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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state umversities and others However, the accelerat-
mg growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities
These problems are best studied through a coordinated
program of cooperative research

In recognition to these needs, the highway administrators
of the American Association of State Highway Officials
mitiated 1n 1962 an objective national highway research
program employing modern scientific techmiques. This
program 1s supported on a continuing basis by funds from
participating member states of the Association and 1t re-
cewves the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board’s recognized objectivity and understanding of
modern research practices The Board is umiquely suited
for this purpose as It mamntains an extensive committee
structure from which authorities on any highway transpor-
tation subject may be drawn, 1t possesses avenues of com-
mumnications and cooperation with federal, state, and local
governmental agencies, universities, and industry, its rela-
tionship to its parent organization, the National Academy
of Sciences, a private, nonprofit institution, 1s an insurance
of objectivity, 1t maintains a full-ime research correlation
staff of specialists 1n highway transportation matters to
bring the findings of research directly to those who are 1n
a position to use them

The program 1s developed on the basis of research needs
identified by chief administrators of the highway depart-
ments and by committecs of AASHO Each year, specific
areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Officials Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have sub-
mitted proposals Admunistration and surveillance of re-
search contracts are responsibilities of the Academy and
its Highway Research Board

The needs for highway research are many, and the
National Cooperative Highway Research Program can
make significant contributions to the solution of highway
transportation problems of mutual concern to many re-
sponsible groups. The program, however, 1s intended to
complement rather than to substitute for or duplicate other
highway research programs.
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FOREWORD

By Staff

Highway Research Board

This report is recommended primarily to researchers interested in defining the
dynamic loads that can be expected from heavy vehicles excited by pavement
irregularities. General Motors Corporation has successfully described techniques
for the measurement and computation of dynamic tire-road interface forces of
heavy vehicles, but the techniques have been applied to only three vehicles Be-
cause some of the research findings are based on only the test vehicles, caution
should be exercised in drawing broad conclusions.

As vehicles pass over highway pavements and structures they impose loads at
the tire-road interface that are a combination of vehicle static weight and induced
dynamic forces. The dynamic forces result from the motions imparted to the
vehicle by road surface irregularities, and their magnitude depends on vehicle
characteristics, vehicle speed, and the nature of the road surface irregularities.

The dynamic forces influence the life expectancy of bridges and pavements
by an unknown amount. Bridges may be particularly susceptible to damage for
the case of a vehicle loaded at or above the legal limit and the vehicle dynamic
characteristics producing large impact factors. The variable nature of dynamic
responses of heavy vehicles may severely complicate the problem of predicting
pavement performance over its design life.

In line with this need, General Motors Corporation undertook a review of the
state of the art; development of techniques to obtain the required information by
the design and construction of equipment and instrumentation; measurement of
the pertinent characteristics of different types of heavy vehicles, including static
and dynamic axle loads, suspension effects, and sizes and dimensions; and develop-
ment and experimental verification of a method to predict the dynamic loads that
will appear at the tire-road interface.

This report deals with the measurement and prediction of dynamic tire-road
interface forces of heavy trucks The development of equipment to provide a
continuous, accurate measurement of tire-road interface forces is discussed, and
pavement loads from three test vehicles—under a variety of speed, load, and road
conditions—are presented in several different data analysis forms. Also presented
is a time domain analog simulation technique for predicting dynamic pavement
loads based on measured road profiles and known vehicle characteristics. The
simulation is used to determine the relative effects of vehicle parameters on dynamic
pavement loading, and correlation between measured and predicted loads is dis-
cussed. Two other pavement load prediction techniques are also discussed.

Now that techniques, equipment, and methodology for predicting dynamic
loads at the tire-road interface from pavement profiles and vehicle characteristics
have been developed, there remains the monumental task of empirically verifying
the methodology. This requires determination of the responses of a sufficiently
large sampling of heavy vehicles to produce the large body of data necessary to
support conclusions that can bear on design specifications, maintenance policies,
and prediction of pavement and structure performance.
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SUMMARY

DYNAMIC PAVEMENT LOADS OF
HEAVY HIGHWAY VEHICLES

® Two reliable, accurate, instantaneous, on-board systems for measuring dynamic
pavement load on a long-term, continuous basis were developed for heavy highway
vehicles and were used extensively during this project.

® Dynamic reactions of vehicles to road surface irregularities common to public
highways can produce variable pavement loads that are more than double the
static loads.

® A data set of the measured pavement loads for heavy vehicles traversing various
public highways is presented.

® Dynamic loads related to wheel rotation were measured and were judged to
be of sufficient magnitude to warrant further study.

® An analog computer simulation of a heavy highway vehicle predicted pavement
loads from recorded road profiles with an over-all accuracy of 85%.

® Tire stifiness, tire enveloping properties, and the weight of the unsprung mass

were computed to have a major influence on the magnitude of pavement loads.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

HISTORY

One element of the criteria used m the design of bridges
and pavements 1s the loading to be expected—both magmi-
tude and number of applications—during the lifetime of
the structure. Of highest interest and concern 1s the load-
ing applied to these structures by heavy highway vehicles.
Traditionally, the loading element of the design criteria
has been accounted for through use of specified truck
dimensions and weights, with the addition of overload
factors calculated as a percentage of the specified weight.
These loads are equivalent, respectively, to vehicle static
weight and dynamic load. The latter has been considered
a variable and largely unknown quantity.

Although 1t 1s assumed that the hfe expectancy of pave-
ment and bridge structures 1s influenced by dynamic
vehicle loads, the degree of influence has been a point of

conjecture, because of their unknown nature. Because of
this, a complete and comprehensive study and subsequent
understanding of the nature and magnitude of heavy
vehicle dynamic loads has been considered a desirable
goal.

To gain an understanding of dynamic pavement load-
ing, a study of the factors that influence 1t 1s necessary
These factors are. (1) pavement surface profile (rough-
ness), (2) certain characteristics of the vehicle(s), and
(3) the mode of vehicle operation Pavement surface
profile 1s that profile which is traversed by the rolling
tire of the vehicle under consideration. Important vehicle
characteristics are weight and weight distribution, method
of distributing that weight to the pavement (wheels and
tires), and the nature of the elastic suspension system.
The important vehicle operating mode that must be
considered is speed



OBJECTIVES

In view of these considerations, the following research
objectives were formulated as part of this project:

1. To examine the dynamic pavement loads inflicted on
pavements and bridges by heavy highway vehicles, es-
pecially as influenced by pavement roughness character-
istics and by certain vehicle characteristics.

2. To learn and specify which, and to what degree,
vehicle characteristics influence peak dynamic pavement
loads.

3. To develop a technique whereby the dynamic pave-
ment loads can be predicted from a measured road profile
and knowledge of vehicle characteristics.

RESEARCH PLAN

An examination of the project objectives led to the con-
clusion that good measuring techmques were a critical
requirement 1f success was to be attained. Accurate road
profile data would be essential as a simulation input for
the prediction of dynamic pavement loads. The accurate
measurement of vehicle properties, such as tire and sus-
pension spring rates, axle mass, etc., would be required if
the relationship between vehicle characteristics and their
influence on dynamic pavement load was to be determined.
The need for means to accurately measure the tire/road
interface force was foremost, as accurate data would be an
essential requirement for prediction technique verification.

The GM road profilometer, an existing tool for measure-
ment of geometric profiles of road surfaces, was available
for use by the researchers. Methods of measuring certain
vehicle characteristics were common practice in the auto-
motive industry. It was believed that although some tech-
niques for measurement of the tire/road interface force
had been investigated, results had been inconclusive and
considerable effort would have to be devoted to investiga-
tion and development of accurate and usable force-measur-
ing equipment.

The research plan developed from these objectives di-
vided the work into three phases: (1) survey, (2) experi-

mental, and (3) simulation and prediction. A general
description of the tasks to be performed in each phase is
outlined as follows:

1 Literature and field surveys consisted of:

a. A Iterature search relating to dynamic vehicle
loadings of highways and bridges to provide back-
ground, and to assure that the work would be
complementary and additional to related projects.

b. A vehicle survey to determine which vehicles, and
vehicle characteristics, produce the largest dy-
namic loads and which would be pertinent for
further analysis and test.

2. The experimental phase was designed to include:

a. The development of a tire/road force measuring
device. This included the investigation of the
tire pressure transducer method and, if necessary,
the design and construction of an instrumented
wheel or other device.

b. The selection of highway test sections. Three
roughness grades for each of ngid, flexible, and
overlay road surfaces (total of nine test sections)
were to be selected in cooperation with highway
consultants.

¢ Operation of the selected instrumented vehicles
and the GM profilometer over local and selected
road surfaces. The resulng experimental data
would be used in the simulation and prediction
phase for dynamic load prediction technique
verification.

3. Swmulation and prediction was divided into three
tasks.

a. To develop a simulation model based on the
masses, moments of inertia, and suspension sys-
tem characteristics of the selected vehicle.

b To compare the theoretical results with the data
obtained from the experimental phase.

¢ To develop a dynamic load prediction technique
based on experimental data and vehicle simula-
tion results.

CHAPTER TWO

FINDINGS

LITERATURE SURVEY

A literature survey was conducted to determine the applica-
bility of previous work to the objectives of this project and
to ensure that the work would be complementary to past
accomplishments. Techniques previously applied and the

results obtained were examined to aid in planning the
course of this project.
Of primary interest 1n the literature survey were methods

of measuring dynamic tire/road interface forces, means of
presenting dynamic pavement load data which would\pr(\)-




vide maximum usefulness to highway designers, and the
character and influence of various vehicle parameters on
dynamic loads

Of secondary interest were reports on highway or run-
way roughness measurements, vehicle displacement re-
sponse characteristics to road profile input, and highway
and bridge reactions to vehicle dynamic loads.

A bibliography of the selected literature appears in
Appendix A. An abstract of each article of primary interest
1s included

An examination of the listed literature revealed that a
great deal of related work has been accomplished and
reported Also, several suggested methods of predicting
dynamic vehicle/highway loads have been presented, but
detailed verification of the methods 1s lacking.

Following completion of the lterature survey, it was
behieved that a successful conclusion of the planned re-
search would provide a valuable addition to the state of the
art in the understanding of dynamic tire/road interface
forces.

SURVEY OF HIGHWAY VEHICLE TYPES AND THEIR
DYNAMIC PAVEMENT LOADS

Project objectives required the selection of three test ve-
hicles for dynamic tire/road interface force measurements.
The selection of these test vehicles and their specifications
was based on the magnitude of tire/road interface forces
(pavement loads) and the popularity of vehicle types and
suspensions. Considerable investigation was required to
make the selection.

As a first step 1n selecting these vehicles, a highway
vehicle survey and pavement load study was conducted by
directing 171 vehicles through the Michigan Department of
State Highways’ I-94 weigh station near Grass Lake, Mich.
The preliminary data taken at this facility were invaluable
to this project because they provided information for
project direction without the usual delays required for
instrumentation preparation.

TABLE 1

1-94 Truck Traffic Survey

The survey involved recording as much information about
the vehicles as possible without delaying traffic. Vehicle
manufacture, suspension type for each axle, tire size, tire
type, and tire pressure were among the vehicle properties
of interest. The vehicle designation was recorded for every
vehicle and the axle suspension type was recorded for the
more popular vehicle types.

Vehicle and Axle Types

The axle configuration of the 171 vehicles was noted n
order to determine the prevalence of the various vehicle
types. Four of the most common vehicle types were sepa-
rately counted. Table 1 gives this popularity information.
Appendix B is a complete list of vehicle types.

Suspension Types

The tractor axle suspension types for 171 vehicles and the
trailer axle suspension types for 90 semitrailer combina-
tions were counted and are given in Table 2. Most sur-
veyed trucks used leaf spring suspensions. The majority
of vehicles used 10.00 X 20 bias ply tires.

Electronic Scale Pavement Load Studies

1-94 Truck Traffic Study

Pavement loads were studied by directing 171 vehicles over
two 3-ft-long embedded electronic scales. The first scale
measured the tire/road interface force as each axle passed
over the smooth electronic scale. Previous researchers have
called this “electronic weight.” The other scale measured
the peak pavement load of each axle during traverse of a
step bump bonded to the leading end of the scale.

Single step bumps were selected for this study for several
reasons:

1. A preliminary computer study comparing several

VEHICLE AND AXLE TYPE SURVEY

Vehicle Type Survey

Tractor Axle Survey Semitrailer Axle Survey

Type No. Type No. Type No.
o s
281
ﬁ 19 Single = 62 Single 19
28
h 2 24 Single Tandem
>- n
3
ﬁm s2 47 Tandem 47 Tandem
Common Vehicles 109 Semitrailers 90
Other Vehicles 62
All Vehicles 171




TABLE 2
AXLE SUSPENSION-TYPE SURVEY

AXLE TYPES
SUSPENSION TYPE TRACTOR TRAILER
Leaf spring 140 64
Coil spring 1 0
Torsion bar 5 5
Air 8 10
Unidentified 17 11
All 171 90

bumps showed that a step bump caused loads that were
equal to or greater than loads caused by any other shape
bump of the same height.

2. The computer study also showed that the maximum
dynamic load occurred during mitial compression of the
tire.

3. A step bump contains components of all frequencies
and therefore would not show a preference for any particu-
lar vehicle speed and/ or characteristics.

A % -in -high X 18-in.-long plywood bump was used for
the first 135 vehicles and a similar 35-1n. bump was used
for the remaining 36 vehicles. Vehicle speed, rolling elec-
tronic weight per axle, and peak pavement load per axle
were measured and recorded for all vehicles. The portion

TABLE 3

MEASURED PEAK PAVEMENT LOAD STATISTICS
FOR VARIOUS AXLE TYPES

PEAK PAVEMENT
LOAD (KIPS)

SAMPLE
AXLE TYPE SIZE MEAN RANGE
(a) Step bump height. 3 1n.

Steer 72 136 50-19.5

Single tractor 33 26.7 15.0-37.0

Tandem tractor: 39 — —
Forward axle —_— 219 12.8-303
Aft axle —_ 16.1 6.5-300

Single trailer 16 242 14.0-35.0

Tandem trailer 56 — —
Forward axle — 19.3 9.0-34.5
Aft axle —_ 180 5.0-30.3

(b) Step bump height: 34 in.

Steer 18 11.4 5.0-15.5

Single tractor 10 20.5 14.0-31.0

Tandem tractor. 8 — —
Forward axle —_ 16.0 10 0-24.0
Aft axie —_— 13.8 9.5-21.0

Single trailer 3 18.0 13.0-26.0

Tandem trailer: 15 —_ —_
Forward axle — 15.1 8.0-26.0
Aft axle — 14.2 8.0-24.0

of the peak pavement load attributable to the step bump
(dynamic pavement load) was approximated * by sub-
tracting the electronic weight from the peak pavement
load (Fig. 1).

Suspension Types

These data were first inspected for differences in dynamic
load magnitude between the popular leaf spring suspension
and other suspension types (coil spring, torsion bar, or
air). No differences in dynamic loads relatable to the
various suspension types were observed However, in view
of the small sample size of suspension types other than
leaf spring, it is likely that minor differences would not be
recognized.

Axle Types

The data were then analyzed to reflect the relative peak
pavement load magnitudes of steer axles, single and tandem
tractor axles, and single and tandem trailer axles, The
mean and range of the peak pavement loads for the 7 axle
types for the 90 common semutrailler combinations that
passed over the step bumps are given 1n Table 3. From
these data one can select the types of axles that produce
large peak pavement loads.

Electronic Weight and Vehicle Speed

The first drive axle pavement load data for all 171 vehicles
were analyzed by studying pavement load variations with
respect to electronic weight and vehicle speed. Graphs
of both peak pavement load and dynamic pavement load
versus electronic weight and vehicle speed were plotted
for the 3% -in. bump (Fig 2) and the 38-n. bump (Fig. 3).

The following observations may be made from these
plots:

1. In general, dynamic loads were measured to be an
appreciable percentage of static axle weights; therefore,
they warrant further investigation.

2. The dynamic loads measured with this group of
trucks traversing a step bump apparently are not related
to the electronic weight

3. The largest peak pavement loads were caused by
heavily loaded axles.

4. Faster-moving vehicles tend to exhibit somewhat
greater dynamic and peak pavement loads.

5. The plotted data exhibit a great deal of scatter; there-

* The electronic weight may differ from the static weight for several

reasons, which are discussed later

Dynsmic '
Lload
-'— — Peak
Pavement
Blectronie Load
Weight
Smooth Plywood Step
i SCALE lI SCALE 2

Figure 1 Pavement load nomenclature
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fore, electronic weight and vehicle speed were not con-
sidered to be the only factors affecting pavement load
magnitude

Rolling Electronic Weight Variations

When the smooth-surfaced electronic scale 1s traversed by a
moving vehicle, the measured load varies during the time
each axle is on the scale (Fig. 1). These variations are
caused by pavement irregularities 1n the approach to the
scale and by vehicle disturbances such as tire and driveline
excitations

Because of these variations, electronic weight could be
considered only an estimate of the static weight (/)
Inasmuch as the dynamic load was determined by subtract-
ing the electronic weight from the peak load, this uncer-
tainty is part of the dynamic load also.

Additional Pavement Load Measurements

In an effort to more accurately measure the dynamic pave-
ment load resulung from a step bump, a modified test
procedure was established A %2-in.-high X 18-in.-long
step bump was bonded to the trailing end of a 9-ft-long
scale, The peak pavement load was measured when the
vehicle contacted the leading edge of the step bump. The
nstantaneous pavement load immediately prior to en-
countering the step bump was measured and subtracted
from the peak pavement load to yield the dynamic pave-
ment load attributable to the step bump.

The visual average of the electronic scale load record
over the 7% ft of scale prior to the step bump was re-
corded as the electronic weight. The static (parked)
weight of each axle was measured by mechanical scales.

The longer scale permitted meaningful measurements to
be taken only on single axles because the aft axle of a
tandem set loaded the scale before the forward axle hit the
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Figure 4 Electronic weight versus static weight

step bump. Therefore, a sample of nine common vehicles
was studied Of these vehicles, 9 steer axles, 7 single tractor
axles, and 3 trailer axles were recorded. Figure 4 1s a plot
of electronic weight versus static (parked) weight for these
19 axles. The electronic weight agreed with the static
weight within = 8%. This was about the maximum reading
resolution possible from electronic scale records.

Graphs of both peak pavement load and dynamic pave-
ment load were plotted versus static weight and vehicle
speed (Fig. 5). These data support the observations made
from the earlier load measurements for % - and 3s-in. step
bumps (Figs. 2 and 3). Initial observation of the dynamic
pavement load versus static weight graph (Fig. 5) would
lead one to believe that a relationship exists between the
two variables. However, the difference between steer axle
dynamic loads and tractor drive axle and trailer axle loads
may be due to other charactenistic differences rather than
static weight For example, tire spring rates on steer axles
are typically one-half of the rates on tractor drive axles and
trailer axles. When only the 7 tractor and 3 trailer axles
are considered, no relationship between dynamic load and
static weight is evident.

Pavement Load Measurements—Tire Study

Measurements were made at the General Motors Proving
Ground Embedded Scale Facility to study differences in
pavement load with respect to tire type (bias ply vs radial
ply), tire wear, and tire pressure. A %-in.-high X 18-n.-
long step bump was bonded to the trailing end of the em-
bedded scale The right dual wheels of a 2-D vehicle were
driven over the scale at several speeds for each test condi-
tion, Figure 6 shows dynamic pavement loads plotted
versus vehicle speed for the tire variations. Figure 6 also
compares the dynamic and peak pavement loads for this
particular vehicle loaded and empty.

1. There are no significant pavement load differences
between new and worn bias ply tires.

2. Bias ply tires cause somewhat greater dynamic
pavement loads than do radial ply tires.

3. Pavement loads increase with tire pressure.

4. Pavement loads increase slightly with vehicle speed
(also shown by measurements made on 1-94 truck traffic
(Figs. 2 and 3)].

5. Dynamic pavement loads (right side only) are some-
what greater for the unloaded test vehicle, but the peak
pavement loads are much greater for the loaded test
vehicle.

6. The measured peak pavement loads are representative
of vehicles measured during previous work done on 1-94
truck traffic (Table 3 and Figs. 2 and 3).

Test Vehicle Selection

The selected test vehicles and axles are shown in Figure 7.
Detailed vehicle specifications are histed in Appendix C.
All vehicles were furnished by General Motors Truck and
Coach Davision. All three test vehicles had leaf spring
suspensions, 7-in. rims, and 10 00 X 20 bias ply tires in-
flated to 75 psi-cold. All three were loaded to near the
legal limit.
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TEST VEHICLE NO. 2

Forward Axle of a Tandem Drive Set
Designation: 3S2 Forward Drive
Schematic Representation:

OO

Measured A;::t:>

Figure 7. Test vehicle and axle selection.

1. Test Vehicle No. 1 was selected because the largest
peak pavement loads were recorded when single tractors
traversed the step bumps (Table 3). This vehicle also was
selected for its popularity (Table 1). The vehicle was
designated the prime test vehicle for prediction technique
development.

TEST VEHICLE NO. 1

Single Drive Axle
Designation: 2-D Drive
Schematic Representation:

Measured Axle

TEST VEHICLE NO, 3

Single Axle Trailer
Designation: 3S1 Trailer
Schematic Representation:

Measured Axle

2. Test Vehicle No. 2 was selected to represent tandem-
axle suspensions. Tandem-axle tractors are popular (Table
1) and they were associated with significantly large pave-
ment loads (Table 3).

3. Test Vehicle No. 3 was selected to represent trailer
axles. The single-axle trailer was chosen because of large



measured pavement loads (Table 3). The tandem tractor
of Test Vehicle No. 2 was used to pull the trailer; thus,
Test Vehicle No. 3 was a 3S1 vehicle.

TEST ROAD SELECTION AND PROFILE STUDY

Test Road Selection

The Michigan Department of State Highways identified
nine 1-mile test road sections to represent good, farr, and
poor grades of rigid, flexible, and overlay pavement. The
condition of the road sections had been previously graded
using a Bureau of Public Roads roughometer. Less than
130 1in./m1 was specified a good road; 130 to 175 in./mi a
fair road, and more than 175 in./m1 a poor road. The
selected test road sections are described in Appendix D.

Road Profile Measurements

Road profile inputs were needed for the development of a
dynamic pavement load prediction technique. The GM
profilometer was used to measure the elevation profiles of
all nine test road sections. Appendix E describes the pro-
filometer and 1ts use on this project

Profiles were first recorded with the profilometer towed
behind Test Vehicle No. 1 (Fig. E-2) so that the road pro-
file and pavement load functions would be generated from
the same highway track. This technique also permitted
exact time correlation of the profile and load signals.

Preliminary observation of the profiles revealed that
they contained extraneous signals resulting from profi-
lometer wheel -bounce at high profilometer vehicle speeds.
This situation was overcome by recording profiles at low
vehicle and tape recorder speeds, and then playing back the
profiles at a higher tape speed corresponding to the vehicle
speed at which dynamic loads were recorded.

Road Profile Analysis

Digital computer techniques were used to compute power
spectral density (PSD) functions for the nine test road
sections. A short discussion of PSD, functions follows

When a time-varying quantity such as a road profile or
pavement load measurement is analyzed, it is often con-
ventent to treat the particular data signal as a time-varying
voltage and apply electrical circuit analysis techmiques.
One such technique 1s power spectral density analysis

Obviously, the total power contained in a time-varying
electrical signal can have components at many wavelengths.
The power spectral density function shows the distribution
of power density (in volts 2/cps) as a function of fre-
quency or, inversely, wavelength,

When voltage 1s converted to physical units (such as feet
of road profile) the dimensions of the PSD function be-
come ft2/cps as shown in Figure 8. This same notion is
used later 1n the report for PSD analysis of pavement load
data.

Appendix F contains an explanation of the techmiques
used, a discussion of the errors encountered during compu-
tation, and a discussion of the over-all accuracy of the
computation. Figure 8 1s a sample PSD plot. Appendix G
includes a complete set of these plots.

The PSD functions of all mine test sections had very
similar shapes and were generally void of dominant wave-
lengths. The magnitude of the PSD functions generally
increased with increasing wavelengths (increasing wave-
length corresponds to decreasing cycles per foot, cpf).
The power mput to a vehicle at any particular time-based
frequency (cps) will therefore be greater for higher vehicle
speeds, because higher vehicle speeds correspond to longer
wavelengths which have greater PSD ordinate values. For
example, the road profile excitation at 10 cps is typically
three times greater at 68 mph (10-ft wavelength, 0.1 cpf)
than at 34 mph (5-ft wavelength, 0.2 cpf).

The nine test road profiles were ranked for roughness by
comparing the PSD functions in the range of wavelengths
from 1.67 to 20 ft (0.60 to 0.05 cpf). Table 4 lists the test
roads in order of increasing roughness. The Bureau of
Public Roads roughness indices also are listed for compari-
son.

