HIGHWAY RESEARCH BOARD
Bulletin 250

Pavement Performance

Concepts

< NCADEMY OF )
Q\% LIBRARY %,
DEC 22 1960

P
am, pesern

LY
N28

ls, 250

National Academy of Sciences—

National Research Council

publication 739 :



HIGHWAY RESEARCH BOARD

Officers and Members of the Executive Committee

1960
OFFICERS
PYKE JOHNSON, Chairman W. A. BUGGE, First Vice Chairman
R. R. BARTELSMEYER, Second Vice Chairman
FRED BURGGRAF, Director ELMER M. WARD, Assistant Director

Executive Committee
BERTRAM D. TALLAMY, Federal Highway Administrator, Bureaw of Public Roads (ex
officio)

A. E. JOHNSON, Executive Secretary, American Association of State Highway Officials
(ex officio)

Louis JORDAN, Ewxecutive Secretary, Division of Engineering and Industrial Research,
National Research Council (ex officio)

C. H. SCHOLER, Applied Mechanics Department, Kansas State College (ex officio, Past
Chairman 1958)

HARMER E. DAvis, Director, Institute of Transportation and Traffic Engineering, Uni-
versity of California (ex officio, Past Chairman 1959)

R. R. BARTELSMEYER, Chief Highway Engineer, Illinois Division of Highways
J. E. BUCHANAN, President, The Asphalt Institute

W. A. BUGGE, Director of Highways, Washington State Highway Commission
MASON A. BUTCHER, Director of Public Works, Montgomery County, Md.

A. B. CORNTHWAITE, Testing Engineer, Virginia Department of Highways

C. D. CurTiss, Special Assistant to the Ewxecutive Vice President, American Road
Builders’ Association

DUKE W. DUNBAR, Attorney General of Colorado

FrANcIs V. pu PONT, Consulting Engineer, Cambridge, Md.
H. S. FAIRBANK, Consultant, Baltimore, Md.

PYKE JOHNSON, Consultant, Automotive Safety Foundation
G. DoNALD KENNEDY, President, Portland Cement Association

BURTON W. MARSH, Director, Traffic Engineering and Safety Department, American
Automobile Association

GLENN C. RICHARDS, Commissioner, Detroit Department of Public Works
WILBUR S. SMITH, Wilbur Smith and Associates, New Haven, Conn.
REX M. WHITTON, Chief Engineer, Missouri State Highway Department

K. B. Woobs, Head, School of Civil Engineering, and Director, Joint Highway Research
Project, Purdue University

Editorial Staff

FRED BURGGRAF ELMER M. WARD HERBERT P. ORLAND
2101 Constitution Avenue Washington 25, D. C.

The opinions and conclusions expressed in this publication are those of the authors
and not necessarily those of the Highway Research Board.



(.R.C.HIGHWAY RESEARCH BOARD
| Bulletin 250

Pavement Performance

Conecepts

Presented at the
39th ANNUAL MEETING
January 11-15, 1960

1960
Washington, D. C.



Department of Design

T.E. Shelburne, Chairman
Director of Research,
Virginia Department of Highways, Charlottesville

Harold Allen, Chief, Division of Physical Research, Office of Research, Bureau of
Public Roads

Joseph Barnett, Deputy Assistant Commissioner of Engineering, Bureau of Public
Roads

A.C. Benkelman, Flexible Pavement Research Engineer, AASHO Road Test, Ottawa,
Illinois

Phillip P. Brown, Bureau of Yards and Docks, Department of the Navy

C.N. Conner, Hollywood, Florida

Erie L. Erickson, Chief, Bridge Division, Office of Engineering, Bureau of Public
Roads

Wilbur J. Garmhausen, Chief Landscape Architect, Ohio Department of Highways,
Columbus

A.T. Goldbeck, Engineering Consultant, National Crushed Stone Association

John M. Griffith, Engineer of Research, The Asphalt Institute, University of Maryland,
College Park

Carl F. Izzard, Chief, Division of Hydraulic Research, Office of Research, Bureau
of Public Roads

Miles S. Kersten, University of Minnesota, Experimental Engineering Building,
Minneapolis

R.E. Livingston, Planning and Research Engineer, Colorado Department of Highways,
Denver

D.W. Loutzenheiser, Chief, Highway Design Division, Office of Engineering, Bureau of
Public Roads

R. A. Moyer, Institute of Transportation and Traffic Engineering, University of Cali-
fornia, Berkeley

D.J. Olinger, Field Design Engineer, Wyoming State Highway Department, Cheyenne

G.S. Paxson, Assistant State Highway Engineer, Oregon State Highway Commission,
Salem

Ernest T. Perkins, Chief Highway Engineer, E. Lionel Pavlo, Consulting Engineer,
New York, N.Y.

Gordon K. Ray, Manager, Paving Bureau, Portland Cement Association, Chicago

F.V. Reagel, Engineer of Materials, Missouri State Highway Department, Jefferson
City

M. G. Spangler, Iowa State College, Ames

K. A. Stonex, Assistant Director, General Motors Proving Grounds, Milford, Michigan

William Van Breemen, Research Engineer, Engineering Research, New Jersey State
Highway Department, Trenton



Contents

PRELIMINARY ANALYSIS OF ROAD LOADING MECHANICS
G.J. Fabian, D.C. Clark and C.H. Hutchinson ......ccec0ceeos 1

HIGHWAY CHARACTERISTICS AS RELATED TO
VEHICLE PERFORMANCE

Bayard E. Quinn and Thomas W. DeVries .....co0000etcesances 20
Discussion: Carl F. KoSSaCK vvceveveerescassssncas cesssssos 36
Closure: Bayard E. Quinn and Thomas W. DeVries c.ceveeenss 38

THE PAVEMENT SERVICEABILITY-PERFORMANCE CONCEPT
W.N. Carey, Jr. and P.E, Irick ...... cecescssssrens eveseesas 40



Preliminary Analysis of Road Loading Mechanics

G.J. FABIAN, Principal Engineer;

D.C. CLARK, Associate Research Engineer; and

C. H, HUTCHINSON, Head, Engineering Section,
Cornell Aeronautical Laboratory, Inc.
Vehicle Dynamics Department, Buffalo, N. Y.

A program for the development of a dynamic theory of road-vehicle
systems is outlined. An analysis is presented of the basic problems
involved in the development of a comprehensive treatment of road
loading mechanics. The complete road loading system is defined
and its various component elements are discussed. The development
of a simple but realistic mathematical model of the vehicle as the
road loading element is accomplished. The model is subjected to
various stylized road inputs on an analog computer and the resultant
steady -state responses are determined. The sigmficance of the
model response to certain inputs is discussed and conclusions and
recommendations are drawn from the complete study.

RESEARCH IN ROAD LOADING MECHANICS

@ THE INCREASING USE of highway transportation and the expanding highway system
emphasize the importance of a thorough knowledge of those factors contributing to
highway wear and deterioration. Although it has been customary to study road life
through the medium of the classic road test, an increasing body of evidence suggests
that the extrapolation of the road test results and a more fundamental understanding
of the highway may be facilitated by a system type of analysis, properly relating all
of the dynamic as well as static performance factors.

In August 1958 a conference was held at the Bureau of Public Roads for the purpose
of discussing a basic research approach to the problem of highway life, with particular
emphasis on the dynamic road loads produced by vehicles on highways and their inter-
actions with the road profile. It was pointed out that among the many diverse and
complex factors which affect highway performance, those physical effects characterized
as "road loading mechanics' are among the more important because they bear directly
upon road life, vehicle life, driver fatigue, cargo damage and vehicle handling capabil-
ities. It was generally concluded that a real need exists for the long-range development
of a dynamic theory, adequately substantiated by experiment, which would permit the
prediction of road life from the characteristics of the traffic flow and which would also
point up the effect on road life of changes in vehicles suspensions and parameters that
determine road response dynamics. It was also felt that the availability of modern
statistical analysis methods, dynamic instrumentation techniques and modern comput-
ing equipment would facilitate such an effort and argued well for its initiation.

A further conclusion of the conference was that the most productive approach would
involve a "'system concept'" attack that presumes a coordinated effort on the part of
many groups; notably those of government, highway constructors and the automotive
industry. All are concerned with important components of the system, and optimum
results will only be obtained by related and compatible modifications in these compo-
nents. Although itis thusreadily imaginable that an ultimate approach should be directed
and financed jointly, it was also believed desirable to initiate certain efforts immedi-
ately.

As the result of this conference, Cornell Aeronautical Laboratory prepared the
following outline of a comprehensive program.



PROGRAM OUTLINE

The general program is conceived as one leading to a broad and basic understanding
of the transportation system as a whole. The program comprises several phases
forming a logical sequence of development and, were it to be pursued, its completion
would constitute a scientific framework for the examination of many highway operation-
al problems, It will be noted that the vehicle and highway are treated separately until
developments are sufficiently complete to warrant joint analysis or application of the
consolidated system equations.

Phase 1. Analysis of Basis Problem

1. Literature Survey. A complete survey of literature (see references for exam-
ples) pertaining to basic road mechanics, analytical and experimental evaluation of
suspension components (including tires), and investigation of vehicle ride performance
would be made to establish what work has been done, the type and quantity of informa-
tion available, and to map out the areas that require further research and development.

2. Preliminary Analysis. Existing analyses or new simplified analysis would be
made to establish the form of the basic equations and to determine the range of the
various system parameters and the magnitude of the loads produced by several classes
of vehicles for typical road inputs.

Phase II. Complete Vehicle Equations

1. Analytical Development. Based on the work of Phase I, a more complete set
of vehicle equations would be formulated. They would be analyzed to determine the
significant parameters and form the basis for the program of experimental verification.

2. Experimental Verification. An experimental program would be conducted to
verify the equations previously developed. First, the values of the system parameters
would be evaluated and then actual full-scale tests performed for comparison with
analytical predictions. Undoubtedly, some modification of the equations would be re-
quired, either to yield more accurate results or to produce a simpler set of equations.

Phase III. Road Equations of Motion

1. Preliminary Analysis. The first part of this phase would attempt to establish a
simplified set of equations describing a road as a dynamic system. Included would be
an extension of the literature survey made in Phase I.

2. Analytical Development. After the feasibility of such an analytical treatment
has been established a more complete set of road equations would be formulated.
These would embody all the important variables that affect road performance. An an-
alysis would be made to determine significant parameters and relationships. This
examination would lead to the development of an experimental verification program.

3. Experimental Verification. An experimental program would be conducted to
verify the equations developed in Phase III-2. First, the values of the system para-
meters would be evaluated and then actual full-scale tests performed for comparison
with analytical predictions. Undoubtedly, some modification of the equations would
be required, either to yield more accurate results or to produce a simpler set of
equations.

Phase IV. Application of System Equations

Eere, specific computational and predictive tasks similar to those already outlined
would be undertaken. Specifically, a comparative analysis of the dynamic road loading
of various classes of vehicles would be made. This would determine the fundamental
reasons for differences and show ways of making improvements in both roads and
vehicles.

The Bureau of Public Roads contracted with Cornell Aeronautical Laboratory for
a program which essentially comprised Phase I of this outline. This research has
been completed and reported (67) and forms the basis of the present paper, Additional
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Bureau of Public Roads support has been subsequently given for a similar treatment of
Step 1 of Phase III, which is now being actively pursued at Cornell Aeronautical Labor-
atory.

SYSTEM DEFINITION

The road loading system is composed of two major elements; vehicles and the roads
on which they travel. In general, the performance of each element is dependent upon
the performance of both elements. Loads are applied to the road in several ways.
First, there is the static load of the vehicles. Second, the road profile, through its
contact with the vehicle tire, acts as a forcing function of dynamic load variations.
Third, the variation of tire elasticity around the circumference produces variations in
road load. All of these loads act on the highway to produce variations in deflection
and stress. Thus, the tire contact area is the connection between the two sub-systems,
each of which consists of several additional factors, as shown in Figure 1.

I HORIZONTAL FORCES

| DUE TO! BRAKING
ACCELERATION

| TURNING

l ROLL RAD. VARIATION

STATIC PROFILE ROAD TIRE VEHICLE SUSPENSION SPRUNG LOAD
AS BUILT. »{ PROFILE —>{CONTACT ¢ TIRE SPRING RATE [«—»{ BODY WT. ETC
CONSTRUCTION PRINT SPRINGS PASSENGERS
METHODS SHOCK ABSORBERS FREIGHT
] UNSPRUNG WEIGHT

EFFECTS OF ROAD DYNAMICS I
WEATHER, | SPRING RATE
WEAR, AGE, |

SPEED

TRAFFIC HISTORY
MAINTENANCE

Road Vehicle

Flgure 1. Road loading system.

The road profile presented to the vehicle tire is a function of its static profile as
built and subsequently modified by the effects of weather, wear, age, traffic history,
and maintenance, as well as the dynamics of the road as an elastically supported body.
All these are in turn a function of the constructional details employed in building the
highway. The type of surface, finishing methods, subgrade, subbase, and basement
soil are all contributing factors. A definition of the loads applied at the tire contact
print would allow investigation of this vehicle sub-system by itself. In its simplest
form, the system contains one vehicle and one road model. The effects of numbers of
vehicles and/or increased road theoretical complexity can be brought into the analysis
by addition.

