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Strategies for Reducing Truck Accidents on Wet Pavements

DON L. IVEY, WALTER B. HORNE, and RICHARD D. TONDA

ABSTRACT

The discovery that heavy truck tires do hydroplane at vehicle speeds from 50 to
70 mph is explored in depth. Horne's prediction of this phenomenon is described
in detail. The Texas Transportation Institute's testing program to verify this
prediction is described and the results are compared with Horne's theory. An
analysis of the Bureau of Motor Carrier Safety files on truck accidents for the
years 1979 through 1981 shows the extreme overrepresentation of unloaded tractor
semitrailers in wet weather accidents, supporting the thesis that tire hydro-
planing of large unloaded vehicles is a major contributor to wet weather acci-
dents. Finally, other elements of the problem are explored such as vehicle
stability, braking system effects, low tire-pavement friction, and the speed
increases associated with unloaded vehicles.

The recent prediction by Horne (1) and verification
(2) that truck tires are subject to dynamic hydro-
planing at highway speeds has dictated a reassess-
ment of the causes of tractor semitrailer accidents
in wet weather. Those concerned with highway safety
have long noted the high frequency of single vehicle
losses of control in wet weather. Although many re-
ports have been published documenting this phenomenon
and discussing low tire-pavement friction (3,4),
reduced visibility (5), and hydroplaning (6) as in-
fluential factors, almost all this work has dealt
primarily with automobiles. Large trucks have been
considered an especially puzzling case. For example,
some engineers have noted what appeared to be a com-
paratively frequent occurrence--unloaded trucks'
loss of control during wet weather. Because it was
understood that large truck hydroplaning at highway
speeds did not occur, these losses of control were
usually attributed to 1low tire-pavement friction,
brake balance problems, and possibly excessive speed
by lightly loaded trucks. This common understanding
has now been shown to be in error and another in-
fluential factor must be added to the list--truck
tire hydroplaning.

The addition of this new factor does not negate
any of those previously known but it does complicate
the loss of control phenomenon because there is now
a new level of interactions between (a) visibility,
(b) speed, (c) loading condition, (d) pavement sur-
face properties, (e) brake system characteristics,
and (f) hydroplaning.

The reduction of visibility during wet weather
has been described in several reports (5,7) and is
generally associated with a reduction in the time
required for traction performance, at the time the
availability of traction for either cornering or
braking may be greatly reduced. Figures 1 and 2 show
the influence of rainfall on visibility. Figure 3
shows how available tire-pavement friction is reduced
on wet pavement (3). This reduction is maximum at
high speed.

Although it remains to be proven, it appears
probable that an inverse relationship exists between
tractor semitrailer speed and load carried. The

D.L. Ivey and R.D. Tonda, Texas Transportation In-
stitute, Texas A&M University System, College Sta-
tion, Tex. 77843, W.B. Horne, Highway Safety Con-
sultant, 192 Queens Drive West, Williamsburg, Va.
23185.
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FIGURE 1 Progressive influence of rainfall on visibility as the
intensity increases and as the windshield surface becomes covered
with water.

obvious capability of some rigs to run faster under
lightly loaded conditions points to this probability.
It will be demonstrated in other sections of this
paper that it is the lightly loaded truck tire that
is susceptible to hydroplaning. Thus the likelihood
of higher speeds under reduced load condition in-
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FIGURE 2 Spray generated by tractor semi-trailer reduces
visibility for drivers of following vehicles.

creases the probability of hydroplaning and makes
the appropriate balance in the brake system more
critical to vehicle control.

BRAKING, HANDLING, AND STABILITY

This discussion focuses on pneumatically actuated
brakes as typically installed on commercial vehicles
operated in the United States.

Brake Operation

A typical air brake system is shown in Figure 4 (8).
The engine-d:riven compressor builds up and maintains
pressure to the desired levels in the supply and
service reservoirs. When the treadle valve is opened
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by the driver's foot (under normal operation), it
takes a certain length of time for the supply pres-
sure to be achieved in the brake chambers. This
response time depends on the system's arrangement,
which can be fairly complicated as demonstrated in
Figure 4. The volumes of each system component,
orifice and valve sizes, and line lengths strongly
influence the response time. In Figure 5, MacAdam
et al. (9) shows time histories of trailer brake
chamber pressure of three combination vehicles. The
application times are measured from the instant of
pressure increase at the treadle valve. This figure
shows that, in an accident environment in which a
great deal can occur in a few milliseconds, the
response time of the trailer brakes may have a
significant effect.

The air pressure in the system is converted into
an actuation force on the brake by the brake chamber.
Typically, the air pressure displaces a piston/
diaphragm assembly through a distance called the
stroke. This displacement actually produces the force
necessary for brake application, which force can be
ideally computed by the product of the pressure times
the piston/diaphragm area. In practice, however,
this ideal result is not obtained. Figure 6 shows
the results of processing typical test data and
plotting effective area as a function of stroke and
pressure. This graph illustrates dramatically how
significant shortfalls in design force can be ex-
perienced in maladjusted brakes. As the brakes are
used (if they are not properly adjusted for the cur-
rent state of lining wear) the chamber can run out
of stroke. Also, as brakes are heated through use,
drum expansion may increase the influence of margin-
ally adjusted links so that a loss of torque capacity
is realized.

In order to draw reasonable conclusions about the
expected performance of a brake system, the compo-
nents described earlier must be analyzed as a system.
A detailed analysis 1is beyond the scope of this

paper; however, excellent developments have been
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FIGURE 3 Frictional characteristics of tires operating on typical wet and dry pavements.
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reported (10,11) with a more general, less technical
presentation (8).

The essential facts about truck brake operation
as it relates to the current subject follow.

Proper brake diaphragm adjustment is essential to
proper system operation. This effect, varying as
described earlier, is at least as significant as the
load variation on the assembly.

The S-cam and wedge-type brake mechanisms, al-
though inherently self-energizing and hence poten-
tially more appealing in normal operation, are more
prone to fade, less consistent, and more susceptible
to wear and adjustment malfunctions than their disc
counterparts.

Conventional (nonlock control logic) brake systems
must be designed for best compromise between fully
loaded (high-temperature rise/drum expansion) and
empty conditions. This can promote systems that
either tend to lock at light loads (better heavily

ler brake chamber pressure.

loaded system) or systems that are marginal under
full load (better brake stability and control when
empty). In any event, brake adjustment is critical
and must be accomplished on a regular basis or the
system should incorporate automatic slack adjusters.

It is virtually impossible to adjust a brake sys-
tem so that it is ideal for all conditions of load.
If brake systems are adjusted for the full-load con-
dition, they may be poorly adjusted during the light-
load condition. This is why antilock brake systems
are potentially so important.

Further complicating the problem is the fact that
optimum braking would require a different balance
for each level of tire-pavement available friction.
Brake systems are not optimized for the occasional
low friction levels that occur in wet weather.

The ideal combination of an antilock control logic
and disc brake mechanism can exploit all the advan-
tages of each, plus be adaptable to extremes in load
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FIGURE 6 Brake chamber effective area versus stroke.
conditions much more readily than nonantilock
systems.

Control Loss During Emergency or Extreme Maneuvers

Many reports have been written on how braking systems
can be improved in order to achieve shorter stopping
distances. Whether or not shortening truck stopping
distances will increase highway safety is a question
that has not been definitively answered. It does
appear apparent that preventing wheels from locking
during extreme braking maneuvers would prevent many
losses of control.

Many of the emergency maneuver conditions that
can lead to losses of control are defined in Table
1. Factors that initiate a loss of control during
braking and cornering, or a combination of both, are
described in the second column. The possible result
of these attempted maneuvers is given in the third
column, and possible ways of recovering from the
developing loss of control situation are given in
the final column. It is with reservation that this
final column has been prepared. The instinct and
reactions of an experienced and skilled driver cannot
be put in tabular form by researchers. In many cases
emergency maneuvers and reaction to the resultant
dynamic conditions must take place in a time period
that allows only instinctive reaction rather than
adherence to appropriate learned responses.

The best judgment of the authors has been exer-
cised in developing these possible methods of re-
covery, along with the counsel of Robert D. Ervin,
Research Scientist at the University of Michigan
Transportation Research Institute.

Many of the recovery methods are obvious. There
are, a few that may warrant some discussion. Pos-
sible results of losses of control are tractor jack-
knifing, trailer jack~knifing, and rollover. These

Transportation Research Record 1084

conditions are shown in Figure 7. For example, when
tractor drive wheels break traction and skid later=
ally during an excessive cornering maneuver, it would
appear helpful to disengage the clutch., This reduces
circumferential braking due either to drive torque
or to engine drag and gives the tire more cornering
capacity. The time factor may make this reaction
impractical in most cases.

Some consideration has been given to the idea
that activating the trailer brakes in a condition of
excessive body roll or lateral acceleration could
destroy or at least reduce the cornering capacity of
the trailer tires and reduce the roll moment. Al-
though this may be true it would also undoubtedly
cause trailer swing. Thus one loss of control situa-
tion would be traded for another. In view of this,
and a growing belief in the industry that indivi-
dually activated trailer brakes (hand-lever trailer
brakes) are an anachronism, the authors have declined
to recommend the use of trailer brakes for any sit-
uation. Although there may be some specific situa-
tions when they could be of value, there appear to
be many more situations in which their use would be
counterproductive.

A few of the terms used in Table 1 may be un-
familiar; for example, "modulating" service brakes
and "feeling" for the steering 1limit. Modulating
brakes means simply the driver getting on and off
the foot treadle valve in such a way as to prevent
any wheels from locking and at the same time braking
effectively. Feeling for the limit of cornering is
probably not practical. Under a few conditions of
almost steady-state cornering, a driver may be able
to sense when the truck tires start to skid laterally
and reduce and then add steering to approach the
cornering limit.

It may remain for detailed dynamic handling and
stability testing of a variety of rigs to determine
the practicality of many of the suggested methods of
recovery.

HYDROPLANING

It has been understood in the highway engineering
community that large truck tires do not hydroplane
at highway speeds. There were several reasons why
this myth developed. In the early 1960s, Horne and
his fellow engineers in the National Aeronautics and
Space Administration (NASA) discovered and studied
the phenomenon of hydroplaning as it related to air-
craft tires. Because of the way aircraft tires are
constructed, the shape of the contact patch remains
much the same for a fairly wide variation of tire
loads. The NASA group found that hydroplaning speed
could be predicted as a simple function of tire
pressure. This relationship predicted hydroplaning
speed of tires with 60 to 100 psi inflation pressure
well above that which could be achieved by highway
vehicles. Because truck tires normally required
pressures in this range, it was believed that they
would not be subjected to speeds high enough to
hydroplane.

Further work on automobile tires in the late 1960s
confirmed that hydroplaning speeds would be extremely
high at high levels of tire pressure. These studies
of automobile tires, including research by Stocker
and Gallaway at Texas Transportation Institute, sug-
gested that tire loads were an unimportant variable.
Those who interpreted this work to mean that truck
tires could not hydroplane did not appreciate the
following. Although an automobile tire for a 4,000-1b
vehicle may have a normal range of loads from 800 to
1,200 1lb, a truck tire may be operated with loads
varying from 600 to 6,000 1lb. With extremely wide



TABLE 1 Types of Control Loss During Emergency or Extreme Maneuvers and Possible Solutions

Maneuver

Factor Initiating Control Loss

Result

Possible Methods? of Recovery

Straight-line braking

Cornering

Combined braking
cornering

Front tractor wheel lockup

Tractor drive wheels lockup

Trailer wheels lockup

Tractor front wheels skid® laterally

Tractor drive wheels skid® laterally

Trailer wheels skid© laterally

Excessive body, roll, or lateral
acceleration

Tractor front wheels lockup and/or
skid® laterally

Tractor drive wheels lockup and/or
skid® laterally

Trailer drive wheels lockup and/or skid®

laterally

Excessive body roll or lateral
acceleration

Steering control is lost and vehicle may stay
on a straight path in a stable condition,

Excessive tractor yaw may occur quickly,
(Tractor jack-knifing.)

Trailer swing may occur, (Trailer jack-
knifing.)

Steering control is lost, Reduction in
cornering capacity and probable drift of
tractor front end outside of intended
curve path,

Reduction in cornering and probable drift of
tractor drive wheels outside of intended
curve path. Excessive tractor yaw may occur
quickly, (Tractor jack-knifing.)

Drift of trailer wheels outside of intended
curve path. Trailer swing may occur,
(Trailer jack-knifing,)

Rollover

Steering control is lost, Reduction in
cornering capacity and probable drift of
tractor front end outside of intended
curve path,

Reduction in cornering and probable drift
of tractor drive wheels outside of in-
tended curve path, Excessive tractor yaw
may occur quickly. (Tractor jack-
knifing,)

Drift of trailer wheels outside of intended
curve path. Trailer swing may occur.
(Trailer jack-knifing. )

Rollover

Modulate® service brakes to regain
steering.

Modulate service brakes and steer in
direction of movement (i.e,, if
tractor is rotating to left steer to
right and vice versa),

Modulate service brakes and if rea-
sonable, accelerate modestly.

Reduce steering and *‘feel” for steer-
ing limit of tire-cornering capacity.

Reduce steering; steer in direction of
movement and depress clutch,

Reduce steering,

Reduce steering,

Reduce steering and modulate service
brakes,

Reduce steering and modulate service
brakes, Steer in direction of
movement and depress clutch.

Release trailer brakes if they have
been activated. Reduce steering
and modulate service brakes,

Reduce steering.

%In some cases on pavements having low values of available friction, the result of attempted emergency maneuvers will occur so quickly the driver will not have time to provide other than
an instinctive reaction, The time necessary for the theoretically best countermeasures will not be available or effective,
Modulating the service brake means successively activating and releasing the foot treadle to prevent lockup while braking effectively,
CLateral skidding means the cornering capacity of the tire is saturated, the tire may start to skid laterally and the cornering force may be greatly reduced.
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FIGURE 7 Loss of control responses of tractor semi-trailers.
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load variation, the aspect ratio of a truck tire
surface contact zone varies spectacularly, leading
to hydroplaning conditions for a 1lightly loaded,
albeit normally inflated, truck tire at speeds common
to highway vehicles. This footprint aspect ratio is
the ratio of the surface contact zone width to
length.

At the meeting of the Committee on Surface Prop-
erties--Vehicle Interaction during the Transporta-
tion Research Board's Annual Meeting in January 1984,
1t was suggested that a task group be set up to look
into the special problems of tractor-trailer loss of
control. During the course of committee discussion,
Horne disclosed that he had written a paper predict-
ing that truck tires, in an extremely low load con-
dition, will hydroplane at highway speeds and ex-
plained why this would occur. Horne was asked if
this theory had been experimentally verified, as it
was definitely contrary to conventional wisdom. Horne
responded that it had not been so verified. Shortly
after the meeting, Horne sent the Texas Transporta-
tion Institute (TTI) a copy of his forthcoming paper,
scheduled for presentation at the meeting of ASTM
E-17 in April 1984 (l). Horne's arguments, explana-
tions, and predictions were compelling. Intrigued by
the possibility of explaining why unloaded tractor-
trailers are so prone to loss of control during wet
weather, engineers at TTI constructed the test
trailer shown in Figure 8. The hydroplaning trough
used in this testing is shown in Figure 9, and the
trailer used during testing in the trough is shown
in Figure 10. The test data are summarized in Table
2.

At this time, only four data points have been
determined. The lightest load available on the test
tire was 940 1lb. By imprinting the tire footprint

(contact area on pavement surface) using carbon
paper, it was determined that the aspect ratio (the
nominal ratio of the footprint width to length) was
1.4 for tire pressure varying between 20 and 100
psi. This footprint is shown in Figure 11 at an in-
flation pressure of 75 psi.

By gradually increasing speed, the speed was
determined (for a particular load and pressure con-
dition) at which the tire began to spin down. That
point selected was a reduction of apparent tire speed
of 2 mph. By increasing speed beyond that value,
large values of spin down could be achieved.

Figure 12 shows how the four data points compare
to Horne's predictions. Within the range of practical
truck tire pressures (60 to 120 psi) the comparison
appears quite good. Horne's prediction is about 4 mph
low (8 percent) at 60 psi, correct at 75 psi, and
about 6 mph high (10 percent) at 100 psi. Because
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FIGURE 10 Test tire after spinning down due to full dynamic
hydroplaning as the test wheel is pulled down a water trough.

TABLE 2 Tabulation of Test Conditions

Truck Wear Pressure  Load Hydroplaning
Tire Condition (psi) (Ib) w/e Speed (mph)
10,00.20 New 20 940 1.40 43

10.00.20 Worn® 40 940 1.40 51

10.00.20 Wom® 15 940 1.43 58

10.00.20 Worn? 100 940 1.41 62

10.00.20 Worn® 70 3,600 095  Over 62°
10.00.20 Worn? 100 3,600 1,10 Over 62°

Note: Water depth about 1/4 in, + 0.1 in,

3worn to approximately 2/32 in, tread remaining,
The top speed achievable was 62 mph. No spin down was detected at this speed.

there was no replication of the data achieved, this
is probably within the range of experimental varia-
tion if such factors as tire construction, tire tread
depth, water depth, and pavement texture are con-
sidered.

Horne's equation is

VEL = 7.95 (P)0+5 (1/w/2)0.5 @)
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FIGURE 11 Footprint of test tire.
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compared to an equation based on TTI's curve fit,
normalized at the test aspect ratio of 1.4

VEL = 23.3 (P)0-21 (1.4/w/0)0-5 (2)

A comparison of the curves achieved using the two
equations is shown in Figure 13. It must be con-
sidered highly presumptious to base an equation on
four data points. In the future, TTI engineers expect
to acquire more data at lower and higher tire loads.
These data should allow the formation of a more
reliable predictive equation. It is conclusive, how-
ever, that Horne's theoretical predictions are rea-
sonably accurate at commonly used truck tire infla-
tion pressures and that lightly loaded truck tires
do hydroplane.

Estimated
Boundary

o VEL.=7.95 YP(w/ 1)~ ! (HORNE)

o VEL.=23.3(P)°? ' (1.4/w/2)° % (TT1)

FOOTPRINT
ASPECT RATIO

0] 100 ~oo0.8
=

z

j _. 80 - a0
8 E D1.4
c Z s
e = 60 = = 02,0
z 8

Z a 40

20

=

z

=

N
(=]

1 i 1

20 40 60

1 Dot}
80 100 120

INFLATION PRESSURE (PSI)
FIGURE 13 Comparison of Horne’s and TTI’s

curves.