PAVEMENT LOAD MEASUREMENT SYSTEMS
DEVELOPMENT

The force at the tire/road interface can be measured either
in the pavement or on the vehicle. Many systems of both
types have been developed by previous researchers. Em-
bedded-scale systems measure dynamic pavement loads
over the scale length, and are useful for studying loads

RORD PROFILE PSO (FTux2/CPF)

Figure 8 Road profile power spectral density
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TABLE 4

ROUGHNESS ORDERING OF THE TEST ROAD SECTIONS

BASED ON THE PSD CURVES

BPR
ROUGH-
OMETER
ROAD ROUGHNESS
SECTION COMMENTS (IN./MI)
M-52 Smoothest test road section 92
M-53 NB* Same as M-52 128
1-75 Slightly rougher than M-53 NB for wavelengths less than 118
6.7 ft (greater than 0.15 cpf)
1-696 Significantly rougher than I-75 at all wavelengths con- 149
sidered
M-50 Same as I-696 176
M-247 Rougher than 1-696 for wavelengths from 5 to 10 ft (0.2 169
to 0.1 cpf), otherwise identical
M-53 SB*° Somewhat rougher than 1-696, M-50, M-247 for wave- 154
lengths less than 3 ft (greater than 0.3 cpf), otherwise
very similar
M-59 At least as rough as any preceding road at all wavelengths 225
and considerably rougher at shorter (less than 5 ft)
wavelengths (greater than 0.2 cpf)
M-138 Somewhat rougher than M-59 for wavelengths from 6.7 to 249

20 ft (0.15 to 0.05 cpf), otherwise identical

o The two different test secttons on M-53 are differentiated by noting the direction of travel, NB = northbound,

SB = southbound

developed by many vehicles over short pavement lengths.
On-board vehicle systems measure dynamic pavement
loads on a long-term, continuous basis and are useful for
studying loads developed by vehicles over many highways.

Pavement load measurements over a variety of road
sections required an on-board measurement system. Three
devices were considered for these measurements:

1. A differential tire pressure transducer.
2. A strain-gaged axle housing transducer.
3. A wheel force transducer.

Measurement systems using these devices were evaluated
by comparing the on-board pavement load signal to a
corresponding embedded-scale signal.

The tire pressure system showed nonlinearities and phase
shifts in the relationship between the differential tire pres-
sure and the embedded-scale load. A plot of both these
parameters versus time shows the differences (Fig. H-4).

Both the strain-gaged axle housing and the wheel force
transducer systems accurately measured dynamic loads.
Figures 1I-7 and J-18 show the remarkably good correlation
of the analog signals of these systems with the embedded
scale analog signal. Both measurement systems were used
extenstvely during this study.

Tire Pressure Transducer System

Description

A differential tire pressure measurement system provides
a simple and convenient pavement load measurement
system. Because of the attractive simplicity, a tire pressure

system stmilar to systems previously reported (2, 3) was
fabricated and evaluated. The details of this system appear
in Appendix H.

Evaluation

The time responses of the tire pressure transducer and an
embedded scale to Y2-in. step bumps were compared. The
traces indicated a definitely nonlinear and phase shifted
relationship between the two variables. The observed non-
linearities and frequency response limitations were not
considered acceptable for a precision pavement load
measurement system; therefore, work on this system was
discontinued.

Features and Applications

Because the tire pressure system 1s simple and conveniently
adapted to any vehicle, 1t is appealing and mght adequately
provide pavement load data in limited frequency and ampl-
tude ranges under specific test conditions.

Strain-Gaged Axle Housing Transducer System

Description

The strain-gaged axle housing system differed from pre-
viously reported strain-gaged axle housing systems (4) in
that an inertial force component was added to the force
measured 1n the axle housing to obtain pavement load.
This system was an adaptation of a General Motors Proving
Ground automotive pavement load measurement technique.
Both sides of the rear axle housing of Test Vehicle No. 1



were strain gaged to measure the vertical shear force
transmitted through those sections of the axle housing.
Two accelerometers were mounted on the axle housing to
measure the vertical plane accelerations of the axle
assembly (Fig. I-1).

The lateral position of the accelerometers with respect
to the wheels was used in the computation of accelerations
at the two wheel assembly center lines. An inertial force
component for each wheel was computed by multiplying
the wheel center line acceleration by the mass of the
suspension components outboard of the strain-gage location.
The product was added to the axle housing shear force to
obtain pavement load. This “outboard mass” included the
tires, rims, wheels, brakes, and part of the axle housing.
The details of this system are documented in Appendix I

Evaluation

The vertical shear force, the inertial force, and the com-
puted dynamic pavement load were recorded as the vehicle
passed over a 4-in, step bump on a 9-ft embedded scale.
These signals were compared to the embedded scale pave-
ment load (Fig. I-7). As shown, the comparison between
the strain-gaged axle housing system and the embedded
scales was very good. The significance of the inertial force
component 1n determining the pavement load is also
clearly demonstrated.

Features and Applications

The strain-gaged axle housing system supplies right side,
left side, and total pavement loads. As a result the system
is very useful for extensively studying the relationships
between various characteristics of one vehicle. Each dif-
ferent vehicle requires a completely new installation and
calibration must be performed, The performance of the
system is a function of the configuration of the particular
test axle; therefore, some axles may not be suitable for
strain-gage measurement of axle housing shear forces.

Although very good correlation with embedded scale
measurements was obtained, the system did have some
deficiencies, The sensitivity of the vertical shear force
strain gage bridges was low. The resulting low signal-to-
noise ratio limited the maximum potential accuracy of the
pavement load measurements. Some machining of the axle
housing would have increased the bridge sensitivity. Errors
in the inertial force measurement could have been intro-
duced by naccurate determination of the mass and/or the
center of mass of the outboard assembly, or by accelera-
tions resulting from axle bending.

Wheel Force Transducer System

Description

A truck wheel force transducer system, incorporating prin-
ciples of operation similar to the strain-gaged axle housing
system was developed (Fig. 9). The system consisted of
three components.

1. A strain-gaged wheel transducer.
2. A set of accelerometers.
3. Electronic summing networks.
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A hub adaptor (Fig. J-10) and the force measurement
transducer (Fig, J-1) replaced the conventional cast wheel.
The inner ring of the transducer was bolted to the hub
adaptor and dual tires and rims were clamped to the outer
ring of the transducer. The inner and outer rings were
connected by eight laterally oriented beam-type sensing
elements (Fig. J-2). These strain-gaged sensing elements,
designed for high sensitivity and minimum crosstalk,
measured two orthogonal components of the vector force
transmitted from the outer to the inner rings in the plane
of the wheel

A set of accelerometers, mounted on the adaptor, mea-
sured two orthogonal wheel acceleration components along
the force measurement axes., An instrumentation slip ring
was mounted on the accelerometer mount base to allow
both the force and acceleration signals to be taken from the
rotating wheel system (Fig. J-15).

The product of each acceleration component and the
mass between the strain-gaged beams and the tire/road
interface yielded orthogonal inertial force components of
the pavement load. Electronic summing of the inertial
force components and the strain-gaged force components
gave two orthogonal radial components of the pavement
load.

These radial load components rotated with the wheel and
neither was referenced to a stationary axis. The instanta-
neous vector sum of the two components was therefore
computed electronically. This vector sum was the resultant
pavement load in the plane of the wheel. In practice, this
resultant may be treated as vertical with less than 1%
error for steady-speed runs with little acceleration or
braking. Even under conditions of hard braking or fore-
and-aft acceleration, this vector sum represents the maxi-
mum force between the pavement and tire, although it may
not be vertical. The details of this system appear in
Appendix J.

Evaluation

An initial dynamic laboratory evaluation of the wheel force
transducer system was accomplished by setting the rear
axle of Test Vehicle No. 1 on four electro-hydraulic servo
rams, on top of two reference transducers (Fig 10).
“Pavement” loads were recorded while the truck was ex-
cited through the rear tires with sinusoidal and step inputs.
Correlation between the two transducers was very good.
A detailed discussion of this evaluation appears in Appen-
dix K.

A rolling evaluation was performed at the Grass Lake
weigh station embedded scales. The resultant dynamic
pavement load measured by the wheel force transducer
system caused by a 4 -in.-high by 3-ft-long haversine bump
was compared to corresponding measurements made by the
strain-gaged axle housing system and embedded scales
Good correlation between the wheel force transducer sys-
tem and the embedded scale is shown in Figure J-18.

Features and Applications

This system measures the pavement load at one wheel
location only. It permits high-sensitivity, low-crosstalk
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Adapter

Transducer

Figure 9. Wheel force transducer system.

pavement load measurements on a number of vehicles
without requiring strain gaging and calibration for each
vehicle. The system, designed to fit any vehicle with 20-in.
or larger rims, is a bolt-on assembly with operating proper-
ties that are not affected by individual vehicle characteris-
tics. A great deal of the experimental data on this project,
including all of the data on Test Vehicles Nos. 2 and 3,
was taken using the wheel force transducer.

On-Board Signal Conditioning Instrumentation

The force, acceleration, and pressure transducers all used
strain-gaged sensing elements, Bridge excitation voltages,
output amplification, and signal conditioning were provided
by a carrier amplifier system. The carrier amplifier also
included circuitry for applying 100K-ohm shunt calibra-

e

Accelerometer
Installation

tions to each bridge. Carrier amplifier outputs were re-
corded on a Leach, Model MTR 3200, 14-channel instru-
mentation tape recorder. Power for the carrier amplifier
system and the tape recorder was obtained from the test
vehicle’s electrical system. A vehicle installation is shown
in Figure 11.

IDENTIFICATION OF FACTORS AFFECTING DYNAMIC
PAVEMENT LOADS

Prior to recording pavement loads on the nine test road
sections, studies were conducted to evaluate the effects of
several factors on pavement loading and to establish pro-
cedures for future testing. Factors investigated were:

1. Loads related to wheel rotation.



Figure 10. Test Vehicle No. 1 on hydraulic servo rams.

2. The relative magnitude of fore-and-aft loads com-
pared to vertical loads.

3. Front and rear axle interaction (vehicle pitch effects).

4. Right wheel to left wheel interaction (e.g., axle tramp
effects).

5. Repeatability of load measurements,

These studies were conducted on Test Vehicle No. 1;
therefore, the findings should be generally representative of
2-D vehicles. The vehicle was instrumented with strain-
gaged axle housing systems to measure vertical pavement
loads at all four wheel locations and fore-and-aft loads
at the right rear wheel location.

Pavement Loads Related to Wheel Rotation

Rear wheel loads measured on a smooth road (Fig. M-1)
show that variations of considerable magnitude occurred
at first order of wheel rotation frequency (Appendix L).
Such loads are commonly associated with tire-rim unbal-
ance, tire nonuniformity, and rim assembly installation
misalignment.

A detailed study of these variations was made by run-
ning the vehicle on the very smooth roll surface of a chassis
dynamometer (Fig. M-3). The study revealed that the
load variations were caused primarily by radial runout
resulting from rim assembly installation misalignment.
This misalignment also causes lateral runout, producing the
familiar wheel “wobble.”

Loads on each rear wheel varied from a maximum of
2,800 1b peak-to-peak (at 20 mph) to about 1,100 Ib
peak-to-peak (at 40 mph). At 20 mph, wheel rotation
frequency coincided approximately with the bounce reso-
nant frequency of the loaded truck body. The peak ampli-
tudes at a fixed speed were not constant, but varied slowly
as the phase relationship between excitations at the right
and left wheels changed, causing the excitation to change
from hop to tramp.

These loads were considered typical of heavy trucks;
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Figure 11. On-board instrumentation.

however, in this test program it was not desirable to mea-
sure loads generated by the truck system independent of
the road surface. A very careful custom installation, involv-
ing monitoring of runout during the clamp-tightening pro-
cedure, improved rim installation alignment enough to re-
duce the loads to a maximum of 1,600 Ib peak-to-peak at
20 mph and a maximum of less than 800 Ib peak-to-peak
at speeds over 30 mph. Further details of this study are
included in Appendix M.

Relative Magnitudes of Vertical and Fore-and-Aft Loads

On a rough road at steady speeds, maximum fore-and-aft
pavement loads at the right rear wheel were less than 1,000
Ib, or 10% of corresponding vertical loads (Appendix L).
Because the fore-and-aft loads are small compared to the
vertical loads, the difference between the vertical load and
the resultant load in the plane of the wheel is less than 1%.
This is an important consideration because throughout this
study both resultant loads and loads in the vertical direction
were used interchangeably. The strain-gaged axle housing
transducer measured vertical load and the wheel force
transducer measured the resultant load in the radial plane.

Comparison of Front and Rear Pavement Loads

Road tests showed that front axle dynamic pavement loads
never exceeded 30% of comparable rear axle dynamic
pavement loads (Appendix L). When abrupt obstructions
were encountered at the rear axle, simultaneous front axle
loads never exceeded 5% of rear axle loads. Rear axle
loads occurring simultaneously with abrupt obstructions
at the front axle never exceeded 2% of maximum rear
axle loads. Figure 12 shows the degree of front-to-rear
interaction. These results showed that vehicle pitch mo-
tions did not contribute significantly to front or rear axle
pavement loads and that rear axle loads could be studied
without considering front axle effects. Front axle loads
were considered too low to merit further study.
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Figwe 12. Simultaneous front and rear axle pavement loads

Effects of Axle Tramp on Rear Wheel
Dynamic Pavement Loads

Significant tramp components were observed in the rear
axle pavement load data (Appendix L). This indicated that
consideration of total pavement loads for the axle may be
misleading. That is, one-side wheel loads are not always
equal to one-half of total axle loads.

The degree of tramp coupling was determined by mea-
suring rear axle loads (right and left sides) as the right side
of the vehicle was driven over a series of step, ramp, haver-
sine, and impact bumps (Appendix N).

Left wheel dynamic loads measured when only the right
wheels traversed the bumps were typically 30% of the
dynamic loads developed at the right wheel. Right wheel
dynamic loads developed when only the right wheels
traversed the bumps were 70% to 85% of the right wheel
dynamic loads developed when both wheels traversed the
bumps (Fig. N-1). This corresponded to a difference in
peak pavement load of less than 12%.

Repeatability of Pavement Load Measurements

An estimate of pavement load measurement repeatability
was obtained by driving the vehicle over a step bump
several times under identical conditions of vehicle speed,
vehicle load, and tire pressure (Appendix O). It was
found that measurements of peak pavement load were
repeatable within =3%, and measurements of dynamic
pavement load were repeatable within =10%.

PAVEMENT LOAD MEASUREMENTS

One important objective of the experimental work on this
project involved the measurement, analysis, and publica-
tion of pavement load data that are representative of heavy
highway vehicles. Three test vehicles, representing the
majority of heavy highway vehicles, were selected for
this purpose (Fig. 7 and Appendix C). Nine test road

Vehicle Speed:

30 mph

sections, representing a variety of pavement types and
conditions, were also selected (Appendix D). All of the
measurements in this portion of the test program were
made using the wheel force transducer system; therefore,
the reported pavement loads are for one wheel set only.
For consistency, right-wheel loads were measured.

Test Conditions

Vehicle Speed

I-94 truck traffic monitoring failed to indicate a definite
relationship between peak pavement loads and vehicle speed
when traversing step bumps (Figs. 2 and 3); therefore, the
following test speeds were selected to further study the
effect of vehicle velocity:

1. 34 mph (50 fps).
2. 55 mph (80 fps).
3. A speed sweep from 15 to 55 mph.

Thirty-four mph was selected as a convenient moderate
speed. Fifty-five mph was selected as a realistic maximum
for the test roads. On some of the roads 55 mph could
not be attained. The speed sweep was run to aid in de-
tecting any large pavement loads that might result from
vehicle sensitivities to specific speeds.

Static Axle Weight

Because preliminary tests showed that maximum pavement
loads occurred with maximum static weight (Figs. 2 and
3), each test vehicle was loaded to near its legal static
weight limit.

Additional Measurements

To obtain pavement load data for an unloaded vehicle,
Test Vehicle No. 1, with a 6.1-kip static axle weight, was



run at 34 and 65 mph on a “good” test road (I-75) and a
“poor” test road (M-59).

To obtain pavement load data for vehicle speeds in
excess of 55 mph, Test Vehicle No. 1 (loaded) was run at
65 mph on these two test roads.

Data Presentation

A review of pertinent literature on analysis of pavement
and highway structure life revealed that because of the
variety of analytical techniques employed, it would be
presumptive to choose any “best way” to present dynamic
pavement load data. Therefore, it was decided that
several methods of data presentation would be beneficial.
These methods required both analog and digital data
processing.

Analog Computer Equipment

An EAI analog computer, Model 231R; a Sangamo 14-
channel magnetic tape recorder, Model 471-RB; a Brush
pen recorder; 20 electronic counters; and provisions for
transmitting analog data to the digital computer were
used to aid the analysis and presentation of the pavement
load data (Fig. 13).
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Digital Computer Equipment

An IBM System/360 Model 30 digital computer, an IBM
1827 Data Control Unit (analog-to-digital conversion
equipment), and a California Computer Products plotter
also were used for analysis and presentation of the pave-
ment load data (Fig. 14).

Presentation Techniques

The scaled pavement load measurements for each run were
rerecorded on a master data tape. This master was used
for the subsequent data presentations.

Pavement Load versus Time Graphs

Pavement load versus time was recorded at two chart speeds
for all test runs. The low-speed charts (1 or 2 mm/sec)
compress entire 1-mi runs into strips about 5 in. long,
showing maximum loads and defining the general envelope
of the measured pavement load. High-speed strip charts
(50 mm/sec) clearly show the frequency content of the
peak load of each run. Figure 15 is a sample of these strip
charts. Appendix P contains the data for each run. Table

Figure 13. Analog computer equipment.

Figure 14. Digital computer equipment.
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Test Vehicle No. 1, 2-D

Instrumented Wheel:

Right Side of Drive Axle

Static Weight on Wheel: 9.4 KIPS
Road: M-59, Poor-Overlay
Speed: 34 wph
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Figure 15 Measured pavement load

5 gives the maximum pavement load for each test condi-
tion Table 6 gives the predominant frequency of the load
peak

Probability Density Analysis

Pavement load probability density functions were made
using analog computer techniques Figure 16 1s a sample
of these analyses Appendix P contains a probability
density plot for each run

Number of Peak Load Occurrences

The 20 counters at the analog computation facility were
used to count the number of times the pavement load
peaked 1n each of 20 consecutive pavement “load win-

dows ” Each load window 1s a 1,000-Ib load increment
This analysis was made for all Test Vehicle No. 1 runs
Figure 17 1s a sample of these analyses. Appendix T
contains a representative plot of these analyses.

Power Spectral Density (PSD)

Pavement load power spectral density plots were made
for several test conditions of Test Vehicle No. 1. Figure
18 1s a sample of these analyses Appendix T contains a
representative plot of these PSD functions. Appendix F
discusses the digital techmques used to compute the PSD
functions

500 .
Test Vehicle No 1, 2-D
100 4 Test Vehicle No. 1, 2-D Instrumented Wheel Right Side of Drive Axle
] Instrumented Wheel Right Side of Drive Axle 400 { Static Weight on Wheel 9 & KIPS
Static Weight on Wheel 9.4 KIPS Road  M-59, Poor-Overlay
20 4 Road M-59, Poor-Overlay 1 Speed 34 oph
Speed 34 wph
300 4
104D WDIDOW €0 RUMBER
OOCUPNCT or
PEAKS
PRACENT 200
404
20 100 4
,
° +—r v - T —r—
[ T A b ol , i
VDT 100, TIPS ——— 77—
0 10 15 20
- PAVEMENT LOAD, KIPS
Figure 16  Pavement load probability density *
analysis Figure 17 Number of peak load occurrences.



TABLE 5

MAXIMUM MEASURED PAVEMENT LOADS
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MAXIMUM MEASURED PAVEMENT LOADS (KIPS), BY TEST ROAD SECTIONS.

RIGID PAVEMENT FLEXIBLE PAVEMENT

OVERLAY PAVEMENT

GOOD  FAIR
TEST SPEED GOOD FAIR  POOR GOOD FAIR  POOR M-53 M-53 PooRr
(MPH) 1-75 1-696 M-50 M-52 M-247 M-138 NB SB M-59
(a) Test Vehicle No 1, static load=9 4 kips
34 116 128 118 128 142 145 130 136 135
Near 55 120 125 135 135 175 142 130 145 16.2
Sweep 123 132 132 132 156 144 130 142 151
65 130 15.5
34, empty 52 77
65, empty 58 75
(b) Test Vehicle No. 2, static load=7 7 kips
34 11.1 115 114 102 138 140 121 110 127
Near 55 119 152 136 120 195° N.A. 175 175 16.5
Sweep 11.7 142 14.1 11.1  204*° 150 170 142 160
(c) Test Vehicle No. 3, static load=8.8 kips
34 138 140 140 126 19.6* 16.1 152 140 16.0
Near 55 149 128 135 125 165 16.8 128 141 159
Sweep 138 128 152 126 170 174 132 150 145

2 Exceeded stnp chart scaling, value determined from computer voltage readings

TABLE 6

PREDOMINANT FREQUENCIES OF MAXIMUM LOAD PEAKS

PREDOMINANT FREQUENCIES (CPS) OF MAXIMUM LOAD PEAKS,

BY TEST ROAD SECTIONS

RIGID PAVEMENT FLEXIBLE PAVEMENT

OVERLAY PAVEMENT

GOOD  FAIR
TEST SPEED GOOD FAIR POOR GOOD  FAIR POOR M-53 M-53 POOR
(MPH) 1-75 1-696 M-50 M-52 M-247 M-138 NB SB M-59
(a) Test Vehicle No. 1, static load=9 4 kips
34 30 26 26 2.6 26 15 15 12 20
17 17 17 17 17
Near 55 26 23 16 26 12 15 12 17 12
16 17
Sweep 26 50 17 26 12 13 12 20 13
12 16 17
65 26 14
25
34, empty 17 10
65, empty 25 10
17
(b) Test Vehicle No 2, static load=7.7 kips
34 28 32 3.0 8.0 30 11 65 95 30
15 15
55 30 11 11 30 11 11 11 11 3.0
11 11
Sweep 30 11 11 11 11 11 11 11 11
(c) Test Vehicle No. 3, static load—=8 8 kips
34 3.0 30 3.0 3.0 30 30 30 3.0 30
17
55 28 30 30 30 3.0 30 30 3.0 3.0
17 17 15 17
Sweep 3.0 3.0 30 30 3.0 3.0 3.0 30 3.0
17 12 17
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Discussion of Results

The true usefulness and applicability of the various ana-
lyzed forms of the measured pavement loads will best be
determined during applications by users of highway load
data. Some observations relative to these data were made,
and 1t is appropriate that they be included here. Most
importantly, the maximum pavement loads measured on
public roads on all three test vehicles (Table 5) show that
dynamic loads are appreciable. In fact, the loads imposed
on a pavement (and imposed on the vehicle) under
dynamic conditions can be double the static loads.

Test Vehicle No. 1

The pavement loads developed with Test Vehicle No. 1
varied greatly in amphtude and frequency content with
changing road roughness, but only shghtly with changes
in vehicle speed. Low-frequency loads, near 3 cps, were
observed on all roads, but on the rougher roads larger
amplitude, high-frequency (12 to 20 cps) loads were
dominant. The low-frequency loads may be assoctated with
the bounce resonant frequency of the body on the tire and
suspension springs, whereas the higher-frequency loads
probably involve resonant vibration of the rear suspension
excited by short-wavelength “impact” bumps.

Test Vehicle No 2

Pavement loading with Test Vehicle No. 2 varied slightly
with changes in road conditions, but the amplitude and
frequency of the loads varied greatly with changes in
vehicle speed. Although low-amplitude, low-frequency
loads were produced by this vehicle at 34 mph, at 55 mph
very high-amplitude (19.5 kips), higher-frequency (11
cps) loads were observed. Several cycles of large oscillatory
loading following “impact” bumps at 55 mph suggest the
presence of a lightly damped resonance in the tandem
suspension

The very high dynamic loads of Test Vehicle No. 2
(Table 5) would seem to be contradicted by traffic survey
results in Table 3. Inasmuch as the survey includes statisti-
cal data from many test vehicles, one might conclude that
Test Vehicle No. 2 was not very representative of tandem
axle suspensions. It should be noted, however, that Test
Vehicle No. 2 produced high loads only at high vehicle
speeds (near 55 mph), whereas the vehicles in the traffic
survey rarely crossed the scales at speeds over 45 mph.
Possibly the time delay between the front and rear tandem
axles encountering an obstruction at 55 mph is such that
both inputs reinforce. Apparently, dynamic loads with
tandem suspensions can be significantly affected by vehicle
speed.

Test Vehicle No. 3

Pavement loading with Test Vehicle No. 3 did not vary
significantly in amplitude or frequency with vehicle speed
or road condition. The nearly constant amplitude loads
occurred primarily at low frequencies (2.6 to 3.0 cps). The
absence of loads at suspenston wheel bounce frequencies is
of interest.

Effects of Vehicle Load (Test Vehicle No. 1 On\ly)

Dynamic loads of Test Vehicle No. 1 were not significantly
affected by a change in static rear axle weight from 6.1
kips (unloaded) to 18.8 kips (loaded). Total pavement
loads were therefore much higher with the loaded vehicle.

Ranking of Test Roads

Comparison of Bureau of Public Roads roughometer read-
ngs, road profile PSD’s, pavement load PSD's, and maxi-
mum loads produced different roughness orderings of the
roads (Table 7). The differences between the various
orderings are slight, reflecting variations in the measure-
ment techniques. For example, a generally rough road
might not produce a particularly high maximum load,
whereas a relatively smooth road with one bad bump could
produce a high maximum load. It 1s interesting to note
that the two most similar methods, profile and load PSD
functions, produce nearly identical orderings.

