J----+_ ----+- ....... --+---+----t .. ...=.::-l/--.::....:..-+--=:...::.....+-....:...: ..... -I---I---i 

Cp~ 
-r_4~3_+_4~1-+-=5~4-+_3..: ... 7-_+--4=-5_4--4~5_4--4-4__1--4~3~ 3 42 59 +-~33~_~_4.:....:5~~_~4.0~-T.~ll __ 

~ 64 66 68 55 63 59 63 53 18 68 97 107 91 57 59 
~- f-- --\------1 -~----+ ... - .. - .... ----1- .... ---+-----1'---.-.. . ...... - --+--.. ~ 

1:>1 I ~ 40 76 63 52 55 52 56 41 37 50 40 50_ i 47 47 0 ~ :::; 
-r--+-- ....... -1--~----~ ........... --+---~--....... -.~ .. --_+ .............. -4---.-+-............. --I--- .. ----+-----4------1q ~ 

~84 50 50 79 61 64 65 5713 91 
11:'-1----+---4------I-----t-- -+_--Jj----r--+---.... - .... - .. _-.+---. __ .. -l 46 

i ~ 91 97 49 46 52 52 
~~~ __ ~ ____ ~ ____ L-__ -L 

All Weights in 100 Pounds 

2 

65 58 11 85 59 

r--. 

88 75 57 32 

50 65 56 15 I 



Table No. C .15 Roughness: 

E xper imentol 
Results 

I 
(ILl 

~: H 
52 

68 

1: 
56 

~ 73 

73 

~: 
57 

a 127 

• .. 131 0 

u 
., L pm 35 u 
.c .. 

~ bQ > 99 
~ 

-- 35 

~ 91 

CP~ 42 

~ 

102 

[~~ ~ 
62 

'" 132 
~-= 
~ 158 

All Weights in 100 Pounds 

2 

2 (ZLI 

25 

98 

6 

82 

56 

51 

28 

35 

33 

62 

67 

43 

48 

44 

39 

0 

0 

2 

3 '4L 

32 

73 

18 

72 

59 

51 

31 

25 

33 

61 

9 

27 

35 

50 

12 

0 

0 

Replicate No: 2 
Speed 

Left Wheel Path Scales 

4 (~LI 5 (6L 6(7 AwerC1Q8 Static 

36 35 31 35 30 

79 80 71 78 71 

26 27 37 28 22 

83 90 85 81 67 

59 59 75 64 51 

56 59 53 54 50 

145 48 102 80 66 

131 47 92 77 66 

31 34 38 34 29 

50 72 65 68 48 

44 52 46 42 27 

61 56 47 54 29 

60 52 54 49 43 

88 95 68 75 53 

86 62 65 54 41 

140 40 47 60 57 

128 37 44 61 58 

60 
Site: 

I-35 

- -- 0 

~ Right Wheel Path Scales z 

Diff. --~4-= 2 I'Rl 

-- C I '" .: I-3 loRl 
Averoge Static O,ff '" " en Cl 

25 l/")I~ 17 ~t: 37 ~39 31 

jJ~ ----10 58 83 102 81_ ~ 78 
4 l/") 

29 33 41 21 32 22 _44 I -+; 
1--

61 -~-Y 60 ' 1::'1;:; 21 87 1QL I 42 ~--;t ~ 

25 60 65 71 I 65 46 42 i 
I -- -----1-----

'0--
8 45 59 60 55 __ 47 17 i \0 1---- t---~ 

----21 138 139 64 57 -14 
100 0--

66 --;t N 
M 

----
l/") 

17 122 140 64 110 65 69 
f----- f---

17 25 46 44 38 29 32 
-- ---- f---

42 68 91 84 81 49 65 
0--
\0 

N 
----r--- .-< 

--;t 

----56 35 45 51 44 29 51 r---
--1---- /-_. 

87 53 28 24 35 30 17 
, 

14 35 56 68 53 40 18 I 
42 ~~::- I:: I~ 98 98 1-105 __ 100 0------- \0 

----32 81 75 95 §4 __ 
.-< 

----r---

5 100 122 47 90 5J 59 i 

5 117 112 78 102 56 82 



r--------.--------------------------------------------~--.-.-----, 

1-35 i Table Na C . 16 Roughness: ~2=---__ Replicate No: __ -=.3 __ _ Speed :' __ -=-1.0~_, __ _ Site: -~~,~---------- , 

Experimental 
Resulls 

f.-------------------------------- ~-------- ,-' 0 

! Right Wheel Path Scales :: Left Wheel Path Scales 

f.---,-~-2--.--3-(4-L,--4-(5L~)--5-(6-l,--6-"1"CL~.-"A,,_w-_-r~~~:~S~t-a-t-i---C------~:~D~;f-f--~++--~-1~~r'R~11-----2~r:'~;I-"~3=~:~~,--~-,,-.g. I ''''', ~,-II~~~ j ! 
n-~ 1r~--+-: -3-4

12LI 

33 35 29 :--, 32 30 6 28 27 31 _____ 29 , 31j ~_~ ~ I~ 
I N 65 77 77 90 72 70 75 71 6 66 82 77 ~-4 ~;;; 

.... ' 1~:t---2-4--l-21--+--2-3-+---2-1--1--2-0--l-2 0 -+---=2~1--1-___ -::2.=2_ --+~-~2 _-1----=2.-'..3 _-,~2 ~2 ___ ..........,._2~ .. 1==--+_ 22 • 22 I 0 I '" 

H ~ 67 64 I 72 70- 70 67 4 66 68 67 :--+--~l-~ ~i2 
57 5 7 --I-~5 3~-L6~5~-------- L57~ 3~L"!.56~L"!.5 7~L~5?.1-1-1!:1-L~5~0- +-~6~3-+---5-9 57· 46 ; ~5-1 ' I' 

= a ~-:~6~5:~~:~:-~:~4~1~~:~:-4~:2~8-4~:~:-+~:~:-+~:~:-+~~~:--
o 67 68 78 74 68 61 69 66 5 
o f--~-_+--~--~--_4--~---+_-

46 50 46 47 47 0 
-~-+- ----------- -4--------------_1 -If'I '" 

71 __ ....:7....:4 __ +_-7-8-~~-7 4_~+_-6-6-r-1-3_ ~ S 
69 75 72 72 65 11 

..! c:'_'m~-30--~2-7-+_3-0-+-3-2--+_3-1--+_-3-3_+-3-1_,--2~9~--5--~",, __ 3_0 __ r-3_3 __ ~3~0--~-3~1--1~~2~9_+1--7~ u 
..c .. 
> 

I ~ 

41 52 --J...i. 60Q..... LJ5~0~04~5~J ?59L_5~>....."",L-~4~8J-:3l L13~8_L~6~4-L5~2~1-15l1___.~4~~9~"""._25_J ~ ::::; 
...:;t­

Ib-=L-'4~0~L~2§.8-L~2~9'--L2~4'---L~3~3L_Ll2.__1....lLj-12~7~-.-l1· ?_.-+-=-35=--_+_=3 .. 7:.. -+_3=0=---II--=-3...:..4---l --,-2._9_+_1=-:7 __ _1 

I' 

f--+__--~-,.--~2~8---,--3 2 __ -+ ~3~0 __ +__2-7--+__3-3--+___3-5_-I-__ 3_1--+_2_9--+_6, _____ -+-~2 3 ___ + __________ ~ __ ~ __ ~2~5__ll-2~6__+-30 _ +~-1_2 _ _I__+__I 

c: p_~~1__4..:..1=--+__4-2--+_4...:..7-+_4~1=---+_4~1- 1--_4 ______ ~5 --+_4...:..3_4--4-=3__+--0-------Jl-------~--~ ______ 4 0 ____ _I_-4-1----Il--4~0__l--4-0--1__-0___l 
49 55 75 65 57 60 60 53 14 

IE--I----+--~····--+_-___j.--_I---+_----+_-___j----
58 64 70 57 22 '" 

t------+----it----------------~------_+_-----J '" 
87 

r- _ 

: '" .--! .~4_9_+__-4-7~_+-4-_I ...:;t -;::: r ~ 42 47 48 57 42 49 47 41 16 46 
~---.~ ----+-----4----~----+_--__l~--_+----~---~f----+-----+----~ 

49 51 

54 63 75 84 53 59 65 57 13 60 64 78 67 
--~~---_+-----~----~--__l----~ 

57 18 

~~_~ ___ ~L__62 __ L_6-2--~6_5 __ ~7_1 __ ~6_1 __ ~_6_1~ __ 6_4~ __ 5_8~ __ 10 __ _L_5_9 __ J_6_0 __ L-6_1 __ ~~ __ 5_6 __ L__7 __ ~~ 
All Weights in 100 Pounds 

2 

N 
VI 
VI 



Table No. C • 17 Rou9hness: --:;2=--__ Replicate No: _~3 __ _ Speed: __ 3_0 ___ _ Site: 1-35 
~-----------1 0 

Left Wheel Path Seales RighI Wheel Path Scales :::: 
~ ........ -,-.-__,~--_,__--,__-____,--__,,--, --,-···~-__T-·-·--T---T---·r·-~-__r - ~-!? I! 

I--~-,----_--+- _I ..,,!I,L"4) __ 2..l.>\2","l +--_3 ...... \4=L,+--_4 .. -.:\"",5Lcq..) _5_=U6L"" ... _6...\..\7'-""L'V-A_w_r_0gII_--I._St_ot_'c_+ ...... D ..... i .. f._f _ir---_I->I=ilf!'I--:_ DR! I~RlIAvera\l StOtl~ Diff ~ g 

E xperimenlQi 
Results 

~ lJ-:~1 _4~3~~3~6 __ +-,4~1 4~46~+~3~1 _~3~4_+-~39: __ ~3~0~~1~2~8-' ............ ~~3~8 __ ~-.:4~0 .. ~_~}~4~_~3~7_~~31 i 20 I~I~ 
\--1--_+-_81_1--6 2_-t-_80_-t-7_6_.!...-.--7_8----,r--8_0+-__ 7_6 _+_7_1 ---r-_7 r--1--9 _1_ --+- 75 --.-__ 88 __ 1I-_8_5_-i1._ !J _.2. : r-< I ~ 