ACCIDENT DATA

Further support of the thesis that lightly loaded
trucks are subject to loss of control due to hydro-
planing was provided by Chira-Chavala (12). Using
1979 through 1981 Bureau of Motor Carrier Safety
data for all Interstate Commerce Commission (ICC)-
authorized truck accidents, Chira-Chavala determined
that empty combination trucks were overrepresented
in wet weather by a factor of 3 when compared to
loaded rigs.

Demonstration of the hydroplaning phenomenon for
lightly loaded tires and the overrepresentation of
unloaded combination trucks during wet weather fit
together to strongly indicate that truck tire hydro-



planing has a significant influence on vehicle han~
dling and stability.

CONCLUSION

Controlling commercial tractor semitrailers on pave-
ments that provide limited tire-pavement friction
are a major problem during periods of wet weather.
The characteristics of large truck tires contribute
to this problem in that they also provide lower tire-
pavement friction levels when compared with automo-
bile tires. Complicating this already severe situa-
tion is the fact that truck tires on vehicles in a
lightly loaded condition can undergo full dynamic
hydroplaning when a significant layer of water covers
the pavement surface. This can occur at speeds easily
reached by many commercial rigs.

Commercial tractor semitrailers possess unigque
braking and handling characteristics. These charac-
teristics, in combination with the wide range of
load conditions experienced by these vehicles,
especially the unloaded configuration, provide sit-
vations in which there is a significant probability
that one or more of the following will occur:

1. Tractor jack-knifing under combinations of
emergency or extreme braking or cornering, or both;

2. Trailer jack-knifing (trailer swing) under
combinations of emergency or extreme braking or
cornering, or both;

3. Tractor or trailer initiated rolling under
conditions of emergency or extreme cornering (devel-
opment of high values of lateral acceleration).

There are ways to avoid most of these situations
by driving defensively, and possible ways to recover
as critical dynamic conditions begin to develop that
are described here. Reducing speed to 50 mph in wet
weather should preclude hydroplaning of tires in-
flated to 80 psi or more.

Another complication is the problem of brake sys-
tem design and maintenance. Without careful attention
to brake maintenance, including adjustment, loss of
braking effort between wheels can contribute to un-
stable braking. Although some authors believe there
is a best sequence of wheel 1lockups in a severe
braking maneuver, others remain unconvinced. Some
believe that insufficient evidence currently exists
to establish such a preferred sequence. The problem
of brake system design under major load variations
has traditionally dictated compromise. If the system
is designed for the fully loaded condition, it will
not be optimum when the rig is unloaded. This is a
compelling argument for antilock systems--the one
system all authorities appear to agree is preferable
to any sequence of wheel lockup.

Because of the wide variation in the loading con-
ditions of tractor semitrailer combinations, the
peculiar handling characteristics of these articu-
lated vehicles and the manner in which the braking
characteristics and the loading variations affect
those handling characteristics, the authors are con-
vinced that reliable, effective antilock brake sys-
tems will become the norm in all such vehicles in
the near future. The advent of- low-cost micropro-
cessor technology with its companion sensor and
actuator development, leaves 1little doubt of the
viability of this concept. The mid-1980s is witness-
ing the application of this technology to high-end
passenger cars in both Europe and the United States.
Its use in the vehicles discussed in this paper is

Transportation Research Record 1084

more compelling for safety reasons and far more

easily justified on a benefit-cost basis.

DEDICATION

This paper is dedicated to Louis Homer Hart, trucker,
who died in the iron arms of an 18 wheeler trying to
avoid a jack-~knifed rig on a rain-slick south Texas
highway, November 22, 1947.
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Methodology for Computing Pavement Ride Quality -From
Pavement Roughness Measurements

MICHAEL S. JANOFF

ABSTRACT

The objective of this paper is to report on the development of a methodology
for computing pavement ride quality from pavement roughness measurements. This
methodology is based on a statistical transform between physical profile mea-
sures and subjective panel ratings that allows the mean panel rating for a given
pavement sectiom to be accurately predicted from the profile measure of the
pavement section. The physical profile measure, denoted the Profile Index (PI),
is a measure of pavement roughness in the frequency band extending from 0.125
to 0.630 cycles/ft (10 to 51 Hz at 55 mph). A second transform has been devel-
oped from a pavement section's mean panel rating that provides an accurate pre-

diction of its need for repair.

The objective of this paper is to report on the
development of a methodology for predicting pavement
ride quality from pavement roughness measurements,
This methodology is based on research performed by
Ketron, Inc., for the Transportation Research Board
National Cooperative Highway Program (NCHRP) (1).
The goals of the research were to (a) develop a
scale that accurately reflects the public's percep-
tion of pavement roughness, (b) develop transforms
that relate pavement profiles to this scale, and (c)
show how roughness statistics produced by various
response~-type road roughness measuring systems
(RTRRMS) relate to this scale.

BACKGROUND

During the AASHO Road Test, serviceability was de-
fined as the ability of a pavement to serve the
traveling public (2). The most commonly used objec-
tive measure of serviceability, the present service-
ability index (PSI), is derived from measurements
made with response-type road roughness measuring
systems. However, this PSI only approximates the
original panel rating concept and is recognized as
having shortcomings. Whether the public's perception
of serviceability is the same today as it was 20
years ago is questionable. Vehicles, highway charac-
teristics, and travel speeds have changed, and ser-
viceability, as originally defined, is not exclu-
sively a measurement of pavement ride quality or
rideability, but is confounded by the inclusion of
factors for surface defects.

For management of pavement inventory, it would be
better to have separate measures of rideability and
surface defects. Therefore, there is a need to de-
velop a new pavement rating scale to ensure that
objective pavement evaluations are directly and rea-
sonably related to the public's perception of ride-
ability. Rideability or ride quality is defined as
the subjective evaluation of pavement roughness.
Roughness, or more specifically longitudinal rough-
ness, is defined as the longitudinal deviations of a
pavement surface from a true planar surface with
characteristic dimensions that affect vehicle
dynamics, ride quality, and dynamic pavement loads
(Project Statement, NCHRP Project 1-23).

JMJ Research, P.O. Box 144, Newtown, Pa. 18940.

Pavement roughness and ride quality involve three
related items: subjective measures, objective or
physical measures, and statistical comparisons. It
is far too complicated, time consuming, and expen-
sive to rely on subjective ratings alone. The phys-
ical measurements, in combination with appropriate
statistical transformations, are clearly preferred.
However, the accuracy and validity of the physical
correlates must be determined before they can be
used as a replacement or surrogate for the subjec-
tive but more realistic human responses.

DEFINITIONS AND CONCEPTS

In addition to rideability and roughness, defined in
the preceding section, a number of related concepts
should be explained.

For the physical roughness data, a profilometer
was used to compute a profile index (PI) defined as
the square root of the mean square of the profile
height, with units in inches. PI is defined in this
paper for specific frequency bands of roughness.

For the subjective rideability data, two terms
were used: (a) a mean panel rating (MPR) of a given
pavement section, which is the mean value (i.e., the
average) of a group of subjective panel ratings for
a given test section, and (b) a pavement section's
rideability number (RN), which is equivalent to its
MPR but is derived from a pavement section's PI by
using a statistical transformation. One additional
concept is the needs repair rating (NR), which
represents the percentage of the driving public that
believes a given pavement section should be repaired.

In the later part of this paper it is demonstrated
how the concepts PI, RN, MPR, and NR are related.

RESULTS

Main Panel Rating Experiment

The main panel rating experiment was designed with
the following components:

1. Fifty-two test sections including all three
surface types [bituminous concrete (BC), portland
cement concrete (PCC), and composite] and spanning a
wide range of roughness.
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FIGURE 1 Rater form.

2. Thirty-six panel members spanning a wide range
of ages and driving experience.

3. The Weaver/AASHO rating scale (Figure 1),
including the subjective rating of rideability and a
secondary two-alternative forced choice (i.e., one
of two boxes must be checked for each site by each
panel member) to subjectively evaluate whether or
not each pavement section requires repair or mainte-
nance.

4. A detailed set of instructions that were uni-
formly given to all panel members (Figure 2).
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5. A carefully designed and controlled experi-
mental protocol.
6. Data reduction and analysis methods.

This experiment was implemented in the fall of
1983 in the Columbus, Ohio, area with the coopera-
tion and help of the Ohio Department of Transporta-
tion (DOT).

Concurrent with the experiment, the Ohio DOT ob-
tained profile information measuring each test sec-
tion using a protilometer and a Mays meter. The ex-
perimental design is summarized as follows:

Test sections 52 test sections, 1/2 mi each in
Columbus, Ohio, area, including 18
BC, 17 PCC, and 17 composite,
spanning a range of roughness of
32.6 to 661.3 in./mi

36 employees of Ohio DOT with 1 to
50 years of driving experience

Four K-cars of similar age and mile-

Panel members

Test vehicles

age

Rating scale Weaver /AASHO plus secondary rating
(Figure 1)

Instructions Figure 2

Profilometer KJ Law noncontact

RTRRMS Mays meter

Time 2 days per group (12 subjects)

6 days total

Data Analysis

The primary objective of the data analysis was to
identify the frequency band at which MPR is most
highly correlated with PI and then to derive a
regression equation relating MPR and PI (i.e., a
statistical transform) that can be used to predict

Highway Improvement Study

Purpose

To survey typical Ohio drivers in order to determine what they think of the
quality of the ride provided by the roads in the state. The Ohio DOT will
use this information to help decide which roads it should improve first
with the limited funds available to make highway improvements.

Object of Ketron's Study

We are going to drive you over a number of roads that we believe are repre-
sentative of the roads as they exist throughout the state. We will then ask
you to make two judgments concerning each road. First, we want you to rate
the roughness or smoothness of the ride provided by each road on a scale of
0 to 5, and second, we want you to indicate whether or not you think an
effort should be made to improve the ride quality of each road.

Making Your Ratings of Ride Quality

(A facsimile of the rating scale was shown to the subjects for this section.)

The first thing we want you to consider as you drive down a road is the
roughness or smoothness of the ride provided by the road and then to rate it
on this scale (illustrated), which ranges from 0 to 5. You will indicate your
rating by placing a small mark across the vertical line of the scale at the
place that you believe best describes the ride provided by each road.

Definitions of Endpoints

All the roads that you drive over in this survey will be between two ex-—
tremes. That is, somewhere between impassable and perfect.

Impassable:

A road that is so bad that you doubt that you or the car will make it to
the end at the speed you are traveling--like driving down railroad tracks

along the ties.
FIGURE 2 Panel instructions.



Perfect:
A road that is so smooth that at the speed you are traveling you would
hardly know the road was there. You doubt that if someone made the surface
smoother that the ride would be detectably nicer.

Because these roads probably do not exist you will probably not consider
any road to be worse than impassable or better than perfect.

In order to help you make your rating, we have included a number of words
along the scale that could be used to describe how the riding sensation ap-
pears to you. For example, if you should encounter a road for which you could
describe the ride as Fair but not quite good, place your mark just below the
line labeled 3 (illustrated). On the other hand, if you think the next road is
still fair, but somewhat worse than the previous road, place your mark at a
point that you think is the appropriate distance down in the Fair category. To
indicate small differences between the ride quality provided by the roads, you
may place your mark anywhere you like along the scale.

Note: We are not asking you to place roads into one of five cate-
gories! You should use small differences in the position of your marks
to indicate small differences between the ride quality provided by the
roads. You may place your mark anywhere you like along the scale.

Indicating the Need for Improvement

After you have made your rating of the degree of ride quality provided by
any particular road, we want you to check the appropriate box alongside the
rating scale to indicate whether or not you think the state should improve the
ride quality of the road.

When making this decision you should take into account the fact that because
the state only has a certain, fixed amount of money each year to make road
improvements, it must determine which roads should be improved first. There-
fore, before deciding on the need for improvement, you should not only consider
how rough a ride is provided by each road, but whether you believe the road is
important enough to be placed high on the state's list of roads needing im-
provement. For example, you may ride across two roads that give identically
rough rides but, if you had your choice, you would rather see only one of them
improved because the type or character of that road appears to you to make it
more worthy of improvement.

Procedure for Survey
* For this survey we are going to ask you to evaluate 81 road sections.

Note: You will not be rating an entire road for its ride quality. We
have carefully selected small test sections to represent each road. It
is these sections that we want you to rate for ride quality.

* As you approach each section, the driver will call out the number
of the section. Be sure you have the proper numbered form.

* When the driver says START, begin concentrating on what the rating
of ride quality should be, based on how the ride feels to you.

e It will only take about 30 seconds to drive over each section, so
maintain your concentration until the driver says STOP. At that point,
place your rating mark on the scale.

* Next, while taking into account both the roughness of the ride
through the representative test section, as well as the nature and type
of the entire road, indicate whether or not you think the ride quality
needs to be improved by checking the appropriate box next to the rating
scale.

* Because some sections are only 3 to 4 minutes apart, make your
decisions quickly and pass your forms to the person sitting in the front
right seat.

* This procedure will be repeated for each site.

* We will be driving over a predetermined course in an ordinary pas-
senger car. The trip will take 6 hours the first day and 5 hours the sec-
ond.

Special Instructions

* When making your rating of ride quality, do not consider any of
the road before or after a test section. We are only interested in a rat-
ing for a small section of road.

* When making your decision concerning the need for imnrovemen+~

FIGURE 2 (continued)



12

Transportation Research Record 1084

assume that the ride provided by the entire road is the same as that for
the test section.

* Concentrate only on the ride quality provided by the roads. Do not
let the appearance of the road surface influence your ratings. Judge only
how the road feels!

* Do not be distracted by conversations in the car or by pretty
scenery.

* Do not reveal your ratings to the other raters. There is no right
or wrong answer, so do not "cheat." We are interested only in your opin-
ion, which is as valid as anyone else's.

= Be critical about the ride quality provided by the roads. If they
are not absolutely perfect as far as you are concerned, be sure to give
it a rating on the scale that you think best reflects the diminished
quality of the ride.

* Be aware that there are many ways that the ride could be con-
sidered less than perfect. The road could (a) be so bumpy that it rattles
your bones and makes your teeth chatter, (b) have bumps or undulations
that makes the car heave up and down as if it were a roller coaster, or
(c) have other imperfections in the surface that you believe detract from

the ride quality.
FIGURE 2 (continued)

RNs from PIs measured in this frequency band. Sec-
ondary objectives included development of statistical
transforms between response-type roughness measures
and RNs and between NR and RN.

To meet the primary objective, the PI for each
profile for each of the 26, one-third octave bands
of frequencies were computed from 0.0025 to 0.8
cycles/ft (0.2 to 64 Hz at 55 mph). The PI values
were then correlated with the MPRs for each test
section, for all three surfaces combined, and for
the three types of surfaces individually. Figure 3
shows the results for all three surfaces combined
[the results for the three individual surface types
are similar and available in NCHRP Report 275 (1)].
[Note that the graph in Figure 3 was extended beyond
0.8 cycles/ft (dashed line) using data collected
with the Pennsylvania State University profilometer.
The upper limit of the Ohio DOT profilometer was 0.8
cycles/ft.]

The abscissa in Figure 3 shows the 26 different
frequency bands and the ordinate shows the correla-
tion coefficient that results when PI in an indi-
vidual band is correlated with MPR for the test
section. From the figure it can be seen that between
the freguencies 0.125 and 0.63 cycles/ft (10 to 51
Hz at 55 mph), the correlation coefficients (r) re-
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main better than -.85 but that outside this band the
correlation coefficients decline rapidly.

If PI is computed for each profile within this
entire band of frequencies (0.125 to 0.630 cycles/ft)
and correlated with MPRs, the resulting correlation
coefficient is -.85. When the raw data are plotted
(Figure 4) it is evident that an exponential curve
is revealed and a log transform of the PI measures
increases the correlation to -.94. The resulting
equation

MPR = -1.74 - 3.03 log (PI) (1)

accounts for 88 percent of the variance. This equa-
tion is shown in Figure 5.
The NR rating was also found to be highly cor-

related with MPR (r = -.93) and yielded a regression
equation
NR = 132.6 - 33.5 MPR (2)

This equation is shown in Figure 6.

Note that Equations 1-4 are based on only the Ohio
data; in other states they could change slightly.
[See NCHRP Report 275 (1).]

ONE-THIRD OCTAVE BAND

—rr A3 R e g mey et

—
(0.125) (0.63)
(FREQUENCY: C/FT)

FIGURE 3 Correlation of MPR with PI for all surfaces.
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CONCLUSION

The implications of the primary analysis are that
assuming an agency is able to compute PI for the
band of frequencies 0.125 to 0.63 cycles/ft, then by
applying the transform

RN = -1.74 - 3.03 log (PI) (3)
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it can compute the ride number of a given pavement
section. The ride number is an accurate approximation
of the true mean panel rating of the pavement sec-
tion (r = -.94).

From RN, NR can be computed by using

NR = 132.6 - 33.5 RN (4)

to determine the exact percentage of the driving
public that believes a given pavement section should
be repaired.
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Discussion

R. M. Weed and R. T. Barros*

This discussion is not intended to detract from the
author's excellent work but, instead, to suggest how
the choice of more appropriate mathematical models
might enhance it further.

From examination of the raw data in Figure 4, the
author notes that an exponential function of some
sort is suggested. He then proceeds to do a log
transformation on the X-axis data (PI) and obtains
Equation 1 by linear regression. The relatively high
correlation coefficient of =-0.94 indicates that a
good fit of the data has been obtained.

In spite of this good fit, there are some draw-
backs to the mathematical model that has been used.
As shown conceptually in Figure 7, if the model is

*New Jersey Department of Transportation, 1035 Park-
way Avenue, Trenton, N.J. 08625.



14

MPR

\ RANGE OF DATA ——= —— —

Transportation Research Record 1084

PRESENT FORM

0

extended beyond the range of the data, it violates
two known constraints: (a) it rises above MPR = 5 at
low PI values and (b) it eventually goes below MPR =
0 at very high PI values. This is the result of doing
the log transformation on the X-axis data rather
than on the Y-axis data. Although this model may be
empirically useful within the range of the data,
better models are available that do not violate these
basic constraints.

The primary goal is to find the mathematical model
that most accurately describes the process being
investigated. To this end, it is appropriate to use
every resource available, including any prior knowl-
edge of that process. In this particular case, it is
known that PI = 0 must correspond to MPR = 5 because
both these points represent the best that can be
obtained on the two scales. At the other extreme,
there is essentially no difference between a very
high PI value and a still higher PI value; for all
practical purposes, both would correspond to MPR =
0. This suggests that the appropriate curve will
originate at PI = 0, MPR = 5 and fall exponentially
to eventually become asymptotic to the X-axis. As a
check, visual inspection of Figure 4 strongly sup-
ports this conclusion.