-

Average Pavement Load versus Static Weight

The strip charts and the probability density analyses indi-
cate average pavement loads that differed from the static
wheel weight. This difference ranged from about —100
b to +1,000 Ib and was due to load transfer from one
wheel to another. Some possible reasons for this load
transfer are as follows*

1. Crown 1n the test roads.
2. Wind resistance.
3. Drive torque reaction.

Pavement Load Frequency Spectrum

Several interesting features of the PSD plots indicated the
primary mechamisms causing repetiive pavement loads.
On smooth roads loading at body mode frequency is pre-
dominant, but loads at 2nd, 3rd, 4th, and Sth orders of
wheel rotation frequency dominate the spectrum above 8
cps (Fig. M-8). Loads at first order of wheel rotation
frequency are completely masked by loads at body mode
frequency. On rougher roads, loads at body mode and
wheel hop frequencies are dominant, with wheel rotation
frequency modes masked (Fig. 18).

PAVEMENT LOAD PREDICTION TECHNIQUES

The concept of predicting pavement loads from road pro-
files requires definition of a vehicle transfer function, as
follows:

ROAD VEHICLE PREDICTED
PROFILE TRANSFER PAVEMENT
FUNCTION LOAD

Three methods of defining the transfer function and,
hence, three prediction techniques were considered for
this project:

1. Frequency domain prediction using digital computa-
tion.

2. Time domain prediction using convolution theory.

3. Time domain prediction using analog simulation.
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TABLE 7
ROUGHNESS ORDERING OF THE TEST ROAD SECTIONS

ROUGHNESS ORDERING

TEST VEHICLE NO. 1, 34 MPH

BPR PROFILE
RANK ROUGHOMETER PSD LOAD PSD MAX. LOAD
1 (Smoothest) M-52 M-52 M-52 M-50

I-75 M-53 NB M-53 NB I-75
3 M-53 NB I-75 1.75 M-52
4 1-696 1-696 1-696 1-696
5 M-53 SB M-50 M-50 M-53 NB
6 M-247 M-247 M-53 SB M-53 SB
7 M-50 M-53 SB M-247 M-59
8 M-59 M-59 M-59 M-247
9 (Roughest) M-138 M-138 M-138 M-138

NB = northbound, SB = southbound

Frequency Domain Prediction Using Digital Computation

The frequency domain prediction using digital computation
computes a vehicle frequency response function by dividing
a frequency representation of a road profile by a frequency
representation of the corresponding pavement load. The
vehicle frequency response function can then be multiplied

nique is limited mainly by the ability to include all signufi-
cant parameters in a program of manageable size.

The time domain prediction technique using analog
computation was used during this project for two reasons.
First, experimental measurements on Test Vehicle No. 1
revealed the nonlinearity of its rear suspension. Second,

by any road profile power spectral density (PSD) to predict
a pavement load power spectral density. This technique is
established only for linear systems excited by stationary,
random inputs. The details of this technique are described
in Appendix Q.

Time Domain Prediction Using Convolution Theory

Vehicle Bo. 1, 2-D
Instrumented Wheel Right Bide of Drive Axle
Btatic Veight on Whesl. 9.6 KIVS

The time domain prediction using convolution theory pre-
dicts pavement loads by solving the equation:

)
b
: Road  H-39, Poor-Owrlay
o Speed: 34 mph
t
P(1) =[ V(1) Z(t — 1) dr (1) ™3
0 3
in which ]
— 4
P(t) = predicted pavement load time function; g".?._
V(1) = vehicle impulse load response time function; and & 3
Z(t) = road profile time function. ,,=, 3
o -
The vehicle impulse response can be obtained by computa- <
tion of the Fourier transform of the vehicle complex fre- 90|
quency response function (Appendix Q) or by experi- & 3
mental measurement of the’ vehicle’s response to a unit g 3

displacement impulse. This technique is established for
hnear systems only.

Time Domain Prediction Using Analog Simulation

The time domamn prediction using analog simulation pre-
dicts pavement loads by solving a set of time-dependent,

PAVEMENT L
T

differential equations that describe the dynamic response 9-5

of a vehicle analog simulation to road profile inputs. This :

simulation is an idealized mathematical model of the ]

vehicle which includes those vehicle parameters judged -

significant to the problem. Analog computation conve- t ' ' R —
0.00 5.00 .00 2.00 30.00

l:l.(l) I:S.m
FREQUENCY (CPS)
Figure 18. Pavement load power spectral density.

niently allows the programming of nonlinearities where
necessary for accurate simulation. Accuracy of this tech-
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the analog computer simulation of the vehicle could easily ing from each road irregularnity were studied. Other pro-
be used to study the effect of each of the simulated pa- cessing of computed load data included load versus num-
rameters on the dynamic pavement load. ber-of-occurrences data, probability density functions, and

power spectral density functions. These are discussed n
DYNAMIC PAVEMENT LOAD PREDICTION USING ANALOG detail 1n the earlier section entitled “Pavement Load Mea-
COMPUTATION TECHNIQUES surements.”

A time domain pavement load prediction technique was  ygse of a Quarter-Vehicle Model in the Prediction Technique
developed using analog simulation techniques. This re-

quired an analog computer simulation that accurately The prediction techmque was confined to computing pave-
predicted dynamic tire/road interface loads caused by a ment loads for the right rear wheel set only This 1s
truck travehing over highways of various roughness. The referred to as a quarter-vehicle model (Fig. 20).

simulation included significant vehicle properties such as The rear axle was chosen for study because tests showed
body mass, suspension configuration, tire spring rate, and that the highest pavement loads were associated with the
suspension mass. Experimental measurements were used rear axle. Also, rear axle dynamic loads were essentially

to verify the simulation accuracy. independent of front wheel loads (Appendix L)
Tramp coupling effects between right and left rear wheels
General Features of Computer Simulation are not included 1n a quarter-vehicle model. Omuission of

these effects was justified for two reasons. First, road
profile records showed that many large highway bumps
occurred simultaneously at the right and left wheels. Sec-
ond, tests discussed 1n the earlier section entitled “Identifi-
cation of Factors Affecing Dynamic Pavement Loads™
indicated that a simulation without tramp coupling would
compute peak pavement loads conservatively higher than
measured loads (about 12% 1 some cases). Conservative
load predictions might be acceptable in esimating loads for
pavement and bridge designs.

The computer simulation predicted dynamic pavement
loads for only one test vehicle, however, this simulation
could be adapted to predict loads for other trucks, as
discussed i the following The truck chosen for this study
was Test Vehicle No. 1 (Fig 7) The simulation included
a nonlinear friction model of suspension spring damping
Attempts at using only linear viscous damping are discussed
m Appendix S.

Input data for the simulation were road profiles of 1-m1
road sections (Appendix D) as measured by the GM
profilometer. These profiles were recorded on magnetic
tape. Output from the simulation was an analog, time-
varying voltage proportional to dynamic pavement load Table 8 gives the vehicle properties included 1n the quarter-
Total pavement load was computed by summing dynamic vehicle model stmulation and the tests performed to deter-
and static loads. When both the input and output data mine therr magnitudes
were plotted versus time (Fig. 19), pavement loads result- A schematic diagram of the quarter-vehicle model and

Vehicle Properties Included in Computer Simulation

Test Vehicle No. 1
Static Weight on Wheel 9.4 KIPS
Road Section M-59
Speed 34 mph
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Figure 19 Sample traces of road profile and computed pavement load versus time



TABLE 8
TESTS REQUIRED FOR PARAMETER DEFINITION

VEHICLE PROPERTY METHOD OF DETERMINATION

Mass supported by rear suspension Static weight measurement

Mass of rear axle and wheels Static weight measurement

Spring rate of rear tires Static load-deflection test

Spning rate of rear suspension Static load-deflection test
and dynamic test

Dynamic test

Dynamuc test

Damping in rear springs
Enveloping quality of tires

a listing of the parameters determined for Test Vehicle No
1 are shown in Figure S-6. As shown, the quarter-vehicle
model 1s a two-mass system with each mass having a
single, vertical degree of freedom. A complete discussion
of this simulation appears in Appendix S.

Comparison of Measured and Computed Load Data

The accuracy of the prediction techmque was evaluated by
companng computed pavement loads to corresponding
measured pavement loads. Only the 34-mph runs on Test
Vehicle No. 1 were simulated on the computer.

Several methods of comparing the measured and com-
puted pavement load data were used to evaluate the predic-
tion techmique. The methods and a sample figure for each
are as follows:

1 Load versus time strip charts (Fig. 21).

2. Number of occurrences of peak loads (Fig. 22).
3. Probability density analyses (Fig 22).

4. Power spectral density analyses (Fig 23).

Representative data for all nine road sections appear in
Appendix T.

Discussion of Prediction Technique Accuracy

Several observations regarding the accuracy of the pave-
ment load prediction techmique were made from a study
of the many comparative graphs discussed 1n Appendix T.

1. Peak Pavement Load Predictions. Comparisons of
load versus time records showed that peak loads measured
on each 1-mi1 road section were predicted with an average
error of 2%. Maximum error was 12%. The load peaks
selected for comparison were maximums or near-maximums
for each test road section.

To illustrate the prediction accuracy for two roads of
widely varying roughness, the following examples are
drawn from the data-

a. On M-52, a smooth road, the maximum measured
load was 11.2 kips, compared to a computed load of
10.8 kips. These are within 3.6%.

b. On M-59, a rough road, the measured peak value
was 13 6 Kips, compared to a computed value of
13.2 kips. These agree within 2.9% .

This indicates that the accuracy of the predictions provides
adequate resolution to delineate the dynamic forces result-
ing from various grades of road roughness.

21

QUARTER-VEHICLE
MODEL

!

B e |

BODY MASS

I_ RIGHT REAR TIRES
SUSPENSION _‘

Figure 20. Rear view of Test Vehicle No. I, outlimng the
quarter-vehicle computer model.

2. Number of Peak Load Occurrence Predictions: Peak
pavement loads were predicted within 1.0 kip of measured
loads for all nine roads using peak load occurrence data.
However, rather large differences between the number of
computed and measured peak load occurrences were noted
in some 1.0-kip “load windows.”

3. Probability Density Analyses: Peak pavement loads
above 10.0 kips (dynamic loads above 0.6 kip) were
predicted for all nine roads within 2.0 kips on the basis
of probability density analyses This was considered good
correlation mnasmuch as the analyses defined loads within
only 10 kip. Better correlation would have resulted if
loads had been defined with greater resolution.

4. Power Spectral Density (PSD) Analyses. Over-all
agreement between measured and computed PSD functions
for the nme road sections was very good. Logarithms of
PSD functions for the vehicle bounce frequency (about 3
cps) and wheel hop frequency (about 19 cps) were pre-
dicted for all roads with an average error of 7%. Maxi-
mum error was 17%.

Several noticeable peaks in measured PSD functions
corresponded to 2nd through 5th orders of wheel rotation
frequency (first order approximately 5 cps @ 34 mph).
Computed pavement load PSD functions cannot, of course,
be compared with the measured PSD functions containing
the peaks at orders of wheel rotation frequency. Therefore,
the measured pavement load PSD was redrawn for a
smooth road (I-75) and a rough road (M-59) with the
wheel rotation peaks removed (Fig. 24). The correspond-
ing computed pavement load PSD functions were traced
on the same figure

The following observations were made from this figure-

a  The most significant road-to-road variations occurred
in the 5- to 30-cps range. In this range, the rough
road measured pavement load PSD values were
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Vehicle

Instrumented Wheel:

Static Weight on Wheel:

Road:
Speed:

No. 1, 2-D

Right Side of Drive Axle
9.4 KIPS

M-59, Poor-Overlay
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16
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Figure 21. Load versus time comparisons

greater than the corresponding smooth road PSD

values by an average factor of 6:1.

b The computed PSD function showed peaks at about
19 cps, whereas the measured PSD functions showed
a more even distribution in the 5- to 30-cps range

This was possibly due to differences m suspension
damping between the real vehicle and the computer
model. Also, measured loads contained both rear
axle tramp and wheel hop frequencies, whereas the
computed loads included only wheel hop frequencies.




Vehicle Wo. 1, 2-D
Instrumented Wheel: Right 8ide of Drive Axle
Btatic Weight on Wheel: 9.4 KIFS
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Figure 22. Statistical comparisons.

c. The average of PSD values in the 5- to 30-cps range
of the measured and computed functions shows good
correlation for both the smooth and the rough road.

Simulation of Additional Vehicle Operating Conditions

In addition to the fixed test conditions, the following addi-
tional conditions were simulated:

1. An unloaded vehicle was simulated by reducing the
body mass of the quarter-vehicle model from 8.2 kips to
2.0 kips. Pavement loads were then computed for the M-59
and I-75 road sections, with all other parameters held
constant.

2. A vehicle speed of 65 mph was simulated on the
analog computer, and pavement loads were computed for
the same two road sections with all other parameters held
constant.

On the basis of these comparisons, the following obser-
vations were made:

1. Correlation between computed and measured loads
diminished for the unloaded condition. This indicated that
some vehicle properties measured on the loaded vehicle
were significantly changed when the vehicle was unloaded.
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Vehicle ¥o. 1, 2-D
Instruoented Wheel Right Bide of Drive Axle
Btatic Weight on Wheel 9.4 RIFS
Rosd  N-39, Poor-Overlay
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Figure 23. Pavement load power spectral density.
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Figure 24. Pavement load power spectral density.
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This emphasizes the importance of measuring vehicle prop-
erties and pavement loads under the same conditions.

2. Correlation between measured and computed loads
for the 34-mph and 65-mph conditions was nearly the
same, indicating that this model 1s adequate for at least the
speed range from 34 to 65 mph

Factors Affecting Prediction Technique Accuracy

The degree of correlation between measured and computed
loads 1s considered adequate for many purposes. However,
some future application may require even better correla-
tion. This could be achieved by considering the following
items which are discussed 1n detail in Appendix U.

Potential Refinements in Computer Sitmulation

The following potential refinements could be included to
improve the accuracy of the computer simulation:

1. A more detailled model of the tire spring and tire
enveloping

2 A more detalled model of suspension spring and
damping (this would have a negligible effect on peak
dynamic loads but would have considerable effect on decay
of the loads)

3. A half-vehicle model, including wheel hop and axle
tramp effects
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Figure 25 Computed effects of parameter variations.

Repeatability of Experimental Pavement
Load Measurements

Pavement loads were measured on Test Vehicle No. 1 as
it was driven over a step bump (Appendix O). There were
differences in dynamic load measurements of about =10%
between tests that were conducted under the same condi-
tions This degree of nonrepeatability probably resuited
from the effects of vehicle pitch and roll, rim assembly
runout, and tire nonumformity. Pavement load data for
the nmine test roads also were subject to these nonrepeat-
ability effects, thus, some disagreement between measured
and computed data was inevitable.

Effects of Lateral Road Variations on
Road Profile Measurements

Two aspects of the road profile data created differences
between real road inputs to the test vehicle and mputs to
the computer simulation. First, the total tread width of a
rear dual tire set 1s much greater than the 2-in. width of
the profilometer following wheel. Another difference was
due to lateral misalignment between wheel paths of the
test vehicle and the profile vehicle. This resulted because
neither vehicle traveled a fixed distance from the edge of
the road but wandered slightly from side to side in 1its traffic
lane Both of these problems could be corrected if the test
vehicle itself was instrumented as a profiing device.
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Figure 26 Computed effects of parameter variations
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Applicability of This Simulation to Other Vehicles

The quarter-vehicle model (Fig S-6) should be applicable
to other vehicles, provided the following hmitations are
observed.

I. The vehicle must be fairly free of front-to-rear and
side-to-side suspension interaction

2. Individual vehicle parameters for the simulation must
be determined for each vehicle

3. Other suspension systems such as coil spring, torsion
bar, and air bag probably could be simulated using this
model with shightly different spring and damping repre-
sentations.

VARIATION OF PARAMETERS STUDY

Insight into the relative influence of various vehicle pa-
rameters on dynamic pavement loads 1s a byproduct of the
analog simulation prediction technique. A parameter study
on the quarter-vehicle simulation of Test Vehicle No. 1
(F1g. S-6) consisted of varying each parameter indepen-
dently by a factor of one-half and a factor of two while
observing the pavement loads generated by a Y2-in.-high
step bump. These loads were plotted versus time as shown
mn Figure 25, a typical example. Details of this study and
pavement load records for each parameter appear in Ap-
pendix V.

The effects of parameter changes were evaluated by
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comparing percentage changes in the maximum dynamic
load (Table V-1).

From this summary, the following parameters appear
most significant to maximum dynamic loading.

1. Tire stiffness.
2. Tire enveloping
3. Suspension mass

Figure 26, also taken from Appendix V, shows that the
decay of dynamic loading can be affected by parameter
variations even when the changes in maximum dynamic
load are small. Parameters that produced this effect are:

1. Suspension interleaf friction level.
2. Suspension spring stiffness.

3 Body mass.

4. Suspension viscous damping.

Although variations 1n these parameters showed little effect
on maximum dynamic loads, the effect they have on the
decay of dynamic loads makes them important in correlat-
ing experimental and computed forces for real road inputs.
It should be pointed out that variations in the other
parameters also affected decay of dynamic loading (e.g.,
Fig 25)

An extension of this work, including experimental
parameter variation, would contribute further to the under-
standing of vehicle responses to parameter changes and
lead to refinement of the time domain prediction of dy-
namic pavement loads.

CHAPTER THREE

APPRAISAL AND APPLICATIONS

The value of an extended understanding of dynamic pave-
ment loads is apparent A few applications of the findings
of this project are discussed

DYNAMIC PAVEMENT LOAD DATA

Measurements made during this project verified that dy-
namic tire/road interface forces are an appreciable per-
centage of corresponding static loads. These forces (dy-
namic pavement loads) were measured for three test
vehicles over a variety of public roads and several speed
conditions. Because the vehicles, roads, and test conditions
were so chosen, these test data are representative of a
majority of heavy-vehicle highway mileage.

These experimental data should permit better interpreta-
tion of road profile measurements that might aid in the
evaluation of various pavement roughness criteria. The
data should also be useful for pavement loading fatigue
studies

DYNAMIC PAVEMENT LOAD MEASUREMENT SYSTEMS

Two rehable, accurate, instantaneous, on-board systems for
measuring dynamic pavement load on a long-term, con-
tinuous basis were developed for heavy highway vehicles.
These systems, a strain-gaged axle housing transducer and
a wheel force transducer, were used extensively during this
project The strain-gaged axle housing system is best ap-
phed when requirements are for considerable testing with
one or a few vehicles. The wheel force transducer system
1s most applicable when testing a large number of vehicles.

The two measurement systems could be used to measure
periodically the pavement loading of a “standard” vehicle
on highways of interest This information, taken several
times over the life of a highway, should aid the pavement
maintenance decision

These two pavement load measurement systems could
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also be used to measure fore-and-aft shear forces at the
tire/road interface. Some forms of pavement deterioration
may be a function of these shear loads.

PAVEMENT LOAD PREDICTION TECHNIQUE

The analog computer simulation, developed during this
project, of a heavy highway vehicle predicted pavement
loads from recorded road profiles with an over-all accuracy
of 85%. The vehicle model included properties most sig-
nificant to pavement-induced dynamic loading. This simu-
lation could be extended to predict pavement loading of
representative vehicles over any profiled highway. These

predicted pavement loads can be applied in the same
manner as measured pavement loads.

In conclusion, the objectives of this program have been
met by the following achievements:

1. Development of two pavement load measurement
systems.

2. Identification of vehicle properties affecting dynamic
pavement load.

3. Presentation of a diverse pavement load data set rep-
resentative of a majority of heavy-vehicle highway mileage.

4. Development of a pavement load prediction tech-
nique.

CHAPTER FOUR

SUGGESTED RESEARCH

Some additional knowledge of the nature of heavy highway
vehicle pavement loads was gained in this program and, of
course, questions arise related to that new knowledge.
Several of these questions suggest objectives for additional
research.

PAVEMENT LOADS RELATED TO WHEEL ROTATION

Work during this project revealed that imperfectly mounted
tire-rim assemblies can cause substantial pavement loading,
regardless of pavement smoothness A complete investiga-
tion of loads caused by wheel rotation should include: the
identification of all sources of wheel rotation excitation, a
study of the severity of each source throughout the truck
population, and consideration of means to minimize these
loads if warranted.

PAVEMENT LOAD STUDIES OF TANDEM-AXLE VEHICLES

Large dynamic pavement loads were measured on a tandem
axle at 55 mph. The mechanism that caused these large
loads was not investigated. The pavement load measure-
ment systems and an extension of the analog computer
simulation developed for this project could be used to study
the dynamic loading of tandem-axle suspensions. These
studies should include the effects of axle interaction, tramp
action, and a variety of excttations.

PAVEMENT LOAD PREDICTION TECHNIQUES

The analog simulation technique developed for this project
predicted pavement loads with 85% accuracy. If future
applications require a higher degree of correlation, the
following refinements should be considered:

1. Rear axle tramp effects.

2. More accurate road profile measurement.

3. More detailed tire and suspension simulation.
4. Wheel rotation excitation.

The simulation prediction technique was evaluated for
one vehicle. The task of extending the prediction technique
to a variety of vehicles remains.

The frequency domain and convolution concepts that are
discussed in the section entitled “Pavement Load Prediction
Techniques,” but not used on this project, could be evalu-
ated as possible pavement load prediction techniques.

THE EFFECT OF VEHICLE PROPERTIES ON
DYNAMIC PAVEMENT LOADING

The vanation of parameters study performed on the analog
simulation indicated several vehicle properties that influence
dynamic pavement loads. An experimental evaluation of
the pertinent vehicle properties 1s needed to verify the
results of the parameter study. Also, the effect of vehicle
speed should be studied experimentally for a wide range of
vehicles and operating conditions.

STUDY OF TIRE/ROAD INTERFACE SHEAR LOADS

Some forms of pavement deterioration may depend on
the shear loads at the tire/road interface. Techniques for
measurement of fore-and-aft shear loads have been demon-
strated during this project. A study of shear loads during
braking, turning, and acceleration would provide highway
researchers with shear load information.



DATA PRESENTATION TECHNIQUES

The pavement load data measured during this project were
presented in several different formats because the exact
applications of these data are uncertan. A comprehensive
study that considers which of the numerous pavement load
data formats are most useful for each of many applications
would 1ncrease the usefulness of subsequent measurements.

27

PAVEMENT SURVEILLANCE

If pavement load information were obtained at intervals
over a period of time and plotted versus time, it would be
possible to study pavement deterioration. Experience with
several such graphs might help highway engineers to fore-
cast maintenance needs on the basis of maximum economy.
Such observations may also provide guidance 1n establish-
mg seasonal load regulation practices.
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ABSTRACTS, LITERATURE OF PRIMARY INTEREST

BLYTHE, D. K, DEARINGER, J. A., and PuckeTT, R. E,,
“Variations in Axle Weights of Moving Trucks.”

This paper presents an analysis of axle weight
data collected during the performance testing of
the Broken Bridge dynamic electronic highway
scale Test results are analyzed by comparing the
in-motion axle weights as measured by the Broken
Bridge scale with the corresponding static values
for an instrumented two-axle test vehicle and for
a sample of trucks diverted from an Interstate
Highway. Analysis of the two-axle test truck data
shows that the actual loads applied to the high-
way surface by the wheels of a moving vehicle
vary above and below the static equivalents 1n a
manner that 1s typical for a specific location and
range of speeds.

For a random selection of different types of
trucks, the vanation of dynamic from static axle

29

weight is further affected by axle position (front,
third, etc.) and spacing It 1s generally concluded
that dynamic scales should be used to collect large
samples of axle weight data at various locations
in the highway system and that such information
should be evaluated and used in formulating
future pavement design criteria. It 1s also sug-
gested that further research be conducted in the
field of vehicle dynamics to consider the varia-
tions mn axle loads due to vehicular, driver, and
environmental characteristics

Bopg, O., ET AL, “Comparison of Different Methods of
Determining the Dynamic Wheel Load.”

Because of the growing importance of the dy-
namic forces between wheel and road, several
German engineering colleges have developed
methods of measuring the dynamic wheel loads of
motor vehicles. The methods compared in the
first part of the present study are those of
the Aachen, Brunswick, and Hanover Colleges.
Aachen determmnes the wheel loads by measuring
the accelerations of axle and superstructure. The
Brunswick method uses the tire as a measuring
spring. The variations in the distance between
axle and road surface resulting from tire deflec-
tions are measured by a capacitative technique.
With the help of the load/deflection curve of the
tire, the wheel loads can be calculated. The
Hanover method 1s based on the relationship
between the dynamic wheel loads and the result-
g elastic deformations of the axle housing.
Details of the test equipment, calibration, and
methods of evaluation used by the three insti-
tutes are given

To compare the three methods, wheel-load
measurements were made simultaneously on the
same vehicle (a 10-ton truck) by the test teams
of the three institutes, each using 1ts own method
of measurement and evaluation. The test runs
were made on a good and a bad road and on a
roadway. The results are given in tables and
diagrams. A second series of tests was made as
just described, except that the test data were all
evaluated by the same statistical method, and
additional measurements were made during travel
over sewer covers and transit lines. Potential
sources of errors inherent 1n the test methods are
discussed.