iii 
H 1:10 29 28 28 --+--,,-3_2 _--1_2_7---1_2_3_--Ic--2 __ 8_t- 22_t--2_7_+-2_7_-+-.. 2 __ 7 ~--j __ 3_2_lI--2_9_.~ ..... ~ 3; 

..... 76 70 78 66 70 72 72 67 7 74 86 1 7/. 78 60 I 30 ! ~ ::; 
-j---_t__--+_-- -+--.... --+------+---I----+---I----+----.--+----t-I - f "+.-... -11--~ I I --:t ;::-

S6 47 47 54---1_6_4_+ .......... 5 __ 8_+_5_4 51_+_7 __ -+--5_1_+ 7~ ___ -t-_5_1-+ 58 _L_46 I 27 

: 

a q-:+--1
6
-3:-+-1-:-:-+1-:,-':-+-;-:--·+--:-:···········,--:-:·---Ir--:-:---jr--:: -·+--4-:-I-l-:;-+-!-:----i-:····~-·· --11--.:.-:- ! :-: -r~: -~ ~ :~ 

~ _- ·--+···----I---lf-~--_+···~Iu; 
'" 38 36 88 88 50 68 60 66 - 9 39 82 98 I 73 65 12 I i 
u ~+_-~~~,-'-'--+----+---~---+_--~---_+~-"-.-_t__---~ 
., 
.., 
.c: ., 
> 

28 32 33 32 35 33 29 14 33 36 47 39 

57 50 5S 74 66 59 48 24 49 82 61 64 

1t::_~_2_8_+--4_4_.+ 4_0 ---1_2_8.--+ __ 4~2 __ -+1_ 3_7_-1 _36_-r-_2_7--t_3_5 ___ +._2.?_. __ ~~ __ 5_0_. 

~, 50 28 32 36 34 35 36 29 24 40 47 

c:O_':2+-1_5_2-+1_4_4_·····-_+-5~5~~: •. ~~56~~.~~~4~9~~+_4~_7-_~+_-_-S~0~::~_4~3~~r-_·-1_7~~::_4-~5-_-_-+~·.·.·-5 ..... 9 .... _~~4~4_11-__ 4_9 .L_4._0---l,-_2_3_--1 
I 

41 30 37 36 

78 57 37 0'\ 

I c'"1 2:. 
62 61 62 53 57 61 53 15 73 90 72 

1~-+---+---t-----1·····--··· +-...:c...::..-t---+--'-'-t---=-=--+-----1I----~---,---- - ............. -_. 72 

-+~_4_4--r _7 6_ ......... -t-_4_5 __ .+-_73_~_+--5_7_+--4-6 --+_5_7_+--_4_1--+_3_9_-+ .... 4 .... _9 ___ + _8_6_+-_7_0_p--6_8_+-_4. ~_+~~ :; S 
,-" 65 65 82 62 68 64 68 57 19 73 95 63 77. 57 • 3S 1~~=~----r---_+----+-----~---+-----t-----+-----4-----r-----+----·----~---,----4----

r::: 48 65 85 69 65 70 67 58 16 44 98 45 62 56 11 

All Weights in 100 Pounds 

2 



Table No. C. 18 Roughness: 
~ ... 

Experimental 
Results 

I ilLi 
.. - ... 

1t 58 .... 

83 

1: 
57 

~ 74 

76 

1: 
58 

!I:l 
128 

.. .. 130 a 
0 

.! (pm 31 u 
J: 
co 

IPQ > 87 
~ -- . 7 

g-;............ 

~ 43 

Cp~ 42 

! 108 
I:>I! !!:? 62 

~ 140 

I 

o· 

~ 160 I 
All Weights in 100 Pounds 

2 

2 t2U 

21 

104 

6 

85 

62 

49 

30 

41 

31 

50 

80 

74 

52 

35 

45 

0 

0 

2 Replicate No; 3 

Left Wheel Path Scales 

:5 (4\. 4 1Sl.) 5 (6L 6 7L Average 

28 42 40 29 36 

80 83 80 72 84 

21 10 35 33 27 

77 1 83 94 89 84 

62 62 60 76 66 

50 55 58 54 54 

37 143 56 104 83 

26 128 51 96 79 

35 27 31 38 32 

60 53 64 92 68 

24 12 33 56 35 

31 12 42 39 40 

38 59 54 59 51 

50 87 97 81 76 

15 90 78 73 61 

0 135 31 46 59 

0 128 39 47 62 

60 1-35 I 
I 

Speed: Site: ! 
I 

0: 

Right Wheel Path Scales 
z' 

g:,! 
Static DiH I 

IFtI 2 '''' 3 '''Rl Averoqe Static Jli~ 

~~I~ 30 21 42 35 38 38 31 '.... ~I~ 

71 18 59 76 97 77 78 -1 L!"\ 

22 23 42 46 19 36 22 :~ I~ ,..... -
67 25 59 87 107 84 60 41 ~.::; 

~ r--, 
51 30 57 65 69 I 64 46, 38 i 

50 8 46 60 61 56-' 4;~~1 ~ 
~~ -4 0'\ 

66 26 136 140 63 113 66,. 71 ~ ~ 
! 

L!"\ 

66 19 124 139 69 111 65 70 
'~--" 

29 11 45 55 36 45 29 56 
0'\ 
\.0 

48 41 66 97 83 I 82 49 6?_ ~, ~ 

41-94_ I r--27 31 35 75 59 56 29 

29 39 63 32 11 35 30 18 

43 20 34 55 64 51 40 28 

53 43 97 99 97 I 98 57 7~ 0'\ 
\.0 

0'\ -41 49 84 74 104 87 47 85 r-- ,.....; 4 -r--
57 4 115 149 40 101 57 77 

I 58 7 130 165 66 120 56 114 



Tobie No. C . 19 Roughness: 3 

E xperimentol 
Results 

r-
I 
~ __ 2 (2LI ,.~ 

11: 38 28 
H 

87 70 

1: 
25 21 

1=1 54 71 

62 63 

~: 
54 40 

t:1 64 81 .. .. 
89 65 <> 

u 

~ (DO) 34 I 22 .... 
.<:. .. 

~P~ > 

~:-~ l:i 
47 29 

~ 

~35 -'-

(P':? 46 41 

'! 63 55 

PI f' ~ 52 55 

~ 74 66 o. 

~ 68 62 

All WeioMs in 100 Pounds 

2 

3 '4L 

34 

78 

24 

66 

52 

54 

62 

86 

32 

57 

36 

43 

43 

68 

37 

71 

64 

-
Replicate No: 1 Speed: 

Left Wheel Poth Scoles 

4 (511 5 (6L 
·····6 7L1 Aver. Static 

28 30 31 31 30 

86 73 68 77 71 

22 22 21 22 22 

70 68 68 66 r 

67 52 57 59 51 

49 49 45 48 50 
---- .......... ~ ._-

88 61 64 70 66 

71 62 65 73 . 66 

29 32 28 30 29 

58 54 I ".., 52 48 

36 26 30 34 27 

43 30 28 I 36 29 

44 42 45 43 43 

53 53 58 58 53 

58 42 49 49 41 

83 55 57 68 57 

78 64 59 66 58 

~I 
10 

Site: 1-35 

Right Wheel Polh SCales _I 
<> ... 

I Dlff 

~;!'13: 1m 

3 4Rl !Average IC Diff. 
·t '0 
VI 0 

--

'" 5 36 35 31 12 r--. ...0 
...;t '" ....-1 0 

8 90 77 78 81 78 5 I~ 
LfI -- - .... - L....-

0 24 25 24 24 22 11 
~ r--. 

55 71 66 64 60 7 '" 
:::; 

...;t ;::-
15 59 63 I 57 60 46 30 

i", 
-3 46 49 49 48 47 2 I~ ,- .................. _-

...0
1
'" ...0 N 

6 57 73 67 66 66 0 '" '" LfI 

11 71 64 78 71 65 9 
-~-. 

2 31 31 31 31 29 7 

'" 9 38 60 56 51 r ...0 
\0 '" '" ....-1 
...;t '" 

26 53 40 46 46 29 60 r--. 

--r--~--

25 36 31 39 35 30 18 

0 45 43 39 42 I 40 6 
--.-.-'"'"'-,~-- --~ ... ....... -~ -1---

10 70 61 79 70 57 23 '" -- .. ---- ~ ------- ...0 
LfI '" '" ,-1 

19 53 64 48 55 47 17 ...;t '" 
<-•• -- --- - r--. 

19 82 67 73 74 57 30 
.-. 

14 54 61 61 59 56 5 



Tobie NaC. 20 Roughness: 3 

E xperimelltol 
Results 

I IlLl ....... ----'-= . 2 (lL) :3 14L 

~: 15 28 
H 

69 66 

1: 
41 35 

I::l 83 89 

64 48 

~: 
50 48 

a 41 85 .. .. 
82 73 0 

u 

.!! CO) 18 33 u 
s= ... 
> I Q 69 76 

~ -- 31 47 

~ 
80 32 

I-- f-.... 

C~~ 46 47 

! 69 94 

t>I IP~ 39 44 

~ 84 115 
0 

".. 48 -

All Weights in 100 Pounds 

2 

62 

. ... 

44 

85 

28 

71 
-

i 54 

I 58 
, 

97 

40 

29 

48 

40 

31 
. .......... -

47 

75 

75 

70 

133 

Replicate No: 1 

Left Wheel Path Scales 

4 l~ul 5 (6L 

: 
6

17 
Average 

40 33 34 32 

72 79 79 75 

27 26 23 30 

62 79 72 76 

51 59 I 55 55 

55 48 50 51 
f---

97 59 75 76 

57 75 60 64 

24 30 35 28 

56 66 51 61 

32 35 39 37 

28 37 29 39 

35 46 45 44 

66 67 61 72 

57 53 48 53 

39 38 72 70 

68 61 70 74 

Speed' 30 Site: T -1'i 
I 

- ... -- () 

Right Wheel Path Scoles 
z 

.---.-~.--- '9! <b 

~'-Static Oiff. I 2 (}Ri .!. 14R 