The vehicular system applies loads to the road through the tire contact print. Basic-
ally, the sprung mass of the vehicle compresses the suspension springs which load the
unsprung mass, or axles, which in turn load the tires on the contact print. The sprung
mass is composed of the chassis above the springs, the passengers, and the freight or
luggage carried, Any change in the deflection of the elastic members is accompanied
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by a variation of load, thus as the tire contact print goes up and down over the road
profile, the load applied tothe road is varied. There1s alsoahorizontal load appliedto the
road surface due totransient motions such as acceleration or braking, a side force resulting
from steering action initiated by the driver, or camber, or superelevation of the road, as
well as loads inthe fore and aft direction due to change in rolling radius of the tiresasthey
move over the undulating roadprofile. And, finally, since thisisan elastically supported
system, the effect of frequency must be taken into account. The output forces applied by the
vehicle to the road are frequency dependent. Like many dynamic systems, mechamcal
resonance occurs at certain frequencies, which magnifiesthe loads transmitted.

This, then, as shown in Figure 1, is the complete system. A change in any one of
the elements will affect the rest. The load variation on the road is the response of the
vehicular sub-system to the apparent profile; the apparent road profile is the cumulative
result of those factors embodied in the road sub-system. The interaction of the various
elements may be expressed mathematically if sufficient information about their oper-
ation is at hand. Either sub-system may be investigated individually from the tire con-
tact print outward.

Nomenclature

The symbols used herein, listed here for ease of reference, are as follows:

a = distance from the front axle to the center of gravity, in in.;
b = distance from the rear axle to the center of gravity, 1n in,;
be, = front axle Coulomb friction force, in lb;
bcz = rear axle Coulomb friction force, in 1b;
Ce = front axle viscous damping constant, 1n lb sec/in.,
1
Cc2 = rear axle viscous damping constant, in lb sec/in. ;
F = front tire dynamic road loading force, in lb;
f
Ffs = front tire static road load force, 1n lb;

= front tire steady-state maximum dynamic road load force ratio;

'z
-
B
nga”
0
n

fs
Fr = rear tire dynamic road load force, in lb;
Frs = rear tire static road load force, in lb;
Frm)
Frs /ss = rear tire steady -state maximum dynamic road load force ratio,
f = road input frequency (f = u/\), in cps;
g = gravity acceleration (386 in. /sec?, in in. /sec?;
I = body pitch inertia about the center of gravity, in in. 1b sec?;
k1 = front tire vertical stiffness, in lb/in., ;
k2 = rear tire vertical stiffness, in 1b/in. ;
kc = front axle suspension spring rate, in lb/in.;
1
k. = rear axle suspension spring rate, in lb/in, ;
1 ? = wheelbase length, in in,;
m = sprung mass, 1 lb sec®/in. ;
m = front axle unsprung mass, in lb sec?/in.;
1
m = rear axle unsprung mass, in lb sec?/in, ;
2
N = integral number of road wavelengths contained between front and rear axles;
n = fractional portion of a wavelength contained between front and rear axles;



u = forward velocity, in in./sec;
\ = road wavelength, in in.;
0 = body pitch attitude angle, in deg;
T = time delay between road input to front and rear tires, in sec;
8(t) = absolute road input amplitude to front tires, in in.;
§(t-T) = absolute road input amplitude to rear tires, in in.;
8m = peak-to-peak value of road input amplitude, in in.;
8 = absolute front axle position, in in.;
1
Sg = absolute rear axle position, in in, ; and
] = absolute body position measured at the center of gravity, in in.;

SYSTEM COMPONENTS

The elements of the two sub-systems, as defined, were investigated in an effort to
mathematically define the relationships within the two sub-systems. It was not the aim
of this initial program to completely define the road sub-system. However, it was
mandatory that this area be investigated sufficiently to gain a knowledge of road profiles
and their variation as a result of dynamic loading in order to achieve realistic apparent
road profiles as inputs to the vehicular sub-system.

Road Elements

The term "road" as used in this study covers any paved highway intended for motor
vehicle travel. The pavement can be either the rigid type as exemplified by portland
cement concrete or the flexible type containing various thicknesses of bituminous materi-
al. Regardless of type, it is the subsoil which eventually carries the load. The sur-
face and intermediate structure merely serve to transmit the load from the vehicle
wheels into the ground. The characteristics of the surface material do, however, deter-
mine the manner in which this load is transferred. In order to estimate the seriousness
of the pavement deflections due to load, and any consequent alterations of the profile,
both types of pavement have been investigated.

A survey of current literature was made to obtain the data necessary for consider-
ation of the road elements. Among those examined, References 2 through 21 seemed
most pertinent. The magnitude and seriousness of flexible pavement deflections to be
expected is shown to vary with pavement age, thickness, vehicle speed, temperature,
and the dynamic properties of both the surface and the subgrade. The stress and de-
flection data for rigid pavements, as given in these references or determined by methods
indicated in them, show variations, with a major dependence on the modulus of sub-
grade reaction.

This study of the present state of road system definition, although not exhaustive,
has provided some new insight into, and understanding of, the road loading problem.

It has indicated that static deflections of approximately 0. 030 in. are to be expected and
that dynamic deflections can be considerably larger. Dynamic deflections of the order
of 0.050 in. can be accommodated without undue deterioration, but larger values will
usually be accompanied by premature surface breakup. (Improper matching of vehicle
and road, thatis, close correspondence of their natural frequencies, can produce large
deflections and premature failure.) Consequently, the assumption of the static road
profile asthe input tothe tire, without admission of road relative motion, is a reasonable
procedure for calculating dynamic force variations occurring in the tire print.

The study has also substantiated the belief that a fundamental analysis of the road as
a dynamic structure (including all the various elements from the base soil upward to
the tire print) should enable a clearer understanding and definition of the actions and
reactions which take place within it. The hard top surface merely transmits the wheel
loads via the intermediate courses to the base soil over which the road is build. All the
strata contribute to the total action by virtue of their individual characteristics, but it
is the base soil which ultimately must carry the load. The intermediate structure is
the means of spreading out the load to an extent required to avoid failure in the some-
times varying basement soil.
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Vehicle Elements

The components in the make-up of motor vehicles which are of interest in this re-
spect are largely contained in the suspension system., Generally, they bear similar
functional relationships to each other regardless of size. The body is assumed to have
mass and to be rigid. Between it and the axles are the suspension springs and shock
absorbers. The axles carry the brakes, wheels, steering mechanism, and tires, and
thus have mass. The tires carry the axle over the road surface and transmit road load-
ing forces from the vehicle to the road. These are the elements which must be related
mathematically in order to define the vehicle motions and force variation in the tire
print,

Tires are all quite similar. They sustain a load by virtue of their deflection, Al-
though the vertical deflection of a giventire is a function of inflation pressure, andgener-
ally speaking the contact pressure is not dissimilar from the inflation pressure, the
nominal deflection at rated load and pressure is very nearly 1 in. for all highway vehicle
tires. According to the Tire and Rim Association (22)a 10.00 x 20twelve-ply trucktire is
rated at 4,500 lb. Its vertical spring rate is 4, 500 Ib per in. Although damping is re-
quired in the tread material for satisfactory gripping properties (23), the carcass main-
ly acts as a container for an air spring, with negligible damping. The assumption of
no tire damping has been reached by a number of other investigators (24-30).

The unsprung weight of a vehicle usually includes the wheel brakes, axles, and some
portion of the springs, as well as the tires. With independent suspensions, the picture
changes somewhat due to a reduction in axle weight. References 31through 37 discuss
the variations involved. The typical commercial vehicle which carries 9, 000 ib on the
front axle and 18,000 1b on the rear (or 32,000 1b on the bogie) will undoubtedly have
solid axles for some time to come. The weight of the unsprung masses will vary from
800 to 1,200 1b on the front, with a good percentage being close to 1,000 1b (500 lb per
wheel). The rear axle and associated unsprung parts will weigh about double this, with
a large group showing 2, 000 lb on a single rear axle carrying dual tires (30).

The springs of a vehlcle fall into several categories. Primarily, there are the con-
ventional leaf springs, which are found on most commercial vehicles and many passen-
ger car rear suspensions. Leaf springs can satisfy the three main requirements of the
connection between the axle and vehicle frame; they allow relative motion between the
two members and provide a source for energy storage, they maintain the axle position
both fore and aft and sideways within reasonable limits, and last, but by no means least,
they do both jobs relatively inexpensively. The next class of springs is the single-pur-
pose type, which forms only the resilient member, the axle being constrained to move
in a manner prescribed by various linkages which connect it to the chassis. References
30 and 38 through 45 discuss the details and effects of different designs. Spring rates,
of course, vary with the design. The leaf springs for the commercial truck previously
mentioned will have a rate of about 900 1b per in. on the front axle and 2,000 1b per in.
on the rear. These values are largely dictated by the space available over the axles.
The values chosen reflect a static deflection of 44 in. on the front springs and 3% in.
on the rear under full load conditions. Although overload or helper springs may be em-
ployed, or the shackle tilted to increase the rate as deflection increases, the physical
limitations are such that the design variation of the hypothetical 27,000-1b truck when
fully loaded will not be great.

The remaining factor in a vehicle suspension is the damping in the system. This is
made up of several things. Coulomb friction or static friction comes from parts rubb-
ing together and always opposes motion. It is generally agreed that this type of damping
is not desirable due to its often irrational action as well as the reduction of its effect
near a resonant frequency. Shock absorbers, which provide some form of viscous damp-
ing, are usually applied to the front axle of trucks, and to both axles of passenger cars.
They can be designed for different damping ratios, but about 20 percent critical damping
is very effective and not too rigid. The inter-leaf spring friction has been estimated by
Janeway (30) as a function of spring load and seems to be the same whether the vehicle
is empty or fully loaded.



The characteristics of the different elements discussed were used directly in a
mathematical model in order to predict the system outputs. After a model was chosen,
the parameters were evaluated and the expressions were set into an analog computer,
which solved for the response to different forcing inputs. This is described in the suc-
ceeding sections,

SYSTEM MODEL

Ideally, one can set up the equations of motion for the complete road system, includ-
ing both the vehicle and road elements, specify the system constants, and solve for the
output forces to the road. Practically, this is not now possible, as there remains con-
siderable work to be done toward understanding and mathematically defining the action
and restraints imposed by the different portions of the road in whatever manner it may
have been constructed. However, a good background of information is available on the
vehicle sub-system; its equations of motion may be evaluated. Others have handled this
problem with a different degree of completeness and complexity and have achieved a re-
markable degree of correlation between theory and test. References 24, 26 through
29, and 46 through 54 are a few of the reports on this type of work. The ‘current analysis
has been aimed at simulating a vehicle in a sufficiently realistic manner that external
conditions may be related to it, and its application to any given road profile will reliably
illustrate the forces occurring in the tire contact print. The forces which the vehicle
applies to the road surface may thus be determined for a given road profile. As pre-
viously mentioned, the static profile very nearly represents that which the vehicle ex-
periences. The output forces which result from the application of the static road profile
to the model may then be used with the road sub-system representation, when it is avail-
able, to determine the effect of dynamic road loading on the road itself.

Choice of a Model

There are a large variety of vehicles currently using the highways. Although certain
roads may have only a marginal life expectancy under passenger car traffic, the major-
ity of highways were planned to carry both commerical vehicles and passenger cars.
This means that a fair life span is anticipated under present-day commercial loads, but
probably very long life would be obtained under just the lighter automobile loadings.
Granted that in a fatigue life problem, a very large number of small-magnitude inputs
will have an appreciable effect, the relative dynamic stress or deflection caused by a
1,000-1b loaded tire of an automobile is several times less than that of a pair of dual
truck tires carrying 9,000 lIb. Thus, any dynamic magnifying factors would have to be
several times as great on the smaller vehicle to approach the same road stress. This
is very improbable, because in many ways they are very similar vehicles, one a smaller
version of the other. Consequently, it seems reasonable to assume one vehicle as the
model; other vehicles may be represented by changes in the vehicle parameters; and
the results may be interpreted in the light of these variations. In the present work, a
heavy truck was chosen as the model. It also has the advantages of large load variations
being available in both the real and simulated case.

The data included in the WASHO Road Test Report (2) indicate that the loading due to
an 18, 000-1b single axle is equivalent deflection-wise to that of a 32, 000-1b tandem on
flexible pavements. This is further attested by the multiple regression analysis (55).
The conditions under both types of axles on a concrete road have been investigated after
the method of Westergaard (9) utilizing Mohr's circle (56) for computing the combined
stresses (67). Although the effect of the additional axle is to produce a greater total
deflection as a result of the greater total load on the slab, the stress seems to be crit-
ical under the 18,000-1b single axle. The results of these investigations led to the choice
of a single 18, 000-1b rear axle for the model to be simulated. The front axle was chosen
to have the same tire loads on the same 10.00 x 20 size tires. This determined the
27, 000-1b gross vehicle weight.

It was decided to use conventional leaf springs on both the front and rear of the vehi-
cle, because they predominate in units of this size. Initially, shock absorbers were
considered only on the front axle, as this is also common usage, but subsequently vis-
cous dampers were also applied to the rear suspension to illustrate their effect.
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Interpretation of Results

The road sub-system must endure repetitive loading of many different magnitudes.
Although the actual traffic distribution for any given road is peculiar to itself, and the
changing times and conditions will alter it from year to year on a given highway, a load-
ing or traffic count may be obtained at any given time. An average of these traffic counts
for a series of highways in the same class may be obtained to compute a typical road
loading. This is about the only approach available for an estimate of the operating load
under which a pavement must survive unless actual A.D.T. (Average Daily Traffic)
figures are available., The problem is somewhat simplified through the use of Miner's
cumulative damage criterion (57) and a fatigue curve for the road material. According
to Miner, the number of cycles or load applications at a given stress level represents a
portion or fraction of the life of the material. This same portion or fraction is obtained
at different stress levels if the number of cycles applied is in the same proportion to the
total number of cycles to cause rupture of the material at this stress level. The fatigue
curve of the material defines the number of cycles to cause rupture at any given stress
level.