A basic exponential decay function that is capable
of satisfying the known constraints is given by
Equation 5. fTwo additional candidate models are
given by Equations 6 and 7. These models are capable
of assuming the general shapes shown in Figure 8,
depending on the values of the coefficients that are
used. For this particular application, it can be seen
by inspection that the first coefficient must be A =
5 in order for the curves to originate at the point
Xx =0,y =5.

neBX (5)

¥

= aeBx© (6)

%%
|

g = AeBxC+Dx (7)

PI
FIGURE 7 Comparison of two conceptual models.

The next step is to fit these models using least-
squares techniques. There are two ways that this can
be done and one is somewhat preferable to the other.
The less desirable method is to do a logarithmic
transformation (two transformations are required for
Equations 6 and 7) followed by linear regression and
a transformation back to the original parameters.
This method is considered less desirable because the
least-squares technique may not be fully optimal
when operating on transformed data. A preferable
technique is the use of nonlinear regression, a
standard feature included in SAS (1) and other com-
puterized statistical analysis packages. With non-
linear regression, the least-squares procedure is
applied directly to the raw data after first imposing
the appropriate constraints. The data in Table 1
compare the author's results with those obtained by
nonlinear regression.

TABLE 1 Comparison of Four Models

Residual

Sum of
Model Form Equation Squares
Equation 1 y=A-Blogx MPR =-1.74 - 3.03 log PI 4,33
Equation 5y = AePX MPR = 5e™17-4 I 5.39
Equation 6y = AeBx© MPR = 5¢-10-6P10-852 475
Equation 7 y=AeB"C+Dx MPR = §¢-304P11.55+8.29 P1 4,17

The "goodness of fit" of the four models, as mea-
sured by comparatively low residual sums of squares,
has been included in Table 1 as a matter of interest.
This should not be the primary factor of considera-
tion, however, when deciding among competing models.
When it is possible to identify fundamental mathe-
matical constraints, these constraints should be
satisfied before any statistical procedures are ap-
plied. By this reasoning, any of the alternate models
(Equations 5-7) is preferable to Equation 1, although
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only Equation 7 produces a lower residual sum of
squares.

The three alternate models are compared to the
author's original model in Figures 9-11. All three
satisfy the known constraints and Equation 7, in
particular, appears to provide an exceptionally good
fit of the data.

In summary, the primary goal is to obtain the
mathematical model that best describes the physical
process. To accomplish this, it is necessary to im-
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pose any known constraints before regression analy-
sis, or any other statistical technique, is applied.
There are two advantages to this approach. First, by
satisfying these constraints, it is more likely that
a fundamentally correct model will be obtained. Sec-
ond, because the equation may eventually be applied
by users unfamiliar with its development, it will be
more likely to produce correct results if it should
subsequently be used outside the range of data from
which it was derived.

o]
o]

A

FIGURE 8 Various forms of exponential decay curves.
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FIGURE9 Equation 5 compared with Equation 1.
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REFERENCE Their comments primarily address my choice of
model and the fact that my model does not accurately
1. SAS User's Guide. SAS Institute, Cary, N.C., predict ride quality (RN) either less than 1.0 or

1979.

Author’s Closure

I would like to thank Weed and Barros for their dis-
cussion of my paper. Although their comments are
valid, I believe that a response on my part is neces-
sary for completeness.

greater than 4.5. Their analysis develops a model
that is theoretically correct (i.e., from an engi-
neering point of view) for all 1levels of ride
quality.

A number of points should be noted:

1. My research (NCHRP Project 1-23) has indicated
that on roads with ride quality less than 1.0, 100
percent of the raters agree that the road should be
repaired; for ride quality greater than 4.5, 100
percent of the raters agree that the road reguires
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no repair at all. Hence, from a practical viewpoint
(e.g., to make a decision concerning whether a
specific road should be repaired), only the range
from 1.0 to 4.5 is important; what happens outside
this range is not important.

2. Extrapolation to predict values (of RN) out-
side the range of the empirical data can lead to
inaccuracies; none of us knows how the data will
behave outside the (RN) range of 1.0 to 4.5. Although
their assumptions concerning behavior at the extremes
of the curve appear reasonable, neither they, nor I,
have any validation of them.

3. Their point concerning application by un-
familiar users 1is well taken. However, there are
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methods other than nonlinear that are far simpler to
apply to alleviate this problem. Restricting the
range of the egquation (a simple "if" statement, for
example) is one of them.

I believe that the analysis accomplished by Weed
and Barros is important in providing more insight
into the entire process that describes the relation-
ship between psychological ride guality and physical
roughness. However, their results, like mine, still
leave questions to be answered. I hope that addi-
tional research will be undertaken to answer these
questions.

Critical Evaluation of the Calibration Procedure for

Mays Meters

BOHDAN T. KULAKOWSKI

ABSTRACT

A procedure for calibrating Mays meters using a standard quarter-car model is
reviewed. Uncertainties of the calibration method@ caused by lateral nonuni-
formity of the road surface and differences between the dynamics of calibrated
and standard vehicles are discussed. The results of a statistical analysis of
experimental data used for Mays meter calibration are presented. Investigation
of the effects of the number of raw data on the accuracy of calibration leads
to some practical recommendations for the number and length of the calibration

test sites.

Mays meters are the most common equipment used by
state transportation agencies to measure road rough-
ness. The output generated by the Mays meter repre-
sents an accumulated displacement between the rear
axle and the body of the vehicle. In order to cali-
brate the system, the scale of the output signal in
terms of road roughness has to be determined by com-
parison with a standard. The calibration procedure
for Mays meters was the subject of an extensive study
conducted by Gillespie et al. (l). In the study a
reference standard system--a quarter-car model of
specified parameters--was introduced, and various
calibration methods were evaluated. The research
findings reported (1) provided the basis for the new
standard calibration procedure that will be intro-
duced by ASTM in the near future. The results pre-
sented by Gillespie et al. have undoubtedly been
very helpful to the transportation agencies now
developing reliable and accurate calibration proce-

Pennsylvania Transportation Institute,
State University, Research Building B,
Park, Pa. 16802,

Pennsylvania
University

dures, yet many important gquestions remain un-
answered.

The objective of this paper is to address some of
these questions: How good or how certain is the
standard system used in Mays meter calibration? Are
there any important uncertainties affecting the ac-
curacy of calibration? How extensive should the raw
data set be to assure good correlation with the
standard system, and, in particular, how many test
sites should be used and of what length? Are multiple
tests on each road site necessary? Although definite
answers to some of these questions have not been
found at this point, raising them should bring re-
searchers closer to a better, more accurate calibra-

tion procedure.

UNCERTAINTIES OF THE STANDARD QUARTER-CAR MODEL

Every calibration procedure requires a standard
(reference) against which a calibrated system may be
compared. It is necessary that the uncertainties of
the standard be considerably less than those of the
system to be calibrated in order to assure high ac-
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curacy of measurement. In the calibration of Mays
meters, a model of a quarter-car, shown in Figure 1,
is used as a standard. The model is well defined and
probably as certain as a mathematical model can be.
However, it is not the quarter-car model itself but
the model-generated roughness data that are used as
the reference in calibrating Mays meters.

Sprung iviass
(Vehicle Body)

Cs

Unsprung Mass
" (Wheel Assembly)
t

Elevation Profile

623s°
653052 Cy/Mg =
FIGURE 1 Standard quarter-car model.

0.15
605!

Ke/Mg =
Ky /Mg

My/M, =

The quarter-car roughness index values are cal-
culated for a given input signal representing a road
profile. It is assumed that exactly the same input
signal is applied to the calibrated and calibrating
vehicles. This in general is not guite true, but it
is hoped, at least, that the difference between the
two signals is insignificant.

Is it insignificant? Consider the structure of
the calibration system. The idealized and actual
system structures are shown in Figure 2. The wheel-
paths of the calibrating and calibrated vehicles are
never exactly the same. The differences between the
profiles are represented in Figure 2 by random
signals v' end v" for the left and right wheelpaths,
respectively. Mathematically the relationship between
the profiles can be described by Equations 1 and 2
(1)

why = w'oc + V!

quM - quC + y" (2)

where
wym = road profile in Mays meter wheelpath,
Woc = road profile in profilometer wheelpath,
and
v = signal representing difference in profiles

between the two paths.

MAYS ROAD
METER

(a)
ROAD PROFILE, W)

QUARTER-CAR
MODEL

(b) 4

LEFT WHEEL PROFILE, Wy | QUARTER-CAR

MODEL

QUARTER-CAR

1
PROFILE, W, ool

RIGHT WHEEL
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Superscripts ' and " are used to denote the left
and right wheel signals, respectively. The distur-
bances v' and v" appear to be a result of the lateral
nonuniformity of the road surface. In order to eval-
uate the extent of this lateral nonuniformity, actual
roughness index values for the left and right wheel-
paths on 20 road sites, each 0.6 mi long, were com-
pared. The height sensor -nd accelerometer data for
the left and right whee were collected with the
Pennsylvania Transportat: . Institute (PTI) pro-
Ciiometer, and the roughness index values for the
two wheels, R'gc and R"gc, were calculated. The
roughness index is defined as

L
Roc = 1/L 'of lz(x)| dx (3)

where

z (x) = axle-body displacement of the quarter-car
model, inches;
x = longitudinal distance variable, miles; and
L = length of the road site, miles.

The values of R'pc and R"gc were obtained for
0.05-mi increments from the computer program devel-
oped by Watugala (2) on a DEC LSI 11/23 computer.
Two conclusions, shown graphically in Figure 3, can
be drawn from the results. First, the lateral non-
uniformity of road roughness is considerable as is
indicated by large differences between the right and
left wheelpath values on many sites. This means that
the inputs to the calibrated and calibrating systems
may be significantly different because they never
follow exactly the same path. One of the most im-
portant requirements for a highly accurate calibra-
tion, namely, that inputs to the two systems be
identical, is therefore not met. The magnitude of
the error caused by the lateral nonuniformity of the
road surface, however, is difficult to assess.

The second conclusion from a comparison of the
roughness data for the two wheels is that the values
for the right wheel are higher than those for the
left wheel on most road sites, as is indicated by
the clustering of the data points below the line of
unity slope in Figure 3. It was found that the aver-
age roughness index value in the right wheelpath was
83.37 in./mi, whereas in the left wheelpath it was
only 75.60 in./mi, about 10 percent lower. The dif-
ference was more pronounced for rougher roads having
a roughness index value greater than 50 in./mi. The
high value of the correlation coefficient, r = 0.96,

sLbs

MAYS ROAD
METER

Rum
CALIBRATION EQUATION,
CALIBRATION|  Rgg=f (Rym)
PROCEDURE
Jﬁ_,_ﬂ
R|
Qc
+ A
o
Rac T+
A
CALIBRATION |Fac=0(Rum)
PROCEDURE
Rum

FIGURE 2 1dealized (a) and actual (b) structures of the calibration system.
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calculated with a standard quarter-car model from left,
R’qc, and right, R’g¢c, wheelpath data.

confirms that the relationship is not coincidental.
In fact, a statistically meaningful linear regression
model was obtained relating roughness index values
in two wheelpaths:

R'QC = 5.83 + 0.837 R"Qc (4)

The standard deviation between the model (Equa-
tion 4) and the raw data was relatively low--12.55
in./mi. As mentioned before, the magnitude of the
inaccuracy of the calibration formula caused by the
lateral nonuniformity of the road is difficult to
evaluate, but it can be as much as 5 to 10 percent.
The closer are the wheelpaths of the calibrated and
calibrating vehicles, the smaller is the effect of
the lateral nonuniformity. The error can be entirely
eliminated only if calibration is conducted on test
facilities closed to road traffic.

PHYSICAL VERSUS STATISTICAL VALIDITY OF THE
LINEAR CALIBRATION FORMULA

A linear regression equation is commonly used as a
calibration formula relating road roughness index
values obtained with Mays meters and with the stan-
dard quarter-car model. The form of this equation is

RQC = ap + ulRMM (5)

where

Roc = roughness index value calculated using
standard quarter-car model,
RyM = roughness index value measured with
Mays meter, and
ags, o] = constant parameters.

Both Roc and Ryy are numerical measures associated
with the responses of two dynamic systems, the quar-
ter-car model and the Mays meter, to a dynamic road
profile input. Therefore, the relationship between
the two system outputs is dynamic, depending on the
freguency spectrum of the input signal, and can only
be approximated by the static formula (Equation 5)
with a limited accuracy.

Consider the dynamics of the Mays meter-quarter-
car relationship in more detail. First of all, assume
that both the Mays meter and the standard quarter-car
model are described by the set of two linear differ-
ential equations

MgZg + Cg(zZg - zy) + Kg (25 - zy) = O (6)

MyZy - Cg (2 - Zy) - Kg (2g — z) = Kg(w - z) (7)
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where the meaning of the symbols used in these equa-
tions is explained in Figure 1. By applying a Fourier
transformation and rearranging Equations 6 and 7, the
relative axle-body displacement, z = zg - 2z, can be
expressed in terms of model parameters, profile w,
and frequency w as follows:

z (Ju) = MgKew?/[MMgw® - J(My + Mg)Cgw®
= (MyKg + MgKg + MgKe)w? + jCgKew
+ KgKel w(jw) (8

The magnitude of the axle-body displacement, which
is used to calculate the road roughness index from
Equation 3 can be derived from Equation 8 as

1z (Ju) | = bow?/(agw® + agu® + agw*
+ agw? + ag) (9)
where
by = Ke/My

ap = KgKe/Mghty

ap = (CgKe/MgMy)* = 2 (KgKy/MgMy)
[Kg/Mg + (Kg + Kg) /M)

ag = [Kg/Mg + (Kg + Kg)/My)® + 2K Ke/M M,
- 2(CgKy/MgMy) (Cg/Mg + Cg/My)

ag = (Cg/Mg + Cg/My)?

a8 =1.0

It can be seen that the relationship between the
two measures of roughness determined by the ratio of
magnitudes 1z(jw)! integrated and averaged over the
road length is a complex function of freguency. The
problem is illustrated in Figure 4, which shows how
the ratio of the magnitude of the axle-body dis-
placement of the standard gquarter-car model versus
that of the Mays meter quarter-car model represented
by the 1962 Chevrolet Impala varies with the fre-
quency of the road profile. An attempt to approximate
the relationship between the roughness indices gen-
erated with the two models by the linear calibration
formula (Equation 5) is hardly justified if roads of
different frequency spectra are to be analyzed.

On the other hand, the statistical parameters of
linear calibration equations are usually rather en-
couraging: high correlation coefficient, relatively
small standard deviations. This happens because most
roads have similar frequency spectra of their pro-
files. However, great care should be exercised if
roads of unusual frequency characteristics are to be
tested.

The frequency spectrum of the profile, as observed
by a vehicle, changes not only from site~to-site but
it also changes with the vehicle speed on the same
site. It can thus be concluded from the earlier dis-
cussion that the road roughness index is a speed-
related quantity. It is therefore proposed that the
speed at which the roughness measurements are made
always be indicated; for example, I/Mgg or I/Mys
would denote the road roughness index values at 40
and 25 mph, respectively.

SELECTION OF THE NUMBER AND LENGTH OF ROAD TEST SITES

Calibration of Mays road meters is a statistical
procedure designed to produce the best mathematical
model of the relationship between a calibrated system
subject to random disturbances and a standard. The
form of the model is assumed a priori to be linear
with constant coefficients as shown in Equation 5.
With the specified form (Equation 5) the problem
reduces to an estimation of the parameters ag,
ayr which is commonly accomplished by using a
linear regression method. It is usually considered
that the number of raw data must be sufficiently
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FIGURE 4 Ratio of magnitudes of axle-body displacement of the standard
quarter-car model versus Mays meter quarter-car model represented by a

1962 Chevrolet Impala.

large, whatever that means, in order to ensure ac-
curate results. The term sufficiently large, is
usually interpreted as the larger the better, which
essentially is true if the cost of calibration is
not taken into account. Some state transportation
agencies have developed extensive (and expensive)
data collection procedures for calibrating their
Mays meters. The effect of the number of data on the
accuracy of Mays meter calibration was investigated
in a study sponsored by the Pennsylvania Department
of Transportation (3). The raw data base used in
this study contained road roughness index values
measured in 0.05-mi increments on 20 road sites,
each 0.6 mi long. The calibrated Mays meter was run
five times on each site. A total of 1,200 data were
therefore collected. The calibration formula obtained
from the original set of data was

Roc = 14.3 + 0.693 Ryy (10)

Next, the raw data were averaged over 0.10, 0.20,
0.30, and 0.60-mi increments. The results of the
calibration for the different distance increments
are given in Table 1. Increasing the distance incre-
ment eliminates high frequency noise and thus has a
smoothing effect on the data, which causes the stan-
dard deviation to decrease. On the other hand, with
an increased distance increment, the range of the
roughness data is narrowed; as a result the regres-

TABLE 1 Effect of Distance Increment on the Results
of Calibration

Calibration Formula,

Equation 5
Distance —_— Standard
Increment, Intercept, Slope, Correlation Deviation,
Mile ag (2] Coefficient  in,/Mile
0.05 17.5 0.629 091 19,3
0.10 15.8 0.647 0.94 14.7
0.20 14.4 0.659 0.96 12.1
0.30 14.4 0.660 0.97 10.4
0.60 14.6 0.658 0.98 9.1

sion line fits the data better around the center of
the range, but the accuracy for extreme values of
roughness gets worse. A compromise selection of a
distance increment between 0.2 and 0.3 mi appears to
be the best choice.

As mentioned earlier, the data were collected
five times on each site in order to eliminate random
measuring errors. Additional computations were per-
formed to determine calibration equations based on
data obtained after one, two, three, and four repe-
titions. The results are given in Table 2 where it
can be seen that the calibration parameters are al-
most totally independent of the number of repeti-
tions. This observation can be explained by the fact
that even with a single test on each road site, the
total number of data collected was sufficiently large
to ensure good accuracy of calibration. It should be
noted that by reducing the number of runs from five
to one, the extent of the calibration testing program
is reduced by 80 percent without loss of accuracy.