Average Stat ic Oiff .,10 

11'1: enla 
1--

30 8 33 41 36 37 31 18 ~I~ 
~IO ....-l N 

71 6 77 87 80 ::+:: ,~~J 22 36 40 27 I 29 ... 

oob 
67 13 76 100 73 83 60 38 ~ "---------1 I r--. 

I 
51 8 62 69 56 62 46 36 r--
50 3 46 60 52 53 47 12 1m 

j-------- /--- --1------ \0 
0 '-

90 78 66 18 
\.0 m 

66 15 29 115 ~ N 
'-
LI"\ 

66 -2 92 77 42 70 65 8 
-

29 -3 39 45 50 45 29 54 
............ _ ... 

m 
48 27 69 73 63 68 49 39 \.0 

00 '-

27 38 23 22 58 34 29 
------. ... I---- 18 ~IS 

29 36 54 I_50 39 48 30 59 

43 3 45 60 25 43 40 

53 36 68 97 71 79 57 38 m 
~------ f-- \.0 

r--. '-

41 28 41 83 49 58 47 23 00 .--< 
~ '-

........... /---- r--. 

57 22 100 123 59 94 57 65 

58 27 37 115 99 84 56 49 



Table No. C. 21 Roughness: 

Experimental 
Results 

I IILI 2 \ZLI 

1t 62 5 ..... 

118 66 

1: 
52 79 

I=t 66 54 

48 0 

1: 
73 42 

a 152 10 
• .. 148 11 0 

(.) .. Cpl7l 38 18 u 
.c: .. 

~ PQ > 
103 7 

~ 
-- 83 70 

~ 0 0 
- f----

~50 C:D~ 

'! 83 50 D 
~ ~ 126 51 

- ;---

~ 29 0 

I"-- 15 0 

All Weights in 100 Pounds 

2 

3 

3 (4L 

10 

84 

68 

59 

0 

52 

46 

78 

40 

31 

71 

52 

39 

18 

78 

140 

0 

Replicate No: 1 Speed: 60 

Left Wheel Path Scales 

4 \5Ll 5 \6L 6 \7~ AlllrQge Static Diff 

58 46 33 36 30 19 

83 77 76 84 71 18 

36 25 36 49 22 124 

72 70 81 67 67 0 

46 53 70 36 51 -29 

64 49 49 55 50 10 
----- -f--- -- ---

93 94 34 71 66 8 
1---- --f-----

102 98 33 78 66 19 
--

22 30 36 31 29 6 

93 67 63 61 48 26 

45 65 45 63 27 134 ---

47 44 55 33 29 14 
--

54 59 51 46 43 7 
--

95 67 72 64 53 21 

133 61 50 83 41 102 

37 33 79 53 57 -7 

27 75 55 29 58 - 50 

Site: I-35 

Right Wheel Path Scales 
--

1 ~11!: 2 ~RI 3 4Ft Average Static 

63 48 31 47 31 
--

98 63 100 87 78 

39 54 14 36 22 

55 72 99 75 60 

42 72 75 63 46 
-- ~-

58 51 58 56 47 
f--- --- ---------

155 ,---25 f------- 58 103 66 

133 89 99 107 65 

50 61 22 44 29 

80 112 71 88 49 

30 53 52 45 29 
--r-----

16 62 76 51 30 

12 67 70 50 40 
f---

68 102 51 74 57 

81 91 III 94 47 
--

30 69 52 50 57 
-----f--- .--_.-

7 52 133 64 56 

--
Diff 

-

53 
---

12 

62 

26 

37 

18 
---

56 

65 

53 

79 

55 

71 

24 

30 

100 

-12 

14 

I 
~ I ~ 
~I-; 

(/) 0 

a-
>.D 

,.-; 

------..;:t 0 
,.-; N 

------If") 

a-
>.D 

If") 

------CO ,.-; 
..;:t 

------,-... 

Ia-
>.D 

------,-... a-
If") N 
C0 

------If") 

a-
>.D 

..;:t 

------co ,.-; 
..;:t 

------,-... 

a-
>.D 

C0 
------co ,.-; 

..;:t 

------
,-... 

N 
a­
o 



Table No. C.22 3 2 10 __ 1_-3_5 ________ 11 I Roughness: _____ Replicate No: _____ Speed:------- Site: 

f------------------,,----- j~ "I Experimentat 
Results 

Left Wheel Path Scales Right Wheel Path Scales 
-----, ___ ~~ '0' .. 

I (Ill 2 (ZL) :3 (4L 4 (~U 5 (tiL 6
17 

AverCJ98 Static Diff I IIR: 2 IJ :3 4R1 Average Static I Diff ~ i ~ 
! I-~ 

" ~-:~-3-0~-2-9-~3-6-~-3-1-~3-2-~-3-2~~-3-2~-3-0-~-6-~-3_5_~3-~~! 35 31 13 '~'~ 
87 63 79 87 72 70 76 71 8 94 80 78 84 78 8 ~ 

~+--~-~-+-~~---~~-+-~-~-~~---+-~~---+---+-

~ t=::==:=:=::~:~:~=:~~:~:~~:~-:-_:-_-__ :-_-:=:==:~~:~:=~:~~:=:==:~~:~:~:~--~:~----+-~-5-;--~.---+~_-:~4_9-·-~~~_~-:_-:_ -_ ---I4~------:~:~~+f---:--~-.--+/__--l~;~.~---1 ~ ~ 
65 57 56 64 48 54 57 51 12 61 61 60 61 46 32 

r_+---+--~---~---+_----t----~----_+---~----- ~----------~----~---+---____1~--_+-~ 

: a 1=::~~:~~~:~~:~:~~:~~:~:.~~:~-:-0-7-------1:-_-:~:~~-+_-_-:~:~::~~:~:~---t---6-5--:----1------_:~_-__ - i----~--:~~-~-'-:--:------~--4-6---8-5~-_1l"*----:~:--~:---4-6--:---+~---~:~-~: ~ ~ 
o 85 65 86 72 69 65 74 66 12 68 65 80 71 65 6 u ~+_-~-~_+~~~~-+-~-+_~~~~_+--~_+~~-~~~~~--+_-~--~~__1l--~._+~~~~-~~~ 

.. 
u 

,£; ., 
> 

29 10 CbC:» 27 30 27 33 30 30 29 29 0 27 40 29 32 
-+----~~--~--r-~~~~~~-_t-----~--~--+_---r_-~----_+--_r---~--__1 ~ 

~D_Q~_5_7~_4_8 ___ ~-4-5-+_-4-8____1~5-0-+_-4-8~r_4-9-+_-4-8____1r_-3-+-6_0_~-5-8-+_4--7____14r_5-5-+_-4-9____1-1-2~g ~ 
~ --­r-.. 

20 27 -27 22 38 32 31 29 6 
I~D~-------1----4-----~--~-----+----~-----1----+-----~----------+----~--4-----+-------1 

30 20 16 25 10 17 

N 

27 20 28 29 32 28 29 -4 28 25 26 26 30 -12 31 
r-+--_+------I----1----+--____1r_--_4---4---+_--~---~~---------------~-------1-----~----+-1-___1 

40 43 44 42 45 44 43 2 45 46 39 43 40 8 

71 57 25 72 65 77 68 52 55 58 58 53 10 63 55 ~ 
It::D_+__---___1_---~----~--___1---_+----+-----___1_--~---+_----+_----I----_____*---_+----_+__--____1 C\ .:::. 

t ~ 52 55 39 56 47 49 50 41 21 53 59 41 51 47 9 ~ M 
-+----~-----~--+_---~~-~----~----~--~-----+-----r_---4-----+---~---~r_--~~ ~ 

77 73 70 82 53 56 69 57 20 87 68 71 75 57 32 
1t::r:>'-+-----+------+-----+----r-----l-------If--------+---------+------+-----4---- t--- .. +------1-----+-----1 

,... 71 68 67 78 64 63 68 58 18 60 60 62 61 56 8 

All Weights in 100 Pounds 

2 



Table No.C • 23 ~ 
EKperimentol 

Results 

I 2m. I (ILl IJCJ 24 33 

I N 75 64 

1: 44 38 

~ 82 79 

64 52 

~: 
48 48 

l:l 37 93 
.. .. 

75 63 0 

(.) 

.!' CI>(Il 19 33 '" .<:: .. 
> 51 57 77 

~ 
= 28 47 

I£::! 

85 29 

Ct>~ 37 l 42 

~ 84 

1>1 ~ '!! 41 

I.D 31 p-

r-- 114 

All Wei\lhts in lOa Pounds 

2 

• 

72 

42 

57 

65 

3 

:':4L 

41 

75 

30 

69 

51 

57 

107 

28 

30 

48 

33 

38 

54 

81 

43 

96 

60 

Replicate No: 2 Speed' 

Left Wheel Path Scales 

4 (SLl 5 {fiL 6(71. Alllrage Static 

40 34 33 34 30 

73 77 80 74 71 
..... ~ .. 

30 27 25 32 22 

67 78 78 75 67 

56 64 69 59 51 

56 50 50 51 50 

98 61 70 78 66 

69 77 67 63 66 

23 31 34 28 29 

53 65 54 59 48 

34 40 37 36 27 

26 32 34 41 29 

49 49 48 46 43 

90 64 60 75 53 

58 45 51 47 41 

5 56 62 57 ._- ...• -

44 66 69 70 58 

30 I-35 I I Site: 
o. 

II 
Right Wheel Path Scales z: 

'RA'''''' ,S"';' 

"9, 11) 

Diff OiH t: "0 
UB] t.r;: 0 . -+-::::-

.0\. 

37 
I . <.D 

14 47 41 I 31 33 ! L0 -...... 
"~ ,'7 0 .- N 