As noted by Fabian (67), the stresses under various wheel loads may be calculated.
From these stresses and a fatigue curve of the pavement material, the number of cycles
to cause failure may be computed for each wheel load. By applymg Miner's cumulative
damage criterion with the number of cycles to rupture, an equivalent number of 9, 000-
1b static wheel loads may be determined. A typical traffic volume and wheel load dis-
tribution indicated that the total A.D.T. loading due to all vehicles was equivalent to 518
wheel loads of 9,000 lb being run down the road, roughly two-thirds the number of com-
mercial vehicles in the analysis.

This example has not been worked out with the detail used by Moore (21) or others,
but it does illustrate the point that a traffic loading or distribution may be interpreted in
the light of an equivalent loading of a given model. Of course, many simplifying assump-
tions were made here, such as assuming dynamic similarity of all vehicles, but the methoc
is at least valid as a first approximation and enables a much broader application of the
results of one model. The key to the evaluation is the fatigue curve, which will have to
be substantiated over a broader range for general application of this method. It does
show that with similar vehicles application of 100 9,000-1b wheel loads (on duals) is
roughly equivalent to 20 loads of 11,000 lb, five of 13,000 lb, or slightly more than one
of 15,000 1b.

An analog computer was used to solve the equations of motion representing a math-
ematical model of the response of the vehicle to road inputs. The analog computer solu-
tions are the vertical road forces that the vehicle suspension system transmits in re-
sponse to a given road profile and speed, and are expressed as a ratio of the peak to the
static load. They provide a more realistic estimate of the forces actually being imposed
on the road surface through the tire print, if the profile is realistic. With vertical road
load force as an input, a better understanding of the resultant stresses and strains in
the road structure may be gained. It must be remembered, however, that the dynamic
force variations will be accompanied by similar changes in print area. The larger load
is applied at approximately the same contact pressure over a larger area of road, due
to increased ground contact area with larger vertical tire forces. Therefore, the stress
computations used with the various road loads to indicate the seriousness or degree of
damage must take this into account. The stresses indicated by Westergaard's method,
as used in this work, are computed for one tire print area. An increase in load does not
increase the stress proportionally unless the area over which the load acts remains con-
stant. If contact area is roughly proportional to load, the data developed by Westergaard
(9, Table 3) can be used to indicate the effect of load rat1o on stress ratio. Suffice it to
say that a load ratio of 4:1 will increase the bending stress under the tire on a given con-
crete road by about 3:1.

Model Development

For reasons of simplicity, the model has been designed to indicate only the vertical
forces on the road surface. It did not seem advisable in this preliminary analysis to
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try to account for the horizontal stresses due to acceleration, braking, cornering, or
due to the mechanical design of the linkages which make up the suspension. They, like
the thermal stresses in the pavement, are additive to those resulting from the vertical
loads.

The problem is further simplified by the admission of only pitch and bounce degrees
of freedom at steady-state speeds. Turning, rolling, and lateral translation are omit-
ted. This seems a reasonable assumption, as it represents a majority of highway travel
straight down a relatively flat road at constant speed. The excitation of the road profile
merely causes vertical motion of the axles and consequently pitch and bounce of the ve-
hicle.

The physical model chosen is a truck on 10.00 x 20 tires, singles front, duals rear.
Because the vehicle is symmetrical about the vertical longitudinal plane, and because
only motions in this plane are considered, only one-half of the vehicle need be used in
the model. The front spring rate is 900 1b per in.; rear, 2,000 lb per in. The front
unsprung weight (Y4 axle, one brake, wheel, tire, and spring) is 500 lb; the rear, 1,000
lb. The front sprung load is 4,000 1b and the rear 8,000, placing the center of gravity
96 in. aft of the front axle on this 144-in. wheel base rig. This vehicle is very similar
to the CBE truck used as an example in Janeway's Truck Ride Analysis (30), from which
some of the dynamic constants have been taken directly. A tire spring rate of 4, 500 lb
per in. per tire was assumed. Interleaf static or Coulomb friction is taken as 300 ib
on the front axle, 400 lb on the rear, and viscous damping of approximately 20 percent
critical was added as a shock absorber between the front axle and chassis frame. No
shocks were used on the rear at first.

The geometry of the road is shown in an exaggerated view in Figure 2. The road pro-
file is assumed to change elevation sinusoidally with distance along the road. Figure 3
shows a schematic diagram of the physical system from which the equations and the sub-
sequent analog computer set-up were derived. The vertical displacement of the tire
contact print as it follows the road profile §(t) is taken as a function of time such that
the rear tire print experiences the same displacement at the time t + T, where T is the
time required for the bump to traverse the wheel base at speed u. Thus, at the instant
the front tire is at the displacement §(t) the rear tire is traveling over the bump the
front axle hit T seconds earlier, or §(t-7). The analysis yields six equations with six
unknowns, which can be solved simultaneously on an analog computer to determine the
vertical forces in the tire prints, Ff and F which are the result of the displacement
of those prints by the road profile.

During the program, it was determined that two variations of the basic model should
also be investigated. These are the unloaded vehicle weighing 8,400 1b and the fully
loaded vehicle with shock absorbers contributing viscous damping to the rear suspension
as well as the front.

The values of the various assumed truck parameters are given in Table 1. It is inter-
esting to note that the bounce and pitch natural frequencies of the unloaded truck are in
the range of human body resonance. This could be very uncomfortable, if not deleter-
ious.

Road Inputs to the Vehicle

The actual vehicle traveling over the highway is subjected to many different types of
bumps. The axle deflection magnitude depends on the amplitude of road roughness ele-
ments, the road wavelength, the suspension properties, and the forward speed of the
axle. Without shocks, axle motion is a forced vibration with a highly peaked resonance,
and there is enough random variation in surface profiles to offer excitation of approxi-
mately wheel hop natural frequency for almost any forward speed. A harmonic analysis
of six road profiles recorded by Housel and Stokstad (61) was performed in an effort to
locate any significant similarities or predominant wavelength contents. The effort prov-
ed futile, but it was observed that sections of the profiles could be closely approximated
by simple wave functions of a sinusoidal, triangular, or square character for limited
distances.
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These sumple wave forms were used as inputs to the computer, representing road
profiles, and the frequency responses of the road forcesto these three wave shapes were
compared. There seemed tobe little difference inthe character of the results. There was
a large magnification of the static load near the wheel hop frequency which attenuated sym-
metrically on either side., Thisledtothe conclusionthatthe input wave form is notas im-
portant as frequency.

The harmonic analysis of road profiles had indicated that many different wavelengths
are present with no definite pattern or content. The model response showed that the
dynamic road load fluctuated at the wheel hop frequency relatively independent of input wave
form. Consequently it was decided that the model response to simple sine waves was
almost as meaningful and realistic as its response to most other inputs.

— ;
\

i .
L7 i

-

Figure 2, Sinusoidal road input.
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Figure 3. Mechanical analog of a truck.

It can be shown that the frequency response of a model which has a wheelbase equal
to any fraction of a road wavelength is identical to that of the model having this same
fraction of a wavelength plus any whole number of additional wavelengths contained be-
tween front and rear wheels. This is because the model senses only vertical displace-
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TABLE 1 ment, which is a function of the distance
along the wave. The same road input
ASSUMED MODEL TRUCK PARAMETERS forcing frequency can be obtained for any
wavelength by simply adjusting forward
velocity. Consequently, the frequency
response curves of Figures 5 through 10

Truck Truck
Parameter Loaded Unloaded Units

2. apply to a large number of different wave-
Me 3;' ;0 Z go ig seczﬁn. lengths, and a complete picture may be
m; 2' 59 2' 59 Ib secz /?“' gained from a relatively few frequency
kma 900 900 b /Sire:c . response curves.
¢, * The vertical amplitudes chosen were
kc2 2, 000 2, 000 1b/in. established to result in realistic road
. roughness. Waves of these magnitudes
kl 4, 500 4, 500 Ib/in. are not unusual, The total vertical ampli-
k2 9, 000 9, 000 1b/in. tudli pell‘/mile r;e/sulting from sine waves
. of '/a-, '/a- and /4~ in, peak-to-peak ampli-
Ce, 100 100 Ib sec/in.  y,4e is at least representative according
Ce 03110 0 lb sec/in, to the road roughness figures of Moyer
2 200 et al. (62, 63), Taylor (64), or the profiles
bcl 300 300 b which were harmonically analyzed (61).
bcz 400 400 Ib Force Outputs to the Road
I 817, 000 28, 700 in, 1b sec? Figure 4 shows the form of the analog
a 96.0 53.3 in. computer solutions obtained for steady-
b 48 90,7 in. state response of the dynamic vertical
road loading force to sinusoidal road dis-
gWithout rear shock absorbers. placement inputs. Although Figure 4 rep-
With rear shock absorbers. resents just one road displacement input
amplitude at one value of frequency, sev-
eral interesting conclusions can be deduc-
ed from it. The effect of rear shock ab-
FRONT WHEELS sorbers in decreasing the peak dynamic
8,000#
4.500#
2,200 #
0 4
- -1- 30,000 #

REAR WHEELS
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Figure 4. Truck time response to & sinusoldal road input; frequency 10 cps, emplitude
3/4 in. peak to peak.
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road load forces is unmistakable in the left and center plots of Figure 4. With shock
absorbers on all axles, the peak dynamic road load force under the rear tires is only

50 percent larger than the 9,000-1b static axle load. Without shock absorbers (all other
things being equal) on the rear axle, the peak rear tire dynamic road load is more than
300 percent greater than the static axle load. It should be noted also that the tires act-
ually leave the road every time the axle bounces. This condition is especially pro-
nounced in the response of the unloaded truck to the same road displacement inputs,

In this case, the peak-to-static rear axle road load force ratio is about 7.5 to 1 at wheel
hop resonance (as shown in the right hand plot of Figure 4). The unloaded vehicle with-
out shock absorbers exerts larger peak road loads under the rear tires than does the
loaded vehicle with shock absorbers on all four wheels. Because road damage increases
with some higher power of the stress amplitude (or road load force), the value of proper
shock absorbers on all axles of even the largest vehicles in reducing cumulative road
damage would seem apparent.

The ratio of the steady-state dynamic road load to the static load is plotted as a func-
tion of frequency (the ratio of road speed to road wavelength) in Figures 5 through 10,
These plots represent both front and rear wheels for the loaded vehicle and road ampli-
tudes of' 74, Y2, and ¥4 in. The use of the frequency parameter u/\ (speed/road wave-
length) considerably extends the usefulness of the plots, since they can be applied to a
multitude of speed and wavelength combinations, and it facilitates interpretation of the
results. Plots for the unloaded vehicle (wheelbase of 12 ft) at a fundamental road wave-
length of 24 ft are shown in Figures 9 and 10. The response of the fully loaded model
with shock absorbers on both front and rear axles is shown in Figures 7 and 8. These
plots all represent the dynamic loads which the vehicle imposes on the road.

The character of the standard loaded vehicle curves is not altered greatly by changes
in wheelbase-to-wavelength ratio. Without rear axle shock absorbers, dynamic magnifi-
cation factors of 2.9 or greater occur at the rear wheels at wheel hop natural frequency
for a disturbance amplitude of % in. peak-to-peak. The peak amplitude ratio at wheel
hop resonance is around 4 to 5 for a %-in. peak-to-peak input excursion and around
2% to 3 for a Y4-in. peak-to-peak input amplitude. The significant factor is that at
least twice the static load can readily be obtained over a fairly broad frequency range
with moderate amplitude inputs., Most road profiles will excite the wheel hop mode to
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some degree at almost any forward speed. The front axle dynamic loads, on the other
hand, are down considerably at wheel hop resonance, and the magnification factor at
very low and very high frequencies is the same. The effect of the shock absorbers in
reducing the peak loads is evident, and it is felt that the higher values that do occur at
the front axle natural frequency are in part due to pitching of the body excited by the
rear axle motion. Conversely, the rear axle force amplitude ratios would be even high-
er without front shock absorbers.

The dynamic multiplier of the empty vehicle axle loads (Figures 9 and 10) is even
greater than for the loaded vehicle. Fortunately for the road, the static load has been
reduced sufficiently so that the actual load is considerably less than under the loaded
truck. This is an example of what a poor suspension can do. The rear axle exhibits
several extra peaks in its response which are the result of beating between the different
natural frequencies within the system. The beating is excited by the non-linearities of
the system.

The loaded vehicle with shock absorbers front and rear shows a considerably gentler
response to road inputs. On the '2-in. amplitude road wave, the maximum dynamic load
is 1. 35 times the static value, only very slightly above the high frequency response on
both the front and rear axles. The maximum value of 1.5 on the %:-in. road wave is
down to almost one-third the value of the truck without shock absorbers, The absence
of any pronounced amplitude ratio peaking for either front or rear wheel road loads sub-
stantiates the opinion that the peak on the other configuration was due to the action of
the rear axle, not the front. This example makes a good case for installing shock ab-
sorbers on the heavily loaded axles of commercial vehicles, as they can reduce road
loading by a large factor,.