Part 2 of the study compares the wheel-load
measuring techmiques of the Darmstadt, Munich,
and Brunswick Institutes, Darmstadt measures
the bending stresses at two points in the rim base
of a special test wheel. As the correct load 1s
indicated only twice per wheel revolution (viz.,
each time one of the strain gages 1s vertically
above the tire-ground contact center) no continu-
ous wheel-load trace 1s obtained, and the method
1s statistical 1n character. In the Munich method,
the transverse bulging of the tire resulting from
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vertical tire deflection is used as a measure of the
wheel load. The bulging 1s scanned by two
mechanical feelers which are so connected that
the effects of side forces are largely eliminated.
The Brunswick method was as described pre-
viously.

The results were again evaluated statistically.
The inherent sources of error are mentioned, and
the advantages and disadvantages of the methods
are compared. In Part 3, three methods are com-
pared, all of which use the tire as a measuring
spring. These are the Brunswick and Munich
methods mentioned previously and another
method developed at Brunswick which also mea-
sures tire bulging, but by means of electric scan-
ners. These tests were evaluated by direct com-
parison of the traces.

EDWARDS, S. G., “Dynamic Measurement of Vehicle Front
Wheel Loads Using a Special Purpose Transducer.”

Engineers at the General Motors Proving Ground
Noise and Vibration Laboratory are engaged in a
variety of engineering testing activities to detect,
reduce, and eliminate noise and vibration prob-
lems m vehicles. To assist 1in the basic measure-
ments of front suspension loads, Proving Ground
engineers have designed a special-purpose trans-
ducer to provide dynamic measurement of the
forces and moments imposed on the front wheel.
This transducer, with a modified knuckle, replaces
the production knuckle-spindle assembly of the
front wheel.

Strain gages pick up stresses created by forces
and moments at the wheel and send signals
through an amplifying system to be recorded by
instrumentation mn the vehicle in forms suitable
for data reduction. The spindle transducer has
proven to be a valuable development and re-
search tool.

Essers, KOTITSCHKE, “Masstechnishe Bestimmung der
dynamischen Radkraefte von Kraftfahrzeugen (Measure-
ment Technique to Determine the Dynamic Wheel Loads
of Vehicles).”

Test methods for determination of dynamic wheel
force of motor vehicles, new method applied by
Technische Hochschule Aachen for determination
of impact by accelerated measurements on axle
of heavy motor vehicles

FINNEY, E. A., “Dynamic Aspects of Vehicle Size and
Weight.”

This discussion gives dynamic axle load data in
support of Professor Blythe’s general statements
that such data should be collected, evaluated, and
used in formulating future pavement design cri-
teria, and that further research should be con-
ducted in vehicle dynamics, considering variations
in axle loads due to vehicular, driver, and envi-
ronmental characteristics.

Factors relating to weighing vehicles 1n motion
to determine static weight are covered, as well as
those associated with the dynamic aspects of
vehicle size and weight. The magnitude and fre-
quency of impact loads determined from current
Michigan studies are included for further illustra-
tion of the problems related to dynamic load
determinations.

FISHER, J. W. and Huckins, H. C., “Measuring Dynamic
Vehicle Loads.”

This paper describes the development of a dif-
ferential tire pressure system for the measurement
of dynamic vehicle loads on the pavement. The
differential tire pressure existing between the
vehicle tire and an air storage tank was measured.
This allowed the use of a sensitive pressure gage
with a range of 0 to =1.5 psi. The changes in
pressure caused movement 1n a steel diaphragm
which produced changes in voltage across a steel-
core induction coll An extension of the tire valve
stem was connected to a revolving joint which
rotated with the wheel. The revolving joint was
connected to the pressure gage, thus eliminating
the need for an electrical slip ring assembly.
Differential tire pressure measurements were cor-
related with dynamic vehicle loads. The relation-
ship between differential pressure and load is
reasonably linear. The differential pressure-load
relationship is affected by the tire pressure and
the tire volume.

FrEITAG, D. R., GREEN, A. J.,, and MurpHyY, N. R, JR,
“Normal Stresses at Tire-Soil Interface in Yielding Soils.”

Small diaphragm-type pressure-sensitive cells
were set flush with outer surface of smooth
pneumatic tire; tests were run to determine magni-
tude and distribution of normal pressures at tire-
soil interface of driven and towed tire at several
loads and 1nflation pressures; tests were conducted
on both cohesive and noncohesive soils; tire de-
flection measurements were made to determine
shape of deformed tire and to locate position of
cells; typical patterns are shown and some general
relations between patterns observed and test
variables are presented.

GINN, J. L., MILLER, R. F., Marcowe, R. L., and HEr-
Movics, J. F., “B. F. Goodrich Tire Dynamics Machine.”

Features of new machine to measure forces ex-
erted by loads, speeds, and other operating char-
acteristics. Forces and torques developed by tire
under normal operating conditions are: normal
load, axial force, drag, self-aligning torque, over-
turning moment, drag torque. Forces are trans-
mitted through axle bearings to load-resolving
cells. Road wheel test shows sensitivity of ma-
chine to tire properties depending on cornering
response.
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Horpkins, R. C., and BoswgeLL, H. H., “Methods for in Part A, and even further improved when using
Measuring Load Transfer Through Vehicle Tires to the multiple regression analysis. Platform surface
Road Surface.” switches and traffic control continue to present

Three different methods for obtaining a continu-
ous record of the magnitude and varnations in the
weight transferred by the tires to the road surface
were developed and tested. The three measure-
ment systems nvestigated were. (1) axle-housing
strain near the spring mounting; (2) the change
of bulge or spread of the tire sidewall directly
above the center of contact with the pavement
surface, and (3) changes in air pressure within
the tire Simultaneous measurements were re-
corded and compared. Each system 1s discussed.

LIPPMANN, S. A., and NanNy, J. D,, “A Quantitative
Analysis of the Enveloping Forces of Passenger Tires.”

The forces generated by tires when traveling over
irregular roads are related to the structure of the
tire and to the geometry of the road surface in a
useful mathematical relationship. Lineanty and
superposition principles allow an idealized and
synthetic road irregularity to represent the re-
sponse of a tire to realistic kinds of road ir-
regularities. The association of the enveloping
forces with factors related to the structure of tires
facilitates the understanding of the enveloping
responses. The analysis of the forces for the
idealized road irregularity, coupled with the
Fourier integral analysis of road surfaces, pro-
duces the spectrum of outputs for exciting modes
of vibration 1n the tire itself and in vehicles.

LiPPMANN, S. A, PicciN, W A, and BAkER, T. P., “En-
veloping Characteristics of Truck Tires—A Laboratory
Evaluation.”

The paper describes the enveloping properties of
truck tires as consisting of two components of
force, one 1n the vertical direction and another
in the direction of travel The responses to 1r-
regular surfaces are mathematically accountable
in terms of the response to a step in pavement
elevation Tires may therefore be readily char-
acterized, 1n general, through their reactions to
step functions. Curves display the differences in
enveloping properties available in the 10.00 X 20
size on the open market.

MILLIMAN, P, “Automatic Weighing of Vehicles 1n Mo-
tion and Collection of Traffic Data by Electronic Methods.”

An interim experimental program is reported,
conducted to improve accuracy and durability of
the existing system, as installed at the test site
for weight and dimension measurement of moving
vehicles In addition to extensive modifications
of the system and thorough refurbishing, weight
tests were conducted to determine the results of
the alterations. Accuracy was significantly im-
proved, when determined by the same method as

problems, but solutions are being evolved.

MiTscHKE, M, “Influence of Road and Vehicle Dimen-
sions on the Amplitude of Body Motions and Dynamic
Wheel Loads (Theoretical and Experimental Vibration
Investigations).”

The relationship between selected body and chas-
sis parameters and dynamic wheel loads 1s pre-
sented along with techniques to obtain and pre-
sent dynamic wheel load data. The effect of
changes 1n spring and damping rates, wheelbase,
and coupling mass on vehicle body motions 1s ex-
amined. The relationship of parameter changes
to vehicle ride 1s discussed.

QuINN, B. E., and THoMPsoN, D R., “Effect of Pavement
Condition on Dynamic Vehicle Reactions ”

A vehicle traveling over a highway containing
surface irregularities experiences vertical motion
as well as horizontal motion Associated with the
vertical motion are forces between the highway
and the vehicle that are developed n addition to
the static weight of the vehicle These forces are
frequently referred to as the dynamic reactions or
the dynamic forces They depend on the vehicle
suspension characteristics, the condition of the
pavement, and the velocity of the vehicle.

Laboratory tests were conducted to determine
the frequencies of vibration at which passenger
vehicles would develop large forces between the
tires and the pavement. The relationship be-
tween force exerted by the tire and vertical dis-
placement of the tire tread was measured at all
frequencies at which any appreciable force was
developed The vehicle characteristic thus ob-
tained included the actual effects of all compo-
nents of the vehicle suspension system.

A criterion of pavement condition was estab-
lished by making power spectral density analyses
of highway elevation measurements. A brief de-
scription of the physical significance of this cri-
terion 1s included.

A procedure 1s discussed for combining the
vehicle characteristics with an elevation power
spectrum (pavement condition criterion) at a se-
lected vehicle velocity to obtain a dynamic force
power spectrum. The usefulness of this result is
discussed and curves for the root mean squared
value of the dynamic force versus vehicle velocity
are included for three different pavement condi-
tions.

By using the criterion of pavement condition as
defined 1n this paper, it 1s possible to estimate the
dynamic force that one wheel of a vehicle will
exert on a highway.
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QuINN, B. E. and VAN WYK, R., “A Method for Introduc-
ing Dynamic Vehicle Loads into Design of Highways ™

road profiles. The continued mterest in this de-
vice by persons engaged 1n highway design, con-

QuINN, B. E,, and WiLsoN, C. C., “Can Dynamic Tire
Forces Be Used as a Criterion of Pavement Condition?”

SPANGLER, E. B. and KeLLY, W. J.,, “GMR Road Pro-

To predict the dynamic load of a vehicle on a
pavement, suitable methods are necessary for
characterizing the highway profile and the vehicle
suspension system. Highway profiles have been
described by using Fourier series approximations
or power spectral density techniques, and the re-
sulting frequency domain descriptions indicate
that a similar description of the vehicle would be
useful.

The ratio of wheel reaction to wheel displace-
ment (F/X) versus frequency 1s therefore in-
vestigated for several vehicles. Effects of shock
absorbers and tire pressure are observed. The
prediction of the dynamic load using the proposed
vehicle characteristics is used to obtain significant
vehicle parameters

Estimation of the dynamic vehicle load -
dicates that a study of the significance of this
quantity in highway design 1s desirable, as well
as experimental verification of the predicted
values.

A moving vehicle exerts a fluctuating component
of force on the highway due to vertical motion
induced in the vehicle by unevenness of the pave-
ment, This force, superimposed on the static
wheel load, is frequently called the dynamic
wheel force or the dynamic tire force. This paper
includes a brief description of instrumentation
used to determine the dynamic tire force by mea-
suring the fluctuation of the air pressure in a tire
of a moving vehicle. Actual force records that
were taken on several sections of pavement are
included. From these records the corresponding
root mean squared value of the dynamic force 1s
determined, and the possible use of this quantity
as a criterion of pavement condition is suggested.
In addition, for certain pavement sections the fre-
quency of occurrence of various magnitudes of
the dynamic tire force is determined. The in-
fluence of speed on dynamic force is investigated
by operating the test vehicle over the same length
of pavement at different velocities. In ltke man-
ner the influence of tire inflation pressure on dy-
namic force is studied by conducting tests in
which only the inflation pressure was varied.

filometer—A Method for Measuring Road Profile.”

Accurate road profiles are often required for the
analytical study of vehicle ride and wvibration
phenomena induced by road irregularities. The
desire to bring profiles of existing roads into the
laboratory has led to the development of a road
profilometer for the rapid measurement of such

struction and maintenance encouraged the authors
to further develop and simplify this instrument
and to make 1t available to these highway groups.
This paper discusses the basic operating principle
of the GMR profilometer, describes the unit sup-
plied to the Michigan Department of State High-
ways, and presents some typical test results.

TraBBIC, G. W., Lask, K. V., and BUCHELE, W.
“Measurement of Soil-Tire Interface Pressures.”

Diaphragm-type pressure transducers instru-
mented with strain gages were designed and built
to measure soil-tire interface pressures. The inter-
face pressure was measured on the undertread,
lug face leading-lug side of a tire.

Drawbar load and tire-inflation pressures were
the controlled variables in this investigation. The
tests were run with drawbar loads of 40, 446,
928, 1,374, and 1,783 Ib and tire-inflation pres-
sures of 10, 14, and 18 psi. Three rephcations
were run for each condition. The results were
averaged for each cell position and plotted. The
plotted data showed that high drawbar loads in-
creased the interface pressure on the undertread
and leading-lug side and reduced the interface
pressure on the lug face and trailing-lug side.
These plots also show that, as tire inflation
pressure was increased, the soil-tire interface pres-
sure increased at the center of the tire and de-
creased at the edges.

Slip was measured during each run with two
microswitches electrically connected to event
marker pens on the oscillograph, One of the mi-
croswitches measured actual forward travel and
the other measured theoretical travel. Percentage
of ship was calculated from the data thus obtained
and the results were plotted against drawbar load
for each tire-inflation pressure.

The torque measured on the rear axle was
plotted against drawbar load and percentage of
slip for each tire-inflation pressure. The plot of
torque versus drawbar load showed that torque
increased linearly with drawbar load with a tire-
inflation pressure of 10 psi. With tire-inflation
pressures of 14 and 18 psi, the torque increased
linearly up to 1,374- and 928-1b drawbar loads,
respectively, and then increased at an increasing
rate. The plot of torque versus percentage of slip
showed that percentage of slip increased slowly
up to a torque of approximately 1,500 1b-ft and
then increased more rapidly, especially with the
14- and 18-psi tire pressures. This plot also
showed that with a tire pressure of 10 psi, a
torque of 2,655 Ib-ft in the right rear axle was
required to develop a 1,783-lb drawbar pull.
With an inflation pressure of 18 psi, 3,506 1b-ft
were required to develop the same pull.
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VEHICLE TYPE DESIGNATION
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Figure B-1. Vehicle type designation.
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APPENDIX C
TEST VEHICLE SPECIFICATIONS

VEHICLE NO. 1 2-D

=5
9 |
-t
L 139 :—l——l |- 72-|4|
~ 2% o
Chassis. GMC model HM 7620
Body Gar-Wood dump box
Engine GMC 478-cu -in V-6, gasoline
Transmission: New process model 541GL, 5-speed
Suspension, steer
Type Simple leaf spring
Axle: GMC F-070 Rating. 7,000 Ib
Springs: 551 X 3 n, 6-leaf Rating 3,500 Ib each
Shocks: Yes
Suspension, drive
Type: Simple leaf spring
Axle: Eaton 16221, 2-speed Rating: 17,000 1b
Springs 46 to 51 m. X 3 m., 10-leaf Rating 8,750 Ib
each
Shocks. No
Wheels
Type: Cast steel spoke
Rims: 20 in. X 7 1n,, 4-1n spacer
Tires 1000 X 20 bias ply, 12-ply rating
Brakes.
Front 15 n. X 3in., air
Rear: 151n X 61n,, air
Test axle weights
Steer. 5,000 1b
Drive. 18,8001b

VEHICLE NO. 2 3S2

588 AJ]
= o
b 00 i+ =0

I

DO""IAO F_

Tractor. GMC model DH-9690 (with sleeper cab)
Trailer Trailmobile model P31T75SAHB

Engine Detroit diesel 8V-71 NE, diesel
Transmission- Fuller RT 910, 10-speed progressive
Suspension, steer

Type Simple leaf spring

Axle. GMCF-090 Rating 9,0001b

Springs 55 m X 3 ., 8-leaf Rating 4,500 Ib each
Shocks Yes

Suspension, drive.

Type Hendrickson RT-340 with steel equalizer beams
Axles. Rockwell Timken SLHD Rating: 34,000 Ib
Springs. 34 1n. X 4 in, 11-leaf Rating: 17,000 lb each
Shocks: No

Suspension, trailer.

Type Simple leaf spring, tandem

Axles: Fruehauf

Springs Leaf Rating 8,500 Ib each

Shocks No

Wheels

Type. Cast steel spoke

Rims* 201 X 7 1n, 4 1n. spacer

Tires. 10 00 X 20 bias ply, 12-ply rating

Brakes.

Steer 151n. X 3%2 1n., air

Drive. 151n. X 6 1n., air

Trailer 162 1n. X 5 1n., air

Test axle weights

Steer 7,000 1b

Drive 30,790 1b

Trailer 31,0301b

VEHICLE NO. 3 3S1
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Tractor. GMC model DH-9690 (with sleeper cab)
Trailer. Fruehauf model JA 2082 FW (#12)

Engine: Detroit diesel 8V-71NE, diesel

Transnussion Fuller RT 910, 10-speed progressive
Suspension, steer:

Type Simple leaf spring

Axle. GMC F-090 Rating. 9,000 1b

Springs 55 mn X 3 1n, 8-leaf Rating: 4,500 Ib each
Shocks. Yes

Suspension, drive.

Type. Hendrickson RT-340 with steel equalizer beams
Axles: Rockwell Timken SLDH Rating: 34,000 lb
Springs 34 1in X 4 in., 11-leaf Rating: 17,000 Ib each
Shocks: No



Suspension, trailer.

Type: Simple leaf spring

Axle Fruehauf I-Beam, 1960 Rating
Springs: Leaf Rating 9,000 Ib each

Shocks No

Wheels.

Type: Cast steel spoke, 20 1n.

Rims. 20 . X 7 in., 4-1n. spacer

Tires- 10 00 X 20 bias ply, 12-ply rating

18,000 1b

35

Brakes:

Steer. 151n. X 212 1n., air
Drive: 151n. X 6 1n, air
Trailer. 162 1n. X 7 1n., air

Test axle weights.
Steer: 7,000 Ib

Drive. 21,605 Ib
Trailer: 17,670 1b

APPENDIX D
TEST ROAD SECTION SPECIFICATIONS

The Michigan Department of State Highways identified
mne 1-mi test road sections to represent good, far, and
poor grades of nigid, flexible, and overlay pavement. The
condition of the road sections previously had been graded
with a Bureau of Public Roads roughometer. Less than
130 1n./m was specified a good road, 130 to 175 in /mi a
fair road, and more than 175 in./mi a poor road. The
selected sections were

ROUGHNESS
DESCRIPTION (IN./MI)
Rigid Pavement
Good—I-75 southbound 1n Oakland Co., 118
beginming at Walton Boul, thence 1 mi (1965)°
south
Fair—I-696 eastbound in Oakland Co., 149
beginming at the 6-mi marker 300 yd east (1965)

of Middlebelt Road, thence 1 mi east.

Poor—M-50 eastbound 1in Lenawee Co. 176
between US 23 and Britton, Mich., begin- (1963)
ning at Downing Highway, thence 1 m

east

Flexible Pavement.

Good—M-52 northbound, beginning at 92
the Jackson-Washtenaw Co, line, approx- (1968)
imately 0.3 mu south of Leeke Road,

thence 1 mi north

Fair—M-247 northbound 1n Bay Co., 169

beginning at the first “M-247" sign north (1968)
of the Kawkawlin River, thence 1 m

north.

Poor—M-138 eastbound 1n Bay Co, be- 249
ginming at the “M-138 Ends” sign on the (1968)

north side of the roadway near M-15,
thence 1 mi east

Overlay Pavement.

Good—M-53 northbound 1n Lapeer Co., 128
beginning at the “M-53” sign north of (1968)
Hollow Corners Road, thence 1 mi north.

Fair—M-53 southbound 1n Lapeer Co., 154
beginning at the “Dryden Road” sign (1968)
on the east side of the roadway, south

of Dryden Road, thence 1 mi south.

Poor—M-59 eastbound in QOakland Co., 225
beginning at the “M-59” sign just east of (1968)
Centerline Drive, thence 1 mi east

® Figures in parentheses are measurement dates
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APPENDIX E

GM PROFILOMETER AND ITS USE ON THIS PROJECT

THEORY OF PROFILOMETER OPERATION

The GM profilometer (5) was developed by the General
Motors Research Laboratories during the period 1961 to
1964. Profilometers based on the same principle have
been used extensively by state highway departments and
General Motors since that time. The profilometer produces
a continuous record of elevation profile within the wave-
length limits estabhished by its design.

A schematic of the profilometer is shown in Figure E-1.
The GM profilometer is a seismic mass device in which
the body of the truck 1s the mass on 1ts suspension springs
and shock absorbers. Because there 1s motion of the truck
body, a 2g servo accelerometer is used to measure its
motion relative to an inertial reference. A 14-in. travel
linear potentiometer measures the relative displacement
of the road-following wheels to the truck. The acceleration
of the truck body is then double-integrated and summed
with the truck to road-following wheel displacement. This
results in the measurement of the road profile with respect
to an inertial reference. The high-ampltude, long-wave-
length elevation changes are rejected with a high-pass filter
to improve the resolution of detail.

The profilometer vehicle carries self-monitoring strip
chart recorders and a 14-channel instrumentation tape
recorder. Vehicle speed, voice, raw data, and finished
profiles are all recorded on magnetic tape,

HIGH-SPEED PROFILES

The original intent was to measure road profiles simulta-
neously with the measurement of test truck dynamic loads
This was accomplished by towing the profilometer vehicle
with the truck being tested (Fig. E-2). As the truck was

r— ACCLLEROMETER

driven along the pavement section, the profilometer would
measure profile along the same wheel path and under the
same road conditions that the truck measurements were
being made Owing to the fixed distance between the
truck wheels and the road-following wheels of the pro-
filometer, time correlation of measured and computed
pavement loads to road profile would be simplified,

Early in the testing, high-amplitude, short-wavelength
components were present in the recorded profile data to a
greater extent than in the actual road profile. This was
detected during early attempts to correlate the dynamic
load predicted by the model with load measurements made
on the test vehicle. The profile error was due to road-
following wheel bounce. The following wheel has an
acceleration limit in the down direction due to the limited
preload force and the mass of the following arm and
wheel. Whenever this acceleration level is exceeded, the
road-following wheel leaves the road surface.

There are several methods by which wheel bounce may
be reduced:

1. Use higher 'preloads and/or a lower mass for the
trailing arm and wheel assembly.

2. Develop a noncontacting profiling system.

3. Reduce the speed of the profilometer.

The third method was used for this project.

LOW-SPEED PROFILES

Road-following wheel bounce was essentially eliminated
by decreasing the speed of the profilometer vehicle. Be-
cause pavement load measurements were made at 34 mph,
it was necessary to speed up the profile tape recordings

LINEAR  POTENPIOMETER

Figure E-1. Schematic of GM profilometer
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Figure E-2. Test Vehicle No. I towing the GM profilometer.

when recorded profiles were used as an input to a com-
puter simulation for pavement load predictions. A speed
change of 8:1 was readily available with equipment on
hand, so the road profiles were measured at a profilometer
speed of 4% mph and a tape recording speed of 3% ips.
The data were then played back at 30 ips to be equivalent

to 34 mph. A 0.3-rad/sec high-pass filter was used during
profile recording (Fig. E-3).

Low-speed profiling did not provide simultaneous road
profile and pavement load measurements, nor were the
profiles recorded in this manner of the exact same wheel
path as that followed by the test vehicle.

® = .3 rad/sec
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Figure E-3. Filter frequency response characteristics.
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APPENDIX F

COMPUTATION OF POWER SPECTRAL DENSITY FUNCTIONS: TECHNIQUES AND ERRORS

This appendix describes the processing procedures used to
compute power spectral density functions of road profile
and pavement load data. The description includes pro-
cessing the data from the time 1t 1s recorded on the road
until the power spectral density functions are generated.
Some errors that are encountered during the computations
are also discussed.

COMPUTATION PROCEDURES

Analog voltages proportional to road profile and pavement
load were recorded on FM magnetic tape. The tape was
then played back in the laboratory to an analog-to-digital
conversion facility that converted the analog voltages to
digital numbers and generated a digital magnetic tape. The
digital tape was used for further data processing by an
IBM System/360 Model 30 computer

The digital processing consisted of all the computations
necessary for the determination of a power spectral density
function. The Blackman-Tukey method of computing
power spectral densities was used (6). A brief description
of this method follows:

First, the average of all the data points describing the
input curve (the original time series) was computed and
subtracted from the orginal time series Then, the auto-
correlation was calculated using the lagged products
method (Fig. F-1). The Fourier transform of the auto-
correlation, which 1s a raw estimate of the power spectral
density function, was then calculated. Because the autocor-
relation 1s an even function, only the cosine terms of the
Fourter series were calculated. The raw estimate of the
power spectral density was then smoothed to produce a
refined estimate of the PSD. The smoothing was per-
formed after the Fourier transformation and used the
Hanning spectral window (Fig. F-2). The refined estimates
of the PSD were then plotted using the program shown in
Fxgure F-3.

COMPUTATIONAL ERRORS

Certain errors involved in calculating the power spectral
density function are discussed 1in many references (6)
These errors are listed and discussed 1n the following, and
an estimate is made of the amount of error 1n the PSD’s
i this report.

1. Leakage Error. The Hanning spectral window, which
was used to smooth the raw estimate of the PSD, has small
side lobes that extend over a wide frequency range. This
means that large components of the PSD at frequencies
far removed from the frequency being smoothed can have
some effect on the latter frequency. If the component

being smoothed 1s very small compared to the large com-
ponent far away, the large component can have considera-
ble influence on the small component. This appears on
certain road profile PSD’s at very low levels at higher
frequencies, where the PSD functions seem to oscillate.
To further compound the leakage problem, alternate side
lobes of the Hanning window are negative, which leads
to the possibility of negative estimates of PSD. This
phenomenon was observed on one pavement load PSD
and one road profile PSD. Leakage can be reduced by
decreasing the spacing along the abscissa, effectively re-
ducing the frequency range of the side lobes of the Hanning
window .