Next, the problem of test site selection was
examined. Calibration computations initially made
for 20 sites were repeated for 15, 10, and 5 sites
selected from the original set of 20. The data were
averaged over 0.25 mi, which gives two data points
from each 0.5-mi section. The distribution of raw
data and the calibration 1lines of the standard
quarter-car, RQC, versus Mays meter roughness index,
Ry, are shown in graphical form in Figures 5 through
8. The numerical results are given in Table 3. In
addition to the data presented here, the same ex-
periment was conducted for three other Mays road
meters yielding very similar results (3). It can,
therefore, be concluded that as few as 5 sites can
be used instead of 20 to obtain sufficient accuracy
of calibration.

Finally, the conclusions regarding the number of
sites and the number of repetitions were combined,
and the calibration was conducted for the drastically
reduced set of data containing roughness index values
from five sites, each obtained in a single test. The
sites selected were 0.5 mi long and the distance
increment was 0.25 mi, which gives a total of 200
data points in the full set against 10 data points
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TABLE 2 Results of Calibration for Different Numbers of Test Runs on

Each Site
No. of Repetitions
Speed Parameter 5 3 2 |
25 mph Intercept, ag 14,3 14.4 14,3 14.4 14,3
Slope, a; 0.693 0.693 0.693 0.693 0.698
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TABLE 3 Results of Calibration for Different Number of
Test Sites

No. of Test Sites

Speed Parameter 20 15 10 5
25 mph Intercept, ag 12.8 8.61 10.3 20.1
Slope, & 0.708 0.734 0.719 0.649

in the reduced data set. The calibration lines ob-
tained for the reduced and full sets of data at 25
mph are shown in Figure 9. A rule of thumb often
used in least-squares parameter estimation states
that a minimum of 5 to 10 raw data points per esti-
mated parameter are needed to ensure meaningful re-
sults. Thus at least 10 to 20 raw data points are
necessary for Mays meter calibration because two
parameters, ag and a3, are being estimated, which
roughly agrees with the conclusions set forth.

Distance increment = 0.25 mile
Speed = 25 mph

Rgc, in/mile

STANDARD QUARTER-CAR ROUGHNESS

?ﬁ. = —Reduced data set (5 sites, |run)
=} ~——Full data set (20 sites, 5 runs)
c T I 1
(o] 100 200 300
MAYS METER ROUGHNESS INDEX,
Rym» in/mile

FIGURE 9 Calibration lines obtained from the full
set of data and from the reduced set of data.
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SUMMARY

Mays meter users, in their efforts aimed toward ob-
taining maximum accuracy of calibration, should be
aware of the fundamental conceptual and technical
problems associated with the calibration of the Mays
meters against a standard quarter—-car model. These
problems include lateral nonuniformity of the road
surface, which means that the input signals applied
to the calibrated and calibrating systems are never
identical. The difference between the dynamic char-
acteristics of the Mays meter and those of the stan-
dard quarter-car is another problem limiting the
accuracy of calibration. The lateral nonuniformity
of road surface and the differences between the
dynamic behavior of the calibrated and the calibrat-
ing vehicles cause inherent uncertainties in the
calibration procedure that cannot be eliminated by
increasing the amount of test data. The results of
the statistical analysis presented in this paper
should be useful in developing accurate, low-cost
testing procedures for the calibration of Mays road
meters.
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Texture-Induced Contact Information in

Tire-Pavement Interaction

T. G. CLAPP and A. C. EBERHARDT

ABSTRACT

In tire-pavement interaction, road surface texture is an important parameter
that influences many factors such as tire noise, skid resistance, vehicle per-
formance, and rolling resistance. Efforts to understand and quantify the tex-
ture effects in tire-pavement interaction have been limited because of the dif-
ficulties in experimentally and theoretically determining the many individual
contact areas and contact pressures produced by irregularly shaped asperities
indenting the tire tread. A numerical method is developed and incorporated into
a computational algorithm to approximate contact pressure resulting directly
from road surface texture in tire-pavement interaction. Only 2-D road surface
profile geometry and tire inflation pressure are required as input parameters.
The purpose of this paper is to demonstrate application of the method. Several
types of surface textures are analyzed using the contact approximation method.
The road surfaces are characterized by analyzing the individual pressure dis-
tributions, contact lengths, and tire deformations that make up the pressure
profiles. The contact length information is combined with the surface profile
geometry to approximate the geometry of the deformed tire surface. Analysis of
the deformed tire geometry provides information concerning factors such as void
area and depth of penetration. Two-dimensional pressure profiles associated
with the 2-D surface texture profiles are computed and transformed into force
time-histories of tire input excitation.

The interaction between a rolling tire and a road
surface has been a topic of wide research interest
for many years. As the popularity and demand for
automotive transportation have increased, research
has been conducted by tire and pavement designers to
understand and improve tire-pavement interaction for
two primary reasons: vehicle performance and safety.
The tremendous growth of the nation's transportation
system and the ever present need to conserve energy
have produced additional reasons for addressing the
topic of tire-pavement interaction such as tire
noise and rolling energy loss. Current research of
tire-pavement interaction is directed toward under-
standing the contact forces that affect tire noise,
vehicle performance, safety, and rolling resistance.
Road surface texture is an important parameter in
the analysis of tire-pavement contact. Surface tex-
ture has always been an important consideration in
the design and construction of pavements with good
skid resistance characteristics (l). Surface texture
is also shown to affect tire noise, a primary envi-
ronmental noise source, by up to 6 dB on dry pave-
ments and up to 15 dB on wet pavements (2). Surface
texture also affects tire rolling resistance, an im-
portant component of vehicle fuel consumption, by up
to 30 percent (3). The -recent design of small,
lightweight vehicles has increased the significance
of the structure-born vibration and acoustic radi-

T.G. Clapp, Textile Engineering and Science Depart-
ment, P.O. Box 8301, North Carolina State University,
Raleigh, N.C. 27695-8301. A.C. Eberhardt, Department
of Mechanical and Aerospace Engineering, P.0O. Box
7910, North Carolina State University, Raleigh, N.C.
27695-7910.

ation affecting passenger comfort (4). Road surface
texture creates fluctuating forces that excite the
tire structure, resulting in vibrational response.

Sophisticated tire models are being developed to
understand and predict the response of tires in con-
tact with a variety of road surfaces. These models
require an input excitation that reflects the true
nature of tire-pavement contact. The contact infor-
mation resulting from road surface texture must be
included in the excitation mechanism.

Efforts to understand and quantify the texture
effects in tire-pavement interaction have been lim-
ited as a result of difficulties encountered in ex-
perimentally or theoretically determining the many
individual contact areas and pressures produced by
irregularly shaped asperities indenting the tire
tread. Global contact pressure and contact area as-
sociated with the tire footprint have been investi-
gated (5), but the influence of surface texture is
lost when averaged over the contact region. This
global contact information is not sufficient to
model the random, fluctuating forces that excite the
tire structure and affect many factors related to
tire-pavement interaction. This texture-induced con-
tact information is required to represent realistic
excitation forces produced by actual road surfaces.

Research has been performed to develop a method
for predicting the normal contact forces that are
created as a direct result of surface texture (6).
Because the texture-induced contact information in-
fluences many topics of interest, a basic goal of
the research has been to develop a method that is
available to the tire and pavement research com-
munity.

The purpose of the research described here is to
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demonstrate the usefulness of the method by comput-
ing texture-induced contact pressure and length in-
formation from a variety of road surfaces. This
contact pressure information is used to analyze in-
dividual peak pressures and construct force time-
histories that excite tire models for predicting
vibrational response and rolling resistance. The
contact length information is used to approximate
tire envelopment into the surface texture. This in-
formation contains skid-resistance parameters such
as void area and depth of penetration resulting from
surface texture geometry.

Researchers investigating topics such as skid re-
sistance, tire noise, rolling resistance, and vehi-
cle performance have an interest in the contact
pressure and length information resulting directly
from road surface texture in tire-pavement interac-
tion. An analysis of experimental methods used to
characterize pavement skid resistance by measuring
texture-related parameters has demonstrated a need
to define other surface texture parameters, such as
microtexture, to adequately predict pavement skid
resistance (7). In this paper information available
from the approximation method developed for use by
the general research community is described.

APPROXIMATION OF TEXTURE-INDUCED CONTACT PRESSURE

The development of an approximation method is based
on an analysis of individual contact areas that are
combined to form the total contact between a tire
and a road surface. A contact model is developed to
approximate the contact stress or pressure associ-
ated with individual contact areas. The contact
stress produced by the model is mathematically de-
scribed using the classical theory of elasticity
(8,9). Contact pressure is approximated based on the
model formulation and known input parameters.

An individual contact area associated with a sur-
face asperity and the tire tread is modeled as a
rigid indenter in contact with an elastic half-plane
as shown in Figure 1. A line of continuous contact
between points a and b is used to provide a two-
dimensional model of the contact area. Working in
two-dimensions reduces the complexity of the model-
ing process and is justified by the randomness of
the road surface profile and the independence of
parallel paths (10). The line of contact is called
the displacement function, f(x), and is assumed to
be a known parameter. The vertical component of
stress along the half-plane boundary is equal and
opposite to the applied vertical pressure, p(x), in
the region of contact and equal to zero outside the
contact region. This contact model provides the
foundation on which tire-pavement contact is modeled.

The mathematical foundation used to develop the
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FIGURE1 Two-dimensional model of the contact and boundary
conditions between an elastic half-plane and a rigid object.
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pressure distribution associated with tread-pavement
contact is based on plane problems in the theory of
elasticity. Galin (8) performed an exhaustive study
on the topic of contact problems of the theory of
elasticity. Specifically, Galin developed an ana-
lytic solution for a two-dimensional contact problem
that is based on the same assumptions as the model
for the tire-pavement contact problem. In that de-
velopment, the following equation occurs:

b
T E £(x)/2{1 - v?) +C0 = f (ay)y=0£nlt - xldt (1)
a

where

E = 1/2 plane modulus of elasticity,
v = 1/2 plane Poisson's ratio,

t = dummy variable of integration,

x = horizontal contact position,

b = contact end points,

0 = normal contact stress, and

) = contact displacement function.

C0 is a constant that describes the vertical dis-
tance from the half-plane boundary line to the ini-
tial point of contact. This formulation contains the
displacement function, f£(x). Discrete samples that
describe the road surface geometry are used to rep-
resent the displaced half-plane contact length, f(x).
The normal stress, oy, in the y-direction and on the
half-plane boundary is equal and opposite to the ex-
ternally applied vertical pressure, p(x),

{oy)y=0 = - P(x) (2)
Equation 2 is substituted into Equation 1 to obtain

b
T E £(x)/2(1 - v2) + C0 = -f p(t)anit - x|dt (3)
a

Equation 3 is in terms of the displacement function,
f(x), which is described by 2-D road surface pro-
files.

With f(x) previously defined, the problem becomes
that of finding the corresponding pressure distribu-
tion, p(x). The physics of the problem require the
existence of a pressure distribution. Although un-
known, the pressure is assumed to be some function
with unknown coefficients that approximate the true
pressure distribution.

The contact pressure distribution is approximated
by a sequence of third-order polynomials connected
by appropriate boundary conditions as shown in Fig-
ure 2.

The pressure distribution, pj(x), for each
spline, i, is represented as follows:

pi(x) = Bjg + Bj1x + Bjox2 + Bjqx® (4)

where Xj < x < Xj4+1- The coefficients, Bj,'s, are un~-
known, and X; and X;,, are spline end points. Equa-
tion 4 is substituted into Equation 3 to determine
the pressure distribution over an individual spline
of contact length with end points X; and Xj;;. The
pressure is approximated over the entire contact
length by a series of cubic splines to obtain

1 3
T E £(x)/2(1 - v?) +C0=-7] ] Bj,
i=1 n=0
Xivl
e (t - X{)Mnit - x1dt
X3 (5)
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FIGURE 2 Sketch of the spline approximation of
contact pressure associated with a deformed elastic half-
plane.

where I is the total number of splines.

The splines are combined using appropriate inter-
face conditions. Splines can be combined by imposing
restrictions on the continuity of the pressure dis-
tribution, or restrictions on first, second, or third
derivatives of the distribution (11). The interface
condition imposed on combining splines is that the
pressure must be continuous, this means that
B(j+1)0 = Bjo * Bjihi + Bjghi® + Bjshy’® (6)
where i =1, I -1 and hy = X3,y - Xj. This restric-
tion assures a continuous distribution without in-
troducing complexities that increase solution time
and coefficient storage.

The unknowns in Equation 5 are CO0 and the spline
coefficients Bj, (i =1, I; n=20, 3) to total 4 I +

lunknowns. With the interface conditions applied,
there is a total of 3I + 2 unknowns. A total of 3
I + 2 equations are generated by selecting 3 I + 2
x-values along the contact length that correspond to
discrete displacement values, f(x). A coefficient
matrix formed by the 3 I + 2 equations is analyzed
by using a singular value decomposition to decompose
the matrix into singular values and vectors (12,13).
The decomposed matrix information is used to compute
the unknown spline coefficients. With the spline co-
efficients determined, the pressure distribution is
approximated.

The method developed for approximating contact
pressure also approximates the true contact length
by producing negative pressures in the regions along
the assumed contact length where no contact exists.

The approximation method is validated and incorpo-
rated into a computational algorithm to compute the
contact information resulting directly from road sur-
face texture in tire-pavement interaction (6). The
input requirements for the algorithm consist of dis-
crete samples that represent a two-dimensional road
surface profile, as shown in Figure 3, and tire in-
flation pressure. The size and detail of the surface
texture to be analyzed is limited primarily by the
sample spacing of the surface profile. The algorithm
computes multiple contact sections along the 2-D
surface profile to incorporate the effects of ad-
jacent asperities.

The algorithm computes the contact pressure and
length information associated with 2-D surface tex-
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FIGURE 3 Typical section of 2-D road surface profile
geometry,

ture profiles. The contact information consists of a
series of individual contact lengths and pressure
distributions associated with a 2-D road surface
profile to form a 2-D pressure profile that charac-
terizes the road surface. The pressure profile pro-
vides the basic contact information used to describe
the effect of road surface texture in tire-pavement
interaction. The amount of contact information pro-
duced by the algorithm is demonstrated by analyzing
a variety of road surfaces. Details of the algo-
rithm's computational process are included in the
analysis.

APPLICATION OF COMPUTATIONAL ALGORITHM USING
ROAD SURFACE TEXTURE

Surface profiles from four selected pavements are
analyzed to predict the 2-D contact pressure pro-
files that contain the force and contact length in-
formation. Profile information was collected in pre-
vious research from four road surfaces located at
Texas Transportation Institute (TTI), College Sta-
tion, Texas (10). These surfaces are referred to in
this report as Test Pads 2, 4, 7, and 8 to maintain
consistency with previous research. The construction
and skid resistance of the test surfaces are well-
documented (14) and are given in Table 1.

TABLE 1 Pavement Description

Pad SNyo Description

2 18+3 Asphaltic concrete with jennite flush seal

4 42%5 Crushed gravel hot-mix asphaltic concrete

7 60%5 Lightweight aggregate asphaltic chip seal

8 50 £5 Lightweight aggregate hot-mix asphaltic concrete

For each of the four pavements, 21 two-dimensional
surface profile traces were collected using a profi-
lometer developed at North Carolina State University
(10). Each trace contains 560 points that describe
the surface geometry. These points have a sampling
increment of 0.635 mm (0.025 in.) over a total pro—
file length of 35.56 cm (14 in.). Examples of the
reproduced profiles from each pavement are shown in
Figure 4. This figure shows the wide texture range
investigated and the necessity of using a narrow
sampling increment to accurately describe the pro-
file geometry. The contact information is approxi-
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FIGURE 4 Computerized TTI pavement profile
(vertical scale offset 2.22 cm).

mated for each road surface using the profile infor-
mation as input into the computational algorithm.

The penetration or contact depth is determined by
assuming total envelopment, computing the pressure
profile, and comparing the average pressure of the
profile to an equilibrium pressure. The depth of
penetration is estimated based on the difference in
pressure values. The iterative process is continued
until the approximated average pressure is within 5
percent of the equilibrium pressure. If the average
contact pressure of the total profile is less than
the equilibrium or inflation pressure, then the sur-
face is considered totally enveloped, and no modifi-
cations to the profile data are necessary. A partic-
ular example using a truck tire inflation pressure
of 517 kPa (75 psi) is selected as the equilibrium
pressure. The smoothest surface, Pad 2, has a totally
enveloped average pressure of 131 kPa (19 psi) and
is the only surface that is considered totally envel-
oped. Test Pads 4, 7, and 8 have average pressures
of 1241 kPa (180 psi), 1344 kPa (194 psi), and 1034
kPa (150 psi). Because these average pressures, as-
suming total envelopment, are above the equilibrium
pressure, Pads 4, 7, and 8 are considered only par-
tially enveloped, and the depth of penetration must
be determined.

Once the contact depth is determined for one sur-
face profile, an empirical formula is constructed
based on the mean surface depth and some fraction of
the standard deviation to include the local vari-
ations in estimating the depth of penetration. The
estimation of the penetration depth dramatically re-
duces the computation time and produces average
pressures that are within 10 percent of the equilib-
rium pressure.

When the penetration depth is estimated for a
particular surface profile, the profile data are
modified by setting to zero displacement values be-
low the contact depth equal to the contact depth
value as shown in Figure 5. The modified profiles
provide the necessary input into the approximation
method to predict the contact information associated
with each particular road surface.

COMPUTATION AND ANALYSIS OF CONTACT INFORMATION

Twenty-one pressure profiles from each of the four
test pavements are generated by inputting the modi-
fied road surface profiles into the approximation
algorithm. The texture-induced contact information
is characterized by analyzing the contact length in-
formation, the individual pressure distributions,
and the spectral content contained in the pressure
profiles.
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FIGURE 5 Modified surface profile based on an
esiimated depth of penetration over the original profiie.

The area of contact associated with each pavement
is contained in the approximated pressure profiles
as indicated by the 1lengths of the profile over
which positive pressure exists. The displacement in-
formation associated with each individual contact
length is known and is used to construct an approxi-
mated enveloped half-plane. This information pro-
vides a means of understanding and quantifying the
surface texture effect on parameters such as void
area, percent contact length to total length, depth
of penetration, and pressure distribution. Each test
pavement is characterized by these parameters using
the contact length information.

Pad 2, the smoothest pavement, is assumed to be
totally enveloped, achieving full depth of penetra-
tion. The percent contact length to total length is
56 percent, which indicates that a large portion of
the road surface is not in contact with the half-
plane. An examination of the enveloped and original
surface profiles shown in Figure 6 provides an ex-
planation. Pad 2 contains low amplitude microtexture
that produces a fluctuating pressure distribution as
shown in Figure 7. The negative portions of the high
frequency distribution are areas in which no contact
exists, resulting in the 56 percent contact value.