CONCLUSIONS

The road loading system has been defined and resolved into two mathematically inde-
pendent sub-systems, which are the road and the vehicle. By utilizing an approach
common to the analysis of many dynamic systems, broad fundamental understanding of
the interaction of the many road and vehicle elements may be obtained. If carried far
enough, a mathematical representation relating all the elements of the road loading
system may be developed.
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A preliminary analysis has been performed on the vehicle sub-system. Basic equa-
tions of the mathematical model have been developed and the ranges of the parameters
involved have been established. The dynamic road load may be significantly greater
than the static road load. The dynamic road load magnitude is a function of vehicle
dynamic properties and apparent road profile. Of particular significance is the effect
of shock absorbers in reducing the peak road loading force.

The unloaded vehicle pitch and bounce natural frequencies are in the range of human
body resonance, indicating an uncomfortable ride for the occupants.

RECOMMENDATIONS

It is recommended that development of analytical models of highway vehicles be con-
tinued and that a program of experimental verification of these models be initiated. The
models developed in the present paper are adequate for preliminary studies, but con-
siderable refinement and broadening of scope is necessary to accommodate the current
operational vehicle types.

The major elements of suspension systems are capable of analysis. However, the
detailed contribution of tires to the total loading mechanism is not well understood.
Truck tires, in particular, have not been subjected to critical analytical or experimental
investigation of the scope required here.

It is recommended that a program to set the highway in a dynamic system framework
be carried out to provide analytical models commensurate with the vehicle models, It
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is now clear that highway life must be considered in dynamic terms. Both the static
axle loads and the dynamic variations must be considered, inasmuch as the road itself
is a dynamic system that is sensitive to the frequency of the dynamic component of load.

The required program must define the highway elements that determine dynamic
performance. It should be directed toward a comprehensive theory that will include
static analysis techniques as special cases.

It is recommended that the interest and cooperation of the many groups and organiza-
tions concerned with efficient highway transportation be energetically enlisted for the
support of the two broad programs outlined. It is necessary that all viewpoints be con-
sidered, and it is also necessary that all groups become aware of the objectives of this
type of research and of the beneficial results that can accrue.
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Highway Characteristics as
Related to Vehicle Performance

BAYARD E. QUINN and THOMAS W. DE VRIES,
Mechanical Engineering School,
Purdue University, Lafayette, Ind.

The performance of a vehicle on a highway depends on the charac-
teristics of both the highway and the vehicle. In this paper the term
"performance’ pertains to the vertical dynamic force that the wheels
of a moving vehicle exert on the highway as a result of variations
in the pavement profile.

A fundamental problem considered in this investigation is that
of selecting highway and vehicle characteristics that will enable
a prediction of the dynamic force to be made. The power spectrum
of the highway elevations is found to be useful for this purpose,
and an experimental procedure is described for obtaining this
information.

The vehicle characteristic of greatest usefulness is the steady-
state sinusoidal relationship between the vertical displacement,

X, of the bottom of the tire and the vertical force, F, that the

tire exerts on the supporting surface. This F/X relationship is
determined experimentally for three different vehicles and is found
to be non-linear inasmuch as it varies with the amplitude of the
displacement, X, Other vehicle characteristics involving F are
also presented.

The effect of vehicle speed is seen to be significant in the spe-
cial situation in which a section of highway considered ''smooth"
produces a higher mean squared force than a section considered
"rough."

@ THE SMOOTHNESS of a highway profile is usually judged by the behavior of a car or
truck as it passes over the highway, even though the suspension characteristics of the
vehicle have considerable influence upon this behavior. It is therefore necessary to
consider both the highway profile characteristics and the vehicle characteristics when
the condition of a highway is to be investigated. A fundamental problem thus encoun-
tered isthat of defining the significant characteristics of both highway and vehicle, and
of obtaining useful relationships in order to predict vehicle performance.

DETERMINATION OF SIGNIFICANT HIGHWAY CHARACTERISTICS

The problem of determining significant highway profile characteristics is greatly
aided by the fact that a large number of highway elevation profiles have been accurately
measured. Visual examination of these profiles will usually reveal whether or not the
highway profile is periodic. For highway profiles exhibiting well-defined periodicity a
Fourier series analysis can be made. Such an analysis describes the highway profile
in terms of a fundamental wave length (or period) and integer multiples thereof. Wave
lengths existing in the highway that are not integer multiples of the fundamental can not
be identified. The selection of the fundamental wave length is thus important in the
Fourier series analysis, as this determines the wave lengths that will be used to de-
scribe the profile.

Other highway profiles, however, do not display a well-defined period and there-
fore do not lend themselves to this type of analysis. In these cases it is convenient to
assume that the highway elevations are random and to apply a statistical analysis com-
monly used in dealing with random phenomena. One of the first steps in such an anal-
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ysis is to compute the autocovariance function given by
T

/.
C(7) = lim ,—i,_f 2 X(t) X(t+7)at (1)
7

T_> (<]

in which

X(t) = highway elevation measurement (from the mean) at station t;
X(t + T) = highway elevation measurement (from the mean) at distance Tfrom
station t;
T = total length of highway profile being analyzed;
C(7) = autocovariance function (different for each value of T); and
T = lag value.

This quantity is extremely useful because it indicates whether or not the highway pro-
file can be considered a random function. The well-behaved autocovariance function
will approach zero as the lag values are increased.

One method of characterizing a random function is by use of the power spectrum.
Inasmuch as the power spectrum is the Fourier transform of the autocovariance func-
tion, it is thus possible to obtain a power spectrum of the highway elevation measure-
ments if the autocovariance function is well-behaved. In this paper only those highway
profiles that are random are considered, and the power spectrum of the highway ele-
vations is used to characterize the highway profile.

The relationship for the power spectrum is given by

P (w)=11—rf _: cir) e W4 (2)

in which

P (u)) power spectrum of the highway elevations;
= 2m/\, in radians per ft; and
k wave length, in ft ~

The power spectrum describes the highway profile in terms of virtually all wave
lengths. It can be used to obtain the mean squared value of the profile, and it shows
the contribution to this value that various ranges of wave lengths make. The nature
of the autocovariance function, needed to obtain the power spectrum, indicates whether
or not a power spectrum description of the highway is valid. The actual calculations
of power spectra require the use of additional relationships that are not included in
this paper.

Although the power spectrum can be computed from rod and level measurements, a
quicker and less expensive method for obtaining profile data is desirable. To obtain
this information more conveniently a simple trailer (Fig. 1) wasdesigned. Thistrailer is
towed behind a passenger vehicle and the vertical accelerations of the trailer are meas-
ured by an accelerometer (Fig. 2). Although this trailer exerts little force upon the
highway it would be possible in this fashion to simulate any magnitude of wheel loading
and to obtain a measurement of the dynamic profile of the highway if necessary.

The vertical acceleration measurements obtained from the trailer are used to com-
pute the power spectrum of the acceleration shown by the dotted curve of Figure 3.

This measurement includes not only the highway profile characteristics but also the
trailer characteristics. It is possible, however, to remove the trailer characteristics
and the effect of trailer velocity and thus obtain a power spectrum of the highway. The
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solid curve in Figure 3 indicates the steady-state sinusoidal trailer characteristics
that were determined in the laboratory. Removal of these from the power spectrum

of the acceleration, gives the dash-dot curve in Figure 3, representing the power spec-
trum of the highway elevations. This dash-dot curve could also be obtained by meas-
uring the highway elevations with a rod and level and by making the proper mathemat-
ical calculations on these data as previously indicated.

¥ e TAEL Y e

Figure 1. Trailer for making highway profile measurements.

Figure 2. Accelerameter mounted on trailer.

DETERMINATION OF SIGNIFICANT VEHICLE CHARACTERISTICS

The steady-state sinusoidal frequency response characteristics of a system have
been found to be very useful in predicting the response of the system to various inputs.
In this case, it is therefore interesting to consider the frequency response character-
istics of a vehicle. In defining the frequency response it is necessary to specify the
input and the output of the system involved. For a vehicle it is logical to consider that
the vertical displacement of the wheels constitutes the input from the highway. The
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output of the vehicle can be defined in various ways, depending on the area of interest.
In this case the output is considered to be the force which the wheel of the vehicle ex-
erts upon the highway. Some work has been done, however, in which the output has
been considered to be the vertical acceleration experienced on the seat of the vehicle.
Figure 4 shows the front wheel of a passenger car mounted on a vebrating platform,
with the input to the vehicle defined by the vertical displacement X. Imparting a sin-
usoidal displacement to the wheel produces other sinusoidal displacements in the vehi-
cle. Thus, the displacement of the center of the wheel is indicated by W, the displace-
ment of the sprung mass of the vehicle is indicated by Y, and the relative displacement
between the wheel and the sprung mass is indicated by Z. Mounted on the vehicle vi-

Figure 4. Front wheel of vehicle mounted on vibrator.

brator is a special platform which measures the force between the wheel and the vibra-
tor. The platform can thus move vertically with simple harmonic motion at any select-
ed frequency and amplitude. In all cases the displacement X is considered as input,
with various other quantities being considered as output, depending on the characteris-
tics to be investigated.

Of immediate interest is the relationship between the force F which the vehicle ex-
erts upon the platform and the displacement X of the platform. This relationship is
shown in Figure 5. It is of interest to note that this characteristic depends on the am-
plitude of X. Three values of peak-to-peak input displacement are shown. Also of in-
terest is the fact that at lower frequencies higher ratios of F/X are encountered at
small input displacements than are encountered at large input displacements. A very
large F/X ratio is produced at a frequency of 16 cycles per second (cps). This ratio
decreases, however, as the frequency is further increased.

It is interesting to consider the F/X characteristic for other vehicles. Figure 6
shows this relationship for a 1955 8-cylinder Chevrolet, a 1955 6-cylinder Chevrolet,
and a 1959 Rambler. The curves in Figure 6 were taken at a constant input of 0. 10 in.
peak-to-peak. It is evident from Figures 5 and 6 that the vehicle suspension system
is non-linear.
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Another characteristic of interest is that of force vs vertical acceleration (F/if).
This characteristic is shown in Figure 7 for two different input displacements and also
reveals a non-linear behavior.

Although it is possible to use the highway power spectrum and the F/X relationship
to determine the force that the vehicle exerts on the highway, it is also desirable to
obtain an independent check on the values thus obtained. For this purpose additional
vehicle response characteristics are considered.

One such characteristic is shown in Figure 8, in which the relationship between
force and wheel acceleration W is given. The value of W can be measured when the
vehicle is in motion by placing an accelerometer on the A-frame that supports the
front wheel. Insufficient information is available at present to evaluate the usefulness
of this characteristic.

It was hoped that the Z displacement could also be used to check the predicted force.
A special transducer built to measure this quantity is shown mounted on the vehicle in
Figure 9. The transducer itself (Fig. 10) consists of a displacement-sensitive potenti-
meter connected in a bridge circuit.
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Accurate highway tests of this transducer yielded excellent records, but unfortunate-
ly the laboratory response characteristics (Fig. 11) leave much to be desired. They
are not only very sensitive to input amplitude but also appear to have extremely large
values in both the low-frequency and high-frequency regions, characteristics which
seriously limit the usefulness of the Z displacement measurements.

These characteristics clearly indicate that a vehicle is not a linear system. This
is unfortunate, because the task of predicting the response of a non-linear system to
a random input is formidable.

Fortunately, the greatest amount of non-linearity in the F/X characteristics occurs
in a region where the amplitudes are small.

This indicates that an approximate characteristic may be used without introducing
an unreasonable amount of error,
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PREDICTING VEHICLE REACTION

Techniques have been developed for predicting the response of a linear system to a
random input. By making certain assumptions it is possible to use these techniques
to obtain an estimate of vehicle response when traveling over a given highway.

As previously mentioned, it is possible to characterize certain highways by use of
the power spectrum analysis. Figure 12 shows the power spectrum of two sections of
a highway that exhibited interesting characteristics. The section indicated as "'smooth™
produced no unusual disturbances in the vehicle. The section indicated as '"rough"
produced a very undesirable vibration in a new Buick Roadmaster when traveling at
60 mph. Inasmuch as the mean squared value of the "roughness" is approximately the
same for both sections, the question can be raised as to whether or not the F/X rela-
tionship can be used to explain this difference in vehicle performance.

At the bottom of Figure 12 are two frequency scales, one for a speed of 30 mph the
other for a speed of 60 mph. It is evident that a highway profile is a geometrical quan-
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tity and does not involve any concept of time. Thus, a disturbance of a given wave
length in the highway can correspond to any frequency, depending on the velocity of the
vehicle, It is therefore necessary to indicate the frequency scale on Figure 12 that is
associated with the vehicle velocity that is of interest.

If the vehicle response characteristics shown in Figure 5 are to be used to predict
the force that will be exerted on the highway, a problem is immediately encountered.
This is due to the fact that the vehicle characteristics depend on the amplitude of the
input disturbance, and are therefore non-linear. It is thus necessary to approximate
these characteristics in some convenient manner. If the envelopes of the maximum
and minimum values in Figure 5 are used, force power spectra of the type shown by
the dotted line and the solid line, respectively (Fig. 13), are obtained. It should be
noted that the areas under the curves in Figure 13 represent the mean squared values
of the force that the vehicle exerts on the highway.

Using the maximum vehicle response characteristics shown in Figure 5, the force
of this vehicle on the two sections of highway shown in Figure 12 can be predicted. This
is done for two different vehicle speeds.