2. Truncation Error. Random analysis requres an in-
finite time series for theoretical accuracy 1n the estimation
of statistical properties. Any random analysis performed
with a truncated (not infimite) time series will result in
some error being introduced.

3. Stationanty Errors: In addition to an infinite time
series, other conditions necessary 1n this method of calcu-
lation of PSD’s are that the road profile and pavement load
data be stationary and ergodic; that 1s, the statistics of the

DIMENSION A(S000)4R{600),X(600),VABS(10),VORD(10),VPAGE(10)

OIMENSION WORK(250)
CALL PLOTS{WORK{1),1000,9})
RFAD(1,y10)NCURVE
10 FORMAT({315}
15 FORMAT({10A4/10A4/10A4)
D0 100 N=1,NCURVE
READ(1,10)NPTS,NLAGS)NPLT
READ{8y1)(A(M) yM=]1,NPTS)
1 FORMAT(20(1PEL3.4))
SUM=0.
DO 18 M=) 4NPTS
18 SUMaSUM#A{NM)
AVGBSUM/NPTS
DO 19 M=1,NPTS
19 A{M)=A(M)-AVG
IF{NLAGS-1)100,100,20
20 CALL AUTULASNPTS,NLAGS+R)
READU1,25)XNCRE
2% FORMAT(F10.4)
XA=0.
DU 30 M=1,NLAGS
X{M)=XA
XA= XA+ XNCRE
CONTINUF
WRITEL9, 11 (RET1D 41 E=14NLAGS)
IF{NPLT)50,440,450
40 REACIL,15)VABS,.VORD,VPAGE
READC1410)INCANCO,NCP
CALL GRAPH(XyR,VABS,VORDVPAGE sNCAyNCyNCPyNLAGS40,0)
50 CALL PDUMP{A(L1),AINPTS),S)
100 CONTINUE
CALL TAPECO(T,+5)
CALL PLUT{15.0,0.0,999)
END

3¢

Figure F-1 Autocorrelation computation program



DIMENSION A(1028),

DIMENSION
1VPAGE(10)

39

INV(256),5(256)
COEF(2,512),0RD{514),ABC(514),VABS(10),VORD{10),

DIMENSION WORK {100}
EQUIVALENCE (A(1),COEF(1,1))
CALL PLOTS(WORK(1),400 ,9)
READ(141) NCURVE

1 FORMAT(2149F8.64E12.6414)
DO 500 NCURV=1,NCURVE
00 11 I=1,1028

11 A(l)=0.

READ (141) NPYSNSKIP, TIME,FAC,NPL

30 IFERR=0
100

READ(8+21)(ACJ)yJI=1,NPTS)

21 FORMAT(20(1PEL3.4))

NS=NPTS~1

ABC(1)=0.

MAKE UP FREQUENCY ARRAY FOR THE ABSCISSA

Helo/ (2., 8TIMESNSSFAC)
DO 40 J=2,NPTS
40 ABC(J)=ABCIJ-1)eH
3 FORMAT(3F15.6)

AO=A(1l)

ANSIZE=A(NPTS)
CALL POUMPLALL D), AINPTS) (5oNPTSNPTS,4)

FOURIER TRANSFORM THE AUTOCOVAPJANCE, AN &VEN FUNCTION

T=23,14159265/NPTS

DO 101 J=1,NPTS
SUM=0.
T2=Te(J-1)

D0 99 1a2,NS

99 SUM=SUM+A(T )*COS(T2%(1-1))
WRITE(3,5)SUM

5 FORMAT(EL15.6)

101

ORD(J)=2,9TIME®(AQ+2.6SUMSANSIZE®COSI(J-1)%3,14159265))

WRITF(344)HoA0 ANSI2E,NPTS,TIMNE

4 FORMAT(® H='E12.4)5Ky"A0=*sEL2.4¢5K s ANSTZE=RY JEL12.495X,'NPTSu?,
1 T1245X'TIME=®yE12.4)
CALL PULUMP(ABCIL1),ABCINPTS), 5)

20 FORMAT(10A4/10A4/10A%)

10 FORMAT(414)

CALL PDUMP{ORDI1),ORDINPTS),5)

PERFNRM HANNING SMOOTHING

Al1)=20.5%0RD{11¢0.5%0RD(2)
DO 90 J2=2,NPTS

90 AlJ2)=0,25%0RN(J2-1)+.50%0RD(I2)¢0,25%0RD(J2¢1)
AUNPTS )=0,5%0RDOINPTS -1)+0.5%0RDINPTS )

PUT SMOOTHED PSO BACK IN ORD ARRAY

D0 91 J2=]1,NPTS

91 ORD(J2)=AlJ2)*FAC
CALL PDUMP(ORD(1),ORDINPTS), 5)
WRITE(9,21)(ABC{1A) 1A=L ,NPTS)
WRITE{9,21) (ORD(IA) s IA=],NPTS)
IFINPL) 450,450,460

450

READ(1,20)VABS ¢VORD,VPAGE

READ(1+10)NCA4sNCOyNCP
CALL GRAPHUABC,ORD¢VABS,VORD,VPAGE sNCAyNCO,NCP,NPTS,0,0)

460 HH=0,5¢H

SUM2=0,

INVEGRATE UNDFR PSD CURVE. THIS VALUE 1S THE MEAN
SQUARE, SHOULD EQUAL THE ZERO-LAG AUTOCOVARIANCE.

00 470 I=2,NPTS

SUM1sSUM2

SUM2=SUM2+HH® (ORD (1) +ORD{(I-1))

470

ORD{I-1)=SUM]

WRITE(3,12)S5UM2

12 FORMAT(®
500 CONTINUE
CALL EXIT
END

INTEGRATED VALUE=?!,E14.5,//)

Figure F-2. Power spectral density computation program

data should not change with time or with repeated measure-
ments. Errors are introduced where the data are non-
stationary or nonergodic

4. Sampling Errors. Digital processing requires that
continuous data be sampled at intervals of time. Errors
are introduced if the intervals are not small enough to
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THIS PRCGRAM KFADS TWD' APRAYS Fk{I¥ A TAPt GENERATLD
FY A PRUSHAM IN ULS CALLZG vUwkn. Tht FIRST ARKAY
COATAINS FCUALLY SPACED FPLUUFNCIES. THF SFCONU

ARI AY CONTAINS URDINATES (IF PPWER SPECTRAL DFNSITY,
1HIS PRLGRAM PLOTS THF AKRAYS IN A SEMI=LOG FORMAT
(LLu GN FTHL ORDINATE, LINEAR 6N THE ARSCISSA).

1T CAN PLOT UP TN 5 CURVLS ON UNF GPAPhL,.

DM ASTUN ARC(916) 40P (514) 4 VABST10) 4VORD{10) y VPAGE(6) 4 WIRK(100)
DIFMLNSTLN HLADLTGY L1 I6) 4C216)4C3(0)

PEAL LABEL,LISIL

FLEMAT(4] %)

FUFAAT(10A4/]10A%)

FURMAT{2012e5%9T1cob12.8)

FURMAT{GAG, /04

FUFMAT {10A44,12)

FLE AAT L 3(0A4,12))

FLEVATI/20(1PEL 3,4))

HPLLT S==N1l, PLOTS TN GL MACL

NLINES==%100 LINES (N THF PFESENT PLOT
CALL PLOTSEVLFKIL) 3400y 6)

PCAD NO. GFAPHS TO Bt GEMERATED

WEALL Ly 1INPLETS

I 1900 RPLOT= 1, 0PLOTS
LABTL=7.6

CALL PLUT(O.yV.02,23)

UMAW A LINFy GET ThF PEN ahITING

CALL PLUT(UyLlLeUy?)
CALL PLUT(U vl er2)
CALL PLOT(2.591.5423)

RLAU NO. CURVES ON THIS GRAPhH, NUO. POINTS PER CURVF

HEACILoLINLINE $,NPTS
READ(]1 2 )VABS,, VLRY

REACTL. LINCAZNCL

REAC (1,5) HLALyNH

READ (ly0) C14NCLeC2oNC2,C34NC3
READ Ly $)STLINGUNITS, JLLGSCYCLFS

Figure F-3. Power speciral density plotting program.

100
110

150
160

170
200

300

1000

CCMPUTE MAXIMUM VALUE ON 8 IN. Y-AXIS

YSTART=10.*¢1LCOL
IFLILUG )10V, 110,110
ILOG=ILCGeL
NEXP=H,*CYCLES
TFXP=TLUG+NEXP
YPAX=10. %% JEXP
YMIN=10,.9210L06

DRAW THE AXES

CALL LGAXIS(O.¢0.+VORDyNCD,8.0,90.0, YMIN,CYCLES)
CALL AXIS(0es0eoVAESs=NCA6490¢sSTLINJUNITS,10.)

wRITE HEACER INFORMATION ON PLOT

CALL SYMBOL(=.1848.740+20,HEAD,O.sNH)
CALL SYMBNL (3.0¢0.040.104C1s009NCL)
CALL SYM3CL (3.0¢7.840.10,C2+0.4NC2)
CALL SYMHOL (3.097<090.1UsC340.4NC3)

START LOOP THAY PLOTS THE LINFS

DO 30U NLINE=1,NLINES
READ(144)VPAGF ¢hCP o NSYM
PEACIH ) (ABCIL) o I=14NPTS)
REAB(S¢BI{CRDUI) o+ 1=14NPTS)
GROINPTS#))=YSTAKY
ORDINPTS+2)=CYCLES
ARC(NPTS+1)=STLIN
ABCINPTS#2)=UNITS

+IND ANY PLINTS OQUTSIDE Y LIMITVS, SET THEM EQUAL TO
THE LIVITS

N0 200 1=1,NPTS
LFLOPD{1)-YMAX 160,160,150
URDUT )=YMAX

GO TO 200
IF(ORD(T1)-YSTART)}70,200,200
ORDE1)=YSTART

CUNTINUE

PLOT THE CURVE
CALL LGLINEC(ADLC CRUIPTSy Ly 1yNSYMy1)
DRAW THF LEGEND FOR THIS CURVE

LABEL=LABEL=-0.2

LIREL=LABEL+.05

CALL SYMBOL(3.0,LABELy 0.14VPAGE,0.,NCP)
CALL SYMBOL(5.S5sLIBEL9O.1osNSYM0.y=1)
CALL SYMBOL(6.0sLIBEL,O.1oNSYM¢0.ey=2)
CONTINUVE

CALL PLOT(8.5¢-2.04-3)

CONTINUE

CALL PLOT (2.0,0.00999)

CALL EXIT

sTCP

END

oY



recover all the frequencies mn the continuous data (aliasing
error). Also, some small error is ‘introduced when a
digital number is assigned to a continuous value (quantiza-
tion error).

Evaluation of the statistical errors is, in general, diffi-
cult because a prior knowledge of the PSD is necessary.
An approximate method has been suggested (7) to
determine confidence levels of the computed PSD. The
approximation consists of assuming the distribution of
several estimates of one point on the PSD curve to be a
chi-square distribution, For the approximation to be
valid, the original time series must be Gaussian distributed.
This assumption was not checked on all load and profile
data; however, spot checks indicate that the probability
densities have at least the same general shape as the

41

Gaussian curve. Using the chi-square method of esti-
mating errors, 80% of the computed PSD ordinates fall
within +15% of the true value of the ordinate. The true
value of a point on the PSD is defined here to be the
average of many estimates of the point resulting from
many test runs.

The chi-square approximation to error includes only the
effects of leakage and truncation, Therefore, an upward
adjustment of the error estimate should be made to com-
pensate for stationarity errors, sampling errors, and other
errors not included in the chi-square approximation. Also,
because the distributions are not perfectly normal, the
error figure should be further adjusted upward to arrive
at a final error estimate. It should be emphasized that the
final estimate of error magnitude would be approximate.

APPENDIX G

ROAD PROFILE POWER SPECTRAL DENSITY FUNCTIONS

This appendix contains the power spectral density func-
tions (Fig. G-1) of the elevation profiles of the 1-mi test
road sections given in Table G-1.

During computation of these PSD’s some errors became
apparent at small magmtudes of the functions. Appendix
F contains a discussion of sources of computational error,
the resulting accuracy of the PSD’s, and the techniques
used to compute the PSD’s.

TABLE G-1
CONDITIONS OF TEST ROAD SECTIONS

BPR
ROUGHOMETER

ROAD ROUGHNESS

SECTION PAVEMENT ROUGHNESS (IN./M1)

I-75 Rigid Good 118

1-696 Rigid Fair 149

M-50 Rigid Poor 176

M-52 Flexible Good 92

M-247 Flexible Fair 169

M-138 Flexible Poor 249

M-53 NB Overlay Good 128

M-53 SB Overlay Fair 154

M-59 Overlay Poor 225

NB = northbound; SB = southbound
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Figure G-1. Road profile power spectral density.
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APPENDIX H

TIRE PRESSURE TRANSDUCER SYSTEM

Measurement of tire pressure changes to indicate dynamic
pavement loads was considered to be the least complex
and most convenient of several potential systems. Some
studies to evaluate the relationship of tire pressure changes
versus dynamic pavement load were made using a light
panel truck equipped with Goodyear 8:15 X 15 4-ply
(8-ply rating) tires.

Tire pressure changes in the right rear tire (loaded to
1,100 1b) were monitored using a Statham 0- to 2.5-psi
differential pressure transducer, connected as shown in
Figures H-1 and H-2. The needle valves were provided for
convenience during tire inflation and were closed during
all of the rather short-term tests that were run.

SYSTEM RESPONSE

By using a reference transducer installed directly in the
rim, the time delay due to the connecting lines of the test
transducer was determined to be about 0.002 sec. A sharp
impact on the inflated tire showed the measurement system
first resonance to be about 300 cps.

PRESSURE VERSUS LOAD—NONROLLING

A force transducer was placed under the instrumented tire
and the axle housing was excited vertically with an electro-
hydraulic servo ram to produce a 300-b peak-to-peak
force at the tire patch. In the frequency range from 1 to 12
cps, the tire pressure change resulting from the force input
varied only +5%. Above 12 cps, however, the tire pres-
sure change sensitivity in psi/lb increased rapidly, nearly
doubling at 27 cps (Fig. H-3).

NEEDLE VALVE 1

NEEDLE VALVE 2

Differential
Pressure
Transducer

TO VALVE STEM

®

MAIN VALVE
ROTARY AIR SEAL

R

Electrical Output
Proportional to (Po-Pg)

0-2.5 psid

VALVE SETTINGS:

During Tire Inflation: Needle valves 1 & 2 open, main valve closed to
avoid large pressure variations.

Needle valve 1 and main valve open; needle valve
2 closed.

Main valve open; both needle valves closed.

Before Test:

During Test:

Figure H-1. Tire pressure transducer system schematic.

PRESSURE VERSUS LOAD—ROLLING

Rolling tires respond quite differently than do nonrolling
tires. Not only do the tire’s spring rate and damping
characteristics change significantly, but the tire also has
some “enveloping” capability when it crosses a bump. A
rolling, dynamic evaluation of the tire pressure measure-
ment was required to adequately evaluate the technique.

Wooden bumps ¥ in. high X 18 in. long were attached
to an embedded scale and the truck was driven across the
scale at speeds of 5 to 15 mph. Test speeds were limited
because the vehicle pressure measurement system was
connected via a long lead wire to a stationary oscillograph
simultaneously recording the embedded scale output.

The pressure and force traces were generally similar;
however, the traces indicate a definitely nonlinear and
phase-shifted relationship between pressure change and
pavement load (Fig. H-4).

The sensitivity of the pressure transducer to accelera-
tion was checked by shutting off the air pressure to the
transducer and repeating the runs. Signals observed were
less than 5% of those previously seen.

CONCLUSIONS

The observed nonlinearities and frequency response limita-
tions were not considered acceptable for a precision pave-
ment load measurement system. However, because the tire

Figure H-2. Tire pressure transducer system installation.
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.12 o

Teat Conditions:
Tire: Goodyear 8.15 x 15, 4 ply-8 ply rati,
.11 4 Static Tire Pressure 35 ];si "
Static Tire Load: 1120 1v
Force. 300 1b p-p Sinusoidal Force at Tire Patch

.10 4
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PRESSURE CRARGE, PSI P-P
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Figure H-3. Tire pressure versus force frequency, nonrolling tire.

Test Conditions
Location Right Rear
Tire Goodyear 8.15 x 15, 4 ply-8 ply rating
Static Tire Pressure 35 psi
Truck Speed 15 mph

0.25 4
TIRE
PRRSSURE 0 ‘/\ /\ N\, T~
CHANGE NS NS NN/ ~—7
PSI
-0.25 4
1.5 4

MEASURED 1.0 -

PAVEMENT
0.5 -
K1Ps
0
| "
/2"
ROAD  — I RIS
PROFILE f

! 18" __.{

Figure H4 Tire pressure transducer system correlation data

pressure system 1s relatively convenient and mexpensive to
adapt to any vehicle, 1t is appealing and might be adequate
for obtaining pavement load data in limited frequency and
amplitude ranges under specific test conditions.

Because the tire air pressure technique employs the tire
as a transducer element, some tires may yield far better
results than the one used for this test, Other researchers
have found more useful pressure/force relationships with
certain larger tires.

If the tire air pressure technique is to be used, the tire
transducer properties (including the effects of factors
such as inflation pressure, tire temperature, and static
load) should be established. It may be necessary to apply
corrections for these factors.
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APPENDIX |

STRAIN-GAGED AXLE HOUSING TRANSDUCER SYSTEM

The strain-gaged axle housing pavement load measurement
system differed from previously reported strain-gaged axle
housing systems 1n that an inertial force component, de-
tailed later, was added to the force measured in the axle
housing to obtain the pavement load. This system, adapted
from a General Motors Proving Ground automotive pave-
ment load measurement system, was installed on Test
Vehicle No. 1 (Fig. I-1). Some features of the strain-
gaged axle housing system were:

1. Both left side, right side, and total axle pavement
loads were measured.

2. Front (steer) axle pavement loads, as well as rear
(drive) axle pavement loads, were measured.

3. The strain-gaged axle housing system was available
much sooner than the wheel force transducer.

4. The strain-gaged axle housing pavement load mea-
surement system did not require resolvers, as did the ro-
tating wheel force transducer.

However, the strain-gaged axle housing system was much
less sensitive than the wheel force transducer and was not
transferable to other test vehicles.

FORCE MEASUREMENT CHANNELS

Both the front and rear axle housings were strain-gaged to
measure vertical shear forces between the outboard wheel
and bearing assembly and the spring pad locations on the
axle. The right rear axle housing was also gaged to measure
fore-and-aft forces. Micro Measurements EA-06-125-TH-
120 shear gage pairs were installed using Eastman “910”
adhesive. Stress relief lead wire loops were connected to
terminal strips, and the gage installations were coated with

(©) ACCRLEROMETERS
(@ STRAIN GAGES

Figure I-1 Axle housing transducer system

William T. Bean & Co. Gagecote No. 1 and Gagecote No.
5 A nickel-chrome sheet-metal shield was spot-welded
over the entire installation.

Rear-Axle Force Channels

All three bridges had a sensitivity of about 20 1b/pue (Ib/
microstrain) Individual calibrations are shown 1n Figures
I-2, I-3, and I-4, Crosstalk checks showed:

1 17% of fore-and-aft force was indicated on the
vertical channel ]
2. 0.0% of the vertical load was indicated on the right
fore-and-aft channel.
3. A 2,500-1b lateral load applied 18 in. below the ale
center line produced:
a. 63-1b indication on the right fore-and-aft channel
(2.5%).
b. 125-1b indication on the right vertical channel
(5%).
c. 162-1b indication on the left vertical channel
(6.5%).

Front-Axle Force Channels

The two front-axle vertical force bridges were found to be
about 30 Ib/pue less sensitive than the rear. Their calibra-
tion curves are shown in Figures I-5 and 1-6. Crosstalk
due to directions of force input other than vertical was
not checked.

ACCELERATION CHANNELS

Vertical accelerations of both axle assemblies were also
measured. Consolidated Electrodynamics strain-gage ac-
celerometers, Type 4-202-0001, were mounted on the front
and rear axles,

Rear-Axle Acceleration

Rear axle vertical accelerations were measured as shown
in Figure I-1 at the rear spring pad locations, 21 . from
the geometric center of the axle, providing a 42-in. spacing
between accelerometers The fore-and-aft acceleration on
the right side was measured at the spring pad location.

Front-Axle Acceleration

Accelerations of the top of the front axle were measured
at a location 15% in. from the geometric center of the
axle, providing a spacing of 31 in. between accelerometers.

Acceleration Computation

The wheel assembly center line spacings for this vehicle are
72 1n. (rear) and 75 in. (front). The vertical acceleration
channels combined electronically yield the following com-
puted accelerations:
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in which

app = acceleration at right rear accelerometer, g's; and
App = computed acceleration at right rear wheel as-
sembly center line, g’s.

PAVEMENT LOAD COMPUTATION

The tires, rims, wheels, brake drums and shoe assemblies,
and axle housing stubs outboard of the gaged sections on
each axle constitute a mass of significant inertia. When

the tires contact a bump, the part of the developed pave-
ment load required to accelerate this “outboard mass” is
not transmitted across the strain-gaged sections and there-
fore 1s not measured. To measure the total pavement load,
a force component equal to the product of this outboard
mass and its acceleration must be summed with the forces
measured by the strain-gaged sections.

The following equations relate the pavement load vari-
ables of the front and rear axle assemblies:

Lep=Fgp+ WgpApgn
Lip=Frp+WigALp

Total rear axle pavement load Lp=Lgp + L.z

Lpp=Fgrp+ Wgp Agr
Liyp=Fyp+ WrpALp

Total front axle pavement load Ly = Lgp+ L ¢




in which

Frpr = force measured 1n right rear strain-gaged section;

Wrr = weight outboard of right rear strain-gaged sec-
tion; and

Lpr = computed pavement load exerted by the right
rear wheel assembly.

These pavement load equations are valid in frequency
ranges where the axle assemblies and the components com-
prising the outboard masses behave essentially as rigid
bodies.

Pavement loads may be computed from the force and
acceleration data channels either during a test using an
on-board analog summing amplifier or in the laboratory
using an analog computer to process the data from mag-
netic tape.

SYSTEM EVALUATION

The rear axle pavement load measurement system was
evaluated by comparing its output to the signal from the
embedded electronic scales at the Grass Lake weigh sta-

Static Axle Weight:
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tion of the Michigan Department of State Highways. A
1 -in. X 18-in.-long step bump was placed on the 9-ft elec-
tronic scale. The pavement loads induced by the rear
wheels contacting the bump were measured using the
electronic scales and the rear axle housing pavement load
measurement system. Loads were measured while both
rear wheels traversed the bump at several different speeds.
Typical results (Fig. I-7) showed that the strain-gaged axle
housing transducer system compared very well with the
electronic scale system at Grass Lake. The only significant
difference in the measurements was due to a 65-cps me-
chanical resonance of the Grass Lake scales. These mea-
surements also verified the necessity of including the inertial
force component. For some maximum pavement load
peaks, the inertial force component exceeded the vertical
axle housing shear force component.

OUTBOARD MASS WEIGHTS

The weight outboard of the strain-gaged sections was
originally estimated at 500 1b on each side at the rear and

Test Vehicle No. 1
17.3 KIPS
Boad Profile:
Vehicle Speed:

1/2" x 18" Step Bump
30 =ph

Measured Loads for the Total Rear Axle

30 4
L NP A\ A h A AN P S P
KIPS T~ e VAR e — =
10 9 17.3 KIPS U SUM OF AXLE ROUSING FORCE AND INERTIAL FOBCE
. !
30 o
i
KIPS T ’/
104 1.3 kzes V l EMBEDDED SCALE OUTPUT
30 4
KPS ZO-VA/\ 27\ AA N\ A W -\ o
01 pames AXLE BOUSING SHEAR PORCE
o !

9 Pt
) 1 Sec

f—

Figure I-7 Axle housing transducer system correlation data.



50

250 1b on each side at the front. These estimates were
based primarily on a known 182-1b weight for a 10:00 X 20
tire and rim assembly (there are two wheel assemblies in
a rear dual wheel set). The outboard mass at the rear
wheel assemblies was measured later and was found to be
597 1b All data published in this report were computed
using the measured value of 597 1b

SUMMARY

These pavement load measurement systems did not offer
quite as much precision as the planned wheel force trans-
ducer system, and the “910” shear gage installations were
only temporary. However, the gaged axle systems allowed
many tests to be run much earlier than planned, and pro-
vided a comprehensive look at pavement loads developed
by Test Vehicle No. 1.

APPENDIX J
WHEEL FORCE TRANSDUCER SYSTEM

SYSTEM REQUIREMENTS

Accurate, instantaneous measurement of the radial plane
(vertical fore-and-aft) pavement load vector was required.