4 73 86 85 81 78 4 I ---1.0 

J 47 40 I 31 32 34 22 56 0\ 

'M 
<.D 

---13 73 103 68 81 60 36 0\ '""' ! -..T ----- I--- - I"-

16 62 75 56 64 46 40 I 

I 

3 38 57 51 49 47 4 10\ .-- ......... ----c----- --- ---
i ':::'1 M 

18 22 130 100 84 66 27 <.D 0\ 
M C'l 

---1.0 

-4 78 62 43 61 65 -6 

~ 
............. 

-2 41 4] 46 43 29 47 
0\ 

23 57 73 67 66 49 34 b:! <.D 

---I,T '""' I ---35 22 22 56 33 29 15 J 
l"-

! 
40 57 43 41 47 30 57 

8 41 62 31 45 40 12 

42 90 105 76 90 57 58 0\ 

._-:--- ......... -_ ... - .----1--- - .:::. 
0\ '""' 14 36 64 49 50 47 6 ..;::- ---I"-

9 36 87 84 69 57 21 

• 

r---- ---

20 94 86 40 73 56 31 1 



Tablt No. C .24 Roughness: 

Experimental 
ReSI/Ih 

I I 2 ilL) (IL): 

~~ 
--r 
68 10 

i 

(\II 

122 80 

,1: 55 I 0 

~ 91 57 

57 57 

~: 
68 45 

1:1 140 0 
.. .. 

149 0 D 

0 

... C~(J) 42 24 <J 

..::. ... 
~ PQ > 96 3 

~ 
-- 70 0 

~ 0 73 _ .. 

(p~ 22 72 

~ 124 I 0 

PI r~ 113 u 

~ 86 0 
0 

r:: 128 0 

All Weights in 100 Pounds 

2 

3 

.3 i"l. 

19 

79 

11 

60 

67 

53 

12 

21 

96 
~ 

33 

87 

75 

42 

40 

86 

0 

0 

Replicate No: 2 Speed: 

Left Wheel Path Scales 

4 i5U 5 
16L 6 i7L1 Average Stalic 

48 41 32 36 30 

83 78 72 86 71 

4 49 20 23 22 

90 78 90 78 67 

68 58 76 64 51 

62 51 46 54 50 

160 14 79 67 66 

176 25 75 74 66 

22 33 36 42 29 

92 73 61 60 48 

75 59 51 57 27 

43 37 58 48 29 

61 55 58 52 43 

82 82 74 67 53 

58 60 76 65 41 

52 41 91 45 57 

48 31 66 46 58 

60 Site: 1-35 I 
-~ 

I 

0 

Righi Wheel Path Scales 
z 
-0 ,. I 

I 
.- .. ~ 

Diff lOR: 2 (~f4I .3 (.oRl Averoge I SIalic Diff II> <> 
(J) Q 

I~ 
21 61 43 34 46 31 48 ,..... -.... 

lfJlO ,......; C'-.j -.... 
21 103 60 94 86 78 10 IlfJ 

5 41 I 52 9 34 22 55 O'I~ ~ 

0"""'; 
16 61 85 85 77 60 28 lfJI;::: 

25 39 65 72 II 59 46 28 I 
-

8 46 51 58 52 I 47 10 
:0' 
'-..0 ,-.... 

2 122 135 15 91 66 37 ~Ig; 
M -.... 

- ... ~ lfJ 

13 III 125 41 92 65 42 
.... -~ ~ 

45 43 60 17 40 29 i 38 

I 65 
.~ 

24 67 100 76 81 49 00 ~ 0 lfJ ;::: 
III 30 55 63 49 29 70 

~~-r----- -

64 I 24 74 73 57 30 90 
.. ~~ ,~ 

20 13 28 97 46 

~ ........ -- ' 

26 82 105 93 93 57 63 , 0' 
......... --~ 

47 :13W~ 
-..0 -.... 

59 113 III 107 110 ,......; 

;::: - c---~- .... -~--

-21 82 145 16 81 57 42 
,------c-----. 

-21 75 126 74 92 56 64 



Table ~ C .25 _Roug ___ hnes __ S_: ===~3====~_R_e_PI_ic_at_e_Na_:_-_-___ -",-_3===~~~_S_pee_d_:=~~1~0~~~~,~~-====_s_,_te_: ___ 1_-_ 3 __ 5_________ _ 0 1\ 

Experimental Left Wheel Path Scales II R' ht Wh I P th S I Z 

Results I (ll) 2 III :3 I_l I 4 I~Ll 5 16L I 6 7 II Average I 5-;;;;;-;---0,-,,1, ,., 2 ',:. :· ... ~"';~·~"t~;lo'~ .41-
.... 0N- 37 30 34 30 32 33 33 30 9 36 33 35 35 31 l' 12 ,....4 i~ 

~-+-----+---+---~---~--~---+---+---+-----+------t------+--~--~----- --~ 0 

~+-__ -+_8~9~_7~3 __ +-7~7_~~9_0 __ ~~72~+-~6~9~~~7~8-+~7_1~_1_0 __ +-8~9~-__ ~ 1_ 77~66 __ r-~7~7-1_~8~1~ __ ~~8-+~3 __ 4-,....4~~~ 
~ q_-:I0:~~2~_5-_-++-_-1-__ 9--_-_-++_ _-_2-_3-_-__ - +-1--_-2~_0-_-_~-__ --2~ __ 1-_:~~2~0~~:~~2~1~-_:~~2~2~~:--_--3~~~:~2~6~~_~_~_2_E)-__ +r--_-2-4-----1!--2-5--+---2-2--t--1-5---1 b ~ 

~ 63 67 69 70 64 67 67 67 0 57 71 65 64 60 ~I~ ;::-
62 58 54 65 50 56 57 51 13 55 60 57 57 t~5 i i 

:: 

!:I l(l)~ 55 42 53 48 47 44 48 50 -4 '45 48 . 49. , 4~ . ...4L.I.()... J~ i~ ,_ -r---- -----~---~-~~-----~-----~--~--+--- --~ I 1,_ ~ 

64 78 63 83 58 67 69 66 4 57 72 66 65 66 -2 C") ~ 
.-+-----+----+---_+_--~-----~- ~----r_--+_--+_---+_-- ~ 

o 84 67 85 75 70 60 74 66 11 69 65 80 71 65 10 
u ~~-~~--~----~----+-----+----+--~---~---~---+_-----~~-~--__+----~----~----+---T~~ .. 
..., 
£: .. 
> 

c: _~+-~2~7~~32--~~2~7--~3~3--+_~30--+_~3-0_4~3~0~~-29~+_~3--4_~2-7~-4-0--~3~0-+-~3-2 29 11 
0"1 

PQ 55 50 40 42 57 45 48 48 0 58 57 44 53 49 8 ...j' ~ 
~ ----+---+------+----~----~--~--+_--+_--+----+_---t_---- ~--~---+---__1~ ~ 

18 23 24 16 24 30 22 27 -17 18 38 32 29 29 
,..... 

o 
It::-_+_--+-----I------ f------+---+--,--+-----+----~------1---------+----+------ ------/-------+---

33 30 20 26 27 32 28 29 -3 32 23 25 27 30 -11 
--- l------ ----+-----I----+----I__-__j-----I----+---+----+---~+------_+_---=------ll__--I__-=---~-__j-+--l 

Cp~ 47 40 40 43 40 44 42 43 -2 44 44 39 I 42 40 I 6 
I-/-----~--~--+----+---+--~~--,~----j-----j~------+------*---~----I--I--, 

~ 62 54 63 49 50 55 55 53 5 70 58 73 67 57 I 18 0\ 
t-t-----+-------+----+---+----I-------1----+----+----+-- 1-------/-------- ---- ------ \0 

PI [~ 55 56 48 58 46 46 52 41 26 56 ___ t-2_LI--30 __ ~5s..-1__-4 7 _~L- ~ ~ 
~ 88 75 58 80 53 60 69 57 21 92 69 74 78 57 37 
~-I---------+-----+-----~----I------+---+-----+-----+-----t----- --------!__ ~------/-------

r: 76 74 65 71 57 65 68 58 17 69 65 58 64 56 14 

All Weights in 100 Pounds 

2 

.. 



Table No. C • 26 Roughness: 

Experimental 
Results 

I (ILl 2 IlL) 

ru- 28 T 33 .... 

NI 77 61 

1: 
32 

~ 88 83 

66 50 

47 49 

a ~: 39 101 
.. .. 80 0 

(.) 

.! CO> 20 .!:? 

.c; ., 
I i>Q > 76 

~ -- 36 

~ 65 

1: 38 

73 

1>1 

\: 
30 

53 

73 

All Weights .n 100 Pounds 

2 

62 

32 

70 

65 

29 

43 

94 

35 

73 

36 

3 

3 t4L 

43 

79 

23 

73 

52 

59 

113 

30 

29 

51 

47 

22 

52 

79 

62 

101 

90 

Replicate No: 3 

Left Wheel Path Scales 

~J~LI ~J~I" ... 6mJIA~~ 

39 34 34 35 

67 75 79 73 

26 26 24 29 

70 83 76 79 

53 63 65 58 

56 49 49 51 

100 70 64 81 

74 69 74 65 

25 32 35 29 

59 69 65 65 

28 5 42 42 

37 • 37 28 35 

40 47 46 44 

82 66 62 76 

56 46 49 46 

70 83 72 75 

64 63 73 66 

30 1-35 I 
Speed: Site: I 

0 

Right Wheel PQth SeQ Ills 
z 
"'0 .. ~ 

Static Diff 2 nAl :3 lolA Averoc,]e Static Diff 
., 0 

IAI 
V) .'.:. 

0'> 
-.0 

30 37 44 17 37 39 31 
271 -~ 

71 3 74 84 82 80 78 3 __ ,~ 
- -

I 22 30 38 31 =;t 22 
47 0'> 

-.0 
C"'"\ -67 18 80 75 87?9 44 