29

Figure 9. Transducer mounted on vehicle.

The results of these four conditions are shown in Figure 14. Traveling at a speed
of 60 mph, a much larger mean squared force is experienced on the rough than on the
smooth highway. This is as would be expected.

At a speed of 30 mph, however, a smaller mean squared force is encountered on
the rough than on the smooth highway.

This isthe opposite of what would be ex-
pected.

This situation can be explained by consid-
ering the characteristic of the highway pro-
file and the vehicle.

The relationship between the force power
spectrum and the highway power spectrum
is given by

2
in which

P F (f) = force power spectrum as a
function of frequency;

P, (f) = power spectrum of highway

X : :
elevations as a function of
frequency (and not w as pre-
viously shown); and
T F/X (f) = steady-state sinusoidal rela-

tionship between F/X and
frequency (vehicle character-
istics).

Figure 10. Transducer for measuring rela
tive displacement between wheel and vehi-
cle body.
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Figure 15 shows the relationship between the vehicle characteristics and the high-
way power spectrum at 60 mph. It should be noted that the circle indicating the inter-
section of the smooth and rough highway power spectra is to the right of the maximum
value of the vehicle characteristic. Because the force power spectrum is the product
of the vehicle characteristic and the highway power spectrum, it is evident that below
10 cycles per second this product will be zero. Inasmuch as the rough highway power
spectrum is larger than the smooth highway power spectrum over that range of fre-
quencies where the vehicle characteristics have significant values, it can be seen that
larger values of this product will be obtained for the rough highway section than for the
smooth section. This is as would be expected.

If, on the other hand, a speed of 30 mph is considered, the necessary relationships
are shown in Figure 16. Here the circle lies to the left of the maximum value of the
vehicle characteristic and the ordinates of the smooth highway power spectrum are
much larger than the ordinates of the rough highway power spectrum. Thus, the pro-
duct of the vehicle characteristic and the smooth highway power spectrum is much
larger than the product of the vehicle characteristic and the rough highway power spec-
trum.

It is therefore evident that the reaction of a vehicle on a highway can be predicted
if the highway characteristics and the vehicle characteristics are known. From the
preceding example it appears as if vehicle reaction on the highway is also related to
vehicle riding qualities.

CONCLUSION

Under certain conditions a highway may be described by power spectrum analysis.
The data for such an analysis can be obtained in several different ways. The steady-
state sinusoidal vehicle response characteristics are non-linear, but have been approx-
imated for the purpose of estimating the force that the vehicle will exert upon a given
highway.

With this information it is possible to compute a force power spectrum. This char-
acteristic indicates not only the mean squared force exerted on the highway but also
the extent to which various frequency ranges contribute to this force. The results of
this investigation so far indicate that this type of analysis could be applied to many
different vehicles to determine the dynamic force that they exert upon the highway.
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Discussion

CARL F. KOSSACK, IBM Research. — This paper's significance stems from the fact
that it presents a technique for bringing together vehicle performance characteristics
and highway characteristics in a way that yields positive results. The method suffers
from the fact that it involves an almost purely empirical approach, but has the virtue
that the required data can be readily obtained and the analysis evolved without undue
complication and expense.

It should be noted that one must recognize the dilemma that exists in making the
basic assumption regarding the distribution of the highway profile. It appears that at
present one is faced with the decision as to whether to assume periodicity or random-
ness. Under a periodic assumption the usual Fourier analysis is available although,
as mentioned in the paper, the fundamental wave length requirement introduces some
awkwardness. In the random assumption the applicability of power spectrum analysis
has been shown in this paper. One cannot help but raise the question as to how one
might combine these two opposing approaches. Surely a highway is neither purely
periodic nor completely random as far as its profile is concerned. One working under
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the periodic assumption wonders how to handle large shocks; in case of the random
assumption the question of the length of pavement to use for each power spectrum anal-
ysis needs to be resolved. It would be worthwhile to assume the possibility of combin-
ing these two approaches so as to have an analysis that is more sensitive to actual con-
ditions, For example, could one not run a Fourier analysis on the original profile data
taking out the two or three major frequencies and then treat the residuals as being ran-
domly distributed and thus amenable to a power spectrum analysis? The existence of
two different forms in the analysis may complicate the transfer function problem, but
with some attention this problem would be resolved.

A second remark also seems in order. The attraction of the present paper lies in
its proposal of a fairly straightforward method of obtaining the necessary data and in
making the required analysis.

The weakness in the paper is the lack of any theoretical structure to the procedure.
Although one can make the indicated analysis for any given vehicle and any given section
of highway, the basic parameters of both the vehicle and the highway enter implicitly
in the analysis and thus make generalizations and predictions difficult. On the other
hand, there are approaches to this problem in which a deterministic method of analysis
is attempted and one soon recognizes that the large number of variables involved and
the complexity of the several systems forces so many simplifying assumptions in order
to mathematically set up the required equations, that serious doubts exist as to the true
worth of the theoretical solution. Can one here again combine the stochastic empirical
approach of the present paper with certain aspects of the theoretical, thus yielding a
useful method? As a first suggestion, can one introduce some general functional form
to represent the power spectrum of a highway and then correlate the parameters of the
function form with highway variables? Similarly can the vehicle performance character-
istics be correlated with structural characteristics of the vehicle? Such a "statistical”
approach is felt to be the only feasible approach to this type of problem.

One cannot help but notice how sensitive the response of the vehicle is to the speed
of travel of the vehicle. This brings into sharp focus the true system nature of the
transportation problem. In fact, there are at least three primary systems involved:
the structural system of the road, the vehicle characteristics, and finally the packaging
system of the load being transported by the vehicle. Highways must be multi-purpose
in their use pattern; thus, generally, one cannot design the highway for a single type of
traffic. The types of vehicles, the loads being carried, and the speeds traveled differ.
What is needed is some worth function to enable design decisions to be made scientif-
ically. In such a consideration all the usual problems of decision-making are encount-
ered, thus attention must be given as to what criteria are to be used.

In making system studies of this type, difficulty is usually always encountered when
an attempt is made to obtain data to be used in the evaluations. Data that are available
are often not only spotty in their time coverage, but also relate to an inappropriate set
of variables.

It appears that this same difficulty is likely to be present in the transportation prob-
lem. Highway design engineers have developed or are developing a set of criteria re-
lating to the performance characteristics of a highway which through studies such as
the AASHO Road Test are being correlated with the several design factors involved in
highway construction. Highway maintenance engineers are at the same time accumu-
lating measures of the status of sections of highway under their jurisdiction, along with
measures of the traffic characteristics to which each section is subject. Automotive
design engineers are modifying the design characteristics of motor vehicles as measur-
ed by simulated inputs or road test performance experience. Finally, packaging engi-
neers are advancing the science of design of packaging and actually recommending pack-
age design on the basis of expected shock and vibration environment for the package.

It seems quite apparent that all of these activities are imbedded in a general highway
transportation model and as such are closely interrelated. The traffic patterns assum-
ed by the highway design engineer should tie in with those measured by the highway
maintenance engineer; the automotive design engineer should use highway profile as-
sumptions compatible with present-day conditions, The packaging design should reflect
the environment that is actually encountered. There is, however, evidence that there
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is at present no general understanding on measurement methods to be used in these
overlapping areas. That this is the situation surely follows from the existence of the
periodic and the random models for highway profile analysis.

It is beyond the scope of this discussion to develop a suggested method of interre-
lating the activities encountered in this general area. It is desired, however, to stress
the need for careful work to be done in evolving some generally accepted method of
measuring the various phenomena encountered in the field, because until this is done
one cannot expect that so-called improvements in designs in any one area will truly be
an improvement in the general system.

BAYARD E. QUINN and THOMAS W. DE VRIES, Closure—It is recognized that varia-
tions in the surface of a highway will cause a vehicle moving over it to exert forces on
the highway in addition to the static weight of the vehicle. Predicting the magnitude of
these forces is desirable for many reasons but is unfortunately a formidable task be-
cause it requires a characterization of a highway that can be used with a characteriza-
tion of a vehicle suspension system to yield these forces. The fundamental question
is, therefore, that of determining appropriate characterizations for both highway and
vehicle.

The possible use of a power spectral density function for characterizing a highway
is attractive for many reasons. The calculation of the autocovariance function (needed
to compute the power spectrum) provides a criterion as to whether or not the highway
under consideration can be characterized by this method. Highways not suited for this
type of analysis can thus be identified.

The existence of a periodic component in a highway does not necessarily exclude the
use of a power spectrum analysis, however. Filtering techniques are available for re-
moving periodic components, and in some cases the frequency and amplitude of the
periodic component can be estimated if it is not already known. If frequency and am-
plitude are known the filtering procedure is relatively simple. The proper length of
pavement to use for a power spectrum can be determined by selecting confidence limits
for the ordinates of the resulting power spectrum analysis.

Theoretically there are large differences between a highway characterization obtain-
ed by making a power spectrum analysis as compared to that obtained by making a
Fourier series analysis. The big question, however, is to what extent these differences
are significant when characterizing actual highway profiles. It is the opinion of the
authors that this question can best be answered by applying these methods to actual
highway profile data and by comparing the resulting analyses. Information concerning
orders of magnitude is necessary in order to resolve the question as to which type of
analysis is practical.

Because both the power spectrum and the Fourier series analysis characterize the
highway in the frequency domain, it seems logical to characterize the vehicle suspen-
sion system in this domain also. For a simple linear system this presents relatively
few difficulties, inasmuch as the differential equations that describe the system in
terms of mass, stiffness, and damping will yield the frequency response with little
effort. A vehicle is more complicated, because both stiffness and damping are not con-
stant (as in a simple linear system) but vary over a range of values. These quantities
are not parameters in the same sense as applied to the linear system, and attempts to
use them as such usually require the use of an averaging technique. If they are treat-
ed as functions they can no longer be considered as system constants. The character-
istics of a passenger vehicle shock absorber cannot be described by a simple mathe-
matical equation with one constant, as is usually assumed in linear vibration theory.
The determination of the significant parameters of a non-linear system can be a diffi-
cult undertaking.

In view of these problems it is logical to examine the response of a system and to
attempt to establish parameters from this information. The response contains the inter-
action of the various system components, which may be difficult to determine if an
attempt is made to characterize the system using the method previously discussed.

In this paper no attempt was made to represent the response curves by mathemati-
cal equations. An undertaking of this nature is being conducted by another group at
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Purdue University, and the authors are cooperating with this effort because of the pos-
sible value to this project. Mathematical equations of the response curves contained
in this paper would be highly desirable and attempts are being made to obtain them.
The constants contained in these equations would serve as system parameters.

Predicting the dynamic forces that a vehicle exerts on a highway will require vehi-
cle and highway characteristics that are compatible and significant. The purpose of
this paper is to show that such characteristics can be determined and can be used for
this purpose.



The Pavement Serviceability-
Performance Concept

W.N. CAREY, JR., Chief Engineer for Research, and
P.E. IRICK, Chief, Data Analysis Branch, Highway
Research Board, AASHO Road Test

A system is described wherein the serviceability of pavements is
rated subjectively by a panel made up of men selected to represent
many important groups of highway users. Through multiple re-
gression analysis a mathematical index is derived and validated
through which pavement ratings can be satisfactorily estimated
from objective measurements taken on the pavements, These
serviceability indices (or the direct ratings) always refer to the
conditions existing at the time the measurements (or ratings) are
made, Performance of a pavement may then be determined by
summarizing the serviceability record over a period of time.

The system, developed at the AASHO Road Test, has poten-
tial for wide application in the highway field, particularly in suf-
ficiency rating, evaluation of design systems, and evaluation of
paving materials and construction techniques through the provi-
sion of an objective means for evaluation of performance.

@ THE RELATIVE PERFORMANCE of various pavements is their relative ability to
serve traffic over a period of time. There have been no widely accepted definitions

of performance that could be used in the evaluation of various pavements or that could
be considered in the design of pavements. In fact, design systems in general use in
highway departments do not include consideration of the level of performance desired.
Design engineers vary widely in their concepts of desirable performance. By way of
example, suppose that two designers were given the task of designing a pavement of
certain materials for certain traffic and environment for 20 years. The first might
consider his job to be properly done if not a single crack occurred in 20 years, where-
as the second might be satisfied if the last truck that was able to get over the pavement
made its trip 20 years from the date of construction. There is nothing in existing de-
sign manuals to suggest that either man was wrong. This is simply to demonstrate
that any design system should include consideration of the level of serviceability to
traffic that must be maintained over the life of the road. How long must it remain
smooth and how smooth ?

One popular design system involves determination of the thickness of slab required
to hold certain computed stresses below a certain level. It is clear that cracks will
occur if a pavement is overstressed, but nowhere can be found any reference to the
effect of such cracks on the serviceability of the pavement. Engineers will agree that
cracks are undesirable, and that they require maintenance, but the degree of undesir-
ability seems to have been left dimensionless. It may be apparent that one pavement
has performed its function of serving traffic better than another, but a rational answer
to the question, ""How much better ?'"* has not been available.

To provide dimensions for the term "performance a systemhas been devised that
is rational and free from the likelihood of bias due to the strong personal opinions of
groups or individuals. It is easily conceivable that such a system could be adopted by
all departments, thus providing for the first time a national standard system for rating
highways and pavements.