Convenient 1nstallation of system components on several
test vehicles, without requiring intermediate recalibration
and reverification, was considered essential Maximum
interchangeability was desired, masmuch as the system
was required to fit any heavy truck with cast wheels and
20-n. or larger nims. Application to both dual and single
wheel sets, with various tire sizes and spacer widths, was
required

A design load of 20,000 Ib 1n the radial plane was
established based on the maximum legal static weight of
9,000 Ib, plus dynamic loads of about 6,000 Ib indicated
by embedded-scale tests A design torque of 6,700 Ib-ft
was expected when the tires were shiding with the maximum
legal static load, assuming a coefficient of friction of 1 00.
Safety factors would provide design loads considerably
lower than failure loads.

It was desirable for the measurement system to have a
minimum effect on the vehicle properties. Small weight
increases were acceptable, but tire and wheel geometry,
spacings, etc., were not to be altered.

FORCE TRANSDUCER LOCATION

A force transducer was required to measure loads trans-
mitted between the tire/road interface and the truck body.
It was desirable to locate the force transducer as close to
the tire/road interface as possible A brief survey of heavy
trucks showed that although the rims and rim clamping
techniques were fairly standard on cast wheels, similarities
in physical layout or size between various vehicles ended
at the bearing hub. Numbers of spokes, brake drum size,
shape, and location; bearing diameters and spacings; and
dual wheel center lines vary greatly Sizes and shapes of
suspension components were very dissimilar. Clearly, a
universal transducer system would have to be located out-

board of the bearing hub. Because variations in rim size
and spacing were required, the force transducer location
had to be between the bearing hub and the rims.

Major manufacturers of cast wheels, truck tire rims, and
brake drums were contacted to obtain dimensions of their
“worst case” designs, A space envelope was determined,
allowing clearance for the largest bearing hub, the smallest
diameter 20-in. rim, and the largest brake drum (located
as far outboard as possible).

MECHANICAL LAYOUT

The force transducer shown in Figure J-1 was designed
within the established space limitations. The rims attach
to the outer ring, while the mnner ring provides a bolt circle
for attaching the transducer to bearing hub adaptors. The
symmetric layout of the transducer 1s suggested by the dual
wheel arrangement, with the rims back to back and sepa-
rated by a spacer. The nm clamping techmques and adap-
tors are discussed later.

MATERIAL SELECTION

Good sensitivity requires that transducer sensing elements
be stressed highly at the design load, yet stresses at this
load should be well below the yield point of the material—
sufficiently low to ensure an essentially infimte fatigue lhife.
These contradictory requirements can be satisfied by using
a material with a very high yield stress. Practical high yield
materials are all alloy steels.

Use of alloy steels, however, brings up two potential
problems. In the high-strength, heat-treated condition, alloy
steels do not allow practical machining of the complex
shapes and the high accuracies required for transducer
apphcations. If the steel 1s machined in the annealed con-
dition, however, high-temperature heat treating may cause
dimensional changes and warping.

In a long-term outdoor application hke a truck wheel
force transducer, most alloy steels experience surface




corrosion. In spite of the most careful plating or coating
techniques, surface corrosion eventually will reach under-
neath strain gages, causing gage failures.

Material requirements were satisfied by a precipitation-
hardening stainless steel (trade name: “Almar 362”). This
steel is reasonably machinable in the annealed condition,
and, being stainless, is highly corrosion-resistant. More
important, however, machined parts may be treated to
achieve high-tensile-strength levels (180,000 psi yield) with
a relatively low-temperature heat-aging process that does
not cause significant distortion.

SENSING ELEMENTS

Determination of the radial plane pavement load involves
measurement of two radial plane force components. The
outer ring (rim support) was connected to the inner ring
bearing hub support solely through four pairs of laterally
oriented beams (Fig. J-2). The 1-in.-long beams (actually
V5 -in.-wide sections of a cylinder 162 in. in diameter and
V2-in. thick) were treated as Y2-in.-square X l-in.-long
beams for the purpose of design calculations (Fig. J-3).
Orthogonal radial plane coordinate axes, perpendicular to
the beam surfaces, were defined by lines through the beam
centers and the center of the transducer (Fig. J-4). To
positively eliminate confusion in identifying rotating radial
measurements, the two axes were designated “red” and
“yellow.”

Owing to the lateral orientation of the beams, radial
plane forces and torque loads produced bending in the
beams, while lateral forces and moments about radial axes
produced tension and compression in the beams.

The theoretical stress-load relationships, assuming equal
load distribution among the eight beams, are:

Radial force = F b, o,,,, = 3(F) psi (at each end of
the beam, at the beam
surface);

Figure J-2. Wheel force transducer element.
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Figure J-1. Wheel force transducer.

Torque = T Ib-ft, oy, = 4.5(T) psi (at each
end of the beam, at
the beam surface);

Lateral force = F’ 1b, oy, = F’/2 psi (uniform ten-
sion-compression) ; and

Lateral moment = M 1b-ft, o, = 1.5(M) psi (uniform
tension-compression).

A force in the radial direction produces up to six times
as much peak stress as the same force in the lateral direc-
tion, and a torque moment produces three times as much
peak stress as moments about radial axes. These relation-
ships demonstrate that laterally oriented beams offer good
sensitivity and selectivity with respect to input force direc-
tion.

e S

—
799%k.

Figure J-3. Sensing element cross-section.
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Pavement

Yellow Pavement
Load

Figure J4. Force measurement axes.

At the design loads:

Radial: 20,000 Ib, o .., = 60,000 pst.
Torque: 6,667 1b-ft, 0,,,x = 60,000 psi.

The computed maximum stress, at the design limits, pro-
vides excellent sensitivity, and yet is well below the material
yield stress of over 180,000 psi (equivalent to a radial load
of 60,000 Ib, or seven times the 9,000-Ib maximum static
load). As steel may be considered to have an infinite life
at cyclic stress levels less than 50% of yield, maximum
design stress of 30% of yield should avoid fatigue problems.

The preceding stress calculations were useful for estab-
hishing design geometry and predicting approximate stress
values. In actual practice, because of sfress concentration,
the beams cannot be abruptly terminated, and maximum
stresses were somewhat lower due to the 0.250-in. fillets at
the bases of each beam. The strain gage locations were at
the base of the 0.250 fillets, near the point of maximum
bending stress.

In this transducer, 120-ohm, Ye-in.-square Micro-Mea-
surements EA-06-062-AA-120 gages were located at the
base of the fillets, 0.312 n. from the centers of the beams.
The gages were attached using Micro-Measurements 610
adhesive, cured by baking for 10 hr at 240°F. The installa-
tions were then coated with layers of William T. Bean &
Co. Gagecote No. 1 and Gagecote No. 5 for protection
from moisture and mechanical damage.

BRIDGE WIRING

Gage location identifications are shown in Figure J-5. A
4-gage bridge (8-gage for torque) wiring setup, based on
the assumption that loads were equally shared among the
eight beams, is shown in Figure J-6.

Irutial calibration checks of of the 4-gage bridges showed,
however, that some deformation did occur in the inner
and/or outer rings, causing variations in the load sharing
between the eight beams. These variations in load sharing
required that loads in each direction be determined by
summing components from all eight beams. Inasmuch as
two opposite polarity gages were provided on each beam
to ensure proper matching, the 16-gage bridges shown in
Figure J-7 resulted. The series-parallel wiring arrangement
shown resulted in a net bridge impedance of 120 ohms, as
with a conventional 4-gage bridge. Excitation voltage for
these bridges should not exceed 12 volts RMS.

The “truth tables” in Figure J-8 were prepared to aid in
determining the response of each of the three bridges to
loads in the various directions. By applying these stress
conditions to the wiring diagrams in Figure J-7, responses
of the bridges to various inputs were predicted. In every
case, the idealized predicted crosstalk response was zero.
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Figure J-5. Gage location and force input direction identifications

RIM ATTACHMENT

Dualjwheel sets were attached to the transducer using 16
clamps (8 per rim) in a manner similar to the conven-
tional cast wheel wedge clamping technique (Fig. J-9).
Because tension forces in the wheel produced by clamping
are distributed through steel webs connecting the two sides
of the outer ring, and because the cross-sectional area of
the webs is 18 times that of the beam, the effect of clamping
stresses on the beam is small. The corresponding effects
due to changes in clamping forces are very small. Rim
pilots were provided on the wheel force transducer clamps.
The existing set of clamps was designed for 20-in. standard
(19.550 pilot diameter) rims and a 4-in. spacer. Additional

sets of clamps, with vanied geometry, allow the transducer
to accept 20-in. medium-duty rims, 20-in, heavy-duty rims,
22.5-in. rims, or a 22.5-1n. “super single” duplex rim, and
to accommodate spacer widths up to 6 in. Single wheels
are mounted by installing a dummy rim and spacer.

BEARING HUB ADAPTORS

Standard cast wheels were modified to accept the 13.375-
in.-diameter eight-hole bolt circle on the wheel force trans-
ducer (Fig. J-10). The surface of this bolt circle was
placed 0.625 in. inboard of the dual wheel center line to
maintain the same wheel position. Brake drums were at-
tached to the adaptor as with the standard cast wheel.
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*Red Radial c |cC T ([T |T T c |(cC T T |C c |cC c|T T
Yellow Radial | NSNS | NSNS |C C T |T NS | NS|NS | NS|C ciT T
Torque NS[NS | NS|NS |C C T |T NS { NSINS | NS|C c|T T
Lateral crjrr eyt e et T jet [T || T|Cct | T | T
Lateral-Steer
Moment 1 T'/C' | T'|[C'[NS |NS [ NSINS [C' [ T'(Cc' | T'[Ns | Ns| NS | NS
Lateral-Steer
Moment 2 NS|NS | NsiNs[C' |T' [C'|T' NS | NS{NS | Ns|T'|[ c'jT'] ¢C'

Yellow Bridge Gage Location
Load Direction| A5 A6 | A7| A8 |B1 | B2 | B3| B4 | C5| Cc6|(C7| ¢8| D1 | D2] D3| D4
Red Radial NSNS | NS[NS|NS | NS | NSI| NS [ NS| NS NS| NS/ NS| NS| NS| NS

*Yellow Radial | C | C T|T |C c T |T T T|C c|T TiC [+
Torque c|c T |]T |NS |NS| NSNS | C c|T T | NS| NS| NS| NS
Lateral crft|cyTfc | |ec|T || T{c'|] T]c'] T|C| T
Lateral-Steer
Moment 1 T'[C' | T'JC'[NSs [ NS | NS{Ns [ C'|[ T'|C'| T'| NS| NS| NS| NS
Lateral-Steer
Moment 2 NS|NS | NSNS (C' [ T' | C'|T"' | NS| NS{NS| Ns{T'| ¢'|]T'| ¢C*

Torque Bridge

Load Direction| A9[A10| All

Al12|p9 |B10| B11l{Bl2| c9 I{C10 | Cl1{Cl12 | pg |D10 | D11|D12

Gage Location

Red Radial NS{NS | NS NS {c |cC T |T NS|NS |[NS NS [ T |T c |C
Yellow Radial | T [T |c¢ |c |ns [ns [Ns{Ns | ¢ |c [T [T | ns|ns [ns [ns
*Torque it |clc |t |t [clc [Tt |c jc }|rir [c |c
Lateral ctir |e {r e |z tet | [ et fet [T | et [cr]T
pateral-Steer | pijc' |1 |c* |ns [ns [ns [Ns | ot |1 [c' |1 | ws|ns |ws [ns
Lateral-Steer | yoins | ns |ns (¢ |1* [c' |z | Ns|Ns |ns |ms | T'fc' [T |c®

Moment 2

H

C = Compression, Bending

T = Tension, Bending

C' = Compression, Axial

T' = Compression, Axial

NS = No Stress Produced in Neutral Axis Plane

* Sensitive Axis

Figure J-8. Indiwvidual gage stress “truth tables "

An 11.500-1n.-diameter pilot was provided on the adaptor
for the wheel force transducer, but this pilot was not in-
tended to carry radial loads. Small motions at a pilot
interface could cause changes in the sensing element stress
distribution that result in zero shift and hysteresis mn the
bridge outputs To present even miunor slippage of the
bolted interface, the mating surfaces on both the transducer
and adaptor were flame-sprayed with a 0.003-in.-thick

tungsten carbide coating. (Flame spraying was provided
by Unmion Carbide, Materials Systems Division.) A 0.005-
in. brass gasket was used between the two surfaces. When
the two surfaces were pressed together by torqueing the
eight bolts, irregularities 1 the very hard tungsten carbide
surfaces penetrated the brass gasket, providing a friction
interface approaching a mechanical bond. This friction
value 1s limited by the shear strength of the brass gasket
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Figure J-9. Rim clamps. Outboard (upper). Inboard (lower).

which is very high owing to its large area. Three bearing
hub adaptors, fitting at least 10 axle types, were made
during the project:

TEST APPLICATION

VEHICLE AXLE TYPE TO AXLE TYPE

No. 1 Eaton 166221 Eaton 16121, Eaton 30
DSC (tandem) and pos-
sibly equivalent Timken
axles

No. 2 Timken SLHD SUDD, Eaton 34 DCS,
Eaton 17121, Eaton
17221, and some Timken
single axles

No. 3 Fruehauf I-beam No others known

Factors determining the interchangeability of adaptors are
bearing size and spacing, wheel center line locations, axle
size and attachment methods, and brake drum configura-
tion.

CALIBRATION

The three bridges were calibrated with the transducer
element installed on a test vehicle to ensure that all prac-
tical limitations due to installation procedure, mounting
techniques, etc., were reflected in the calibration. A pre-
cision mechanical scale and an electrical torque transducer,
both traceable to the National Bureau of Standards, were
used as calibration load references. Each bridge was cali-
brated with the load applied along its sensitive axis, and

loading was repeated along 45° radial lines, to ensure that
both radial bridges correctly indicated the load component
along their sensitive axes. Calibration results are shown in
Figures J-11, J-12, and J-13.

CROSSTALK CHECKS

Crosstalk, a bridge output due to a load change in an axis
other than the sensitive axis, was minimized in this trans-
ducer by:

1. Designing the beam layout in such a way that loads
of interest produced much higher stresses than loads not
to be measured.

2. Very accurate and symmetrical machining of the
sensing elements.

3. Wiring the bridges in such a way that the gage outputs
cancel except for loads in the sensitive axis.

Crosstalk measurements were typically less than 1% (Table
J-1).

Lateral force and radial moment crosstalk checks were
combined because in practice lateral forces can be devel-
oped only at the tire/road interface. This off-center loading
applied the only significant moments about radial axes.

OFF-CENTER LOADING

Radial plane calibrations were repeated with the loads
applied through only one tire. This caused a center of load
offset of about 7 in. from the transducer center line. No
changes were observed in the linearity or crosstalk per-
formance of the transducer.




Figure J-10. Bearing hub adaptor.
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16 4
12 4
Force
KIPS 84
44
- I - — b
Strain (pe)
4 T Strain Indication
Referenced to 100K Q
Shunt Resistance = 600 ue
8T
KIPS
12 &
16 T

Figure J-11. Wheel force transducer, red radial force bridge
calibration curve. 100K Q equivalent load equals 1.92 kips.

Clockwise
16 4 4.0t 100K Q Shunt Resistance
Equivalent Load =
1.44 ft-KIPS
124+ 3.af
Force Torque
KIPS 8+ ft-KIPS 2.0¢4
4 1.04
i i 3 4 e " 3 é 1 g i " r 4 1 L 1
+ + + + + -+ + + +
4000 2000 2000 4000 1600 i 800 3 ) 1600
Strain (ue) Strain (ue¢)
T4 1 o] ist. + 1.0
Strain Indication lmv.lf::n:p::.-' ance !
Referenced to 100K Q 1.43 ft-KIPS
Shunt Resistance = 600 ue Strain Indication Referenced
+8 4 2.0 to 100K Shunt Resistance = 600 ue¢
+ 12 + 3.0
4+ 16 + 4.0
Counterclockwise

Figure J-12. Wheel force transducer, yellow radial force
bridge calibration curve. 100K Q equivalent load equals
1.94 kips.

TABLE J-1

Figure J-13. Wheel force transducer, torque bridge calibration
curve.

SUMMARY OF CROSSTALK MEASUREMENTS

LOAD MAXIMUM BRIDGE SENSITIVITY (COMPARED TO DESIGN AXIS SENSITIVITY)
APPLICATION

DIRECTION YELLOW RADIAL RED RADIAL TORQUE

Radial (yellow) 1.000 1b/Ib 0.0063 Ib/Ib 0.0017 1b-ft/1b
Radial (red) 0.0120 Ib/1b 1.000 1b/Ib 0.0071 1b-ft/1b
Torque (rear axle) 0.0363 1b/Ib-ft 0.0056 1b/Ib-ft 1.000 1b-ft/1b-ft
Lateral * 0.0086 1b/1b 0.0043 1b/1b 0.0032 1b-ft/1b

a Lateral force was applied at the tire contact patch location, 20 in. from the wheel center line. This also
produced a moment about a radial axis equal to 1.83 Ib-ft/Ib of lateral force. Moments were applied in this
manner first about the red and then the yellow radial axes.
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PROOF LOAD

Both radial axes were loaded to +30,000 1b (150% design
load). The bridge outputs at this load were accurate and
no indications of material yielding were observed

ACCELERATION MEASUREMENTS

The pavement load vector may be thought of as being 1n
two parts. One component of the load is transmitted from
the tire-rim assembhies to the axle assembly. This trans-
miutted force 1s measured by the wheel force transducer.
A second part of the pavement load 1s an mertial force
component that varies with the acceleration of the mass
elements between the force transducer and the tire/road
interface In the case of the wheel force transducer, this
mass ncluded the tires, nms, outer ring of the wheel force
transducer, and the rim clamps.

To measure this nertial force, radial plane accelerations
were measured along the same rotating axes as the wheel
transducer forces. The two acceleration components were
designated “red” and “yellow” (Fig. J-14).

Commercial strain gage accelerometers, Consolidated
Electrodynamics Type 4-202-0001, *=100g range were
used. The primary features of these accelerometers were
075% maximum nonlinearity, 1,000 cps frequency re-
sponse, and 0.01g/g maximum cross-axis sensitivity.

Because the accelerometers were to be located on the
rotating wheel, they were subjected to centrifugal accelera-
tion components along the sensitive axis The accelerome-

Red
Force

Hub Adaptor

Transducers

Yellow
Acceleration

ters were mounted as near the center of rotation as pos-
sible, to mmimize this acceleration component. In the
mounted position, the accelerometer sensing elements were
only 1 in. from the center of rotation of the wheel (Fig.
J-15). At 65 mph the 10:00 X 20 tire rotation speed of
9 rps produced about 9g’s centrifugal acceleration at a
1-in radws. This acceleration component was a function
of wheel speed, and acceleration measurements varying as
a function of wheel speed were not acceptable. In each
axis, therefore, two accelerometers were mounted back to
back, symmetric about the center of rotation, and the out-
puts were wired to add radial acceleration components and
cancel centrifugal acceleration components. By use of in-
put hine padding resistors, accelerometer sensitivities were
matched well enough for +10g centrifugal acceleration
to produce less than 0.1g output. The accelerometer pair
was calibrated dynamically at =10g @ 15 cps to deter-
mine an equivalent 100K shunt acceleration The accel-
erometer pairs were carefully checked to ensure that accel-
eration 1n the direction of positive force axes produced
positive output voltages (1e., that force and acceleration
polarities were compatible).

SLIP RING

A Noise and Vibration Laboratory 20-channel instrumenta-
tron shp ring assembly was used to make electrical connec-
tions with the force and acceleration strain-gage bridges on
the rotating wheel assembly (Fig. J-15). This ship ring,

Red
Acceleration Red
Pavement
Load

!

ometers

y

Yellow Pavement

Figure J-14 Accelerometer axis definition

Load




capable of operating acceptably under very high-level
accelerations, features noise levels low enough not to sig-
nificantly affect strain-gage measurements.

COMPUTATION AND RESOLUTION

The inertial pavement load component along each radial
axis, assuming the outboard mass moves as a rigid body,
is computed as follows:

Frp=Wi A
The pavement load component along this axis is:
Lp=Fpgp+Fg
in which

Fpy = the “red” axis inertial force component;
= the outboard mass weight in 1b;

AR = the “red” axis acceleration in g’s;
= the “red” axis pavement load; and

Frp = the “red” axis transducer force.

Because the radial axes rotate with the wheel, neither
radial pavement load component is referenced to a sta-
tionary axis (Fig. J-14). To obtain the resultant pavement
load, L(t), the vector resultant of the two components
must be taken:

VLg? + Ly? =/[L()]? [sin20 + cos20] = L(t)

because L, = L(¢) sinf; and Ly = L(¢) cos#; in which @ is
the instantaneous angle between the pavement load vector
and the “yellow” radial axis.

This radial plane pavement load vector resultant is not
referenced to the true vertical, as fore-and-aft components
can shift the radial load away from the vertical. Work with
the strain-gaged axle (Appendix I) showed, however, that
fore-and-aft loads under constant speed conditions are
typically less than 5% of vertical loads, and the 2.5° angle
of the resultant from the vertical will cause much less than
1% difference between vertical loads and radial plane
resultant loads. Under conditions of braking or accelera-
tion, the wheel force transducer output is the resultant
total radial plane pavement load, including the effects of
fore-and-aft shear pavement loads.

The analog computer program shown in Figure J-16
was used to scale raw data channels, compute “red” and
“yellow” load components, and compute the instantaneous
pavement load resultant, L(¢). The “resolver” circuit is of
interest in that it has built-in calibration and zero capability.
Because pavement loads appeared as amplitude modulations
L(t) of sin ot and cos wt (in which » is wheel rotation
speed), and because w is always greater than 2 cps at speeds
above 15 mph, the “red” and “yellow” load components
were capacitance-coupled (high-pass filtered, o, = 0.25
cps) to eliminate dc offsets without losing information
about the truck static weight. The resolver circuit then
provides an accurate zero reference, and because the aver-
age output must equal the truck wheel weight, calibration
value accuracy may be easily checked. Because dc (static)
voltage offsets on the resolver input cause dynamic output
errors, accurately established zeros on the raw data chan-
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Figure J-15. Wheel force transducer system.

nels are essential. Zeros are most easily achieved using the
high-pass filtering techniques described.

In this study, the scaling and electronic summing, both
scalar and vector, were performed by an analog computer
operating on recorded magnetic tape data. However, com-
mercially available operational amplifier summing devices
and resolvers could accomplish on-board computations
prior to recording.

ACCURACY CONSIDERATIONS

Three factors could limit the accuracy of the wheel force
transducer system.

Outboard Mass Errors

Although the weight of the outboard mass was determined,
this weight is an accurate measure of the effective outboard
mass only for rigid body motions. Local bending of the
tires and/or rims or other nonrigid body actions would
result in pavement load measurement errors.

Tramp Acceleration Errors

The accelerometer system was slightly offset from the out-
board mass center line, but accelerations measured were
assumed to be on the center line. If significant tramp
accelerations are present, some error can be introduced .in
the inertial part of the pavement load measurement.

Fore-and-Aft Loads

The wheel force transducer measures total pavement loads,
whether the loads are vertical or fore-and-aft. If the load
resultant is assumed to be vertical, braking (or acceleration
when applied to a drive axle) can cause an “apparent



60

_—e— =t —_——_— —_——_— = —

- — 4 - -

o |
+A
-E +D +F-

!
|
|
| +g 1.036|DCT rct); 036 A
|
|
|
|

SUMMING
NETWORK

|
!
!
|
{
!
VECTOR |
|
I
|
|
!
|

Figure J-16. Wheel force transducer, analog computation networks.

error” by shifting the load vector away from true vertical.
Care should be exercised to ensure large shear pavement
loads are not present if measured loads are to be treated as
vertical loads.

SYSTEM CHECKOUT

Although the force transducer and accelerometers had been
calibrated separately, the accuracy of the pavement load
system had to be demonstrated. Three types of dynamic
tests, using reference transducers traceable to the -National
Bureau of Standards, were run.

Laboratory Dynamic Test (Nonrolling)

Test Vehicle No. 1, with the wheel force transducer in-
stalled, was set up on four hydraulic servo rams (Fig. J-17
and Appendix K). Each pair of shakers was set on a Noise
and Vibration Laboratory load cell to measure shaker input
forces to the rear tires. Because the moving mass between

these load cells and the tire/road nterface was very small,
the load cell output was an accurate reference.

Loads measured by the wheel force. transducer system,
the strain-gaged axle system (Appendix I), and the refer-
ence load cells were recorded while the vehicle was excited
sinusoidally, in both hop and tramp, at frequencies from 1
to 19 cps. Step inputs of several sizes, both positive and
negative, also were applied to both wheels and then to one
wheel. Loads measured during these tests demonstrated
that pavement loads measured by the wheel force trans-
ducer system and the strain-gaged axle systems agreed very
well with input forces measured by the reference load cell.

Embedded Scale Test (Rolling)

Loads developed by Test Vehicle No. 1 hitting a %2 -m. X 3-
ft haversine bump at speeds of 17, 34, and 55 mph were
recorded. The bump was mounted on the No. 1 embedded
electronic scale at the Grass Lake weigh station, so the
embedded scale could be used as a reference transducer.




Figure J-17. Test Vehicle No. 1 on hydraulic shakers.

Comparison of load records from the transducer systems
showed very good agreement between the wheel force
transducer system and the embedded scale (Fig. J-18).