...... ...... 
LI") ------- r-.. 

51 14 64 75 56 65 46 41 I 

50 3 39 56 50 48 4? 3 10'> 
;-.0 - ------...... 00 i-

r-- 0'> 

66 28 24 136 103 88 66 I 33 C"'"\ N -LI") 

66 -2 7l 56 50 59 65 -9 

29 0 41 44 38 41 29 41 
......... ~ ..... _ ... 

0'> 
-.0 

48 35 67 72 61 67 49 36 
N -............ 
LI") -

I 27 56 30 59 29 26 
r-.. 

21 37 I 
..... f-- -- f--

29 22 • 48 59 32 46 30 54 

43 3 47 61 20 43 40 7 

53 43 81 __ 103 87 90 57 58 
0'> 
-.0 --- ...... -............ 

41 13 42 64 45 50 47 I 7 
LI") _ 

r-.. 
I 

57 32 68 115 78 _~_-L57 53 
---

58 15 63 74 78 72 I 56 28 I 



Table No. C .27 

Experimentat 
Results 

Roughness: _---=-3 __ _ Replicate No: ___ 3 __ _ 

Left Wheel Path Scoles 

I 
RiQht Wheel Palh Scales --------- ~ i 

I-35 Speed : ___ 6'--0 ___ _ Site: ------------

'"" 2 ,~, ',~ 4 ,~, 5 .. , 6 In""'" ".1', 0,11 --'1 2-::T--':-A;;;;" s,;;;; r ~,;;--- ~ i ~ 
~J 1f~ 74 8 16 54 44 33 38 30 27 61 4;/35 46 +-;1- r -:7 ;d~ 

83 89 77 79 87 71 I 

° 10 17 44 24 21 22 

-I-_~_+_-=6'-C7-+_-=c6-=-9--t--=c8-=-0-f__~7=-1-+---.:7:.-.:6=---1r---,7 ___ 3.---j,----=-6...:...7-+--' ___ 9 _, 6~_ - 79 97 80 _ c ~6-0 , 34 j ~ ,~ 
f--~_~~53~~5~2_~6~5_~5~9~~~53~~~59~~~5~7~~5~1~_1~~~_~ M 61 "~+ 

-+-'1::..:1::c:5'___1---"7_.o:6'----I-_4-'-'4_+-=1.-"-0.:::.6_l__7-...:6"---l__=-5 0~_l-_7'-'8=--+--_~6'-'6'_ __ ~ ___ lO 8.. __ 19 82 9 ° 66 36 ~ ~ 
I:l 1-1'-<D<D+---7-6----i-4-7--+--4-6-+--54--+--5-0 ---t-_5 __ 1----i1-__ 5_4--l-__ 50_+-__ 8_---+-~~ ____ ~ ___ ~ __ 5~r_-~_L2!?~ ~ I ~ 

- ' ~ 135 46 64 102 86 47 80 66 21 91 79 82 84 65 29 ~ 
u ---+--~--------T------ir----~--_+---~--~--r-~ 

., 
u 
.r. ., 
> 

CPOl 41 20 39 21 32 29 30 29 5 42 58 20 40 29 38 
-I--~_+_~-+_~-+_~--f__~-+-~~--~-~+_----+---~--T----~-~r__-~---~ 

PQ 88 9 37 98 68 52 59 48 23 66 103 63 I 77 49 57 0\ ~·--+---+_--~---_+--_r--1----+---~-~~~---+--~_r-~-~~--+---~~~~I~ 
- ~ , 

1t:_+__-6-0---j-._O-+--8-8-+--5-8--j-6-4--+__-4-1--+--5~---2-7- ~__3~ ______ ~~_~ __ 3_---H __ 4_7_t-___ 2 __ 9 ___ 62_ I r--

~ 
____ 4-__ 0=--_~7-'1'----I-~6~0-+__4~3=--~-___ 3-=c5-l__4~-4~~-4~2----i--=-2=-9_+-4~-,5=--~_=1-=-7_+--6=-8~+-'-C7-=2~~~-=-5_=_2 ____ ~ _____ 74_+~~ 

CO_~~~=2~4-+~7_0_-I-~3_9~~6_2_~5_2 __ +-_5_7-+_5_1~_4-=-3-+ __ 1_8_~ __ 9_l--3-,4 65 36 40 - 10 

39 ° 40 88 78 74 53 53 ° 101 120 75 99 57 73 0\ 
~1~0-~+--=C-=----1---+----I---=-+--~--t----lf__---+---+----+---+---+---------- -- ---j- -----1::J ~ 

_,l1 9 -+-_---'0'---1--=-6-=.9_+--7:_4-'---+ __ =5-=1_+-.:...7 5=-_+--'6:..=5'---l__...:.4-=-1---t-------5 "-.9 ----V-_13_0 __ -+-1--"3c.:::5'--j-_8_2_it-=1~1~6. -+_ 41_ _~ ~ ;: 

74 ° ° 120 55 62 52 47 10 66 130 0_-+-___ r-----.-I--~=---+=:.=..::--+--=-=----J-=-=-__+----==-=---l--=----!-~-- ----- .- --. 17 -: ~ t __ :_:---L_-_:-_:--'----"----' 61 156 44 81 ° 68 81 58 135 ° 
All WeiQhls in 100 Pounds 

2 



• 

Tobie No. C • 28 f_Ro_ug_hnes_S_:~~_-_~4-====_Re_p_liC_a_te_Na_._-~~~::_1~-=--=--=-~ Speed : __ .::..1 °-=--________ -___ -_- __ S_it_e: ____ ~2~_: d I 
Elperimenlol .;=r z Resulls Lett Wheel Palh Scoles RighI Wheel Poth Scoles _ i 

1---r1----------,--lJ---+-~-,--'"L-r) ---2-"l-L);-----3-,-,.--L----r 4 ~-,-,,(6.bljL __ 6.ll.J {~7""11' AYe_'O_\l8-+_S_'0_ti_C +--_Oi_ff __ ...-, ~-=-,-I_-.illIII~R,r_-=--=--.lt:1'3:A:!-=--=-~~\{'.RlI~ye~~~t~-c -I-Olf;- j!! I 
I .... N-:.: 42 31 36 32 I 32 32 34 30 14 37 30 34 34 I 31 I 9 I U') ;~ 

---+-----t----t-----+-+-------=-----+---~.If____=____j_~+_____+_-=----i________=___-+-=--- - - -~~ - '" 10 
88,73 ______ 8_0_--+_8-'--7_+--1 _____ Il---l--_7_1_------i-_____ 7-'--8--l ___ 7_1->--_1_0_i-I_ 87 ___ 74 81 81 78 3 t=---F 

o ' 
U .. 
u 

.s:. .. 
> 

....1-1O:+--2-6--+1-2-0-+-2-4-+--2-2----+--1-2v_+-_2_0---l-_2 __ 2_+----___ 2 ___ 2 ______ f-_O,_+--__ 3_0 ______ 2~4 ___ +-_2_2---l1 __ ~~ ,.3.? __ ~_15J i ~ 
H ~ , • IMI'-

73 64 71 73 68 65 69 67 3 79 70 67 72 I 60 i 20 I~i.:::;. -+------'----i-------+---+ -----------l----4------l---------l- ---- - I I ________1, r-

6 ° 49 545_8_, +----=-5-'-1_-+-_1-'-5_-I--6_,,9_j--_6=---4-+-----=-6--'--1 ___ +~_ 

I M '­
I (j\ (j\ 

54 42 50 54 48 48 +--_4.:,.::9 __ 4_--,--5=---:0=-+_-_1=-- _4_--=5:..::,,3=------j----=5=--=-1_-+ _____ 4:_7_1\-__ 5~ __ ~4 7 'LJ, ! ~ 

-+-__ 7 _2 -+-__ 8_3-+-- ___ 6 _____ 5--+ _8 __ 5_----i ___ 6_,_0 ____ ~-6-3--------j1___-7-1-----'--- 66 8 83 73 68 75 66 13 I M ~ 
U') 

11::-+ __________ 3---=:8 -+-=12=-_+---c2=-cO _____ t--------'"3--=-5_+--=2...:..,7-+--=2--=-9 -+--_--=-2 --=-7 --\-----=-27~-0--=-----+_4..:.-7:....-+-2=-=5=-- 1--_3_0---ll_3_,' 4-+-__ 2 _______ 9_-+-_1_7_----i 
~-

~ 
!----J _____ --1---"--'3 .2~-",--,14,,--+------,,1,--,--7 __ +_ 2"--"'.S--+----=-2::L6 -1------"",3-,-2=___ ----'1::_4 29 ~-1=6~~_~3~_::2~ __ r-2=3~~2~~2=6_r~3~0-+------=-1~4_+_-_r________1 

46 42 42 43 43 43 ° 47 42 41 43 40 8 
----II-- -- -------+----ij-----+-------+-------1 

:! 
~ 6 ° 73 65 56 53 54 60 53 14 78_ 60_---+ __ 7 __ 2 ___ 7_0 __ -i-_..:5.:..7_--+ __ 2--=--3----i M ~ 

~=::~=:-'------:-_:--'--:=:----t+---'-:--:'.:--~~~:-"'--~____+-----::::=:~::~; ::~::.:...:-_:-'-_-....:4-4.:...:-_:-......:.-::. __ -----4-....:::..:::;: __ 1-----':~::....., ___ ...:::::..:::--1f-:"---~::...- t------~ 5_

7

7 _1--_2':':_-1 ~ I;: 
60 63 68 71 60 59 63 58 9 63 62 56 60 56 8 

All Weights in 100 Pounds 

2 



Table No. C. 29 Roughness: 

Ellperimenial 
Results 

~r2(lL 

rtt 57 41 .... 

111 58 

1: 39 48 

~ 

11~ 
93 4? 

1: 59 45 

a 82 75 .. .. 
62 50 ., 

(,) 

.!! (pm 48 31 (J 

.c: 
II> 

~PQ > 112 75 
~ 

= 1 48 g-I 
£:-! 

52 40 

(b~ 61 35 

~ 90 54 

PI r~ 54 60 

~ 93 I 49 ...... 
0 

!'-- 133 104 

All Weight!S in 100 Pounds 

2 

4 

3 (4L 

30 

85 

19 

78 

54 

58 

105 

71 

31 

89 

32 

37 

55 

87 

41 

68 

81 

Replicate No.: 1 Speed: 

Lefl Wheel Path Scales 

4 5 (6l I~ 6 (7~ AlllllrQ1j141 Sialic 

41 31 31 38 30 
~~~ :---~~~~ 