Before discussing the derivation and a particular application of the pavement serv-
iceability-performance system, it is necessary to set down some fundamental assump-
tions upon which the system is based.

ko
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1. There is a statement attributed to D.C. Greer, State Highway Engineer of Texas,
that ""highways are for the comfort and convenience of the traveling public." A rea-
sonable inference from this simple statement is that the only valid reason for any road
or highway is to serve the highway users. Another definitive opinion is that '"a good
highway is one that is safe and smooth."

2. The opinion of a user as to how he is being served by a highway is by-and-large
subjective. There is no instrument that can be plugged into a highway to tell in objec-
tive units how well it is serving the users. The measurement of damage to goods attri-
buted to rough roads may provide an exception to this rule (but one of minor impor-
tance), as a road rough enough to damage properly packed and properly suspended
goods would be classed subjectively so low by all users that little could be gained by
an objective measure.

3. There are, however, characteristics of highways that can be measured objec~
tively which, when properly weighted and combined, are in fact related to the users
subjective evaluation of the ability of the highway to serve him.

4, The serviceability of a given highway may be expressed by the mean evaluation
given it by all highway users. There are honest differences of opinion, even among
experts making subjective evaluations of almost anything. Thus, there are differences
of opinion as to which automobile in a given price range is best; differences among
judges of a beauty contest; differences as to which bank, broker, grocery store, or bar
to patronize; etc. Opinion as to the serviceability of highways is no exception. Eco-
nomic considerations alone cannot explain these differences.

Thus, in order for normal differences of opinion to be allowed with the smallest
average error for each individual highway user, serviceability, as previously stated,
may be expressed in terms of the mean evaluation of all users.

5. Performance is assumed to be an over-all appraisal of the serviceability history
of a pavement. Thus it is assumed that the performance of a pavement can be describ-
ed if one can observe its serviceability from the time it was built up to the time its
performance evaluation is desired.

AN EXAMPLE OF THE USE OF
THE SERVICEABILITY-PERFORMANCE SYSTEM

In this section is described a typical example of the system which has been in actual
field use at the AASHO Road Test. Definitions and detailed steps in the development
and use of a Performance Index for evaluation of the Road Test pavements are included.
It is emphasized that the case herein described is only one of many possible applica-
tions of the principles involved. It happened to relate to the performance of the pave-
ments only, yet it would have been easy to extend the system to provide a measure of
the sufficiency of the entire highway, including grade, alignment, access, condition of
shoulders, drainage, etc., as well as characteristics of the pavement itself,

Purpose

The principle objective for the AASHO Road Test calls for significant relationships
between performance under specified traffic and the design of the structure of certain
pavements. To fulfill this objective, an adequate and unambiguous definition of pave-
ment performance was required. For reasons previously mentioned none was avail-
able.

Special Considerations

In addition to the primary assumptions listed in the early paragraphs of this report,
certain special considerations relating to the specific requirements of the Road Test
were included.

Inasmuch as the project was designed to provide information relating to the pave-
ment structure only, certain aspects of normal pavement serviceability were excluded
from consideration, including surface friction, condition of shoulders, etc.

Test sections at the Road Test were as short as 100 ft, too short for a satisfactory
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subjective evaluation of their ability to serve traffic (most highway users consider a
high-speed ride over a pavement necessary before they will rate it), Thus, objective
measurements that could be made on the short sections had to be selected and used in
such a way that pavements only 100 ft long could be evaluated as though they were much
longer.

Definitions

To fulfill the requirements of the Road Test, rather ordinary terms were given spe-
cific definitions as follows:

Present Serviceability—the ability of a specific section of pavement to serve high-
speed, high-volume, mixed (truck and automobile) traffic in its existing condition.
(Note that the definition applies to the existing condition—that is, on the date of rating—
not to the assumed condition the next day or at any future or past date.) Although this
definition applies to the Road Test and may apply to any primary highway system, the
system could easily be modified for use with city streets, farm roads, etc., Obviously,
serviceability must be defined relative to the intended use of the road.

Individual Present Serviceability Rating—an independent rating by an individual of
the present serviceability of a specific section of roadway made by marking the appro-
priate point on a scale on a special form (Fig. 1). This form also includes provision
for the rater to indicate whether or not the pavement is acceptable as a primary high-
way. For the Road Test application, when rating highways other than those in the pri-
mary system, the rater was instructed to exclude from consideration all features not
related to the pavement itself, such as
right-of -way width, grade, alignment,
shoulder and ditch condition, etc.

5 Present Serviceability Rating (hereafter
o A Good PSR)—the mean of the individual ratings
Acceptable ? Gaod made by the members of a specific panel
Yes 3 of men selected for the purpose by the
No . For Highway Research Board. This panel was in-
Poor tended to represent all highway users. It
Undecided I included experienced men, long associated
Very Poor with highways, representing a wide variety
0 of interests, such as highway administra-
Section Identification_____ Rating tion, highway maintenance, a federal high-
Rater, Date Time____ Vehicle_____ way agency, highway materials supply (ce-
ment and asphalt), trucking, highway educa-

tion, automotive manufacture, highway de-
Figure 1. Individual present serviceabil- sign, and highway research.
ity rating form. Present Serviceability Index (hereafter
PSI)—a mathematical combination of values
obtained from certain physical measurements of a large number of pavements so form~
ulated as to predict the PSR for those pavements within prescribed limits,
Performance Index (hereafter PI)—a summary of PSI values over a period of time.
There are many possible ways in which the summary value can be computed. Perhaps
the simplest summary consists of the mean ordinate of the curve of PSI against time.

Steps in Formulation of a Present Serviceability Index

The following represents a minimum program for the establishment, derivation and
validation of a PSI (or any similar index that may be considered for another purpose).

1. Establishment of Definitions—There must be clear understanding and agreement
among all those involved in rating and in formulation and use of the index as to the pre-
cise meanings of the terms used (see preceding definitions for Road Test case). Exact-
ly what is to be rated, what should be included, and what excluded from consideration?

2. Establishment of Rating Group or Panel-—-Because the system depends primarily
on the subjective ratings of individuals, great care should be taken in the selection of
the persons who will make up the rating group. Inasmuch as serviceability is here de-
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fined to be the mean opinion of this group, it is important that the raters represent
highway users. They should be selected from various segments of the users with di-
vergent views and attitudes.

3. Orientation and Training the Rating Panel—An important step is that in which
the members of the Panel are instructed in the part they are to play. They must clear-
ly understand the pertinent definitions and the rules of the game. It has been found
worthwhile to conduct practice rating sessions where the raters can discuss their rat-
ings among themselves. Note that when they make the.r official ratings they must work
independently, with no opportunity for discussion of the ratings until the entire session
has been completed.

4. Selection of Pavements for Rating—Ratings are to be made of the serviceability
of pavements; therefore, a wide range of serviceability should be represented among
the pavements that are selected for rating. Moreover, represented among the sections
selected should be pavements containing all of the various types and degrees of pave-
ment distress that are likely to influence the serviceability of highways. Prior toa
field rating session, engineers study the highway network in the area under consider-
ation (say 200 mi or less in diameter) and pick sections of roadway such that a reason-
able balance is obtained among sections, of which some are obviously in very good con-
dition, some are good, some fair, some poor and some obviously very poor. The Road
Test system was based on four rating sessions in three different states in which 138
sections of pavement were studied. About one-half were flexible pavement and one-half
rigid. The Road Test Panel members agreed among themselves that the minimum de-
sirable length of a pavement to be rated was 1,200 ft; however, in a few cases shorter
sections were included. This length was sufficient so that the raters could ride over
the section at high speed and not be influenced by the condition of pavement at either end
of the section.

5. Field Rating—The members of the Panel are taken in small groups to the sections
to be rated. They are permitted to ride over each section in a vehicle of their choice
(usually one with which they are familiar), to walk the pavement and to examine it as
they wish. Each rater works independently —there is no discussion among the raters.
When each is satisfied as to his rating, he marks his rating card and turns it into a
staff representative. The group then moves on to the next section. Each group takes
a different route in order to reduce the possibility of bias over the day (raters may rate
differently in the afternoon than in the morning; therefore, the groups are scheduled so
that some sections are rated by one or two groups in the morning and the same sections
by the other groups in the afternoon). It has been found that, near metropolitan areas,
sections with satisfactorily different characteristics can be found near enough together
so that the raters can travel routes containing about 20 sections per day. When rating
present serviceability of a pavement, raters have found it helpful to ask themselves:
"How well would this road serve me if I were to drive my own car over roads just like
it all day long today ?" Here again, of course, serviceability is related to the intended
use of the road (primary highway, city street, farm road, etc.).

6. Replication—It is necessary to determine the ability of the Panel to be consistent
in its ratings. The Road Test Panel rated many sections twice, first on one day and
again on another day near enough to the first so that the section did not change physi-
cally, yet remote enough so that all extraneous influences on the raters would be in
effect. In general it might be expected that replicate ratings would differ more when
separated by several months than when separated by only one day. For this reason it
may be supposed that the replication differences observed in the Road Test Rating
sessions are to some degree an underestimate of replication differences in a larger
time reference frame. The difference between repeated ratings on the same section
is a criterion for the adequacy of a present serviceability index derived from measure-
ments.

7. Validation of Rating Panel—Because the Panel is intended to represent all high-
way users, it is necessary to test its ability to do so. To a limited extent such vali-
dation was obtained for the Road Test Panel by selecting other groups of users and
having them rate some of the same sections that had been rated by the Panel. One such
group consisted of two professional commercial truck drivers who made their ratings
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based on the rides they obtained when driving their own fully-loaded tractor-semitrailer
vehicles. Another group was made up of ordinary automobile drivers not professionally
associated with highways. For the sections involved these studies indicated that the
ratings given pavements by the Road Test Panel were quite similar to those that were
given by the other user groups. Of course, if a greater number of sample groups had
been studied, more positive statements could be made as to how well the Panel repre-
sents the universe of all users.

8. Physical Measurements—If it is practicable for the Panel to rate all roads in the
area of interest often enough, no measurements need be taken. Analyses may be based
on the PSR itself, Since it was not possible for the Panel to rate the Road Test sections
(ratings were desired every two weeks), it was necessary to establish a PSI or index
that would predict the Panel's ratings. To accomplish this, measurements of certain
physical characteristics of the pavements were necessary. In order to determine which
measurements might be most useful, the members of the Panel were asked to indicate
on their rating cards which measureable features of the roadway influenced their ratings.
This study made it apparent that present serviceability was a function primarily of longi-
tudinal and transverse profile, with some likelihood that cracking, patching, and faulting
would contribute. Thus, all of these characteristics were measured at each of the 138
sections in three states that were rated by the Panel. It should be noted that several
other objective measurements could have been added to the list if other phenomena were
permitted consideration by the established rules of the game. In this category might be
skid resistance, noise under tires, shoulder and ditch conditions, etc.

Measurements fall rather naturally into two categories: those that describe surface
deformation and those that describe surface deterioration, Of course, phenomena in
the second category may or may not influence measurements in the first category.
Measures of surface deformation will reflect the nature of longitudinal and transverse
profiles—or may represent the response of a vehicle to the profile, as does the BPR
roughometer. Supplemental profile characteristics, such as faulting, will ordinarily
be measured. Present and past surface deterioration will be reflected through meas-
ures of cracking, spalling, potholing, patching, etc., and may include phenomena
whose influence on present serviceability ratings range from negligible to appreciable.

9. Summaries of Measurements—There are many different ways to summarize
longitudinal and transverse profiles. For example, longitudinal profile may be express-
ed as total deviation of the record from some baseline in inches per mile, number of
bumps greater than some minimum, some combination of both of these, or by any num-
ber of other summary statistics involving variance of the record, power spectral den-
sity analysis, etc. Transverse profile may be summarized by mean rut depth, variance
of transverse profile, etc. The variance of rut depth along the wheel paths is also a
useful statistic. Cracking occurs in different classes of severity, as do other measures
of surface deterioration, and measurements in any of these classes may be expressed
in one unit or another.

10. Derivation of a Present Serviceability Index—After having obtained PSR's and
measurement summaries for a selection of pavements, the final step is to combine the
measurement variables into a formula that "'gives back' or predicts the PSR's to a sat-
isfactory approximation. Part of this procedure should consist in determining which
of the measurement summaries have the most predictive value and which are negligible
after the critical measurements are taken into account. The technique of multiple linear
regression analysis may be used to arrive at the formula, or index, as well as to decide
which measurements may be neglected. For example, it can turn out that a longitudi-
nal profile summary will be sensitive to faulting so that faulting measurerments need not
appear in the index formula whenever this profile measure is included,

The decisions as to which terms should be in the serviceability formula and which
terms should be neglected may be made by comparing the lack of success with which
the formula "'gives back' the ratings with a preselected criterion for closeness of fit—
such as the Panel's replication error (see previous discussion, item 6). That is, there
is no justification for a formula that can predict a particular set of ratings with greater
precision than the demonstrated ability of the Panel to give the same ratings to the same
pavements twice. Thus the multiple linear regression analysis will yield a formula that
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will combine certain objective measurements to produce estimates of the Panel's ratings
to an average accuracy no greater than the Panels's average ability to repeat itself.

Performance

In the preceding section the steps in the formulation of a present serviceability in-
dex were delineated. The index is computed from a formula containing terms related
to objective measurements that may be made on any section of highway at any time.

At the AASHO Road Test these measurements are made and the index computed for each
test section every two weeks. Thus a serviceability-time history is available for each
test section beginning with the time test traffic operation was started. As can be seen
from Figure 1, the present serviceability values range in numerical value from zero

to five.