Road Test Evaluation

Pavement loads developed by Test Vehicle No. 1 on a 1-mi
section of “good” and “poor” pavements were measured
using both on-board load measurement systems—the strain-
gaged axle system and wheel force transducer system.
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Test Vehicle No. 1

Right Wheel Static Weight: 9.4 KIPS
Road Profile: 1/2" x 3' Haversine
Vehicle Speed: 34 mph
10 A A
VA s
KIPS 5+ Wheel Porce Transducer
Resolved Output
0
10 V \
KIPS 5 Embedded Scale Output
0 — ™
|
‘ — 9Pt |

I 1 Sec 1

Figure J-18. Wheel force transducer system correlation data.

Studies of the time domain data traces (Fig. J-19), as well
as power spectral density analysis displays (Fig. J-20),
show good agreement between loads measured by both
systems.

On the basis of these checkout tests it was concluded
that the wheel force transducer system accurately measured
pavement loads.

PROBLEMS AND FUTURE IMPROVEMENTS

In the event that a second wheel force transducer were
built, some improvements should be included.

Gage Fatigue

The selected design stress of 60,000 psi, or 2,000 pe, is
too high to permit good strain-gage life. Although the steel
transducer is not subject to fatigue problems at this stress
level, the strain gages used-on this model have a specified

e e N e Sl o B S i i i = e e o
S-E=EF =T STRAIN-GAGED AXLE HOUSING | | | |
MEASURED - - '\ .\ =43 e e —i{‘ — i " :
PAVEMENT 10 — 2~ P e o ot A
il . (R 7T SN ‘v A
KIPS 5 £ -
+ s 1 Sec - £ =
0 4= ) = =
+ P T - EE 1
- - 1 T T 1 T T T | B S =
15 ~ WHEEL FORCE TRANSDUCER
A
MEASURED { E
PAVEMENT 10 IS i P ™~ s ‘LD l\‘ 7 e ‘w/“"‘\‘ [~
LOAD i N e Vv
KIPS 5
0

Figure J-19. Comparison of strain-gaged axle housing and wheel force transducer.
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Figure J-20 Pavement load power spectral density

fatigue life of only 1 million cycles at strain levels of
+1,500 pe and 10 million cycles at +1,400 ue By itself
the typical static wheel load on the rotating transducer
causes =720 pe, cycled 496 times per mile. Additional
stresses induced by nonuniform loading and by dynamic

pavement loads, when added to the once-per-revolution
load change due to the vehicle static weight, makes strain-
gage fatigue a potentially serious problem.

In fact, six gage failures (of 48 gages) were experienced
during the experimental tests. This inconvemience should
be eliminated 1n future models by reducing the design
stress to 30,000 psi. In the current transducer, regaging
with a higher fatigue limit strain gage and gaging the out-
board fillets (where peak stresses are lower) would reduce
the frequency of gage failures. However, high fatigue
strain gages are less accurate for a variety of reasons.

Integral Accelerometer

Strain-gaged beams similar to the load-carrying beams
connected between the transducer and an 1nertial mass
element would measure wheel accelerations A ring-shaped
element would be insensitive to centrifugal forces and
would fit well with the general transducer layout. This
possibility of including an accelerometer as an integral part
of the transducer should not be overlooked in future
designs.

Varied Accelerometer Locations

Two nonrotating accelerometers installed on the vehicle
axle could be substituted for the four rotating accelerome-
ters used with this system. Wheel center line accelerations
could be computed as discussed n Appendix I, and the
inertial force component could be added to the resolved
wheel force transducer output.

Although this technique requires two less accelerometers
than the rotating accelerometer system, the accelerometer
installation becomes more nvolved, and vehicle suspension
geometry must be considered in load computation. In
addition, errors can now be introduced due to nonrigid
body motions of the axle assembly, and the frequency
response of the system may be reduced. Most important,
the measurement characteristics of the transducer system
are no longer independent of the test vehicle characteristics.

APPENDIX K
HYDRAULIC SHAKER TESTS

Test Vehicle No 1 was installed on electro-hydraulic servo
rams (Fig. K-1) with one ram driving the truck through
each of the four rear tires. Each pair of hydraulic rams
was set on a reference load cell to measure input forces
to each dual wheel set. Input forces also were measured
using the wheel force transducer and the stram-gaged axie
housing assembly on this vehicle.

Oscilloscope comparisons between outputs from the

wheel force transducer system, the strain-gaged axle hous-
ing system, and the reference load cells clearly demon-
strated good dynamic performance of both measurement
systems.

The reader 1s cautioned that, although the hydraulic
servo ram studies are useful for instrumentation checkout,
the extension of this technique to suspension dynamic re-
sponse studies 1s not straightforward. Tire enveloping
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Figure K-1. Test Vehicle No. 1 on electro-hydraulic servo rams.

characteristics, stiffness properties, and damping properties
are significantly different for rolling and nonrolling tires.
Meaningful information on pavement loads developed by
deterministic profiles is best obtained by directing the test
vehicle over fabricated bumps attached to a smooth road.

APPENDIX L
INITIAL ROAD TESTS

Two General Motors Proving Ground roads, both previ-
ously profiled, were selected for initial road testing. A
rough road (Proving Ground Oval Track) and a smooth
road (Proving Ground Circular Track) were traveled using
Test Vehicle No. 1 to furnish data for analytical prediction
technique development and also to establish test procedures
and data analysis techniques.

TEST RUNS

Axle shear forces and accelerations were recorded on FM
magnetic tape while the fully loaded test vehicle (18.8 kips

rear axle static weight) traversed 1-mi sections of each
track at speeds of 20, 30, 40, and 50 mph. A tire inflation
pressure of 75 psi-cold was used for these tests. The
recorded quantities were played back to an analog com-
puter data reduction system. Pavement load data were
computed, scaled, and recorded on strip charts. Computed
variables on each axle were:

1. Pavement load, vertical, total (right and left).

2. Pavement load, fore-and-aft, right side (rear axle
only).

3. Sum of forces, vertical (hop X 2).
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4. Difference of forces, vertical (tramp X 2). profile. These loads occurred at a rate of once-per-wheel

5. Hop acceleration, vertical. revolution (Fig. L-1). A detailed study of these loads is
6 Tramp acceleration, vertical. discussed in Appendix M.

2. For the constant-speed conditions, maximum fore-

RESULTS and-aft pavement loads on the rough road were less than

1,000 Ib, or 10% of corresponding vertical loads (Fig.
The following observations were made from these road L-2) Because the fore-and-aft loads are small in compari-

data. son to the vertical loads, the difference between the vertical
1. On the smooth road, the major rear axle pavement and resultant loads is less than 1%.
load variations were found to be uriassociated with the road 3 Front axle dynamic pavement loads were very small,
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speed- 50 mph.

seldom over 2,000 1b (zero-to-peak), even on the rough
road at high speeds (Fig. L-3). On severe sharp bumps,
front dynamic loads never exceed 30% of corresponding
rear loads (Fig. L-4). Front dynamic load peaks are not
time-correlated with rear dynamic load peaks, either for
low- or high-frequency loads, indicating pitch coupling is
not a significant factor in pavement load development with
this vehicle. Because of the small degree of pitch coupling,
front axle interactions can be neglected n the study of
high-level rear axle pavement loads.

4. Hop and tramp axle motions and forces occur in
about equal proportions, indicating that significant data
may be overlooked by considering only total axle pavement
loads (Fig. L-5). The effects of tramp coupling were there-
fore considered in more detail during the deterministic
input tests discussed in Appendix N,

CONCLUSION

These test data proved very useful for imtial analyses,
simulation development, and correlation work. Owing to
the dominance of wheel rotation frequency loads, publica-
tion of large amounts of these data was not considered
useful.
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Figure L-5 Rear axle pavement load, rough road. Vehicle speed: 50 mph.
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STUDY OF PAVEMENT LOADS RELATED TO WHEEL ROTATION

When Test Vehicle No. 1 was run on a smooth road
(Proving Ground Circular Track), low-frequency sinusoi-
dal variations in the rear axle pavement load were observed
(Fig. M-1). Comparison of these pavement loads with a
corresponding road profile showed that the loads were not
related to road inputs, but were related to wheel rotation
frequency. A power spectral density analysis of the pave-
ment load confirms the presence of several orders of wheel
rotation frequency (Fig. M-2).

First-order forces are often associated with wheel un-
balance. However, at 65 mph a 1-lb unbalance at the rim
location would produce less than +100 Ib of force varia-
tion. Therefore, rim assembly runout and/or tire nonuni-
formity were the probable causes of these forces.

To more fully evaluate the causes of these self-generated
first-order loads, the test vehicle was installed on a chassis
dynamometer (Fig. M-3). The chassis dynamometer rolls
provided a very smooth “road” [0.003 in. total indicated
runout (TIR)].

The rear axle strain-gaged axle housing transducer system
(Appendix I) was used to measure “pavement” loads. A
TR-20 portable analog computer was used to compute the
loads, and the results were displayed on a Brush two-
channel recorder.

When the vehicle wheel speed was swept from 20 to 60
mph, rear axle load variations of over 5,000 Ib peak-to-peak
were observed at some speeds (Fig M-4). When the
vehicle was run at constant speed, the peak load variation
amplitude was observed to increase to a maximum and then
decrease to a minimum (Fig. M-5). About 90 sec were
required for the amphitude variation to complete a full
cycle.

Observation of the truck body motion at 25 mph indi-
cated that the truck body was 1in a bounce mode when
maximum load variations occurred. When the load varia-
tion was near a minimum the body appeared to be rolling.

Because load amplitude variations made speed sweeps
unrepeatable, loads were recorded at speeds of 20, 25, 30,
35, 40, 45, 50, 55, and 60 mph. At each speed, sufficient

time was allowed for the amplitude to vary through a
complete cycle. Both the sum (hop) and difference
(tramp) of the individua] rear wheel loads were recorded
(Table M-1).

The amplitude variation was found to be associated with
a mode transition from bounce to roll (Fig. M-5). When
hop loads were minimum, tramp loads were maximum.
Apparently slight differences in individual rear wheel cir-
cumferences caused the force excitation phase relationship
between right- and left-side inputs to vary, resulting in
wheel rotation frequency excitation which gradually
changed from hop to tramp. The particularly high load
variation at 20 mph occurred because wheel rotation fre-
quency (approximately 3 cps) was very near the body-
suspension bounce frequency. Body roll motions did not
peak at any particular speed in the 20- to 60-mph range.

TABLE M-1
REAR AXLE LOADS—HOP AND TRAMP

DIFFERENCE

SUM (HOP LOAD) (TRAMP LOAD)

(LB P-P) (LB P-P)
SPEED - - - -
(MPH) MAX MIN. MAX. MIN.
20 5200 1200 1400 400
25 4100 1600 1600 400
30 2800 1000 1800 500
35 2200 700 1600 400
40 2200 900 1400 400
45 2000 700 1400 400
50 2200 200 1000 500
55 2000 1000 1000 600
60 2200 1400 1100 600

P-p = peak-to-peak

P R G G W S S 1
1

—tb b4
— Tt

Figure M-1 Smooth road pavement load vanations. Vehicle speed: 20 mph.



PAVEMENT LORD PSD (LBSxx2/CPS)

Test Vehicle No. 1
Strain-Gaged Axle Housing
Smooth Road - One Mile

Speed: 34 mph

First Order of Wheel
Rotation Frequency

Figure M-3. Test Vehicle No. 1 on chassis dynamometer.

=
] primary cause was rim assembly installation misalignment
| (Fig. M-6). The misalignment was caused by nonsym-
. metrical clamping around the circumference of the wheel.
= ; ! ; i ; Low-speed checks with dial indicators showed that maxi-
0.00 6.00 18.02 2y.02 3C.00 36.C2

REQUENCT - CPS mum radial runout and maximum lateral runout occurred
at the same position on the wheel.

The runout-induced loads in this test vehicle were con-
sidered typical of those experienced with heavy trucks with
“clamp-on” rims. For purposes of correlating computed

Figure M-2. Pavement load power spectral density.

To more effectively study the cause of the once-per- pavement loads based on road profiles with measured
revolution excitation, individual right and left “pavement” pavement loads, runout-induced load variation constituted
loads were measured for the same test speeds. These loads an extraneous signal that tended to mask the profile-induced
are given in Table M-2. loads of interest. To reduce these variations, a custom

Peak loads on each side were found to be synchronized installation procedure, involving measurement of the radial
with wheel “wobble” (lateral runout). Although tire irreg- runout during the rim installation, was made. The resultant

ularities could have produced these loads, in this case the radial runout values were 0.050 in. TIR for the right side

| N 1 F— = 2
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Figure M-4. Rear axle pavement load, 20 mph on chassis dynamometer.
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Figure M-5. Rear axle hop load versus tramp load, 20 mph on chassis dynamometer.

and 0.090 in. TIR for the left side. The pavement load
variations after this realignment are given in Table M-3.
Most of the remaining load variation, particularly at the
higher speeds, occurred at frequencies higher than first-
order tire rotation frequency. The residual load vanation
of less than 800 Ib peak-to-peak per side at speeds above
30 mph was considered low enough not to interfere with

TABLE M-2
REAR WHEEL LOADS

measurement of road-profile-induced pavement loads (Fig.
M-7).

A PSD plot of pavement loads recorded on a *“good”
road (I-75) further verified the reduction of excitation at
first order of wheel rotation frequency (Fig. M-8). The
first order content of Figure M-2 should be compared with
Figure M-8.

TABLE M-3
REAR WHEEL LOADS AFTER REALIGNMENT

RIGHT SIDE (LB P-P) LEFT SIDE (LB P-P)

RIGHT SIDE (LB P-P) LEFT SIDE (LB P-P)

SPEED SPEED

(MPH) MAX, MIN. MAX. MIN. (MPH) MAX, MIN MAX. MIN
20 2800 600 2700 700 20 1600 1200 1600 800
25 2200 800 2200 1200 25 1000 800 1000 600
30 1600 1100 1600 1200 30 800 500 700 400
35 1300 1000 1300 1100 35 700 500 600 400
40 1100 800 1300 1000 40 600 400 600 300
45 1200 800 1200 900 45 600 400 600 400
50 1300 700 1200 800 50 700 400 800 300
55 1200 1000 1200 600 55 800 500 700 300
60 1400 1100 1200 800 60 700 600 700 500

P-p = peak-to-peak

P-p = peak-to-peak
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Figure M-8 Pavement load power spectral density.
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Figure M-7. Rear axle pavement load with improved wheel alignment, 50 mph on chassis dynamometer.




APPENDIX N
DETERMINISTIC PROFILE TESTS

A series of road tests were performed using road profiles of
deterministic shape to gain knowledge in two areas. First,
it was desired to determine the effect of tramp coupling on
rear-wheel pavement loads. Second, the determination of
tire enveloping magnitude and rear suspension damping
characteristics was required for load prediction model
development. Twelve plywood “bumps” on 88-ft spacings
were set up on a very smooth test road Bump profiles are
given in Table N-1.
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The bumps were traversed at 17, 34, and 55 mph, first
with both rear wheel sets contacting the bumps, and then
with only the right wheel set contacting the bumps.

TRAMP COUPLING

Left wheel dynamic loads measured when only the right
wheels traversed the bumps were typically 30% of the
dynamic loads developed at the right wheels Right wheel

Simultaneocus Right and Left Wheel Input

LEFT
PAVEMENT
LOAD
KIPS
RIGHT
PAVEMENT
LOAD ;
1
KIPS $ =T T 117
o-—— - -— 1 TR I B [ G e - i
L-— 1 Sec ——of
Right Wheel Input Only
16 ]
LEFT 12 - J)
PAVEMENT - ~I— % AN '3\
LOAD 8 h
KIPS 4
0 -
16
RIGHT 12
PAVEMENT RPN
LOAD 8
KIPS 4
0 -
Figure N-1 Evaluation of tramp couphng One-in X3-ft haversine bump Speed.

17 mph
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TABLE N-1
DETERMINISTIC PROFILE SPECIFICATIONS

Proffle Height(h) Length Side View
Haversine 1/2" 3 _/—T‘A
Haversine 1" 3 — ¥
Step 1/4" 16°
Step 1/2" 16 | p
Step 3/4" 16' ,  S—
Ramp /4" 3' taper, 16’ b se —d |i
Ramp 1/2" 3' caper, 16'
Ramp 3/4" 3' taper, 16' —/ |
Impulse 1/4" 1" ks s —d T
Izpulse /2" 1"
Impulse /4" 1" ,_l____l p

(1] 1"
\Impulae 1 —-I/'L— T

dynamic loads developed when only the right wheels tra-
versed the bumps were 70% to 85% of right wheel dy-
namic loads developed when both wheels traversed the
bumps (Fig. N-1). This corresponded to a difference in
peak pavement load of less than 12%.

TIRE ENVELOPING AND SUSPENSION DAMPING

The determination of tire enveloping and suspension damp-
ing from deterministic profile data is discussed in Appen-
dix S.

APPENDIX O
REPEATABILITY STUDIES

A %-in.-high X 18-in.-long step bump was placed on the
Grass Lake embedded scales. Test Vehicle No. 1 traversed
the bump six times at apparently the same speed (30 mph).
A typical load trace 1s shown in Figure O-1. Loads mea-
sured during the six runs are given in Table O-1. Load
variations were about +3% of the peak load and +10%
of the dynamic load.

In Table O-1 the second peak exceeds the initial peak.
The inttial peak s the response to ome step input (the
leading edge of the bump). The second peak is the sum

Test Vehicle No. 1
Vehicle Speed: 30 mph
Road Profile: 1/2-in Step Bump

Initial Peak —o @—— Second Pesk

20 4 A [\
MEASURED
PAVEMENT
Static
AD g 4 Axle
KIPS Weight
17.3 KIPS p— Minimum Peak
° 4 " "

Figure O-1 Embedded scale output.

of responses to two sequential inputs (the Y-in. up step
at the leading edge and the 2-in. down step at the trailing
edge). For this particular combination of bump length,
vehicle speed, and vehicle wheel hop resonant frequency,
the two responses are additive, resulting in a particularly
high second peak.

TABLE O-1

PAVEMENT LOAD MEASUREMENT
REPEATABILITY DATA

INITIAL SECOND
SPEED PEAK MINIMUM PEAK

RUN NO. (MPH) (KIPs) (kIPS) (xIPS)
1 28.3 235 14.5 26.0
2 28.5 240 150 255
3 29.0 24.0 140 26.0
4 29.5 245 13.0 27.0
5 28.8 24.0 15.0 26.0
6 300 25.0 13.5 27.0
Mean value 29.0 242 14.2 26.3
Variation 1.7 1.5 1.5 1.5
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APPENDIX P
PAVEMENT LOAD DATA—STRIP CHARTS AND PROBABILITY DENSITIES

Right-wheel load data for the instrumented axle on each
test vehicle were collected for the test conditions listed in
Table P-1. Figure P-1 shows data representative of that
collected for each run. Similar data for all other tests are
available on request to the Program Director, NCHRP. A
single data sheet was prepared for each run. Low-speed

time domain charts of load and vehicle speed were plotted
for each of the 1-mi runs, and high-speed strip charts of
sections of each run show a high-level load on an expanded
time scale. Arrows identify the same high-level load with
both low and high strip chart speeds. The same point on a
1-m1 test road was noted for all tests conducted on that

TABLE P-1

TEST CONDITIONS FOR MEASURED PAVEMENT LOAD DATA

TEST CONDITION

VEHICLE No. 1, 2-D,

VEHICLE NoO. 2, 382,

VEHICLE No. 3, 3S1,

DRIVE AXLE FORWARD DRIVE AXLE TRAILER AXLE
I-75, good-ngid 1-75, good-rigid 1-75, good-rigid
34 mph 34 mph 34 mph
55 mph 55 mph 54 mph
Sweep Sweep Sweep
63 mph

34 mph—vehicle unloaded
65 mph—vehicle unloaded
1-696, tair-rigid

1-696, fair-rigid

1-696, fair—rigid

34 mph 34 mph 34 mph
55 mph 54 mph 55 mph
Sweep Sweep Sweep
M-50, poor-rigid M-50, poor-rigid M-50, poor-rigid
34 mph 34 mph 34 mph
53 mph 55 mph 55 mph
Sweep Sweep Sweep
M-52, good—flexible M-52, good—flexible M-52, good-flexible
34 mph 34 mph 34 mph
46 mph 55 mph 55 mph
Sweep Sweep Sweep
M-247, fair-flexible M-247, fair-flexible M-247, fair-flexible
34 mph 34 mph 34 mph
47 mph 47 mph 48 mph
Sweep Sweep Sweep
M-138, poor-flexible M-138, poor—flexible M-138, poor—fiexible
34 mph 34 mph 34 mph
44 mph 55 mph—not available 42 mph
Sweep Sweep Sweep
M-53 NB, good—-overlay M-53 NB, good—overlay M-53 NB, good-overlay
34 mph 34 mph 34 mph
54 mph 55 mph 53 mph
Sweep Sweep Sweep
M-53 SB, fair-overlay M-53 SB, fair-overlay M-53 SB, fair-overlay
34 mph 34 mph 34 mph
55 mph 55 mph 55 mph
Sweep Sweep Sweep
M-59, poor—overlay M-59, poor-overlay M-59 NB, poor-overlay
34 mph 34 mph 34 mph
53 mph 48 mph 55 mph
Sweep Sweep Sweep
64 mph

34 mph—vehicle unloaded
65 mph—vehicle unloaded

NB—northbound, SB-—southbound
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Vehicle No. 1, 2-D
Instrumented Wheel: Right Side of Drive Axle
Static Weight on Wheel: 9.4 KIPS
Road: I-75, Good-Rigid

60
VEHICLE 49

MEASURED 12 —F
PAVEMENT =
LOAD

KIPS 4

16
MEASURED
PAVEMENT 12
LOAD

gKies 8

(BXPANDED 4
TIME)

100 -
PAVEMENT LOAD PROBABILITY DENSITY ANALYSIS

LOAD WINDOW 60 ] [ ]
OCCUPANCY

PERCENT
40 1

20 o

]
10 15 20
PAVEMENT LOAD, KIPS

Figure P-1 Measured pavement load.

road. The road profiles that caused the high-level loads
are shown 1in Appendix T. A probability density plot of
the load 1s shown for each 1-mi run. Representative power
spectral density and load-occurrence analyses for one of the
test conditions run with Test Vehicle No 1 are included
in Appendix T
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FREQUENCY DOMAIN PREDICTION TECHNIQUES

This appendix describes methods of defining a frequency-
domain model of a linear vehicle system (6, 8) by con-
sidering a road profile as its input and the corresponding
tire/road interface force as its output Model definition
would permit pavement load prediction from any measured
road profile. Two methods of model definition and subse-
quent pavement load prediction are discussed.

POWER SPECTRAL DENSITY (PSD) METHOD

Model definition by this method requires computation of
power spectral density (PSD) functions as a measured
road profile and the corresponding pavement load. The
pavement load PSD is divided by the road profile PSD and
the square root taken to form the magmtude of the fre-
quency response function describing the vehicle system
(Fig. Q-1). The square of this vehicle frequency response
function can then be multiplied by the PSD of any road
profile to determine the corresponding pavement load PSD
for that particular road.

CROSS SPECTRAL DENSITY (CSD) METHOD

Model definition by this method requires computation of
the road profile PSD and the road profile/ pavement load
CSD function. The CSD is divided by the road profile
PSD to form the complete frequency response function
describing the vehicle system. Because the CSD has both
magnitude and phase, the resulting vehicle frequency
response function also contains both magnitude and phase
information (Fig. Q-2). Prediction of a pavement load
PSD is accomplished 1n the same way as stated in the PSD
method. Also, because the complete (magnitude and
phase) frequency response function is computed, the pave-
ment load time history can be predicted using convolution
techniques.

Aty e A,
SYSTEN
(Vehicle) OUTPUT

NpUT SIGNAL
SIGNAL (Pavement load)
(Road Profile)
CaUE
P8D
CouTE PD TREQUENCY
=1 D Q2082 1 of praponse
P8D (Input
FURCTION

Figure Q-1. Power spectral density method for computing fre-
quency response function.

IMPLEMENTATION OF PSD AND CSD METHODS

Some preliminary attempts were made to compute vehicle
frequency response functions by both methods. Both
methods encountered difficulties because of low signal-to-
noise ratios for short-wavelength (high-frequency) road
profile data. Inspection of any of the road profile PSD
functions in Appendix G shows that the PSD amplitude is
very low at higher frequencies. This made the quotient
(vehicle response function) very unreliable,

If further research 1s to be fruitful in this area, methods
must be devised to improve the road profile signal-to-noise
ratio at frequencies of interest. This can be done by
selecting or physically constructing a road profile with
substantial excitation at all frequencies of interest. If this
is impractical, a usable road profile PSD can be constructed
from low signal-to-noise ratio data by a process known as
“pre-whitening.”

“Pre-whitening” consists of multiplying the road profile
PSD by a frequency response function, which will make
the resulting PSD essentially flat and of significant content
at all frequencies of interest. Then, when the division is
performed, the denominator will be more reliable and will
provide a more meaningful quotient. However, a fre-
quency response function derived in this manner must be
“post-darkened”; i other words, 1t must be multiplied by
a frequency response function with opposite characteristics
to the “pre-whitening” function.