78 76 77 81 71 

16 27 ?~ 29 22 
--~-

~o 

80 71 74 85 67 

52 59 64 61 51 

55 54 49 53 50 

74 59 72 78 66 

70 79 I 01 66 66 

32 30 30 34 29 

54 49 71 75 48 

31 40 37 43 27 

34 27 35 37 29 

46 47 50 49 43 

78 76 59 74 53 

53 45 50 50 41 
-

88 70 50 70 47 
........ -

41 107 94 93 58 

30 

Diff I (II'!: 
~ ~-- r~ 

28 45 

14 105 

31 33 

LI 101 

19 75 

7 58 

18 94 
- --_ ..... 

0 62 

16 44 

56 100 

60 65 
~----

29 36 

14 55 

40 90 

23 52 

48 90 

61 112 5 

1-35 
, 

i Site: I 

Right Wheel Path Scales 

]Jj 2 !3Rl 3
14 

Ille 
; 

37 40 4 31 31 \0 i-':;: 
....-f,O 

79 83 89 78 12 I~ 
1iJ) 

, 
22 30 34 32 47 10'\ 

iJ) !.:::::, 
88 81 90 60 50 J;;:; k_ 

Ir-

77 ! 58 70 46 52 
I ..... 

I i 

47 51 52 _~ __ 1_1-J . ~ ---
I r- -

80 
: co 0'\ 

77 84 66 0 27 C"1 ~ 
iJ) 

lV, f:..? U 69 65 7 

43 47 45 I 29 54 

88 I 
0'\ 

73 90 49 79 ~ 
....-f -54 47 55 29 91 r-

---r--

49 39 41 30 38 
• 

- -

58 33 49 40 22 
I 

109 86 95 57 67 0'\ 
-------- c---~-- \0 

C"1 -47 24 
N .:::: 77 46 58 iJ) 

~-- ------r- r-

37 73 i_~7 ~ XL 17 I 

. ........ -- " .----~~ 

129 61 105 L 56 87 1 

N 
0'\ 
00 



Table No. c. 3 0 l~ug.hnes __ S __ :~~_-_-:4-====_Re_p_lic_a_te_NQ_: ___ -_-_-_1~-=--=--=--=--=-_Spee_d_-_-_-_-~ h;~ o===:====_s_ite_: ____ 1_-"_3_5 ______ ...-.1
1 

ZO II 

Experimental left Wheel Path Scoles Righi Wheel Path Scales _.9 I .. 
Re$ults -

I---,--H--,-~-··~~~.~~~~3-(lL-+)-3-24-(2l.-I+---23-9(-.. L-+--:-7-(S--;Llt--_:_3(_6 +-_:_.~_1__1_A-)Je-r~-6_+-S-ta-~i-~-_1-02-if;-. _ .. _4_16_"-,-"·_:_;_3_!RI+__-:-~-'''R:__I_A,,-e-r~_:~e--+-_S_t03_1I1_C ---ii_D_'~_8--1~Tf 
,~ I .--< .:::: 

110 86 61 77 73 72 WO 71 12 112 80 85 92 78 I 18 I L1") 

1=1 1:10 43 16 10 40 23 30 I 2-7-+---2-2-+----2-3-+--3-8-+-3-
7

---r-··········
1
······
9
··· JIc-

3
-
1
--+--

22
---1- ~B~~ 

107 84 65 64 80 78 I 80 67 4 99 87 102 96 60 60 ~ ~ 
--+----+-~~+__~-+-~~_1 .. ~~~ ............ ~~-~~-~.--~+-~~~~--+-~~~-~+-~-4- ~ 

96 54 57 56 54 67 I 6 4 +_.....::5::....:1-+_2=.:5=--+-.=..80~+-.=..6 -.-1 -+-----=-6 '-.9 -f----=-7_0--+-_4.:-=..6 --+---.::...5-.-2-t---r-.., 
I 

:: 

~ 1,::+--_8_1-+_45_~_5_3-+ __ 6_0-+_5_2-+_4_3_-+ __ 56_~ __ 5_0~_1_1 __ ~6_0_+--.. 5 ..... 0_-+--_5_7~_5_6_+_4_7~ .. ___ 18~'~1~ 
J:I 123 68 I 30 127 41 65 76 66 15 98 87 100 95 66 44 ~. ~ -L1") 

o 119 42 32 120 40 52 67 66 2 96 86 57 II 80 65 23 
u ,-+---+-............. +--~~.=..--+---~--+-~~~~-+-~~--4-~--~--+-........... -~--+-~--+~--+~-~ 

'" U 

.t: 
OJ 
> 

Cpen 40 19 33 24 31 33 30 29 3 47 46 33 42 --+-__ -+-__ +__--4--~ ..... --+-~~~~_+---_1_-=--~---r------+------1_----+_---1--~ ~ 
29 45 

E P_Q+---_9_2 40 63 72 68 64 48 33 104 91 73 89 49 82 0 ~ 
~ ---11---+-------+----1 N .--< 

I 
L1")_ 

16 =1 75 20 7 55 48 50 42 27 56 80 41 39 53 29 84 ~ 
Ir~ 

66 0 16 73 57 45 43 29 48 46 50 57 51 30 70 __ ......... --+ __ --+-_~-+--=..::~+--_-+ __ -+-_._+-__ ~--~_+---+----'-.=--.+--"---+----II c --+--~----i .............. - 1~1--l 

Cp~ 65 66 39 57 46 52 54 43 26 --t-_5_9_-!---_31_t---7 __ 1--+_5_4----T-. __ 4-.-O-+-----=3-.-4-1 

b 
I{) 

100 38 21 112 62 66 66 53 25 107 98 66 
-l-----t---I-------I------.l---- ----

90 57 58 ~ 
1.0 

~':-

86 o 7 107 64 61 54 41 32 81 78 83 81 47 72 ~I'::::::' ---4---r ............. -~---~ ~ 

100 100 52 58 91 I 88 82 47 74 98 70 104 91 57 60 -+--=-=::....: ...... f---=-=--l-~--I----=-~~-------+r---~--+---:. - f-----1----- t--- .. ':=' ~-lI---- -=--=-i--- ---+---=-:..., 

95 90 82 44 78 70 76 58 31 89 53 104 82 • 56 46 

All Weights in 100 Pounds 

2 



Table No. C. 31 Rouc;Jhness: 

Experimental 
Results 

I 
IlL) 2 IlL 

.... 1t 37 29 

89 80 

1: 
24 20 

1=1 73 65 

69 71 

~: r---
54 43 

I:l 75 84 
.. .. 
!: 73 64 
l> 

.!? (PO> 33 I 30 u 
.s:: .. po > 62 65 

~ 
-- 37 I 13 

~ 40 16 
~- f--- ... 