In order to fulfill the first Road Test objective, to find relationships between per-
formance and pavement structure design, some summarization of the serviceability-
time history is implied. Performance may be said to be related to the ability of the
pavement to serve traffic over a period of time. A pavement with a low serviceability
during much of its life would not have performed its function of serving traffic as well
as one that had high serviceability during most of its life, even if both ultimately reach-
ed the same state of repair.

The Road Test staff studied many alternate techniques for summarizing the service-
ability-time history into an index of performance. The performance index chosen con-
sisted of the mean ordinate of the serviceability-time history record. The choice of
mean ordinate of serviceability-time record was largely due to its simplicity and the
ease with which it can be understood by those interested in the Road Test findings.

ROAD TEST INDEXES

The techniques previously described were used in the derivation of present service-
ability indexes for the AASHO Road Test. This section of the report includes tabula-
tions of the actual data obtained in the field rating sessions by the Road Test Rating
Panel and data obtained from the objective measurements of the pavements rated. Re-
lationships among the ratings and various measurements are shown graphically and the
results of the regression analyses in which the serviceability indexes were derived are
given,

The matter of precision required of an index and precision attained in the Road Test
indexes is discussed. Alternate measurement systems are mentioned for the benefit of
agencies not able to equip themselves with elaborate instruments.

Ratings for Selected Pavements

After the establishment of concepts, ground rules, and rating forms for present
serviceability ratings, the AASHO Road Test Performance Rating Panel rated 19 pave-
ment sections near Ottawa, Ill., on April 15-18, 1958; 40 sections near St. Paul-
Minneapolis on August 14-16, 1958; 40 sections near Indianapolis on May 21-23, 1959;
and 39 sections on and near the Road Test in Illinois on January 20-22, 1960. Ten
Illinois sections, 20 Minnesota sections, 20 Indiana sections and 24 sections on and
near the Road Test were flexible pavements, whereas all remaining sections were rigid
pavements. Each section was 1,200 ft long except those on the Road Test, which aver-
aged 215 ft. With the generous cooperation of the respective state highway departments,
sections at each location were selected to represent a wide range of pavement conditions.

Coincident with the rating session, Road Test crews and instruments were used to
obtain condition surveys and profile measurements for each section, Summaries for
all evaluations of the 74 flexible pavement sections are shown in Table 1; corresponding
evaluations for the first 49 rigid pavements are given in Table 2.

The principal objective of the fourth rating session was to rate flexible pavement
sections that included rather severe degrees of rutting—a phenomenon not included in
the previous sets of flexible pavement. A second objective of the fourth session was to
rate a small number of rigid pavements only for the purpose of checking present serv-
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TABLE 2
DATA FOR 48 SELECTED RIGID PAVEMENTS
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iceability indexes derived from the first 49 sections. For these reasons, flexible pave-
ments from all four sessions appear in Table 1, but Table 2 includes only rigid pave-
ment sections from the first three sessions.

Present serviceability ratings given in Col. 3, Tables 1 and 2, are mean values for
individual ratings given by the Road Test Panel. In general, each mean represents a-
bout ten individual ratings. It may be noted that for both pavement types the PSR val-
ues range from about 1.0 to 4,5, with nearly the same number of sections in the poor,
fair, good, and very good categories. The grand mean PSR for all rated pavements
was slightly less than 3.0 for both pavement types.

More than 40 of the sections were revisited by the Panel during the same rating ses-
sion, and differences between first and second mean ratings are given in Col. 4, Tables
1 and 2. The replication differences ranged from 0 to 0.5, the mean difference being
less than 0.2 for both flexible and rigid pavements. Col. 5, Tables 1 and 2, gives the
standard deviation of individual PSR values for each section. These standard deviations
are of the order 0.5, an indication that only about two or three individual ratings (out
of ten) were farther than 0.5 rating points from the Panel mean PSR.

As mentioned earlier, certain of the Illinois sections were rated by two truck driv-
ers, whose mean ratings are given in Col. 6. Col. 7 gives mean ratings given to se-
lected Illinois sections by a group of about 20 Canadian raters. It can be seen that there
is general agreement among the various rating groups.

The next two columns of Tables 1 and 2 represent summaries of the AASHO Panel
response to the acceptability question., For a particular section the tables show what
fraction of the Panel decided the present state of the pavement to be acceptable and what
fraction decided the pavement to be unacceptable, By implication the remaining fraction
of the Panel gave the undecided response.

Figures 2, 3, 4 and 5 show the connection between corresponding PSR values and
acceptability opinions for the two types of pavement. Freehand curves indicate in Fig-
ures 2 and 3 that the 50th percentile for acceptability occurs when the PSR is in the
neighborhood of 2.9, whereas the 50th percentile for unacceptability corresponds rough-
ly to a PSR of 2.5, as shown in Figures 4 and 5.

Measurements for Selected Pavements

Following the acceptability opinion, Tables 1 and 2 give summary values for meas-
urements made on the selected pavements., Measurements are shown in three cate-
gories—those that describe longitudinal and transverse roughness, those that summa-
rize surface cracking and, finally, a measurement of the patched area found in the
section,
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The symbol SV is used for the summa-
ry statistic of wheelpath roughness as
measured by the Road Test longitudinal
profilometer. For each wheelpath the
profilometer produces a continuous rec-
ord of the pavement slope between points
9 in, apart. For a particular wheelpath,
the slopes are sampled, generally at 1-ft
intervals, over the length of the record.
A variance' is calculated for the sample
slopes in each wheelpath, then the two
wheelpath slope variances are averaged
to give SV.

A Bureau of Public Roads road rough- pe_{o
ness indicator, or roughometer, has been a@.‘: o
adapted for use at the AASHO Road Test, ° o a0 160 240 320 200
but this development was not made until Mean AASHO r ter displ Y (n /m)
just prior to the Indiana rating session
and still more developmental work has Figure 6. Slope variance vs AASHO rough-
been done on the AASHO roughometer ometer displacement; 4 flexible pave-
since the Indiana session. The AASHO ments.
roughometer has a modified output and is
run at 10 mph, so roughometer values shown in Tables 1 and 2 are not those that would
be obtained with the BPR roughometer at 20 mph. Nevertheless, roughometer values
in inches per mile are given in the tables so that it may be noted that the roughometer
values averaged for both wheelpaths, AR, are correlated with the corresponding mean
slope variances. Figures 6 and 7 show the extent of this correlation for the last two
rating sessions,

One other instrument, a rut depth gage, was used to obtain profile characteristics
of the flexible pavement sections. This gage is used to determine the differential ele-
vation between the wheelpath and a line connecting two points each 2 ft away (trans-

@
o

-]
o

H

o
°

o

Mean slope varionce (x 10°)
-]

n
o
o

1The variance of a set of N sample values, Y1, Yz,..., YN is defined to be the sum of
all N squared deviations from the mean divided by N-1. Thus the variance of Y is };

(Y-Y)?/(N-1), where ¥ = Y Y/N is the sample mean.
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versely) from the center of the wheelpath.

100 Rut depth measurements were obtained
| | | I at 20-ft intervals in both wheelpaths. Av-
erage rut depth values, RD, for the flexi-
~ 80 ° ble sections are given in Table 1, where
‘e it may be noted that the values range from
x 0 to nearly 1 in. Variances were calcu-
g 60 lated for the rut depths in each wheelpath,
2 i then the two wheelpath variances were av-
B "l eraged to give the RDV values given in
g 40 Table 1. Figure 8 indicates the correla-
- o tion between SV and RDV for the 74 flex-
§ . ible sections.
=2 . Profile information for rigid pavements
o 4 ° included a measure of faulting in the wheel-
5% paths, These measurements are given in
% 80 160 240 320 400
Mean AASHO roughometer displ t (in /mi) 60 .
Figure 7. Slope variance vs AASHO rough- °
ameter displacement; 20 rigid pavements. 50 . °
Table 2, expressed in total inches of fault- % . .
ing (in wheelpaths only) per 1,000 ft of x40 T -
wheelpath. 2 °
The remaining measurements for flex- s °
ible pavement sections are given in Table g % ° o
1 under the headings of area affected by g
class 2 and class 3 cracking, length of “ o0 ta e o
transverse and longitudinal cracks, and g . °
patched area, where areas and lengths ¢ °o
are expressed per 1,000 sq ft of pave- 10 e °
ment area. Corresponding measurements 000 o
for rigid pavements are shown in Table 2 L‘g%
in terms of length of class 2 and sealed °Y 2 p o o 0
cracks, spalled area, and patched area. Meon rut depth varionce (in 2 x 100)

Lengths for rigid pavement cracks were
determined by projecting the cracks both Figure 8. Rut depth variance vs slope
transversely and longitudinally, choosing variance; Th flexible pavements.
the larger projection, then expressing the
accumulated result in feet per 1,000 sq ft of pavement area. Only spalled areas having
diameters greater than 3 in. were considered, and both spalling and patching are ex-
pressed in square feet per 1,000 sq ft of pavement area. Virtually any pair of meas-
urements are intercorrelated to some degree, some more highly than others. Figures
9 and 10 indicate the degree to which SV is correlated with the sum of cracking and
patching values. It is obvious that a stronger correlation exists in Figure 10 than in
Figure 9. If either correlation were perfect, one or the other of the plotted variables
would be redundant in an index of present serviceability.

The remaining columns in Tables 1 and 2 are connected with the development of pre-
sent serviceability indices and will be discussed in succeeding paragraphs.

Hypothesis and Assumptions for Present Serviceability Index

It has been stated that one requirement for an index of present serviceability is that
when pavement measurements are substituted into the index formula, the resulting
values should be satisfactorily close to the corresponding present serviceability ratings.
There are also advantages if the index formula can be relatively simple in form and if
it depends on relatively few pavement characteristics that are readily measured.
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Guided by the discussion of the AASHO Rating Panel as well as by results from early
rating sessions, the general mathematical form of the present serviceability index was
assumed to be

PSI=C + (AiR1 + A3Ra + ...) + (BiD1 + BaDz + ...) 1)

in which Rl, Rn, ... are functions of profile roughness and Dx’ D’, ... are functions of
surface deterioration. The coefficients C, A:’ Az, caey B‘, B’, .«. may then be deter-
mined by a least squares regression analysis. It is expected, of course, that Al, A’,
ooy B1’ B’, ... will have negative signs. To perform the analysis, the PSR for the
jth of a set of sections is represented by

PSR, = PSL. +E,
SR it @)

where E, is a residual not explained by the functions used in the index, Minimizing the
i sum of squared residuals for all sections
in the analysis leads to a set of simultane-
ous equations whose solutions are the re-
quired coefficients. The respective effect
of adding or deleting terms in Eq. 1 will
be to decrease or increase the sum of
squared residuals. The change in residual
sum of squares can be used to deduce the
. significance of adding or dropping terms
from the index formula.

The model for PSI is linear in that if all
functions save one are given a numerical
value, then PSI versus the remaining func-
tion represents a straight line relationship.

]
o

]

Meon slops voriance (x 10%)

120 240 380 480 600 T20 840
Totol cracking and patching (per 1000 f1%)

Figure 9. Mean slope variance vs cracking

and patching; T flexible pavements. o0

T I

80

for this reason it is desirable to choose
functions Ri, Ray..., D1, Da,..., that
have linear graphs when plotted with PSR
values. For example, logarithms, powers,
etc., of the original measurements may
be used as linearizing transformations.

It is important to note that a present
serviceability index developed from ob- &
served ratings and measurements can ° & L 1 1
only reflect the characteristics that were O el crnckng o pachy (per 00 HEr 0
actually present in the observed pave-
ments. And that for any particular char-  Figure 10. Mean slope varisnce vs crack-
acteristic, the index can only reflect the and patching; %9 rigid pavements.
observed range of values for the charac-
teristic. For example, if the selected
pavements had no potholes, there is no objective way to infer how potholing would affect
the present serviceability ratings, and the index cannot contain a function of potholing.
As another example, if faulting in the selected pavements ranged from 0 to 10, there
would be no way to infer the effect on PSR of pavements whose faulting was in the range
50 to 100. This same argument applies to the present serviceability ratings themselves.
If PSR's for the selected pavements range only from 2,0 to 4.0, there is no way to infer

Msan slope variance {x 10%)
o0
o
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what pavement characteristics must be like in order to produce a value of 1.0 or 5.0,
say, except to extrapolate the index on the assumption that linearity holds over the full
range of pavement characteristics.

For these reasons it has been stated that selected pavements should show all phenom-
ena of interest, the complete range of interest for each phenomenon, and should be as-
sociated with PSR values that span the full range of interest.

Thus pavement selection amounts to the assumption that all interesting phenomena
and ranges have been encompassed by the selections. Extrapolations of the index to
measured values outside the range of those found in the selected pavements amounts to
the assumption that the index formula remains linear in the region of extrapolation.

Choice of Functions for the Present Serviceability Index

Measurements from the Illinois and Minnesota sections were plotted in succession
against corresponding PSR values to determine which measurements were essentially
uncorrelated with PSR and to deduce the need for linearizing transformations. It was
indicated that the mean wheelpath slope variance, SV, was highly correlated with PSR,
though curvilinearly. Figures 11 and 12 show the nature of this correlation for all se-
lected pavements., From several alternatives, the transformation

R. =log (1 +8V)

was selected as the first function of profile roughness to appear in the PSI model for
both flexible and rigid pavements. The result of this transformation is shown in Figures
13 and 14, where PSR values are plotted against R, for flexible and rigid pavements,
respectively, .