Figure 6 also shows that the enveloped profile is
practically identical to the surface profile. The
area between the curves is called the void area and
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FIGURE 6 Comparison of original and enveloped surface
profiles from Pad 2.
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FIGURE 7 Contact pressure profile for Pad 2.

is an important safety consideration in pavement de-
sign. A large void area is desired to provide a path
for water to exit from the tire-pavement contact re-
gion in wet highway conditions. Pad 2 has a very
small average void area of 0.0010 cm?/cm (0.0004
in?/in.) that is measured in centimeters squared
per centimeter of horizontal surface 1length. This
small void area is a contributing factor in the low
skid number of 18 * 3,

The pressure profile for Pad 2 contains many low
amplitude distributions. Analysis of the individual
pressure distributions produces an average pressure
of 180 kPa (26 psi) with average peak pressure of
380 kPa (55 psi).

Pads 4, 7, and B are partially enveloped as shown
by the enveloped and original surface geometries in
Figures 8 through 10. The figures show the different
characteristics that describe each pavement. Pad 4
has widely spaced contact areas with similar depths
of penetration. Pad 7 has widely spaced contact
areas, but the depth of penetration varies from
asperity-to-asperity because of the height variation
of the asperities. Pad 8 has many sharp asperities
in contact with the half-plane.

The pressure distributions associated with the
enveloped profiles for Pads 4, 7, and 8 are shown in
Figures 11 through 13. The microtexture roughness is
reflected in the pressure profiles by the multiple
peaks in the pressure distributions over individual
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FIGURE 8 Comparison of original and enveloped surface
profiles from Pad 4.
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profiles from Pad 7.
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FIGURE 10 Comparison of original and enveloped
surface profiles from Pad 8.

contact lengths. Pad 8 reflects much more microtex-
ture roughness than Pads 4 or 7. Additional informa-
tion about the individual pressure distributions is
given in Table 2, along with other parameters that
characterize the three pavements.

Pads 4, 7, and 8 all have high peak and average
pressure values. Pad 8 contains 50 percent more
peaks per centimeter than Pads 4 or 7, which may be
reflected by the relatively higher skid number.
Sharp peaks in the pressure distribution tend to im-
prove tire-road surface adhesion by breaking the
water film, thus diminishing the lubricating proper-
ties of the film. Pads 4 and 7 have a similar number
of peaks and pressure values, but Pad 7 is superior
to Pad 4 in terms of stopping traction as indicated
by their skid numbers. The skid number difference is
believed to be a result of the depth of penetration
generated by the surfaces.

It is also assumed from this observation that
handling (lateral tractive response) 1is also im-
proved to some extent as the skid number increases.
The primary resistive force that prevents skidding
at high speeds in wet conditions is the hysteresis
component of friction caused by the elastic half-
plane material being deformed over the road surface
asperities. Pad 7 is embedded approximately 32 per-
cent deeper than Pad 4. This additional penetration
increases the resistive forces that are created
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under sliding or skidding conditions. A detailed in-
vestigation of the contact information from many
road surfaces can provide a definitive relationship
to predict pavement skid resistance based on the
analysis of road surface geometry using the method-
ology developed in this paper.
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TABLE 2 Contact Information Analysis Results

Pad 4 Pad 7 Pad 8

Individual avg.

pressure, kPa 1179 1234 1055
psi 171 179 153
Individual peak
pressure, kPa 2165 2227 1882
psi 314 323 273
No. peaks/cm 2.6 2.4 3.9
in. 6.6 6.2 9.8
Avg, depth of
penetration, mm 1.17 1.55 0.89
in. 0.046 0.061 0.035
Standard deviation of
penetration, mm 0.71 0.97 0.38
in. 0,028 0.038 0.015
Percent contact 324 32.0 45.3
Void area, cm?/cm 0.10 0.10 0.036
in.2/in. 0.04 0.04 0.014
Skid number (SNg4q) 425 60x5 505

The pressure profiles are transformed into force
time-histories by multiplying the pressure times in-
cremental areas to obtain incremental forces, and
dividing the displacement increment by vehicle ve-
locity to obtain a time increment. The two-dimen-
sional time-histories can be combined to produce a
three~-dimensional forcing function that can be used
to excite the tire-pavement contact region,

The force time-histories are also transformed
into the frequency domain to determine the spectral
energy contained in each road surface. Examples of
each pavement's spectral energy in 1l/3-octave bands
are shown in Figure 14. This spectral energy can be
used to characterize road surfaces and excite tire
models.
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H
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FIGURE 14 Comparison of 1/3-octave-band power
spectra of the four test pad contact pressures.

Other contact information can also be extracted
from the contact pressure profiles and the enveloped
tire geometry as required to provide insight into
factors influenced by road surface texture in tire-
pavement interaction.

SUMMARY

Demonstrated in this paper are the capabilities of a
computational algorithm for approximating contact
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information resulting directly from road surface
texture in tire-pavement interaction. The method-~
ology incorporated in the algorithm is developed to
operate on a microcomputer and to use input informa-
tion that is accessible, or obtainable, by the re-
search community. The texture-induced contact infor-
mation produced by the algorithm can be applied to
understand and predict factors influenced by surface
texture such as tire noise, pavement skid resis-
tance, rolling resistance, and vehicle performance.

Current research is directed toward incorporating
the computational algorithm into a generally avail-
able software package that can be implemented by the
research community to compute texture-induced con-
tact information given the road surface profile data
and relate this information to factors such as skid
resistance, tire noise, and rolling resistance. Ef-
forts are also directed toward predicting the total
forcing function in the tire-pavement contact region
by combining the texture-induced forces with the ef-
fects of tread pattern and global pressure distribu-
tion over the tire footprint.
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Influence of Pavement Edge and

Shoulder Characteristics on

Vehicle Handling and Stability

DON L. IVEY and DEAN L. SICKING

ABSTRACT

Described in this paper is an analytical approach to predicting the steer angle
of a vehicle, which is necessary to mount a pavement edge from the scrubbing
condition. This steer angle is dependent on a new concept, the effective edge
height, pavement edge geometry, travel lane friction and shoulder friction,
tire geometry, and tire-cornering characteristics. It is demonstrated how this
steer angle prediction can be combined with a vehicle simulation such as high-

way vehicle object simulation model

(HVOSM) to predict vehicle movements, sta-

bility, and controllability. It is concluded that this combination of analyses
used with driver performance characteristics now allows the study of a variety
of factors. These would include all vehicle characteristics defined by HVOSM
and many highway properties. Principal among these highway properties are pave-
ment, shoulder and edge surface friction, and edge height and shape.

The possibility of a driver losing control after the
vehicle goes off the paved surface onto a shoulder
has caused highway engineers great concern. Why this
occurs and under what conditions it can occur has
been the subject of research efforts by Klein et al.
(L), Nordlin and Stoughton (2,3), and Zimmer and
Ivey (4). These efforts have been summarized in TRB
State-of-the-Art Report 1, "The Influence of Roadway
Surface Discontinuities on Safety" (5). Recently
Graham and Glennon have tried to use computer simu-
lation to study the phenomenon of vehicle loss of
control due to pavement edges (6). In all these ef-
forts no one has tested a large group of drivers.
This is a recognized shortcoming, but the necessary
resources were simply not available. To alleviate
this problem, the Transportation Research Board is
sponsoring a new study at the University of Michigan
Transportation Research Institute and Texas Trans-
portation Institute. Testing of a wide spectrum of
drivers in highway environments is being conducted
to better define driver performance. This work in-
cludes edges of different sizes and shapes. Still,
there will not be enough funding to test all edge
conditions of interest.

The work presented here is an effort to provide
an analytical approach to the evaluation of a variety
of edge conditions using the most reliable vehicle
handling simulation--that venerable code developed
by McHenry et al.--highway vehicle object simulation
model (HVOSM) (7). The difficulty in using HVOSM
directly has been in simulating tire edge interac-
tion with reasonable accuracy. In this paper that
difficulty is overcome by the development of an
analysis that predicts the steer angle necessary to
mount a specific edge from the scrubbing (4) condi-
tion. Once that value is determined as a function of
edge height, edge shape, tire size, tire-pavement
cornering characteristics, and other physical param-
eters, it can be used as one input parameter to HVOSM
to define initial conditions. HVOSM, in an unmodified

Texas Transportation Institute, Texas A&M University
System, College Station, Tex. 77843,

form, will then define vehicle response as a function
of vehicle and driver performance characteristics.
Presented in this paper in abbreviated form is the
analytical development to predict initial steer
angle, and the use of HVOSM is demonstrated to
determine subseguent vehicle response. The results
are most encouraging. This technigue can be used to
extrapolate driver performanee characteristics now
being observed in the TRB study to a variety of
physical situations and to define parametrically the
influence of specific factors on vehicle handling
and stability.

ABBREVIATED THEORETICAL DEVELOPMENT

Consider an automobile with one set of wheels off
the pavement edge but with the inside of those wheels
brushing that edge as shown in Figure 1. As the
driver turns the steering wheel in an effort to
mount the edge to return to the paved surface, the
steering angle of the front wheels, o, is gradually
increased. As ¢ gets larger, the vehicle will finally
climb the edge when the right front wheel reaches the
critical value of a, ag. Further, the right rear tire
will finally mount the edge when the yaw of the ve-
hicle has increased to approximately og. The vehicle
speed, yaw, and yaw rate at this predictable vehicle
position, along with the driver's reaction time and
counter steering capability will then dictate whether
the vehicle can be successfully controlled. The
critical steer angle, oy, is therefore of major
importance in predicting vehicle controllability.
This abbreviated derivation is an attempt to predict
that critical steer angle. The complete derivation
is available on request from the authors.

FORCES ACTING ON THE FRONT TIRES

As a vehicle in the edge scrubbing condition has its
wheels gradually turned into the pavement edge sur-
face, a state of equilibrium exists between the
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FIGURE 2 Equilibrium of forces acting on vehicle front
tires.

cornering forces on the two front wheels and the
resisting force generated by the edge, as shown in
Figure 2.

A summation of the forces acting on the front
tires in the y direction yields

r 1 Fy Wk (1)

where F, is the cornering force exerted on the right
front tire, Fy is the cornering force exerted on the
left front tire, and F. is the force exerted by
the pavement edge on the right front tire.

The cornering forces can be determined by knowl-
edge of the lateral force generation characteristics
of the tires in contact with specific surfaces, the
vertical load at the pavement or shoulder surface on
each front tire, and the slip angle, a, of each
front tire.

The definition of the magnitude and direction of
the edge force, F,, is somewhat more difficult.
First, it will be assumed that the edge force, Fg,
is the resultant of two forces. These are N,, a
force acting normal to the undeformed surface of the
tire at the center of the area of tire-edge contact,
and F, the friction force acting at the tire and
edge contact zone. This friction force must act in
opposition to the relative velocity between the tire
and edge surface and in the plane of the contact
zone, assuming further that plane is defined by the
undeformed surface of the tire. These forces are
shown in Figure 3. A summation of forces vertically
yields

Np + Neg + F = Wpy (2)

The normal force, N,, acting on the bottom con-
tact patch of the tire is difficult to deal with
analytically. At some point, this force obviously
becomes zero for the larger edge heights as mounting
starts. This variation of Np with edge height was
assumed to vary as shown in Figure 4. An n value of
4.5 was tentatively selected to give an appropriate
fit of test data. This will be discussed further in
the final section. Using this approximation for N,
Equation 2 can be written

Typ/ebe/n 4 Ry 4 F = Wy

Wy TOP OF
»— PAVEMENT EDGE

=St
N 7/
‘x/.zsj\? _ .~  y—LOWER SURFACE
k1l

Np

W, = the weight of and on the right front wheel,
Np, = the normal force on the bottom contact path,
N = the normal force acting at the contact zone of the tire
with the pavement edge, and
F = the friction force acting on the tire-adge contact zone,

FIGURE 3 Forces on the tire in contact with
the pavement edge.

N
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-
L
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FIGURE 4 Reduction of Ny, as the
effective edge height increases,

In the full derivation it has been shown that
Equations 1 and 2 can be expressed in terms of the
geometric characteristics of the tire and the pave-
ment edge and two unknowns Ng and ag. With these
equations, Ng can be eliminated and the slip angle,
agr necessary to climb a specific pavement edge, may
be calculated.

EFFECTIVE EDGE HEIGHT

It is intuitively appealing that more gradually
sloped edges are easier for a tire to mount than
sharp, abrupt edges, just as it is easier to walk up
a gradual incline than to climb a cliff. If it is
noted how a tire makes contact with edges of dif-
ferent shapes, as shown by Figure 5, it becomes ap~-
parent that the relative ease or difficulty a tire
encounters in traversing a particular edge may be
explained by the idea of effective edge height. The
effective edge height is defined as the height above
the lower surface (usually considered the shoulder
surface) at which the tire makes predominant contact
with the edge. In earlier discussions this has been
called the contact zone, and is defined as the area
at which the normal force, N,, and the friction
force, F, act. As observed in Figure 5, a right-angle
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VIEW FROM REAR OF TIRES

Edge Typs

SLIGHT 50%
ROUNDING ROUNDING
OF OF
EDGE EDGE
87 104 £e7 0.84
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“Edge typea given by Zimmer and Ivey (5)

Edge Type

100% 45°
ROUNDING SLOPE
OF OF
EDGE EDGE
LeT 0.4
USE Ag= 1,57 USE QAg= 1°

FIGURE 5 Effective edge heights for different edge shapes.

30° 45° 60° 75°

De= 0.5° Hg=.T5" D= 1.25° Dg¥ 2,0°

De®0.13°0" Ag= 0.19 A% 0g 7 0.310° Ao 0.50 2%

*For A= 4 Inches

FIGURE 6 Effective edge heights for different edge slopes.
edge has an effective height, Ae: roughly equivalent 100 4
to the total vertical distance, 4, between the two m
major plane surfaces (i.e., the pavement surface and ‘:IJ:
the shoulder surface). As different edge shapes are 75| i3 m z
considered, it is apparent that the effective height o< T o
q - O
becomes smaller as the edge becomes more rounded, ":E Zu
and finally sloped at an angle of 45 degrees. Both ; ] '_-°
empirical testing and the theory presented here, o w 50 | 12 EE
demonstrate conclusively the greater ease of tra- ';‘;;‘ i =0
versing more rounded and more gradually sloped edges 3 g B g
(1-4). 2w =
Figure 6 shows the influence of different edge w e 251 11 o ;

slope angles on the effective height, and Figure 7 - o«
shows the complete variation from an edge slope of E
zero degrees, which must certainly correspond to a

zero effective height, to a slope of 90 degrees,
which is just as certainly an effective height,
Ae, equal to the total height, A.

A range of angles probably exists between 60 and
90 degrees where the concept of effective height
less than the total height breaks down. This is due
to tire deformation producing tire surface compliance
with edge geometry and the simplified geometry at-
tributed to the tire cross section in this devel-
opment.

The effective height is only slightly influenced
by the steer or slip angle, a, in the range of
importance, from 0 to 15 degrees. This small varia-
tion may be considered of only academic interest.

0 ol T GO A S LN TS 0
(o] 20 40 60 80

PAVEMENT EDGE SLOPE

FIGURE 7 Effective edge height variation with
edge slope.

It appears compelling then that the concept of
effective height explains in simple geometric terms
the resistance a tire (or vehicle) encounters in
traversing edges of the same total height but of
quite different shape. In subsequent sections, the
concept of effective height will be used, along with
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FIGURE 8 Perspective of tire.

POINT B

CIRCULAR SURFACE
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FIGURE 9 Cross section of tire.

the theoretical analysis to calculate those resis-
tances.

NORMAL FORCE

Figure 8 is a perspective view of the tire and wheel
showing the direction of the normal force, Ng,
that is developed between the tire and the edge. The
normal force is assumed to act in a direction normal
to the undeformed surface of the tire. A further
simplification is that the surface of the tire cross
section is circular and is defined by a radius, op,
about point B (see Figure 9). Although it is recog-
nized that tires are not circular in cross section,
the authors believed that the circular simplifica-
tion would not seriously compromise accuracy. The
results appear to bear this out.

The following geometric measurements were used to
resolve the normal force into transverse and vertical
components.

6, the angle between the vertical plane, in-
cluding the wheel axis and a second plane defined by
the wheel axis and the tire-edge contact zone.

r, the radial distance from the wheel axis to the
contact zone.

I't, the undeformed tire radius.

r,, rolling radius of the tire
be approximated by ry when the tire
mount the pavement edge).

Ae, the effective height of the pavement edge
(i.e., the height of the tire-edge contact zone above
the lower surface).

p, the approximate radius of curvature of the
tire cross section as shown in Figure 9.

(note this can
starts to

CENTER OF CIRCULAR PART
OF TIRE SURFACE

\—- TIRE-EDGE

CONTACT ZONE

|[«——VERTICAL PLANE OF

SYMMETRY FOR TIRE

8, the angle in the plane of the tire cross
section between the central plane cross section and
the edge contact zone. (See Figures 8 and 9.)

The transverse component of Ng sin is found to
be No sin B and the vertical component of Ng is Ng
cos B cos 8.

FRICTION FORCE

Now the friction force, F, acting in the tire-pave-
ment edge contact zone will be considered. Figure 10
is a side view of the tire-edge contact patch showing
the velocity components V, and ér and the resultant
velocity V.. These geometric and dynamic parameters
may be used to define the transverse and vertical
components of the force F. Thus the transverse com-

6
\4
)
B r

L .
\\\\ G,
NS ~¢
v, - 6r cose——\/ ~

FIGURE 10 Relative velocity between tire
and pavement edge.

6r sin 8

\";2\__—;_”
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ponent of F is F cos y cos B and the vertical compo-
nent of F is F cos y sin B.

DETERMINATION OF TIRE-CORNERING FORCE

In determining the conditions under which a tire
will mount an edge, it is necessary to estimate the
tire-cornering force when the slip angle, o, is
equal to the critical slip angle, aog. This is
done by calculating the slope of a line between zcro
slip angle and points on the side force, slip angle
curve. Figure 11 shows how this is done. If these
slopes C', are estimated from the side force, slip
angle curve for a particular tire, surface, and tire
load, a curve relating C'y to a can be plotted in
Figure 12, By dividing all values of C', by the load
at which the test was conducted, C', can be made di-
mensionless and the two lines, A and B, can be ex-
pressed.

C, = K3 - Kgay, 0 < a < ag (Line A)

Cq

K3 - Kga, & > ag (Line B)

CURVE FOR TIRE LOAD

/— OF W LBS.