(p~ 45 43 

:! 58 74 

i>I ~ ~ 39 52 

~ 66 75 
or--
- 61 60 

All Weighls in 100 Pounds 

2 

4 

3 (4L 

36 

78 I 

23J 

72 

52 

50 

68 

80 

I 29 

48 

18 

19 

45 

67 

57 

74 

76 

Replicate No: 2 Speed-

Left Wheal Path Scales 

4 I$L 5 t6L 
6

17 
Alllr. Static 

32 31 33 33 30 

89 I 70 72 80 71 

21 ?O 20 21 22 

69 70 67 69 67 

62 48 56 60 51 

54 47 47 49 50 

45 60 68 67 66 --I----

71 71 57 69 66 

33 30 29 31 29 

51 3J 52 n 

I --

15 25 29 23 27 
---

25 28 32 27 29 

49 41 43 44 43 

60 55 53 61 53 

56 43 47 49 41 

79 56 67 69 47 

70 I 59 66 65 58 

10 

Din 
--

10 

12 

- 3 

3 

17 

- 2 

1 

5 

6 

8 

-15 
---

- 8 

3 

15 

20 

48 

13 

Site: 1-35 
<:> 

Right Wheel PattI Scales z 

g\$ -~~,:r 2 DR! ... ~ (.R 
Average Static '" '" (/) 0 

35 30 34 33 31 ~I~ 
-- 1..0 0 

~ N 

86 71 78 78 78 "-
Lf"'I 

- '---

27 24 22 24 2 (j\ 

1..0 -- ~ "-
C""l ~ 

74 70 I 68 71 60 18 Lf"'I "-
~ 

64 I 67 I 60_ 64 46 I 38 

57 48 ! 44 5ohr~_6 ,(j\ 
'1..0 

~I,,-
85 73 74 77 66 I 17 1(j\1(j\ 

C""l N 

I 8 
"-

70 
Lf"'I 

75 65 70 65 

33 29 31 31 29 7 
(j\ 

66 64 49 60 49 22 1..0 
1..0 "-
C""l r-I 
Lf"'I "-

48 35 27 3 26 ~ 

37 23 24 28 30 - 7 
i 

47 43 8 43 40~ 
75 72 68 r--;; __ zg 

(j\ ---

47 I 47 to. ~ 1..0 
"-

47 5 r-I 

-~~r57: ~~ 
"-
~ 

70 I 6 
8 - ,----- -~ 

67 ;6 61 56· 10 
'---

N 
'-J 
o 



Table No.C.32 Roughness: 

Experimental 
Results 

I (lui 2 Ill) 

• 

~: 50 35 
H 

103 57 

1: 
36 49 

j::j 92 93 

79 38 

1: 59 50 

E:l 89 80 
• .. 
(> 53 58 
u 

'" CPOI 40 31 u 
.c 

'" I Po > 83 71 
t:l -

55 31 

~ 
47 40 

Cpo<) 
65 33 

! 104 89 

1:>1 I ~ 62 55 

~ 105 47 
~ 
~ 

86 103 
All Weights in 100 Pounds 

2 

"",-

4 Replicate No. 2 Speed" 

Left Wheel Path Scalts 

:3 (4l 4 (~L) 5 (6L 6 (1 Averooe Static 

37 45 31 33 38 30 

84 73 76 81 79 71 

23 16 2/ L7 30 22 

78 78 77 76 82 67 1 
t----

50 46 57 61 55 51 

I 58 53 48 52 53 50 

100 73 57 70 78 66 

59 61 75 59 61 66 

35 34 33 30 34 29 

46 64 63 48 

2 32 37 37 27 

40 35 30 37 38 29 

56 49 45 47 49 

86 81 75 61 83 53 

41 50 43 49 50 41 

73 92 49 49 69 47 

71 32 84 78 76 58 

30 Site: 1-35 
. ""-- to 

Right Wheel Path Scoles 
z 

---
Slot,c -[;~-

'0 ., 
Diff 2 l3R1 :3 4R i Average iii 0 

(OR 
U) Cl 

. 
0'> 
<J:) 

31 29 28 41 41 38 C'1 ........ 
<J:) 0 
.-I N ........ 

11 105 79 92 92 78 18 Ll"\ 

35 35 31 34 33 22 52 0'> 
-- f--, <J:) 

0\ ........ 

23 93 85 86 88 60 47 NI,.-1 
Ll"\ ........ 

r-

8 75 80 58 71 46 54 , 
,,--

7 59 51 53 54 47 16 0'> 
<J:) 

0 ........ 
18 99 87 82 89 66 35 0\ 0'> 

C'1 N - ........ 
Ll"\ 

- 8 59 85 62 69 65 6 

17 44 40 42 42 29 45 
0'> 

79 
<J:) 

32 85 82 82 49 67 co ........ 
N ,.-1 
Ll"\ ........ 

r-
37 58 62 37 29 80 

32 36 49 39 II 41 30 38 

14 54 57 31 II 47 40 18 

56 101 94 91 95 57 67 0'> 
i <J:) 

r- ........ 
22 57 73 47 59 47 26 N ~ Ll"\ 

r-

47 97 47 84 76 57 33 
,,~-..... - +-

30 98 118 38 85 I 56 51 



Table No. C. 33 Rooghness: __ 4 __ Replicate No: 2 

Ellperimen1al 
Results 

I III 2 (ZL) 

~:I 52 • 36 ... 
103 I 98 

1: 
41 I 10 

~ 111 

96 55 

~: 
81 45 _ .. 