For the flexible pavements, mean wheelpath rut depth, RD, was included as a second
profile measurement to appear in the PSI equation. The selected function of rut depth
was

R = RD*

The scatter diagram of PSR vs RD? is shown in Figure 15.
Although preliminary analyses considered the possibility of several functions of sur-
face deterioration (say one function for each of the measured manifestations), it was

50 50
&
3 - K]
40 ‘0 € 40 —8
g A k] ‘o
- - 0o
E 0o 0 .’-'
o 0 00 = o
= LX ] 2 o —
F 30 oo ° 30 oo °
:.; :ﬂ,;:,o | ‘E’ 8 °2e -
g o] o s el .
> 20 ° € 20 ° odq o
£ g
] j—" Loo 9 2 o
14 R of & o L) K
a ° °ly °
10 o 2 o 10 o
(o] (o]
0 20 40 60 80 100 (o] 20 40 60 80 100

Mean slope voriance (x 10%) Mean slope variance (x 10%)

Figure 11. Present serviceability rating Figure 12, Present servicesbllity rating
vs slope varisamce; T4 flexible pavements. vs slope variance; 49 rigid pavements.
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Figure 13. Present serviceebility rating Figure 14. Present serviceability rating
vs log (1 + mean slope variance); Th flex- vs log (1 + mean slope variance); 49 rigid
ible pavements. pavements.

apparent that no loss would be incurred 5.0
by lumping all major cracking and patch-
ing into a single number to represent sur- P
face deteriorations. Values for this sum,
C + P, are not shown in Tables 1 and 2,
but may be obtained from cracking and
patching measurements given in the
tables.
Scatter diagrams for PSR versus C +
P are shown in Figures 16 and 17, For
whatever reasons, it is apparent that
there is little correlation between PSR
and C + P for the flexible pavements, but
that a fair degree of correlation exists
between these variables for the rigid °
pavements. For both flexible and rigid 0 20 40 €0 80 1.00
pavements the transformation Meon rut depth squared (in®)
Figure 15. Present serviceability ratin
Di= vVC+P vs mean rut depth squared; Th ﬂ'inbJ.e ®
pavements.
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was selected as a linearizing transforma-
tion for C + P.
Thus the present serviceability index models to be used are

PSI = Ao + AjR; + AeRg + BiD; = Ao + A; log (1 + SV) + A;RD*+ B VC+P  (3)
for flexible pavements, and
PSI = Ao+ AiIR; + ByD; = Ao+ A; log (1 +SV) +B1 VC+ P 4)
for the rigid pavements. It is not expected that the coefficients Ao, A,, and B, have
the same values for both Eqs. 3 and 4.

There are many other possibilities for Eqs. 3 and 4. Not only might other instru-
ments be used to detect deformation and deterioration, but other summary values than
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SV, C+P and RD might be used., More-
T over, one may choose different functions
80 + ’ of SV, C+P and RD than appear in Egs.
3 and 4, or perhaps include still more

georl=r functions of pavement measurements.
: (i g : It is clear that one of the most impor-
3wt = tant elements of pavement serviceability
: is its longitudinal profile in the wheelpaths.
£ 20 The profile of the road coupled with the
i appropriate characteristics of the vehicle
10 (mass, tires, springs, shock absorbers,
T
o 50 : [ l
o 4 8 -3 16 20 24 28 I |
T

Square root of cracking ond patching {per 1000 n’) ‘
o
&

FY
o

Figure 16. Present serviceability rating
vs square root cracking and patching; Th
flexible pavements.

8
i
1

speed, etc.) produce the "ride" attained
in that vehicle over that road. The actu-
al profile of the wheel path as though | |
taken with rod and level at very close 11 ’ |

Present servicesbility rating

) =

o

spacing may be called the displacement ) P s 2 e 20 24 )
profile’ p. The first derivative Of the Square root of cracking and patchmg {per 1000 nt)
msplacefnent profile is the profile .of the Figure 17. Present serviceability rating
slope, p'. A plot of the slope profile vs square root cracking and patching; 49
would have the same abscissa as the dis- rigid pavements.

placement profile, distance along the

road, and its ordinate would represent

the rate of change of displacement, or slope of the road at any point. The second de-
rivative of the displacement profile is the '"acceleration' profile, p'', and represents
the rate of change of slope, and the third derivative has been called the "jerk" profile,
p''!, the rate of change of acceleration. It has been suggested that jerk may be more
highly correlated with a rider's opinion of his ride than any of the other representations.
Perhaps this is true when oneis seeking to define "'ride' but the efforts at the Road
Test were directed toward a definition of the ""'smoothness of a road" independent of
the vehicle that might use it. No small amount of effort was spent in studying corre-
lations of the variances of various profile derivatives with the present serviceability
ratings, but there was no evidence that elevation variance, acceleration variance, or
jerk variance has higher correlation with PSR than the slope variance. On the other
hand, when a number of the slope profiles were subjected to generalized harmonic
analysis to determine how variance was associated with the wavelength spectrum, there
was some indication that slope variance in certain regions of the wavelength spectrum
is more highly correlated with PSR than is the total slope variance. More study of

this question is still under way at the Road Test.

Coefficients for the Present Serviceability Index

Substitution of Eq. 3 in Eq. 2 gives

PSR] =Ap + A],R].j + AaRg] + B1D1j + E]

in which le =log (1 +S_Vj), jo ='R_Dj’ and D’j = VCj + P]. for the jth pavement.

Least squares estimates for Ao, A,;, Az and B; are found by minimizing the sum of
squared residuals, E., through solving the following four simultaneous equations for
Ao, Ai, As and Bi.
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Ar Y (Ri-R)? + As T (Ri-Ri)(Re-Rq) + By X (Ri-Fy)(Ds-D)

Y (Ri-Ri)(PSR-PSR _ _ . (52)
Ar X(Ra-Ra)(Ri-Ri) + As Y. (Ra-Fa) + By XL (Re-Ra)(D1-D) =
2. (Re-Ra)(PSR-PSR) (5b)

___22(D:-Dy)(PSR-PSR (5c)
PSR = Ao + AiR; + AsRe + B,D, (5d)

Summations in Egs. 5 are over all pavements in the analysis, and bars over symbols
denote arithmetic means. Sums like 2 (Ri-Ry1)? are called sums of squares, while
sums like ), (Ri-R1)(D1-D;) are called sums of products. Eqs. 5 may be expanded to
more terms and more equations if the index model contains more than three functions.

Since the model (Eq. 4) for rigid pavements has only three undetermined coefficients,
only three simultaneous equations need be solved.,

These equations are

A; Y (Di-D))(Ri-Ry) + Ag : (D:-D1)(Re-Ra) + By ¥ (D;-D,)?

A E(RI-EL)’ + By X(R,-R,)(D,-Di) = X (R,-Fy)(PSR-PSR) (6a)
Ay 2, (Ri-R)(D1-Dy) + B1 X (Dy-Dy)* = 3 (Dy-Dy)(PSR-PSR) (6b)
PSR = Ao + Ai1R; + B;D; (60)

All means, sums of squares, and sums of products for Eqs. 5 and 6 are given in
Tables 1 and 2, respectively.
For the flexible pavements, Eqs. 5 are:

13.27 A, - 0.166 Ag + 171.63 B, = - 26.69 (7a)
-0,166 A1 +1.34 Az- 3.90B,=- 1,51 (b)
171.638 A, - 3.90 A; + 5255 B, =-369.3 (7c)
2.91 =Ap+ 1,02 A; +0.076 A + 7.64 B, (7d)
and the solution turns out to give
PSI=5.03 - 1.91 log (1 + SV) - 1,38 RD* -0.01VC + P 8)
For the 49 rigid pavements the least squares equations are:

7.55 A, + 71.71 B, =~ 19.70 (9a)
71.71 A + 905.7 B, = -206.5 (9b)
2.83=A0-1.19 A, - 0.087 B, (9c)

whose solution leads to the index

PSI=5.41-1,78log (1 +8V) - 0.09 vC + P (10)

It is noted in Tables 1 and 2 that the total variation in PSR is given by the sums of
squares

2 (PSR-PSR)® = 66.85 for the 74 flexible pavements, and (11a)
3 (PSR-PSR)® = 57.92 for the 49 rigid pavements. (11b)

The variation in PSR as shown by Eqs. 11 may be separated into two parts, a sum
of squares attributable to the measured variables and a sum of squares for residuals.
Thus,

2 (PSI-PSR)® = ¥ (PSI-PSR)® + ¥ (PSR-PSI)® (12)

when the first term on the right side of Eq. 12 is generally called the sum of squares
for regression, or the explained sum of squares. To obtain the sum of squares for
regression for the flexible pavements,

2 (PSI-PSR)* = Ay_X(R\-R;)(PSR-PSR) + A X (Re-Ra)(PSR-PSR) +
B; (Dy-Dy)(PSR-PSR) (13)
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is calculated, then the residual sum of squares is found by subtraction, For the rigid
pavements, the term containing As is omitted from Eq. 13. Sums of squares for re-
gression are

(-1.91)(-26.69) + (-1.38)(-1.51) + (-0.01)(-369. 3) = 56,42 for
the flexible pavements, and

(-1.78)(-19.,70) + (-0, 087)(-206. 5) = 53.08 for the

rigid pavements.
Dividing regression sums of squares by the total variation given in Eq. 11 gives

56,42
%6.35 = 0.844 for the flexible pavements, and

53:08 -
57.92 = 0.916 for the rigid pavements.

Thus, the PSI formulas account for 84, 4 percent and 91. 6 percent of the variation
in PSR for flexible and rigid pavements, respectively. By subtractions, the respective
sums of squared residuals are 10.43 and 4.84, so that the root mean square residuals
are about 0,38 and 0,32, respectively.

The last columns of Tables 1 and 2 show calculated values for the present service-
ability indexes, as well as for residuals. At the bottom of the last column of the tables
it may be noted that the mean residual was 0. 30 for flexible pavements and 0.26 for
rigid pavements. In both cases, the mean residual is about twice the mean difference
between replicate ratings given by the AASHO Rating Panel.

It may be noted from the residual columns of Tables 1 and 2 that six flexible and
three rigid pavement residuals exceeded 0.5, the largest replication difference given
by the Panel. However, the index formulas span ratings made more than a year apart,
whereas all replicate ratings were made on successive days. As previously stated, it
is quite possible that replicate PSR's would be more different when made over larger
intervals of time.

When the fifteen rigid pavement PSR values from the fourth rating session were
compared with PSI values given by Eq. 10, the sum of the algebraic deviations was
practically zero while the mean discrepancy was 0,3. Inasmuch as only two of the
deviations exceeded 0.5, it was inferred that Eq. 10 served to fit the new PSR values
to about the same degree as it predicted those from which it was derived.

i Y Secton Case Histories of Present Serviceability
40 i "‘\3\ ‘4“\— =11 Index
S 30 AR GAN i Figure 18 shows the present service-
b Iy Y I P I N Ay S A iy ability index history of three selected test
10 — sections at the AASHO Road Test. Sections
° 1958 | 1959 ] A and B have been replaced since the be-
Mov Dec Jan Fb Mor Apr May e July  Aug Seet ginning of the test; Section C was still in
the test in October 1959, Abscissa values
50 Section B — represent two-week intervals for which
P N G e S — ./ o, Wj: index values are computed by PSI 111 and
30 N i PSI 211, respectively.
@ || % Sections mantamed when PST €15 H The performance indexes computed for
s Ft -t - F |- IvJ-[« four dates from these serviceability-time
10— - ] history curves are given in Table 3.
o 1950 | 1959
Nov Dec Jon Fab Mar Apr May June July Aug Sept
8. Present 1ceability hist SUMMARY
Fi, 10. sent serviced sto:
g;rethree selected test sectionsyon thery The fundamental purpose of this paper
AASHO roed test. has been to introduce concepts of present

serviceability and performance that can be
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clearly defined. Although the examples
and illustrations are specific instances of
Sect. Se;t. Sect. For Serviceof  the concepts, it has not been supposed

TABLE 3

DeD"’:sss 4“4 ™ 4C4 A";’m’d’:ﬂ that the procedures and indexes discussed
Mo 1050 4.3 12 42 5 months herein represent any final goal. In fact,
June 1959 3.4 4.1 4.1 8 months the details have been given only to illustrate
Oct. 1959 2.3 3.4 4.0 1 year the concepts

If any highway department were inter-
ested in applying these principles to its own highway system with evaluation of pave-
ment serviceability and/or performance in mind, the following steps should be taken:

1. Establish a rating panel or committee.

2. Decide which features of the roadway are to be considered.

3. Rate a large number of roadway sections that include among them a wide range
of each of the selected features (thatis, veryrough to very smooth, deep ruts to no
ruts, etc.)

4, Make objective measurements of the features considered.

5. Derive a serviceability index.

When the index has been derived, any section of highway in the state may be meas-
ured and the results of the measurements entered into the index, to obtain an estimate
of the rating for that section without the need for the Panel to visit it. All highways
in the state could be classified in this manner to provide an objective sufficiency rating
system and an objective means to determine priorities for maintenance and recon-
struction.

If the measurements were made and present serviceability indexes computed at
several times during the lives of any particular set of pavements, their performance
could be evaluated and compared to help the highway department check its design
methods and compare various materials and construction techniques.

In this system, then, may be found the ""dimension" for serviceability and perform-
ance that has been missing in design equations. The designer can be told to design
for a specified performance level for a specified number of years and the means is
provided to measure his success.

HRB: OR-338



HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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