SLOPE C,

SIDE FORCE, Ibs.

SLIP ANGLE, deg.
FIGURE 11 Side force, slip angle curve.

: LINE A
R~}

o

£ LINE B
2 /

o e

-9

(8]

SLIP ANGLE, rad.
C,=Kq-Kga,0<a S ag (LINE A)
Cq=Kz-Kgqa, a>ay (LINE B)

FIGURE 12 Slope—slip angle and straight-line
approximation,

Sakai used Figure 26 in "Characteristics of Japanese
ESV Tires" (8) to calculate values for K; through

K4» For a 6.45-14-4PR (5J-14 rim) conventional
tire, the K values calculated were

Ky = 8.04

Ky = 17.1 One line was sufficient to adeguately
K3 = B8.04 describe the data.

Kg = 17.1

EQUILIBRIUM EQUATIONS

In reading the equations in this section the reader
will see that static equations have been used and
the inertial terms needed to define the dynamic
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equilibrium of an accelerating body have been ne-
glected. It was believed that this would not com-
promise accuracy for the following reason. In the
instant before edge mounting begins, a vehicle in an
edge scrubbing condition at a constant speed does
not have significant accelerations imposed on any
element. This obviously neglects the random acceler-
ations caused by surface roughness. The authors have
a philosophy of problem solving that does not respect
sophistication for its aesthetic properties. It is
thus submitted that the static treatment is adequate
for the purposes of this analysis.

With the resolution of the normal and friction
forces acting on the pavement edge, it is now feas-
ible to write Equations 1 and 2 in different terms.

First considering Equation 1 and noting that the
cornering force on each wheel can be represented by

W; Gy a

where W, is the weight on a particular wheel con-
tact patch and C, is the unit cornering stiff-
ness at a slip angle a, Equation 1 can be written
+ = i
Wzr S C(lc Wzl C°c ac Ne sin B cos ag
+ F cos y cos B COS ag (3)

If the coefficient of friction between the pave-
ment edge and the tire is ug, F can be replaced by
ueNege S is the reduction of Cocdue to lower shoulder
friction, and the term ebe/n produces a reduction in
Ny, as the effective edge height, Ay, becomes larger.
Note that n is an empirically determined constant.
This eguation can be rewritten

Ww__/ebe/ny s ¢ + W =
( zr/e ) ag % zg Cuc ac

Ne sin B cos ag + ugNg COS Yy B COs ag (4)

Equation 2 can also be rewritten

—

Ng cos B cos B + pg Ng cOsS y sin B =
Wpp - Wpp/ebe/n (5)

By solving Equation 5 for N, and substituting that
value into Equation 4, the result is one equation
with one unknown, Qe The value of a, may be calcu-
lated by successive approximation.

For a BR 60SRl4 (6Jx14 rim) the K values calcu-
lated were

Ky = 15.6

Line A coefficients
Ky = 74.0
K3 = 8,04

Line B coefficients
Ky = 17.1

If C, calculated in this way is multiplied by
the weight supported by the tire and the slip angle
in radians, the result is the cornering force for
the value of o used in either the Line A or Line B
equations. If the critical value of slip angle,
ogr 1is used, the cornering force on the non-
mounting front tire may be calculated.

COMPARISON WITH EMPIRICAL OBSERVATIONS

Independent observations of the steer angle necessary
to climb a pavement edge from the scrubbing condition
were provided in a 1976 paper by Klein et al. (1).
They made observations on four vehicles shown in the
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FIGURE 13 Stecer angle required to climb
various edge heights from a scrubbing
condition for four cars compared with
theoretical predictions.

legend of Figure 13 and came to the conclusion that
the steer angle was somewhat independent of vehicle
and tire size, at least within the range tested and
testing accuracy.

To compare the theory with the empirical observa-
tions shown in Figure 13, the following parameters
were used: A nominal 1l4-in. tire, roughly comparable
to the "conventional tire" given by Sakai (8). (See
Figure 14.) The tire radius, r¢, was taken at 12.5
in.; the rolling radius r, ., at 12.0 in.; the tire
cross-section radius, p at 3.6 in.; and nominal
values of Ky, Ky, K3, and K4 were 9, 18, 9, and 18,
respectively. These values are very close to those
derived from the conventional tire side force, slip
angle data, although the surface in the Sakai (8)
tests was different from that in Klein et al. (1l).
The tire-edge friction coefficient, u,, was 0.7;
the shoulder-friction reduction factor, S, was 0.8;
and n the vertical force, N,, reduction factor was
4.5,

—~ 400
2 ESV-2 ESV-1
& 300 [-
w
Q
[+ 4
o 200 ¥—CON.
w
>
« Road Surface: Asphalt Dry
2 100 Velocity: 64 km/h
g After Sakai (8)
m

o 1 1 1

0 4 8 12 16 20

SLIP ANGLE (DEG)

FIGURE 14 Side force—slip angle curves for
three tires.

Based on these estimates, the theory curve shown
in Figure 13 was generated. Although these results
appear to be excellent because the factors used ap-
pear to be reasonable estimates of the conditions of
the tests, it must be recognized that the factor, n,
the vertical force reduction factor was selected to
give an appropriate fit of the data. Figure 15 shows
that the relationship produced by the theory is
heavily dependent on the value of n selected. That
is, the slip angle predicted to climb a specific
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FIGURE 15 Influence of N}, reduction factor.

edge is heavily dependent on the amount of the weight
borne by the tire-shoulder surface contact zone at
the time mounting occurs.

In order to objectively assess the predictive
accuracy of the theory, it would be necessary to
experimentally determine the following factors: (a)
ber (b) S, (¢) n, and (d) k; through K4.

The appropriate equations developed in this study
were programmed for solution and for graphics display
by Robert Streckfus. The program listing is available
to any interested party. The results of Streckfus'
study of the influence of several different param-
eters is shown in Figures 16 through 19.

In Figure 16, the curves from left to right above
the 6-degree steering angle line are for values of
the pavement edge friction of 0.3, 0.7, and 0.9,
respectively.

3 14
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<
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| W ol .
" o g
(o] 1 2 3 4 5 6
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FIGURE 16 Influence of pavement edge friction.

Figure 17 shows the influence of the shoulder
friction reduction factor as it varies from 0.1 to
1.0. An icy shoulder might be represented by an S
factor as low as 0.l. If the pavement friction is
0.7, the icy shoulder friction would be 0.1 times
0.7 or 0.07. That situation would be more critical

2.

e A s
5=0.5-'\ //[
5 —s:[o.8
=
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\
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FIGURE 17 Influence of shoulder friction reduction factor.
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than the shoulder conditions under which more fric-
tion could be developed. It is surprising that it is
not more influential until it is considered that
only a portion of the wheel weight, Ny, is active
on the shoulder surface when mounting occurs. By
saying a shoulder has little effect on the steer
angle to mount, it does not follow that the influence
on vehicle loss of control is also small. The con-
trary is actually true.

Figure 15 shows that the value of Np, and the
rate it is reduced, as dictated by the factor n, is
most important. From left to right, the orange curves
are shown using n values of 3.0, 4.5, and 6.0, re-
spectively. The value of 4.5 was believed to give the
most appropriate, albeit slightly conservative, rep-
resentation of the data developed by Klein et al.
@.

Figures 18 and 19 show how the tire-cornering
force coefficients influence the solution. Larger
Ky and K3 values give higher values of cornering
force. These curves, from left to right in Figure 18,

show the sensitivity of the theory as Kj and K3
vary from 7 to 11. Smaller values of Ko and K4
give larger values of tire-cornering force. Figure
19 shows the influence from left to right of values
of Kp and K4 of 21, 18, and 15, respectively.
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FIGURE 18 Influence of tire-cornering force coefficient.
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FIGURE 19 Influence of tire-cornering force coefficient.

The base reference values of the five coeffi-
cients for these sensitivity studies are

e = 0.7
S= 0.8
n= 4.5
K1 = K3 = 9.0
Kl = K4 = 18.0

These are the same values used to produce the com-
parison between theory and test data shown in Figure
13.

These results show a high probability that the
theory developed here can provide meaningful predic-
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tions of the tire-cornering slip angles necessary to
mount defined pavement edges. It is a relatively
easy step to move from this prediction to the
assessment of safety for various edge conditions.
Models such as the relatively simple one given by
Klein et al. (1), or HVOSM (7), can be used to esti-
mate automobile response subsequent to mounting a
pavement edge at a specific condition of cornering
slip angle. In the final section, HVOSM will be used
to demonstrate how driver and vehicle performance can
be assessed by using this compination of analyses.

VEHICLE MOVEMENT SUBSEQUENT TO EDGE MOUNTING

To demonstrate how the foregoing development can be
used to study vehicle movements HVOSM was used. This
code was selected as the most comprehensive and reli-
able of the codes available. It was developed by
McHenry et al. (7) in the late 1960s, and has been
widely used in the highway safety field since that
time.

The vehicle selected for this demonstration was a
1974 Chevrolet Luv Pickup. The data used to simulate
that vehicle and the various maneuver conditions are
available but are not presented here. Nine edge con-
ditions were selected and are given in Table 1, along
with the value of critical steer angle, a,, used
as an initial condition.

Conditions 1, 2, and 3, were selected to show the
effect of progressive degrees or rounding on vehicle
responses after an edge climb. In order to determine
vehicle response, an additional set of input param-
eters was required.

1. Initial steer angle. This was determined as
follows: First an effective edge height was deter-
mined using the methods described previously. For
example, the effective edge height for Conditions 1,
2, and 3, can be taken from Figure 5. They are 4.0,
2.5, 1.5, and 1.0 in. (Actually 0.75 in. was used
instead of 1.0, as showing the more accurate value
from Figure 8.) The values of Ag, effective edge
height, were taken from Figure 7 for Conditions 4
through 9.

2. Using the value of A, defined, the steer
angle was determined using Figure 13. These values
of steer angle are given in the final column of
Table 1.

3. Driver control characteristics were required
for each test run. On the basis of data developed by
zimmer and Ivey (4) and new data from the ongoing
UMTRI/TTI study, values of a combined perception
reaction time and a front wheel turning speed were
selected. Approximate mid-range values of these per-
formance characteristics were 0.5 sec and 16 degrees
per sec., That is, the driver would start moving the
steering wheel 0.5 sec after the right front tire
mounted the edge from a scrubbing condition, and the
rate of wheel movement would be 16 degrees per sec.

4. With these values of initial steer angle and
driver control characteristics, the nine program
runs given in Table 1 were produced.

Example output data selected from Condition 1 are
given in Table 2. The initial speed on all runs was
50 mph (73.33 fps). The time elapsed after edge
mounting begins is given in the first column. The
position of the vehicle's center of gravity (c.g.)
is given in the next three columns (x' = forward,
Y' = lateral, and Z' = down). The sprung mass rota-
tional orientation is given by the next three columns
(Phi = roll, Theta = pitch, and Psi = yaw). The lat-
eral, vertical, and forward speeds are given in the
last three columns. The resultant velocity of the
vehicle is the vector sum of these three velocities.
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TABLE 1 Pavement Edge, Effective Edge Heights, and Initial Steer

Condlition

Effective |Initlal Sleer
Pavement Edge Proflle Edge Height,| Angle, a.
De. Inches degrees |
q,
1 | 1« N 7.5°
(From Figure 5)
““““'*E} 2.5
2 - J a
a .
2 T {From Figure 5) 45
“f“ 1.5
- - a
3 __4D—4__ {From Figure 5) 2.1
b .7
6" 0.75 1.12
45° {From Figure 7}
0.75 .
5 45°;\ I L (From Figure 7) L
0.75
0 1.1@
8 i) 2 (From Figure 7}
= 0.75
45° N\ [ 4’ 1.1%
7 { (From Figure 7)
0.50 "
8 39 l\ I 3 (From Figure 7) 0.7
_ 0.20 i
9 18° F (From Figure 7) 05

3These values determined from the effective edge height and Figure 15,

TABLE 2 Selected Computer Program Results (Condition 1)

Sprung Mass c.g. Orientation

Position (in,) (deg) Velocity (fps) Forward
Time Speed
(sec) X Y’ z Phi Theta Psi Lateral Vertical (fps)
.0000 500.00 1,174.44 ~25.71 4.93 .00 .00 .00 .00 73.33
.5500 980.34 1,171.78 -26.78 2.3 0.91 =1.71 1.20 0.76 72.15
1.1000 1,450.99 1,147.37 =27.16 6.35 -0.31 -18.63 14.10 -1.96 68.71
1.725 1,941.65 1,032.10 -27.45 6.66 -0.10 -49.78 31.96 =3.79 55.30
22750 2,301.60 864.80 -27.51 6.65 -0.07 -76.27 40.06 -4.69 39.11
2.5000 2,425.33 786.10 -27.54 6.58 0.00 -86.87 41.20 -4.76 32.02
Using these data from each condition run, Figures difference in vehicle control in these three runs

20-22 were plotted. The only values needed to make
these figures were X' and Y', movements of the c.g.,
and the yaw angle.

Figure 20 shows the influence of edge rounding. A
sharp edge (Condition 1) 4 in. high throws the vehi-
cle completely out of control. Progressive rounding
(Conditions 2 and 3) rapidly reduces the problem.
Some license has been taken with the vehicle plots
of Condition 1. The final view of the vehicle on its
side was not predicted by HVOSM. This was done to
illustrate that a vehicle in an 86-degree lateral
drift certainly has the potential of rolling.

Figure 21 shows the influence of edge height for
a 45-degree sloped edge. Although the 6-in. edge
(Condition 4) allows the vehicle to barely remain
within its lane, the 4- and 2-in. edge allow pro-
gressively greater margins of safety. The primary

stemmed from the fact that the 0.5 sec perception=-
reaction time was not programmed to begin until the
right front tire had reached the top of the 45-degree
surface. This is probably a conservative assumption;
that is, many drivers would begin their perception
before fully mounting the edge.

The influence of edge slope is shown in Figure
22. As the slope is reduced from 45 to 15 degrees,
the margin of safety, as illustrated by how much of
a 12-ft lane is needed for the maneuver, becomes
progressively larger.

When elements of Figures 20-22 are compared with
driver and vehicle performance given in the litera-
ture (1-4), and with testing from the ongoing UMTRI/
TTI project, good agreement is noted with the mid-
range of driver performance. It is therefore sub-
mitted that the combination of the analytical pre-
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FIGURE 20 Conditions 1, 2, and 3.
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(Predicted steer angle, 1.1 degrees)

FIGURE 21 Conditions 4, 5, and 6.

diction of initial steering angle and HVOSM has the
potential of extrapolating the economically limited
full-scale testing programs to analytically estimate
the influence of such factors as

1. Vehicle characteristics

a. Geometry

b. Inertial properties

c. Tire geometry

d., Tire-surface cornering force characteris-
tics

2. Highway properties
a. Pavement surface characteristics (friction
development potential)

b. Shoulder surface characteristics

c. Edge height and shape

d. Edge surface characteristics

Based on the driver performance characteristics
now being determined, these analyses can be conducted
using as broad a spectrum of driver performance as
is reasonable. With this combination, continually
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Conditlon 7 4 inch edge, 45 degree edge slope
(Predicted steer angle, 1.1 degrees) (Same as Condition 5)
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Condlitlon 8 4 inch edge, 30 degree edge slope
{Predicted steer angle, 0.7 degrees)
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(Predicted steer angle, 0.5 degrees)

FIGURE 22 Conditions 7, 8, and 9.

checking for agreement with full-scale testing, the
full spectrum of highway conditions can be studied
and specific situations may be evaluated.
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Development of a Procedure for Correcting Skid-Resistance
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Measurements to a Standard End-of-Season Value

DAVID A. ANDERSON, WOLFGANG E. MEYER, and JAMES L. ROSENBERGER

ABSTRACT

The wet skid resistance of a pavement can vary significantly from one day to
another and from one season to another. A general decay in skid resistance occurs
from the spring to the fall with day-~to-day perturbations superimposed over the
general decay. The seasonal decay and the day-to-day perturbations may individ-
ually be as many as 10 to 15 skid numbers. These variations are of concern when
skid resistance measurements are made for survey purposes. A general statistical
model developed by others was used as a prediction equation to adjust skid mea-
surements made on any given day to an end-of-season value. In the prediction
equation, day-to-day variations are accounted for by the recent rainfall history
(0 to 7 days) and the air temperature at the time of test. The general decay in
skid resistance that occurs over the season is accounted for by the Julian calen-
dar day and the average daily traffic. Adjusted end-of-season values for the data
obtained in New York, Pennsylvania, and Virginia were such that 90 percent of the
adjusted end-of-season values were within approximately +3.6 to -=3.6 skid numbers
of the measured end-of-season value. Additional research is needed to develop a
fundamental understanding of the mechanisms that cause changes in skid resistance.
This is necessary so that a more rational model can be developed to account for

the site specificity of the changes in skid resistance that were observed.

The wet skid resistance of a pavement can vary sig-
nificantly over time. Temporal changes in wet skid
resistance occur over the life of a pavement, from
one season to another and from one day to another
(1) . The mechanisms that cause these changes are not
well understood; however, there is empirical knowl-
edge of the factors that cause these changes.

The skid resistance of bituminous pavements in-
creases in the first 1 or 2 years as the bitumen at
the surface is worn away. After this conditioning
period, the skid resistance tends to decrease over
the years depending on factors such as traffic, mix-
ture design, aggregate properties, and the environ-
ment. In the northern climates of the United States,
seasonal changes are superimposed on the long-term
skid resistance changes. During the fall and winter
seasons skid resistance increases, followed by a loss
of skid resistance over the late spring and summer
months. Traffic polishes the pavement surface in the
summer while alternate freezing and thawing of the
aggregate and the use of antiskid materials and
studded tires cause roughening of the surface (2).

Superimposed on the seasonal changes of skid
resistance are day-to-day changes that have been at-
tributed to short-term weather changes, principally
rainfall and temperature. On bituminous surfaces,
extended dry periods and periods of increasing tem-
perature tend to decrease skid resistance. A typical
sample of a plot of skid resistance versus time for
a single season is shown in Figure 1. The short-term
variations range as high as 10 to 15 skid numbers
with a similar decrease in skid number during a
single testing season.

The changes that occur in the skid resistance of
portland cement concrete pavements are not as pro-
nounced: there is no appreciable conditioning period
during the first few years, and the seasonal and

Nittany Engineers and Management Consultants, Inc.,
736 Cornwall Road, State College, Pa. 16803.

day~to-day variations tend to be smaller. However,
the skid resistance of portland cement concrete can
change dramatically as the pavement wears through
the surface finish, the sand matrix, and into the
coarse aggregate.