DISCUSSION OF SYSTEM LINEARITY ASSUMPTION

Both methods of computing frequency response functions
just described are based on the important assumption of
system linearity. In a nonlinear system, the vehicle system
charactenistics change with the amplitude of the input.
Therefore, frequency response functions calculated by the
PSD and CSD methods can at best be only linear approxi-

40,

% LIBAR
SYSTEM
{Vehicle)

I9PUT :vrm
SIGNAL o IGRAL
(Road Profile) - 1 (Pavement Load)

COMPUTE
csp
COMPUTE csp FREQUERCY
“—e1 D j—a{ RESPONSE
P8D (INPUT) yURCTION

Figure Q-2 Cross spectral density method for computing fre-
quency response function.
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mations of the true nonlinear system. They may, however,
be adequate for a certain range of input amplitudes, and so
could be useful in prediction of dynamic pavement loads.

It should be emphasized that frequency domain studies
were by no means exhaustive, and further work in this area
may produce valuable findings.

APPENDIX. R ,
SIMULATION OF TIRE ENVELOPING ’

Analog simulations of vehicles for use in computing dy-
namic pavement loads from road profile inputs must include
an adequate representation of tire enveloping effects. The
ability of the tire to conform to road irregularities reduces
the severity of loading with respect to both the pavement
and the vehicle. If tire enveloping effects are ignored, the
computed loads are consistently too high. The following
discussion outlines approaches to analog simulation of
these effects.

THE CONCEPT OF AN EFFECTIVE ROAD PROFILE

Figure R-1 shows a simple model of a truck that lacks tire
enveloping. Analog voltages proportional to road profile
displacements were introduced to an analog simulation of
the model through the simple linear tire spring. The com-
puted loads were too high when compared to experimental
loads. If the recorded profile was passed through appro-
priate signal-conditioning circuits prior to introduction to
the tire spring, favorable load agreement was achieved.
The road profile generated by passing the analog signal
through the tire enveloping circuits is called the effective
road profile (Fig. R-2). Two methods of generating effec-
tive road profiles are described as follows,

Body Mass

} Coupling Elements

Suspension Mass

«g——- Tire Spring
Displacement Input Recorded
Road Profile

Figure R-1. Analog truck model with-
out tire enveloping.

FORCES DEVELOPED BY 1-IN. CLEATS

The first method simulates tire enveloping effects by gen-
erating effective road profiles as suggested by experimental
evidence (9). Vertical forces produced by a slowly rolling
tire (2.5 mph) passing over a 1-in.-wide cleat have a wave-
form as shown in Figure R-3. Furthermore, the amplitude
of the force is reasonably linear with respect to the height
of the cleat. In view of these results, the road profile could
be thought of as a series of 1-n.-wide cleats, each of appro-
priate height, as shown in Figure R-4.

Each cleat in contact with the tire contributes a com-
ponent of vertical force of the same form, as shown in
Figure R-3. The total force can be approximated as a
sum of the contributions of all cleats in contact with the
tire. For example, if the tire patch is 10 in. long (Fig.
R-5) the total load consists of the contributions of 10
l-in.-wide cleats. These load contributions are properly
phased to account for relative displacement along the
traveled direction and of amplitude proportional to the
relative displacement between the road profile and suspen-
sion mass.

Figure R-6 shows the relative position of load com-
ponents and their sum for a tire traveling over a smooth
road. The resultant ripple in the total load is artificial in
the case of the smooth road but must be tolerated if this

e Tire Spring

_(___ Effective Road Profile

VvV

Tl B

Tire Enveloping Model

‘

Displ Input
Recorded Road Profile

Figure R-2. Truck model with simu-
lated tire enveloping propertles.
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Figure R-3. Vertical spindle force produced by 1-in -wide
cleat.

Rolling Tire

synthesis is to be used. For a 10-in. contact patch at
30 mph, the ripple frequency is about 1 kHz—much higher
than significant vehicle response frequencies.

CONVOLUTED CLEAT SIMULATION OF TIRE ENVELOPING

The analog simulation of tire enveloping effects consisted
of a circuit that generated an effective road profile to
produce loads in accordance with the foregoing cleat
description. Because the waveform for a single 1-in. cleat
was approximately sinusoidal, it was generated by a con-
ventional three-amplifier oscillator (Fig. R-7). The outputs
of 10 such oscillators were used to synthesize the envelop-
ing effects of a 10-in. tire patch. The analog voltage
proportional to road profile was applied to the initial con-
dition inputs of the 10 oscillators. This input provided a
sequential updating of each oscillator’s amplitude.

One oscillator at a time was initialized to the current
road profile amplitude by a rapid scanning multiplex
scheme. The initiahizing commands were timed by a 10-
station binary ring counter. To clarify the timing involved,
Figure R-8 shows the outputs of three adjacent oscillators.
Each frequency was set so that two cycles of oscillation
were completed in the time required to move forward 10 in.
The analog wiring diagram for the tire enveloping simula-
tion is shown in Figure R-9.

FIRST-ORDER LAG SIMULATION OF TIRE ENVELOPING

Although the cleat approach produced satisfactory per-
formance, it required many analog components arranged
in a complex circuit. Operationally, the cleat circuit pro-
duced results similar to low-pass filtering of the road profile.
Consequently, the search for a simpler, more efficient
analog simulation of tire enveloping led to the least complex
of all low-pass filters; that is, the first-order lag circuit, as
shown in Figure R-10.

The effective road profile generated by two lag circuits
performed as well as the cleat representation when used as
an input to the analog truck model.
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Actual Profile

T

Figure R4. Road profile approximated by series of 1-in.
cleats.
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Figure R-5. Tire with 10-in. patch in contact with cleats.
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Figure R-6. Spindle load components and their sum.
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Figure R-7 Simple three amplifier analog
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Figure R-8. Timing diagram showing sequential initialization
of three adjacent oscillators.
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Figure R-9 Analog wining dagram, convoluted cleat model
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Figure R-10 Cascaded first-order lag circuits

ANALOG TIME FUNCTIONS SIMULATE
DISTANCE FUNCTIONS

Both the convoluted model and lag circuits are time func-
tions, whereas tire enveloping 1s a distance function. In the
foregoing analog models, ime and distance are equivalent
at only one speed For other speeds, the model parameters
would require adjustment to maintain the equivalence. For
example, in the convoluted model the frequency of clock
pulses 1s proportional to vehicle speed, in the lag stmulation
the circmit time constant would be adjusted. If -vehicle
speed information 1s available for use as a control signal,
the parameter adjustments could be done automatically.
Thus, continuous tracking of vehicle speed could be
achieved.

CONCLUSION

Performance of the tire enveloping simulations was evalu-
ated by comparing computed pavement loads with experi-
mentally measured loads. Time history recordings of dy-
namic pavement loads are shown in Figure R-11. Referring
to the figure, loads computed with no tire enveloping (a)
are higher than experimental loads (d). Better correlation
is seen in both the convoluted cleat model (b) and the
simple lag model (c) Because both circuits performed
about the same, the convoluted cleat model was abandoned
in favor of the simpler lag representation for the load
prediction work.

In future work, however, the convoluted model could be
expanded 1n two ways. First, the model could be modified
to account for change in size of contact patch resulting
from vertical motion. Second, the circuit timing pulse rate
could be made to track tire rotational speed
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(d) Experimental Dynamic Pavement Load
Truck No. 1 at 40 mph on Moderately
Rough Road (Oval Test Track)

Figure R-11 Performance of tire enveloping models

APPENDIX S
DEVELOPMENT OF A QUARTER-VEHICLE ANALOG SIMULATION

Development of the quarter-vehicle simulation required appendix discusses the steps necessary to accomplish these
selection and measurement of significant vehicle properties objectives.

to construct an analog computer vehicle model. This The basic quarter-vehicle model (Fig S-1) was devel-
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Body Mass

= 21.2 1b-sec?/inch

s N Suspension Stiffness =
uspension 2500 1b/inch
Damping
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Suspension_Mass
=3.1 1b-sec?/inch

Nonrolling
Tire Stiffness =
16,000 1b/inch

Tire
Enve loping
L8

J O —

Road Profile Input

Figure S-1 Basic schematic of quarter-vehicle model

oped from static laboratory measurements and a physical
examination of Test Vehicle No. 1. The vehicle body mass
and the unsprung mass were determined from static weight
measurements. Approximate suspension spring stiffness was

Slope = 16,000 1b/in.

7,000

RADIAL FORCE ON TIRE, POUNDS

-1,000, .10 .20 .30 .40 .50 .60 .70

TIRE DEFLECTION, INCHES

Figure $-3. Nonrolling load-deflection curve for a rear dual tire
set on Test Vehicle No. 1.

Slope = 2500 1b/in,

Priction Level = 1500 1b \

8,000

7,000

6,000

3,000

VERTICAL FORCE OK SPRING, POUNDS

3,000

2,000

.3 1.0 1.3 2.0 25 3.0
SPRIRG DEFLECTIOR, INCHES

Figure S-2 Load-deflection curve for rear leaf spring on Test

Vehicle No 1.

determined using the load-deflection curve in Figure S-2. It
was recognized that differences exist between nonrolling
and rolling tire spring rates. The more easily measured
nonrolling rate (determined from Fig. S-3) was used in
this model. As indicated in Appendix T, a model using the
nonrolling rate showed good correlation with measured
data. This indicated that the difference between rolling
and nonrolling tire rates was not a controlling factor in the
accuracy of the sismulation.

Areas of this model that required further definition were
the magnitude of tire enveloping (Appendix R) and the
magnitude and character of the damping in the suspension
leaf spring. Because the prediction technique involved
solution of time-dependent differential equations, the need
for dynamic testing to define these areas was evident.

The following methods of vehicle property definition
were available:

1. The vehicle rear suspension could be physically dis-
assembled, and separate laboratory tests could be conducted
to define each parameter.

2. The vehicle could be driven over bumps of determi-
nistic shape and experimental measurements of pavement
load could be made The same shapes could then be
simulated as mputs to the basic model, and the correct
parameter values could be determined by adjusting each
value for the best match between experimental and com-
puted pavement loads.

The second method was used in this project for two
reasons. First, systems for measurement of dynamic pave-
ment loads were readily available. Secondly, the study of




pavement loads caused by determimstic profile bumps
contributed to the over-all understanding of dynamic pave-
ment loads

EXPERIMENTAL TESTS TO DEFINE VEHICLE PROPERTIES

Dynamic pavement loads were measured as Test Vehicle
No. 1 was driven over several bumps of deterministic
shape. A complete listing of the bump profiles and test
conditions is included in Appendix N. Only the experi-
mental results for the 34-mph tests were used in determin-
ing the magmitude of model parameters. Figure S-4 shows
examples of loads developed for some of the fabricated
bump inputs.

DETERMINATION OF MODEL PARAMETERS

Determination of tire enveloping and suspension damping
from a single set of test results was possible because of the
independent effect of each parameter. Changes in tire
enveloping significantly affected the initial peak in the
computed dynamic response curves similar to those in
Figure S-4. In contrast, the decay of the trace was signifi-
cantly affected by suspension spring rate and damping. This
degree of independence allowed the magnitude of tire
enveloping to be defined almost independently of suspen-
sion damping.

Determination of Tire Enveloping Magnitude

Tire enveloping allows the tire to absorb sharp changes 1n
road profile without equally sharp changes in pavement
load. A discussion of tire enveloping and two methods of
analog simulation are included in Appendix R. The first-
order lag method was used in the quarter-vehicle model.
By matching the initial peaks of the experimental and
computed pavement load traces for the deterministic bumps
run at 34 mph, a tire enveloping constant of 0.008 sec was
determined. Strictly, this time constant is optimum only at
34 mph; however, reasonable results at other speeds were
achieved (Appendix T).
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Determination of Suspension Spring and
Damping Characteristics

In selecting a suitable simulation for the leaf spring between
the suspension and body of the vehicle, a linear viscous
element in parallel with a linear spring was used as a first
approximation. It was found that a good match between
experimental and computed responses for fabricated bump
impacts could be achieved with viscous damping of approxi-
mately 100 lb-sec/in. and spring rate of 2,500 Ib/in. How-
ever, when real road profile inputs were applied to the
simulation, the low-frequency oscillation evident in mea-
sured load traces was nearly absent 1n the computed loads,
as shown in Figure S-5. Load computations, based only on
viscous damping, could not match measured loads in both
amphtude and frequency because of the basic nonlinearity
of the suspension damping.

Measured load data from all nine roads showed that the
low-frequency oscillation occurred anywhere between ap-
proximately 1.6 and 4.1 cps. These frequencies define two
different modes of oscillation. Intermediate frequencies are
due to mixing of the two modes.

The 1.6-cps mode was the lowest natural frequency for
the body (21.2 Ib-sec®/in.) and suspension masses (3.1
Ib-sec?/in.) 1n resonance on the suspension spring (2,500
b/in.) and tire spring (16,000 1b/1n.). The calculation of
this frequency 1s included in many vibration texts (10).

The 4.1-cps mode occurred as both masses moved in
phase and deflected only the tire spring. Locking up of the
suspension spring (due to friction) made this mode pos-
sible. In this mode the vehicle responds as a single degree
of freedom system. The natural frequency is calculated as
follows:

P K, _ 1 16000 _,
2%V MMy, 22V 212431 " Hlems

Several experiments with combinations of viscous and
friction damping led to the suspension spring model shown
in Figure 8-6. Three friction elements, set at different

728 {1 EXPERIMENTAL PAVEMENT LOAD

=i=eE e S B A S e e £
| - —T—=
—t1/2 [inth 1
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! ROAD PROPILE INPUT
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Figure S-4. Dynamic pavement loads generated by fabricated bumps Vehicle speed. 34 mph.
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Viscous Damping: 200 lb-sec/in.
Road Section: M-59
Vehicle Speed: 34 mph
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Figure §-5 Pavement loads computed using linear viscous damping n suspension leaf spring.

breakaway levels, allowed the low-frequency modes (1.6
and 4.1 cps) to be excited at correct levels for small profile
inputs and the wheel hop mode (approximately 19 cps) to
be excited at correct levels for sharp inputs. The 375-Ib
and 175-1b friction levels primarily controlled the amplitude
of the low-frequency modes, whereas decay of all three
modes was a function of all three levels, plus the level of
viscous damping In a physical sense, these individual
friction levels represented the friction coupling between
leaf elements of the suspension spring,

It was also determined that the stiffness of the spring
elements 1n series with each friction element (7,500 1b/1n.)
could not be related directly to the suspension spring stiff-
ness as measured statically (2,500 Ib/in ). However, these
spring elements may be defined 1n a more detailed simula-
tion of the leaf spring (Fig. S-7). Stuffness of the model
spring elements was determined by adjustment to get the
best match with measured responses. The adjustment pro-
cedure consisted of varying the spring rate of the three
elements simultaneously. An analog computer circuit
diagram of the final model and a hst of potentiometer
settings are shown in Figures S-8 and S-9

Figure S-10 shows the measured and computed pavement
loads for several deterministic bumps traversed at 34 mph.
As shown, the agreement for haversine and step inputs was
good, with less agreement for impulse inputs.
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Figure $-6 Schematic of quarter-vehicle model used in simulation
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Figure S-10. Computed and experimental dynamic loads for deterministic inputs. Vehicle speed 34 mph

APPENDIX T

CORRELATION DATA FOR MEASURED AND COMPUTED PAVEMENT LOADS

Pavement load data for the nine test road sections were
measured and computed. These data allowed evaluation of
prediction technique accuracy. The following methods of
comparison were used:

1. Load versus time strip charts.

2. Number of occurrences of peak loads.
3. Probability density analyses,

4. Power spectral density analyses.

Table T-1 gives the particular road section on which
data were collected. Vehicle operating conditions were:

1. Vehicle speed = 34 mph (constant).
2. Static weight on right rear wheel set = 9.4 kips.
3. Tire pressure = 75 psi-cold.

Figures T-1 through T-3 show data representative of that
collected for the various road sections and conditions.
Simuar data for all other tests are available on request to
the Program Director, NCHRP.

Tables T-2, T-3, and T4 are summaries of differences
between computed and measured loads for several methods

of comparison. The observations in the section of Chapter
Two entitled “Dynamic Pavement Load Prediction Using
Analog Computation Techniques” were drawn from these
summaries In all cases, percentage of nonagreement was
calculated as follows-

Percentage of _

Nonagreement —
Measured Value — Computed Value

Measured Value

In addition to the foregoing test conditions, comparative
data were collected for the following additional conditions
on M-59 and I-75 road sections (Table T-1) :

1. An unloaded vehicle was simulated by reducing the
quarter-vehicle body mass from 8.2 kips to 2.0 kips. This
was equivalent to reducing the weight on the right rear
wheel from 9.4 kips to 3.2 kips. All other parameters were
held constant.

2. Vehicle speed was increased to 65 mph. All other
parameters were held constant.

X 100
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Figure T-1 Load versus time comparisons.

It should be noted that differences up to about 10%
existed between the “apparent” static weight measured on
the moving vehicle and the static weight on the instru-
mented wheel. The reasons for these differences are dis-
cussed in the section of Chapter Two entitled “Pavement
Load Measurements.”

When computed and measured load data were compared,
it was desired to have measured data reflect the static

measured weight on the instrumented wheel. Consequently,
measured load data signals were passed through a signal-
conditioning circuit to ehminate all static (or dc) load
components. Then, a dc voltage proportional to 9.4 kips
static load was added to the resulting signal. This process
allowed meaningful comparisons to be made between com-
puted and measured load data. All measured load data in
this appendix were processed in the foregoing manner
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Figure T-2 Statistical comparisons

TABLE T-1

ROAD SECTIONS

ON WHICH DATA WERE COLLECTED

ROAD SECTION

(a) Original Conditions

I-75, good-rigid

1-696, fair-ngid

M-50, poor—rigid

M-52, good—flexible
M-247, fair-flexible
M-138, poor—flexible
M-53 NB, good-overlay
M-53 SB, fair-overlay
M-59, poor-overlay

(b) Additional Condition No. 1; static wheel weight

reduced to 3.2 kips

1-75, good-rigid
M-59, poor-overlay

(c) Additional Condition No. 2: vehicle speed

increased to 65 mph

I-75, good-rigid
M-59, poor-overlay

NB = northbound, SB = southbound

Vehicle Wo. 1, 2-p -
Instrumented Wheel Right 8ide of Drive Axle

Static Veight on Wheel 9.4 XIPS

Speed 34 wph

2/CPS)
NPT LI LT |y

PAVEMENT LOAD PSD_ (LBSww:
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e aad®

o, ...
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Road  I-73, Good-Rigid

5.00 10,00 15.00
FREQUENCY (CPS)

£0.00 #5.00 20,00

Figure T-3. Pavement load power spectral density

TABLE T-2

PEAK PAVEMENT LOADS
ON NINE TEST ROAD SECTIONS *

PEAK LOAD (KIPS)

ROAD %
SECTION MEASURED PREDICTED NONAGREEMENT
1-75 11.2 11.2 0
1-696 12.6 11.3 —10
M-50 114 12.0 +5
M-52 112 10.8 —4
M-247 12.9 13.1 +2
M-138 13.5 124 —8
M-53 NB 11.7 13.1 +12
M-53 SB 12.7 12.2 —4
M-59 136 13.2 -3
Average 12.3 12.1 -2

® Peak pavement load values, taken from load versus time strip charts,
are maximums or near-maximums for each road
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TABLE T-3

MAXIMUM DIFFERENCES BETWEEN MEASURED
AND COMPUTED LOADS ABOVE 10 KIPS,
BASED ON PROBABILITY DENSITY ANALYSES

TABLE T-4

PERCENTAGE OF ERROR IN PREDICTING
3-CPS AND 19-CPS PEAKS
IN POWER SPECTRAL DENSITY CURVES

MAXIMUM

ROAD SECTION DIFF. (KIPS)"

1-75
1-696
M-50
M-52
M-247
M-138
M-53 NB
M-53 SB
M-59

i > Al

s Maximum differences of less than 1 kip appear as 1 kip owing to
the resolution of load levels for these analyses

% NONAGREEMENT®

ROAD SECTION 3 cps 19 cps
I-75 5 17
1-696 4 4
M-50 3 14
M-52 16 9
M-247 2 14
M-138 2 10
M-53 NB 4 4
M-53 SB 3 9
M-59 5 12
Average 5 10

s Percent of nonagreement in predictng loganthm of power spectral
density function.

APPENDIX U

FACTORS THAT LIMITED PREDICTION TECHNIQUE ACCURACY

Correlation between measured and computed pavement
loads 1s shown in Appendix T. Although this degree of
correlation is adequate for many purposes, a future use
might require better agreement. This appendix discusses
the disparities and suggests how correlation might be
improved.

POTENTIAL MODIFICATIONS TO COMPUTER SIMULATION

Better correlation probably would result if the computer
simulation was modified to include the following items.

Effect of Rear Axle Tramp

The use of a quarter-vehicle simulation requires the as-
sumption that right and left rear wheel pavement loads are
independent. Experimental tests with Test Vehicle No. 1
showed that the right side dynamic load when only the
right wheel passed over a bump was only 70% to 85% of
the right side dynamic load when both rear wheels passed
over the same bump. This corresponded to a difference in
peak pavement load of less than 12%. These tests are
discussed in the section of Chapter Two entitled “Identifica-
tion of Factors Affecting Dynamic Pavement Loads.” A
half-vehicle model that included tramp effects probably
would exhibit better correlation to measured loads.

Suspension Spring and Damping Properties

As shown by the experimental load trace in Figure U-1,
high peaks in dynamic load were followed by ringing and
decay. The decay time of this oscillation was controlled on
the analog model by the magmtude of suspension friction
level and suspension stiffness. Thus, the approximate
modeling of these parameters adversely affected the level
of correlation. A more detailed modeling of the suspension
spring probably would improve correlation (Fig. s$-7).

Tire Spring Rate and Enveloping Quality

Tire spring rate and enveloping quality were assumed to
be linear quantities. Although the linearity assumption
produced good correlation, inclusion of a nonlinear tire
spring element, as well as use of a more sophisticated
simulation of twre enveloping, probably would improve
correlation. A detailed discussion of tire enveloping and
analog simulation methods appears in Appendix R.

REPEATABILITY OF EXPERIMENTAL LOAD MEASUREMENTS

As discussed in Appendix O, dynamic load measurements
made during six identical passes over fabricated bumps
showed dynamic load variations of approximately +10%.
This degree of nonrepeatability probably resulted from
the effects of vehicle pitch and roll, rim assembly runout,
and tire nonuniformity.
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Figure U-1. Experimental load trace showing decay of dynamic loading.

These factors also influenced the measurement of pave-
ment loads on the nine test road sections. Correlation
between computed and measured dynamic loads better than
about +10% could not be expected when the nonrepeat-
ability of experimental measurements is considered.

ACCURACY OF ROAD PROFILES

The ability to accurately measure road profiles as simula-
tion input data was fundamental to the accuracy of the
prediction technique. The road profiles measured by the
profilometer differed slightly from the profile experienced
by Test Vehicle No. 1 for two reasons.

Effect of Profile Width

The total tread width of a rear dual tire set is much greater
than the 2-in. width of the profilometer following wheel
(Fig. U-2). Therefore, the measured pavement loads were
excited by an average profile over the width of a dual tire
set, whereas the computed pavement loads were excited by
only a 2-in. wide profile.

Effect of Difference in Vehicle and Profilometer Wheel Paths

The difference in the wheel paths of the profilometer and
test vehicle as they traveled the test road sections constitutes

Figure U-2. Comparison of test vehicle and profile wheel
widths.

another approximation. Neither vehicle could maintain a
fixed distance from the edge of the road but “wandered”
from side to side in its traffic lane. Thus, the wheel paths
coincided only a fraction of the time.

Both these effects could be corrected if the test vehicle-
itself was instrumented as a profiling device.

APPENDIX V
VARIATION OF PARAMETERS STUDY

A parameter sensitivity study was conducted using the
analog model that correlated well with experimental data
for Test Vehicle No. 1. The schematic of this model and
its parameters appear in Figure S-6. For this study, the
parameters of the foregoing model were designated refer-
ence parameters.

Input to the model was a step displacement in road
profile. This input was chosen because it simplified the

study by eliminating bump wavelength as a parameter. The
parameter sensitivity study consisted of an orderly change
of one parameter at a time. The parameter varied was first
reduced by a factor of two and then increased by the same
factor. Time history recordings of instantaneous dynamic
pavement load produced by a %:-in. displacement input
were computed for each parameter condition. The time
history charts appear in Figure V-1.
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Breakaway level of suspension m-
terleaf friction 0 0
Suspension viscous damping 0 0
Suspension stiffness +3 -2
Suspension mass +19 —19
Imput 0 Tire stiffness +55 —40
Profile L I Tire enveloping —40 +39
(Inches)
o 01 02 0.3 0.4 03

Time (Seconds)

* Data taken from Fig V-2
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Referring to the charts, the origin of computed dynamic
pavement load is the static vehicle weight. The origin of
time is the initiation of the Y -in. step.

Throughout all of the figures, two basic frequencies exist
in the reference response: one near 19 cps, the other about
3 cps. The higher frequency results from suspension mo-
tions; the lower is caused by body motions.

Although many such character changes occurred in the
responses, mterest was limited to noting how peak loads
were affected The percentage change in dynamic pave-

ment load for each parameter condition is summarized in
Table V-1. The percentages were calculated based on the
computed model response with the reference parameter.

One interesting observation was made relative to an
upper limit on dynamic pavement load. For suspensions
with normal amounts of damping (10% of critical or
more), an apparent limit for maximum dynamic pavement
load is the product of road bump height and tire spring
rate. This limit was not exceeded either by experimentally
measured or computed pavement load data.
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