a 
123 68 .. .. 
119 42 a 

U 

.! (PO"> 40 22 ~ 
.1:.' .. 
> 

1:1 
~ PQ 101 38 

-- 77 29 

£!:!! 
68 0 

(~~ 65 57 

! 101 46 

PI , ) ~ 
88 0 

~ 91_ 98 
,....--"--

I"-- 98 
All Weights in 100 Pounds 

2 

69 

Left Wheel Path Scoles 

3 (4L 4J5LJ 

, 
5 (6l 6(7 

33 56 37 32 

64 86 77 71 

12 38 20 33 

62 74 85 78 

59 60 57 70 

53~ 60 52 43 

3Q 127 41 65 

32 120 40 33 

31 26 32 30 

52 67 73 61 

9 61 49 45 

21 78 59 47 

39 56 46 51 

18 104 65 62 

0 100 57 62 

46 55 96 102 

80 51 92 94 

Speed: 60 

A~rage 

41 30 37 

:3 71 12 

26 22 17 

81 67 21 

66 51 30 

56 I 50 11 

76_ r-~§~ [---. 15 

67 66 I 2 

30 29 4 
- -

65 48 36 

45 27 67 

45 i 29 57 

52 I 43 22 

66 53 25 

51 41 24 

82 47 74 

81 58 39 

Site: 1-35 

Rillht Wheel Path Scoles 

~~~ 1 IIRl 2 3 ~ Average Stat i c 

43 26 43 37 31 

99 62 84 82 78 -l 
28 , 37 16 27 22 

90 I 60 98 78 93 

~T-= 79 58 

60 50 57 56 ! 47 

98 )J~ 100 95 ... 66 

96 86 57 80 65 

47 43 28 39 29 

88 72 69 76 49 

-!+:: 29 46 29 

51 47 30 

53 29 71 51 40 
-~ 

• 100 103 41 81 57 
~.--- '--------.-- !----------

80 93 65 79 
-- ~- '-

90 __ 69 94 84 --.-.. ---

76 60 101 79 I 56 

Diff 

20 

5 

23 

49 

49 

18 

4L 

23 

36 

56 

57 

58 

I 27 

43 

69 

43 

41 

., 
z 

gi~ .. ., 
(J) a 

l~ ,.-;1-
r-O 
.-I C'.J ,-

• tr) 

Cl"\ 
1.0 

tr) -...j" .-I 
tr) -r-

Cl"\ 

...j"~ 
00 Cl"\ 
C"') C'.J -tr) 

-

Cl"\ 
1.0 

--:t ---:t .-I 
tr) -r-

I 

Cl"\ 
1.0 

C"') --..-t .-I 
tr) -r-

N 
-....j 
N 



• 

Table No. C. 34 Roughness: 

Experimental 
Results 

I 
(IL 

~1t 38 

88 

1: 
25 

I=l 77 

65 

1: 54 

t:l 
75 .. .. 

0 

u 73 

.. C~O'> 33 u 
.r; I-f---.. 
> I 0 

65 
t:1 

= 39 
p 

(\j 

42 

(p~ 48 

! 62 
~ 

t:>I IC1 
I - 51 

<E: 68 
~. ,... 

64 

All Weil,lhts in 100 Pounds 

2 

2 IZL ) 

33 

85 

18 

62 

64 

43 

84 

64 

28 

18 

32 

40 

63 

53 

70 

58 

Replicate No: :3 

Left Wheel Path Scoles 

"3 (4L 4 (~u 5
16L 

G
I1l 

34 33 31 34 

771 91 70 70 

26 17 20 20 

73 65 72 

I 48 63 54 54 

50 54 47 47 

68 45 60 68 

80 71 71 57 

33 31 30 31 

54 32 46 

I 
25 16 24 29 

20 18 25 30 

43 45 42 43 

62 60 51 53 

50 52 42 45 

67 76 53 62 

67 70 57 63 

--- l 
Speed' 10 Site: 1-35 

----_ .. -.------_ ........ - .. -.- 0 

__ 'I 
Ril,lht Wheel Poth Scales 

z 
g!~ 

2 (3J ,-------·····-r-·---

A ... rol,le Static L~iff I 3 (<oR! 
Average SIalic Diff. ., 0 

lA' 
(J) 0 

--
0"1 

34 30 13 34 29 32 31 2 '" 0"1 ......... 

'" 0 ,.... N 
......... 

80 71 13 85 7 68 75 78 - 4 LI"\ 

I I 
25 21 22 7 21 24 22 11 0"1 

--- .... 

31 79 

•...... _.- '" ,.... ......... 

69 67 74 64 72 60 21 
...::t ,.... 
LI"\ ......... 

r--

58 51 14 64 I 64 57 62 46 34 I 
--

I 
' +---, 

49 50 - 2 57 I 48 44 50 47 6 0"1 

'" 
?~-1 

r-- ......... 

67 66 1 73 74 77 66 17 0"1 0"1 
("I"J N 

......... 
LI"\ 

69 66 5 75 65 70 70 65 8 

31 29 7 34 27 30 30 29 5 
0"1 

'" 53 48 10 63 61 50 58 49 18 0 ......... 
...::t ,.... 
LI"\ ......... 

r--
25 I '1'" 7 1:,:2 __ 47 36 f-_42 ! 29 44 

1--_ ... ----'-

28 - 4 39 30 23 31 30 2 
-+---

43 0 46 41 40 42 40 5 

58 I 53 
I 

10 69 62 70 67 57 18 0"1 
... ---- -"--~- ,.--

'" 0"1 ......... 
: ("I"J ,.... 

49 41 19 53 55 49 52 47 11 LI"\ ......... .- r--

66 47 40 77 68 73 73 57 27 

63 58 9 67 62 59 63 56 12 



Table ~C. 35 Roughness: 4._ Replicate No.: __ -",--3 __ Speed : __ =-3;;:..0 _____ _ 

4 5 
~~ __ (~r __ t=6~~_~f······~_+----~---o 31 i 34 38 I 30 I 28 42 39 40 40! 31 I 30 M I~ 

.... 1 IJN 116 I 59 • 85 . 77 1 75 I 78-+-~8-2~J-~~~-15---t-l-0-6--t1~7-8--+-8-2--il-~~1 78 ,-:l~'~ 
~ ~_:+--_3_3_+ I, _4_2 ---+_1_4---,1..--1_5_+ __ 2_7 _i_1---2-·-5~:~~~2~~'6·-+ ···-~2~f-r-----_·.~1~8=~~2-9 i 26 29 2 8 ~22 r 2~ !~ 

~:: ... _9_0_+ .. _9_0---+ __ 7 ... 4 .... --Ir--7_8_t--_67-+ 1_6_7-+_7_8--+ __ 6_7-1-_1_6-+_8_9~ ~~ __ 79_ 86 60' 43 ~ I~ 
_3 ... 8 .... _r--5~ .. 4 ... _r--4_3--1 _5_4_r--_6 0--jf~_5_4-+-_5_1--+- ........... _v-+ 1_75_+-._7_4 -+-_6._3 __ * __ 7_1--+ __ 46_-+ __ 54 .. -+- ~'~--' 

1-Ul 59 50 58 53 48 52 53 50 7 59 51 53 54 47 16 :a- I 
--+---+----I------+----l----... ~f---......... -_+---+---t--_+ .. --~-.---Jl--.- f---._- '---,..... ,~ 

a ~ 'a-
r-- 89 80 -1100 73 57 70 78 66 18 99 87 82 89 66 35 M ~ .. , --+----+ - --+----f.-.....+~---.+_--J----+- lI) 

~f-' ~ .... ~_~4_~5=3~-=5=8__j~5=-9~~ 6=-1-1-~7~5~ 5~9~~6~1-1- ...... 6=!~'6f--__ 8~-=5.9~-+ 85.--+--=6~2~+ ..... ~6~9~~_6~5~_~6~--j_ 
c,~(!) 37 28 29 

~PQ 60 65 74 

! 

29 29 28 30 29 3 41 26 43 37 29 26 
~ 
..0 

48 50 62 60 48 25 83 75 77 78 49 60 00' 
----l---~--~_1----+---+_---f---_i_.---4_- ~---r_.-_+---~~ ~ 

lI) , 

= 61 27 25 30 35 

g;r-~;r:~-L....-2-!7--t-3-5-+-2~·-7·-+·-2-5--t 34 29 18 32 46 34 37 30 24 

34 35 27 31 55 54 40 50 29 71 r---

I---+--(,,-,~+. =5:l3·.:...c7'---i~5='3:-+~-=-=---+·4 .~4~~.~_4_5~~.~-=4-7_-:f--_ -=_4~3~:~~1~0~~~:50-_-++ .... -'_4~5~~~~3~6~:~_4-4~---r---4-0- L~-
83 84 73 74 55 53 70 53 33 91 98 90 93 57 63 ~ 

+.---.-1----+- ~ ..0 

r I I r--- , 
1:>1 II _'!:-t---,5_1--+_~6~6 --j_4_0_'r ..... 5_J.9_t~_5_5 -+_4_4-+_5_2---+_.4 __ 1-1-_2_8-+_4_1 --+._61_r--__ 6.8~ .. _+._5 .. 7.. 4 7 _~;?!; ~ 

74 I 60 49 39 84 56 60 47 28 96 \.0 -
P 

I"-
- 93 

All Weights in 100 Pounds 

2 

74 106 85 50 71 80 58 38 94 

43 42 60 57 6 

131 70 98 56 76 



.. 

Table No. C .36 Roughness: __ 4 __ Replicate No: 3 

E ltperimentol 
Results 

I (ll 

11: 50 ... 
119 

1: 35 

1=1 98 

84 

~: 
81 

I:l 123 
.. .. 

119 ., 
(,) 

.. CPa> 
'" 48 
J: .. IPQ > 107 

~ 
-- 84 
N' 

73 

1: 67 

100 

I:>l 

~: 
91 

95 

All Weights ;n 100 Pounds 

2 

Left Wheel Path Scales 

2 (Zl) 4 i5U 5 i6L 6 (7L 

37 1 30 39 37 30 

94 68 88 78 76 

15 11 39 26 30 

76 67 82 80 87 
............ 

50 58 60 53 76 

45 53 60 52 43 

68 30 127 41 65 

42 32 120 40 52 

20 32 25 29 29 

38 L 49 55 " /' , 

24 10 65 .... --+-~- 49 47 

0 20 75 50 43 

59 35 58 43 48 

41 18 107 63 61 
--I--

0 5 92 56 58 

99 54 52 88 76 

75 84 35 64 

• • 

. ~,~. 

Speed. 60 Site: 1-35 I I --------iH Right Wheel Path Scoles ~ 

AWlr. Static Dift 
I t'l'Il 2 DR: 3 !4~A~== --~.;; ]Jj 

- ---- ,- --
• 0\ 

37 30 24 45 31 41 39 31 26 \0 
Uj ...... 
r-- 0 
.-i N 

87 71 23 107 67 84 86 78 10 ...... 
Uj 

26 22 18 __ .12 38 21 32 22 --~~ 0\ ............... - -------.--- .-----._ ... 
\0 

M ...... 
82 67 22 102 I 87 105 98 60 63 Uj .-i 

f-- .. 
Uj ...... 

I 
r--

64 51 25 84 62 73 73 46 59 
1-----t-

i 

56 50 12 60 50 57 56 47 I 18 -- 10" 
'\0 

98 
I-.j- ...... 

76 66 15 87 100 95 6 44 000\ 
MN 

...... 
67 66 2 96 86 57 80 23 

Uj 

. I--

30 29 5 45 39 30 38 29 31 
0\ 

63 48 31 I 90 73 77 80 49 63 \0 
N 12 Uj 
Uj 

47 27 38 33 45 29 55 r--

l-~? 54 48 30 60 43 2.~ ..... 43 ..... , ........ -

52 43 21 54 30 72 52 30 

65 53 .~ 100 99 48 ,_ 82 44 0\ 
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TABLE C .37. DYNAMIC COMPONENT (PERCENT OF STATIC) 

Roughness 1 - Speed 10 mph 

Scale Number 

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

1 0 12 18 18 4 7 
2 -3 12 5 23 2 -4 

3 2 -3 -2 8 -6 -6 
4 -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 same roughness­
speed-axle combination. • 
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TABLE C.38. DYNAMIC COMPONENT (PERCENT OF STATIC) 

Roughness 1 - Speed 30 mph 

Scale Number 

1L 2L 4L 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. 

• 

, 
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TABLE C.40. DYNAMIC COMPONENT (PERCENT OF STATIC) 

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

Roughness 2 - Speed 30 mph 

Scale Number 

1L 2L 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 4L 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. • 
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TABLE C.46. DYNAMIC COMPONENT (PERCENT OF STATIC) 

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 

lL 2L 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 S6 
17 66 3S 41 -25 36 31 

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