FHWA requires state agencies to make periodic
measurements of skid resistance for inventory pur-
poses. Because skid resistance can vary over a test-
ing season by as many as 10 to 15 skid numbers, it
would simplify inventorying procedures if skid num-
bers obtained on any given day could be corrected to
some reference condition, such as the end-of-season
minimum skid number. The objective of this study was
to develop a procedure for correcting skid numbers
made on any arbitrary day to an end-of-season mini-
mum skid number. Because the procedure was designed
for pavement management purposes, only those mea-
surements that can be readily obtained in survey
tests at 40 mph were included in the procedure. Such
a procedure should also be useful for reconstructing
the skid resistance on some given day from measure-
ments taken on a later day as, for example, in re-
constructing the conditions that existed at the time
of a traffic accident.

Two predictor models were used in this study as
algorithms for making short- and long-~term correc-
tions in measured skid resistance values. These pre-
dictor models, referred to as the mechanistic and
statistical models, were developed by Henry et al.
(3). In order to validate these models and to deter~
mine the most practical set of variables for use with
the models, a sensitivity analysis was performed with
an extensive 1979-1980 data set obtained previously
by the Pennsylvania Transportation Institute. Final
validation was done with a new data set obtained in
New York, Pennsylvania, and Virginia in the summer
of 1983. A single model was developed that contains
only variables that can be readily measured by a
survey crew making skid tests at 40 mph or obtained
from highway agency records or weather stations. This
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FIGURE 1 Skid number (SN¢4) and rainfall data for the 1977 test season.

approach obviates the use of variables such as the
British Portable Number (BPN) or texture depth mea-
sures, which require that traffic be stopped.

SENSITIVITY ANALYSIS USING THE 1979-1980 DATA

Data that had been obtained in Pennsylvania during
1979 and 1980 from 25 asphalt and portland cement
concrete pavement sites (3) were used in the pre-
liminary analyses. Two proposed prediction models
were considered. The first, referred to as mechanis-
tic model (3), is based on the assumed dependency of
skid resistance on microtexture and macrotexture:

SN64 = SNOe—0.64PNG (1)

where

SN64 = skid resistance measured at 64 km/h (40
mph) ;

SNy = skid number-speed intercept (i.e., skid
resistance extrapolated to zero speed);

PNG = percent normalized skid-resistance gradi-
ent, defined as - 100/SN ¢ [d(SN)/dv];
and

SN = skid resistance at any velocity V.

The SNg and the PNG terms are highly correlated
with microtexture and macrotexture, respectively.
Macrotextrue is defined as texture with asperities
greater than 0.1 mm, whereas microtexture is defined
as texture with asperities of 0.1 mm and smaller.
The mechanistic model has been proposed as a predic-
tor of both long~ and short-term variations in skid
resistance. In this model both SNy and PNG may be
expressed as a function of time. Because it is a
function of macrotexture, PNG can be expected to ex-
perience little change over a single testing season.
However, in order to determine the end-of-season
value for SNj, it is necessary to have polishing
and texture data that would typically have to be ob-
tained from laboratory tests. Therefore, this model

was considered inappropriate for the objectives of
this study.

The sensitivity analyses were then focused on the
generalized model

4nSNgy = by + bjDSF + byTEMP + b3T30 + byJDAY
+ bgAGE + bgADT + b9SNg,F + ¢ (2)

where

SNg4 = a skid-resistance measurement made in

accordance with ASTM E274 at 64 km/
h (40 mph) using the ASTM Standard
Test Tire E501;

DSF = dry spell factor, &n(tp+l), where
t, is number of days since last
daily rainfall of 0.1 in. (2.5 mm)
or more, t, < 7 and DSF <
2.08;

TEMP = average of daily maximum and mini-
mum temperature on the day of test;

T30 = weighted temperature history de-
fined as

30
1/30 § {[(29/30)1Tj_1]}
i=1

where T4.; is the average of the maximum and mini-
mum air temperatures on the Julian calendar day i
days before the date of interest (3);:

JDAY = Julian calendar day;
AGE = age of the pavement surface,
years;

ADT = average daily traffic;
SNg4F = the measured skid number at the
end of the season;
regression coefficients; and
random error term associated
with regression.

bo, e o o Ibi
€

In this model, the dry spell factor (DSF), median
daily air temperature (TEMP), and the weighted aver-
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{(T30) account for the short-term
weather effects, whereas the Julian calendar day
(JDAY), pavement age (AGE), and end-of-season skid
number (SNg4F) account for the seasonal effects.
Thus the model describes changes in skid resistance
that occur day—-to-day and throughout the season.

Final end-of-season skid numbers were obtained
from the data by plotting the data and observing
trends. Linear regression was then used to calculate
the coefficients, bg, « . . (bj, in Equation 2.
The following regression equation was obtained for
the asphalt concrete sites that were measured in 1979
and 1980 (3):

age temperature

2nSNgg = 3.12 — 0.0371 DSF + 0.0 TEMP - 0.0028 T30
- 0.00047 JDAY ~ 0.0041 AGE + 0.0 ADT

+ 0.0244 SNgyF + error (3)

Equation 3 was then used to calculate values of the
natural logarithm of the skid resistance (&nSNg,),
and these values were compared with the measured skid
resistance values. This was done for each site and
day of test in the data set. The differences between

observed and predicted values, the residuals, were
analyzed statistically for their magnitude and
trends.

The significance of each of the terms in Equation
3 can be realized by multiplying the range of each
of the variables by their respective model coeffi-
cient. This is given in Table 1 where both the ab-
solute range (maximum value-minimum value) and the
interquartile range (the range containing 50 percent
of the observations) are used. The effect of each of
these variables is small, less than four skid num-
bers, except for the variable SNgyF, which yields
changes of 36 skid numbers. Although, except for
SNg4F, the individual change attributable to any one
of the variables is small, in combination, the
changes can be significant, as shown in Figure 1.

Typical examples of the residuals for the pre-
dicted values of SNg4 are shown in Figures 2 through
4, The residuals are not randomly distributed about
zero but show systematic changes throughout the year.
Further, the trend of the residuals over the testing
season is not consistent from one year to the next
as shown by comparison of Figures 3 and 4 (1979 ver-
sus 1980). This implies that the model coefficients
are both site and year specific. To test for site-
specific trends, a dummy site-specific variable was
added to Equation 2, and this variable was shown to
be highly significant (3). Quite obviously, from the
statistical analyses and Figures 2 through 4, there
are site~specific trends in the 1979-1980 data that
are not accounted for by the model of Equation 2.

SELECTION OF TEST VARIABLES FOR 1983 TEST SEASON

The analysis of the 1979-1980 data showed that the
dry spell factor (DSF), median air temperature on
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the day of test (TMEAN), 30-day weighted average air
temperature (T30), pavement age (AGE), Julian calen-
dar day on the day of test (JCD), and end-of-season
skid number (SNg4F) are all statistically signifi-
cant variables in the predictor model. Therefore,
the 1983 validation testing program was developed to
accommodate as wide a range as possible in these
variables. Pavement and air temperature at the time
of test were included because the skid tester that
was used was equipped to collect this information.

Although the average daily traffic
not significant in the model with the 1979-1980 data
set, engineering judgment dictates that it should
be. It was reasoned that it was not significant be-
cause the 1979-1980 data did not have a sufficient
range in ADT. Therefore, it was decided to retain
ADT as a variable and to seek a wider range in ADT
for the 1983 validation testing.

During the sensitivity analysis, other temperature
variables were tried as a substitute for T30 because
of the large amount of data required to calculate
T30. The single 5-day average of the maximum and
minimum temperature was found to be just as effective
as T30, and data were collected to calculate this
variable.

Because the preliminary model (Equation 2) did
not completely account for temporal site-specific
variations in skid resistance, blank tire (ASTM E524)
skid resistance measurements were included in the
1983 test program. This decision was based on the
hypothesis (4) that a comparison of blank and ribbed
skid-resistance measurements would provide insight
into the texture of the pavement surface at each
site. Ribbed and blank tire measurements were made
by testing each of the sites with one tire, changing
tires, and then repeating the tests. Combined blank
and ribbed tire data would be relatively easy to ob-
tain with a two-wheel skid trailer, whereas site-
specific texture measurements would be complex and
costly with existing test equipment. It should be
noted, however, that the use of the two-wheeled
trailer to simultaneously measure blank and ribbed
skid numbers was done at tHe peril of measuring two
different pavement populations. Research by others
has shown that the skid resistance can be signifi-
cantly different in the two tire tracks (4). A more
acceptable procedure would be to modify existing
equipment to allow the blank and ribbed tire to be
used in areas on the same tester.

variahlse

was
1anie WaE

1983 TEST PROGRAM

Skid-resistance testing was conducted in New York,
Pennsylvania, and Virginia in the summer of 1983,
providing a range of climates and surface types. Be-
cause both short-term and long-term variations in
skid resistance were to be modeled, data were
gathered on a daily basis during four different weeks
in each of the three states. Testing was conducted

TABLE 1 Changes in Predicted Skid Resistance Due to Changes in the Independent

Variables
Model ASNgy Interquartile ASNg4 Due to
Independent Coefficient, Range Due to Range Interquartile
Variable b; R Range? (Q3-Q1) Range?
DSF, days -.0371 2.08 -2,79 1.26 -1.70
T30, °F -.0028 24.4 -2.46 10.8 -1.09
TEMP, °F 0 49.5 0 18.0 0
JDAY, day -.00047 210.0 -3.59 106.0 -1.81
AGE, years -.0041 11.0 -1.63 4.0 -.58
ADT, vehicles/day 0 3,650.0 0 235 0
SNg4F .0244 39.2 36.1 18.0 16.1

aASN;}; is the change in the predicted value of SNg4 due to a change in the independent variable equal to the range

or interquartile range.
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throughout the day on the second, third, and fourth
days of the week in order to evaluate within-day
variations in skid resistance. Water, pavement, and
air temperatures were recorded at the time of each
test. Each test consisted of five lock-ups averaged
as required by ASTM E274, and measurements were taken
with both a ribbed and a blank tire (ASTM Standard
Pavement Test Tires E501 and ES524, respectively).
Summaries of the ribbed ‘tire, skid-resistance mea-
surements for New York, Pennsylvania, and Virginia
are given in Tables 2 through 4. Details of the
testing program can be found elsewhere (5).

Typical plots of skid resistance versus time are
shown in Figure 5 for two Pennsylvania sites. In this
figure the skid numbers decrease during the months
of June, July, and August but show an increase by
September or October. This trend is typical of the
data from each state. Average standard deviations
for the five lock-ups that constitute a single mea-
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surement and the average standard deviations for the
multiple measurements taken on any given day are
given in Table 5. The standard deviations are ap-
proximately two skid numbers with some tendency to
decrease during the testing season. Given these
standard deviations for testing error, a model should
not be expected to predict skid numbers with an ac-
curacy better than plus or minus 2 to 3 skid numbers.

The short-term weather corrections are too small
to account individually for the typical variations
measured in the field (Figure 1). The authors believe
that much of the "noise" in the data is due to mea-
surement error as well as to transverse and longi-
tudinal variations in skid resistance on the surface
of the pavement. Average within-run (among the five
lockups) standard deviation for SNggq is 1.7,
whereas the within-day standard deviation among re-
peat runs is only 2.0 skid numbers (Table 5). These
values are of the same order of magnitude as the ad-
justments as a result of temperature and rainfall.

In order to develop a prediction model, it was
necessary to estimate the end-of-season minimum skid
number. This was done in three different ways: by
examining the trend of the plot of skid resistance
plotted versus Julian calendar day for each site, by
averaging the skid numbers obtained on the first week
of testing, and by using a statistical model that
assumes an exponential decay in skid resistance from
spring to fall (3). The first technique was unsatis-
factory because the noise in the data made it diffi-
cult to estimate trends over the season. The non-
linear statistical mode

SNg4F = ASNgqe~ (JDAY-300)/t ()
where

SN64§ = predicted skid resistance on day 300;
SNg4 = skid resistance measured on any arbitrary
day, JDAY; and
t = regression coefficient.

did not provide reliable estimates because the sea-
sonal changes in skid resistance often varied sinu-
soidally or linearly rather than exponentially with
time.

The end-of-season skid numbers that were used in
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TABLE 2 Mean Skid Numbers (SNg 1) and Standard Deviation for
Each Week of Testing in New York in 1983—Ribbed Tire (E501)

Transportation Research Record 1084

TABLE 4 Mean Skid Numbers (SN¢ 4) and Standard Deviation for
Each Week of Testing in Virginia in 1983—Ribbed Tire (E501)

New York
Aug. 29- Oct. 17-
June 13-17  July 11-15 Sept. 2 21

Site ~ - = -

No. X 8§ X $ X s X s SNg4F
1 43 3.3 40
2 42 4.1 40
3 43 (VA 41 1.5 42 Hicy 40 4.0 39
4 40 1.5 37 1.6 39 1.3 38 3.9 43
5 35 Il 36 0.9 3y 12 32 25 28
6 27 )6 24 3.3 27 1.2 28 B33 27
7 34 1.4 32 1.5 30 1.1 29 3.9 26
8 48 2.1 46 1.6 47 1.5 42 4.2 40
9 37 1.6 3¢ L3 35 1.0 31 2.8 29

10 28 1.4 290 302 26 1.3 24 25 25

11 34 1.1 35 3 31 1.7 30 45 33

12 48 1.5 45 2.3 46 1.0 38 24 25

13 23 1 22: 1.0 42

14 50 Ba 48 1.3 47 1.4 42 2.9 33

15 40 1.5 39 1.0 39 1.4 34 2.4 27

16 35 34 35 Ll 34 1.2 31 29 20

17 43 2.8 42 1.4 43 1.4 38 2.8 27

18 48 2.8 47 1.0 48 2.6 40 2.9 28

19 40 0.9 40 1.4 40 24 34 23 33

20 30 13 31 4.0 30 1.4 28 3.1 26

Avg 1.9 1.8 1.5 32

Note: N =number of tests, each test consisting of five lockups; X = mean of the tests
for given week; s = standard deviation of tests for given week; and SNg4qF = arithmetic
average of the skid-resistance measurements for last week of testing; corrected for
short-term weather changes before being averaged.

TABLE 3 Mean Skid Numbers (SN 4 ) and Standard Deviation for
Each Week of Testing in Pennsylvania in 1983—Ribbed Tire (E501)

Pennsylvania
May 24-28 June 21-25  Sept. 6-10 Oct. 10-14
Site
No. X8 X s X s X B SNg4F
1 30 1.5 27 . 24 34 23 1.2 23
2 47 2.2 47 1.3 37 48 41 3.0 40
3 44 3.2 43 0.8 39 14 39 21 38
4 27 %3 27 1.8 22 07 25 L6 24
5 43 5.5 45 2.3 38 1.2 40 1.6 38
6 34 0.8 34 1.9 28 1.5 34 2.1 33
7 30 0.9 29 14 24 0.8 28 2.4 27
8 36 1.3 35 1.0 32 1.0 33 1.9 33
9 33 0.6 33 1.9 31 2l 32 14 32
10 47 2.6 49 2.1 46 1.5 46 2.5 45
11 32 13 30 1.4 27 1.4 31 34 29
12 36 1.1 34 2.0 32 Ll 32 16 31
13 37 30 37 1.0 36 0.8 35 44 34
14 34 1.9 35 35 31 0.7 32! 349 31
15 40 2.9 39 23 36 0.9 37 24 36
16 87 Ld 37 1.4 35 09 34 1.3 33
17 44 1.7 43 2.2 40 1.8 39 .18 37
18 44 1.6 43 1.6 40 1.3 39 1.3 37
19 St 22 49 1.6 47 1,7 45 2.5 45
20 30 1.0 29 1.2 27 28 27 1.2 26
21 27 2.0 26 1.6 22 LT 24 2.1 24
22 53 14 52 3.6 46 2.1 47 1.7 46
23 45 1.4 42 1.9 38 1.4 37 23 35
Avg § BL7 1.8 1.6 2.2

Note: N = number of tests, each test consisting of five lockups; X = mean of the tests

for given week; s = standard deviation of tests for given week; and SNg4 F = arithmetic

average of th skid-resistance measurements for lust week of testing; corrected for short-
term weather changes before being averaged.

the development of the model were estimated from the
blank skid-resistance measurements collected during
the last week of testing. These measurements were
first adjusted for short-term changes to a set of
reference conditions and then averaged. The adjust—
ments were made with the following regression equa-
tion (5):

SNg, = exp[aSNgy = by (DSF-DSFg) + by (AIRT-AIRT()]
+ b3 (TMEAN5-TMEANS ) (5)

Virginia
June 27—
May 9-14 July 2 Sept. 12-16  Oct. 24-28

Site
No, X s X s X s X s SNg4F

1 55 1.9 56 1.9 52 1.2 51 3 50

2 57 5.3 55 1.3 52 1.4 51 34 50

3 43 1.1 41 0.8 39 1.8 36 2.1 35

4 42 1.5 39 L3 38 2.1 35 3.0 35

5 44 1.3 41 1.6 40 1.4 38 2.1 37

6 47 2.5 41 1.2 40 1.6 37 2.8 35

7 47 2.1 43 1.1 40 1.0 36 2.6 32

8 43 1.9 36 1.5 33 2l 32

9 42 2.7 37 15 37 1.9 34 3.0 33
10 49 2.5 44 1.6 43 1.8 40 2.7 39
11 42 1.4 4] 0.7 39 2.0 37 2.8 35
12 46 2.0 46 1.3 43 2.6 42 2.4 40
13 38 14 35 1.7 35 1.9 34 2.0 33
14 45 1.0 36 2.4 37 2.8 37 2.4 36
15 43 1.8 40 10 37 2.6 35 22 34
16 40 L8 35 0.8 3 1.9 2 8l 1
17 49 1.5 45 1.1 42 1.7 39 28 38
18 49 1.1 45 0.8 44 2.0 40 2.6 39
19 42 1.6 40 0.6 37 26 34 2.8 33
20 42 1.4 33 3.l 34 2.7 33
21 49 4.5 45 1.0 43 1.8 39 29 38
Avg. 2.0 1.2 1.8 2.6

Note: N = number of tests, each test consiting of five lockups; X = mean of the tests for
given week; s = standard deviation of tests for given week; SNggF = arithinetic average
of the skid-resistance measurements for last week of testing; corrected for short-term
weather changes before being averaged.

where the subscript 0 refers to the reference condi-
tions :

AIRT = air temperature at time of test, and
TMEAN5 = average of median temperature for the 5
days before the day of test and standard
conditions are as follows:
DSFg = 2.08, and
AIRTy = TMEAN5; = 68 F (20 C).

The coefficients for Equation 5 were calculated on a
site-specific basis using the following equation:

2nSNgq = bgy + by DSF + by AIRT + by TMEANS
+ by ADT + bgJDAY + e (6)

were bgs indicates the jth site.

Rainfall data were obtained from the nearest
weather station and from rain gages installed at
selected test sites. All rainfall data were corrected
to a 24-hr observation period ending at 8:00 a.m.
Temperature data were also obtained from local
weather stations and from measurements taken at the
time of test. Traffic data were obtained from the
respective state departments of transportation and
from spot traffic counts by the skid-testing crew.
Traffic on the test sites ranged from less than 100
vehicles per day to nearly 20,000 vehicles per day.

REFINEMENT OF THE MODEL

The 1983 skid-resistance data were examined criti-
cally for normality before any statistical work was
done to refine the prediction model. No serious ex-
ceptions were found except for the presence of sev-
eral obvious outliers that were removed from the data
base. A full discussion of the extensive statistical
analyses that were conducted with the data is given
elsewhere (5).

Three measures of alr temperature were considered
for use in the final model: the air temperature mea-
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TABLE 5 Standard Deviation of SNg 4 for Ribbed
Tire (E501) on Bituminous Concrete

Between-Run Within-Run
Standard Standard
State Week Deviation Deviation
New York 6 2.3 21
10 2.0 1.9
17 1.4 1.7
24 3.4 1.6
Avg 2.3 1.8
Pennsylvania 3 2.4 2.6
7 1.9 2.4
18 1.6 1.9
23 1.5 1.6
Avg 1.9 2:1
Virginia 2 2.4 2.0
8 13 1.9
19 2.0 1.6
25 23 1.4
Avg 2.0 1.7

sured on the tester at the time of test (AIRT), the
5-day arithmetic average of the daily mid-range tem-
peratures as recorded at the weather station nearest
the site (TMEANS), and an exponentially weighted 30-
day average temperature (T30), also calculated from
weather station data. The three temperature variables
were highly correlated, and it was found that any
one of the variables gave equally good prediction of
SNg4F. Therefore, the air temperature at the time
of test (AIRT) was chosen as the preferred variable
because it is simple to measure and it does not re-
quire the acquisition of data from outside the user
agency.

Julian calendar day crossed with average daily
traffic was also considered a variable because it
represents the cumulative traffic during the season.
This variable was statistically significant but not
to the extent that its inclusion in the model is
warranted (R? increased from 0.862 to 0.864). More
accurate ADT data, that is, actual counts taken dur-
ing the season, and the development of techniques to
properly account for the relative effects of automo-
bile and truck traffic may make this a more signifi-
cant variable.

The average daily traffic (ADT), Julian calendar
day (JCD), dry spell factor (DSF), and air tempera-
ture (AIRT) at the time of test were found statis-
tically significant and were retained in the final
form of the model

2nSNgg4 = by + by SNgyF + by ADT + b3z JDAY
+ by DSF + bg AIRT + error (7)

Site~specific changes in seasonal skid resistance
had been observed in the 1979-1980 data, and similar
trends were found in the 1983 data. Texture classi-
fications, obtained visually at the time the sites
were selected, and blank-ribbed tire data were used
in various ways as variables in an attempt to explain
site specificity (5). No further improvement in the
correlation was obtained and therefore no further
use of these data was made. However, it is believed
that future research should include blank-ribbed tire
measurements to further define site specificity. Al-
ternate treatment of the data and more careful mea-
surements might provide more worthwhile correlations.
For example, the blank and ribbed tire measurements
in this project were separated by 2 to 4 hr rather
than being taken simultaneously. Also, the measure-
ments with the two tires should be taken in the same
wheel track, and care must be taken to obtain them
at the same location.

PREDICTION PROCEDURE FOR END-OF-~-SEASON
SKID NUMBER

The average skid numbers corrected for short-term
weather effects from the last week of testing using
the procedure described previously were used as the
end-of-season minimum skid numbers for each site.
These values were then used as predictors in the
generalized model of Equation 7, which was fit
separately for bituminous and portland cement con-
crete pavenents. The estimated coefficients using
the data from the three states (New York, Pennsyl-
vania, and Virginia) are given in Table 6, along with
the standard errors of estimate.

Calculation of the predicted end~of-season skid
number, SNgs¥, is accomplished by inverting Equation
7 such that SNgsF is a function of measured 5SNg, and
the other independent variables, ADT, JDAY, DSF, and
AIRT

SNgy4F = (4nSNgy - by = by ADT - by JDAY
- by DSF - by AIRT)/by (8)

In order for a highway agency to calculate ad-
justed end-of-season skid numbers, it would be first
necessary to determine the regression coefficients
in Equation 8. This would be done by selecting a set
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TABLE 6 Estimated Coefficients of the Prediction Model for Individual Staies and All States

Combined

Site-Specific Model Coefficients, bj + s(bj)“
Variable New York Pennsylvania Virginia Combined
Bituminous Concrete
Observations 461 832 623 1,916
Intercept 2.82£.,0838 2.71 £.0276 2.95 +.0401 2.71+.022
SNg4F .0353 £ ,00097 .0338 £.00044 .0295 +.00097 .0346 * .,000385
ADT/’i,OGO"‘ 0115 % 0116 J0130£.0131 .0275 = ,0039 L0395 +.00419
JDAY -.00139 £.000176 -.000918 £ .000053 -.00118 £.000042 -.0011 +.00004
DSF -.027 £ .00679 -.0358 £.00371 -.0176 + .00345 -.026 +.0023

AIRT -.00044 £ ,00053

-.000727 £ .000235

-.000799 + .,000238  -.00035 £ .00017

Portland Cement Concrete

Observations 199 231 150 580

Intercept 3.55%.,124 2.87 £.0417 3.22+ 228 2.84+.032
SNg4F .023+.00108 .0273 £.000616 .0204 £ .00434 .0275 +.00037
ADT/I,OO[)b -.300 + .0604 -.121£.0418 -.0176 £.0398 .0435 + .0052
IDAY ~.00149 £ .000198 -.00069 £ ,0000688 -.000894 £ .000076 -.00088 + ,000058
DSF -.00587 +.000904 -.0194 +.00407 -.00637 = .00602 -.0052 +.0035
AIRT -0019 + 000587 -.000707 £.,000305 -.00077 £ ,000416 -.00052 = .00025

Note: Model: 2nSNga =bg + by SNggF + by ADT/1,000 + by JDAY + bg DSF + bs AIRT +e.
ap; + s(bj), where bj is state-specific coefficient of variables in model and s is the stundard deviation of associated coefficient.
"ADT/I.OOO is used so that coefficient values are not intractably small.

of 12 to 16 pavement test sites with varying levels
of traffic. Portland cement and bituminous pavements
should be considered separately. Initially it may
also be advantageous to consider different aggregate
types separately, depending on the range in proper-
ties of the aggregates used in the state. Skid data
would then be obtained at least four times throughout
the testing season for each of the test sites. The
coefficients in Equation 8 would then be determined
by regressing the data with Equation 7. The coeffi-
cients should be verified in subsequent years to
confirm that they do not vary excessively from year-
to-year. Until a better understanding of the mecha-
nisms that cause changes in skid resistance are
understood, it will be necessary to determine the
coefficients on a state or regional basis. Specific
details regarding the use of this predictive tech-
nique are given in ASTM Test Method format in an
associated report (6).

Assessment of the accuracy of the predicted final
skid number, SNg4¥, was made by using Equation 8 to
predict an end-of-season skid number from each mea-
surement made during the first full 3 weeks of test-
ing in New York, Pennsylvania, and Virginia. A sum-
mary of the deviations of the predicted final skid
number from the observed values is given in Table 7.

TABLE 7 Summary of Resuduals Using State-Specific and
Combined Regression Coefficients

Residuals® for Given Percentiles

State N ] Sth 25th 75th 95th

Bituminous Concrete

New York 461 2.53 -3.60 -1.53 1.24 4.69
Pennsylvania 839. 2:19 -2.84 -1.46 1.16 3,58
Virginia 623 2.03 -3.30 -1.18 1.14 3.72
Three states combined 1,916 2.34 -3.51 -1.50 1.34 3.88
Portland Cement Concrete

New York 199  3.00 -4.64 -1.78 176 4.66
Pennsylvania 231 182 -2.67 -1.19 .98 2.98
Virginia 150: 151 -3.45 -1.28 1.24 371
Three states combined 580 2,30 =3.25 =1.33 1.27 3.54

Note: Number of observations and s = standard deviation of observation.
8A residual is the difference between the measured values and the predicted value.

According to the table, 90 percent of the predicted
values are within -3.51 and +3.88 skid numbers of the
measured values for the bituminous sites and within
-3.75 and +3.54 skid numbers for the portland cement
concrete sites. This is considered very good givern
that the standard deviation of the measurements is
two skid numbers.

To illustrate the magnitude of the changes in SNgq
afforded by the variables ADT, JDAY, DSF, and AIRT,
Equation 7 was raised to the exponent e

SN64 = exp(bo + blsN64F + boADT + b<4dDAY

+ byDSF + bgAIRT) (9)
The following reference values were inserted into
Equation 9: ADT = 5,000 vehicles/day; JDAY = 200;

DSF = 0; and AIRT = 68°F. Changes in skid number were
then calculated by varying each of the variables,
ADT, JDAY, DSF, and AIRT independently, creating
Figures 6 through 9, respectively. A separate set of
calculations was done for four levels of SNg4F,
generating a separate curve for each set of calcula-
tions. The results of the calculations, which are
presented in Figures 6 through 9, show that JDAY and
SNg4F are the most significant factors causing
changes in skid resistance; air temperature has
little effect, and the dry spell factor and average
daily traffic have only minimal effect.

The use of paired skid measurements taken on two
different days was considered an alternative method
for predicting the end-of-season skid number, SNgg4F.
It was reasoned that this might bypass the problem
of the site specificity of the model coefficients.
To determine whether this was the case, 10 pairs of
observations were randomly chosen from the first and
third weeks of testing in New York. A simple linear
extrapolation of the skid numbers was performed to
day 300. Differences between the predicted end-of-
season skid number and the measured end-of-season
average were calculated for 10 pairs of measurements
and 17 sites. The differences between the actual and
predicted end-of-season skid number for each indi-
vidual site were large and were inconsistent from
site-to-site. This led to the conclusion that this
approach is not promising and, consequently, was not
pursued further.
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SUMMARY AND CONCLUSIONS

2 procedure has been presented that can be used to
predict the end-of-season skid number from a single
measurement made at any time during the season. The
procedure is empirical in that it is based on a pre-
diction equation developed through the regression
analysis of data obtained from field test sites.
Variables included in the prediction equation are
the dry spell factor, air temperature at the time of
test, Julian calendar day, average daily traffic,
and the skid number measured on any arbitrary day
within the test season. The dry spell factor is based
on the number of days since the last rainfall.

The end—-of-season skid number was not predicted
reliably with the exponential seasonal variation
model. The skid resistance increases earlier in the
season than accounted for by the exponential model.

In the prediction model, short-term (day-to-day)
adjustments in skid number are accounted for by the
dry spell factor and air temperature, whereas long-
term adjustments (within season) are accounted for
by Julian calendar day and average daily traffic.
Only variables that can be readily obtained were in-
cluded in the procedure so that it can be imple-
mented by a typical highway agency.

Using the data obtained in this study, the pro-
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cedure was used to adjust measurements made on any
given day to the end-of-season values. As a result,
90 percent of the adjusted values were within ap-
proximately +3.6 to -3.6 skid numbers of the actual
end-of-season value. This is considered very good
given that the standard deviation of the skid numbers
obtained from five consecutive lockups of the test
tire on the same test site averaged 1.7 skid numbers
and the standard deviation for multiple tests within
a given day averaged 2.0 skid numbers.

The coefficients in the prediction equation were
site-specific and varied from season-to-season. Blank
and ribbed tire data and subjective descriptors of
the site did not account for the site specificity.
Additional research is needed to adequately under-
stand the mechanisms that cause day-to-day and with-
in-season variations in skid resistance so that more
rational predictive models can be developed.
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NOMENCLATURE
ADT

et
Avo

AIRT

JDAY
PNG

Ql, Q3

5N
8N4

SNg 4F

SNga F

TEMP

TMEANS5

Average daily traffic, vehicles/
day/test lane,

Age o pavement surtace, years.

Air temperature at time of test,
oFe

Regression coefficients.

Dry spell factor, an(ty+1),
where t, is number of days
since last rainfall of 0.1 in.
or more, and DSF < 2.08 ty < 7.

Base of the natural logarithm.

Julian calendar date.

Percent normalized skid-resistance
gradient defined as -100/SN -
[d(SN) /dV], where SN is the skid
resistance at any velocity V.

First and third quartile, respec-
tively.

Correlation coefficient or range in
observations (maximum-minimum) .

Standard deviation.

Skid number extrapolated to zero
speed.

A skid-resistance measurement made
in accordance with ASTM E274.

Average of skid-resistance measure-
ments for last week of testing,
first corrected for short-term
weather changes before being
averaged.

End-of-season skid resistance esti-
mated from a predictor model.

Number of days since last rainfall,
ty < 7.

Average of maximum and minimum
temperatures on the day of test.

Average of the daily mid-range
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temperatures for the 5 days
before day of test.

T30 Weighted temperature history, °F

defined as
30 X
1/30 7§ {[(29/30)1'1'3-_1]}, where
i=1
Ty-j is the average of the
maximum and minimum air tempera=-
tures on the Julian calendar date

i days hefore the date of inter-
est.
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International Roughness Index: Relationship to Other
Measures of Roughness and Riding Quality

WILLIAM D. O. PATERSON

ABSTRACT

Different measures of road roughness with varying degrees of reproducibility
and repeatability have been applied by various agencies in the world, but the
exchange of roughness information has been hampered by a lack of an acceptable
reference and a quantitative basis for relating the different measures. Pre-
sented in this paper is such a basis developed from an analysis of data from
the International Road Roughness Experiment (IRRE) and other sources. The In-
ternational Roughness Index (IRI), developed from the IRRE as a suitable cali-
bration standard for all response-type and profilometric instruments, is the
transferable reference scale. It is the metric equivalent of a reference
inches/mile index. Two-way conversion relationships and confidence intervals
are presented for the Quarter-car Index (QI), British Bump Integrator trailer
index (BI), and various profile numerics of the French Analyseur de Profil en
Long (APL) (longitudial profile analyzer) profilometer from the IRRE, and for
the Serviceability Index from other sources. The characteristics of each scale,
and the sources of variation and range of application of the conversions are

discussed.

Road roughness is a major determinant of riding qual-
ity and the economic benefits from maintenance (1),
and is thus an extremely important measure in the
road condition inventory of a highway network. The
quantification of the benefits and the prediction of
roughness trends in the future under any given main-
tenance policy, however, are dependent on the abil-
ity to relate the measure of roughness to the mea~
sures used in major empirical studies that have been
conducted in various countries.

Three primary scales have been used in the major
studies of road deterioration and road user costs,
which form the basis of economic models at present
(1,2). In the studies in Kenya, the Caribbean, and
India, roughness was referenced to the Bump Integra-
tor trailer (BI) of the Transport and Road Research
Laboratory (TRRL) (United Kingdom) in units of mm/km.
In the Brazil study, roughness was referenced to the
Quarter-car Index (QI), a profile-based scale in
units of counts/km, often abbreviated simply to
units of QI (2-4). In addition, in North America,
riding comfort and vehicle cost data have been re-
lated to the Serviceability Index of pavement condi-
tion originating at the AASHO Road Test (5).

In road condition surveys worldwide, many more
different roughness measures are being used. Most
come from response-type measuring systems mounted in
a passenger car or on a trailer and measuring the
relative axle-body displacement of the rear axle in
units such as mm/km, inches/mile, counts/unit length,
and so forth, including, for example, the Bump Inte-
grator, Mays ride integrator, Mays ride meter, Cox
meter, National Association of Australian State Road
Authorities (NAASRA) meter, BPR Roughometer, and
other variations. In many francophone countries, dy-
namic profilometry systems such as the Analyseur de
Profil en Long (APL) trailer of the Laboratoire Cen-
tral des Ponts et Chaussées (LCPC), France, and the
Viagraphe have been used. The extent to which all

World Bank, 1818 H St. N.W., Washington, D.C. 20433.

these systems have been calibrated and controlled to
be reproducible and repeatable over time has varied
considerably. Although some 1local standards have
been developed, there has been difficulty in relat-
ing the roughness measures to one of the three pri-
mary scales mentioned previously, and the profile
numerics developed for the French profilometry sys-
tems are unique to those systems.

To provide a common gquantitative basis with which
to reference these different measures of roughness,
both for the purposes of instrument calibration and
for comparison of results, the World Bank initiated
the International Road Roughness Experiment (IRRE)
(6) held in Brazil in 1982. The IRRE included 10
different methods and the involvement of and spon-
sorship by organizations from Brazil, the United
States, the United Kingdom, France, Belgium, and
Australia. This experiment resulted in the estab-
lishment of the international Roughness Index (IRI),
an independent profile-related index appropriate as
a reference scale for all profilometric and response-
type systems (6), and the issuance of guidelines on
the calibration and measurement of roughness (7).

The IRI mathematically summarizes the longitudinal
surface profile of the road in a wheeltrack, repre-
senting the vibrations induced in a typical passen-
ger car by road roughness. It is defined by the ref-
erence average rectified slope (RARSgp, the ratio
of the accumulated suspension motion to the distance
traveled) of a standard quarter-car simulation for a
traveling speed of 80 km/h. It is computed from sur-
face elevation data collected by either topographical
survey or mechanical profilometer. The computational
method and mathematical equations are described by
Sayers et al. (7) with further background provided
by Sayers, Gillespie, and Queiroz (6). The index is
expressed in units of m/km IRI and is the metric
equivalent of the reference inches/mile statistic
from an earlier NCHRP study (8).

In this paper, the data from the IRRE and other
sources are used to develop a basis for relating the
major roughness scales to one another in order to
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facilitate the use of previous and current research
findings and road inventory data. The ultimate re-
sult is a chart and series of equations that can be
used for converting between any two scales, with the
IRI scale serving as the reference.

ROUGHNESS MEASURES

Roughness is the variation in elevation of a road
surface that typically has & cowplex profile com-
prising a spectrum of different wavelengths and am-
plitudes. The spectrum tends to vary with the type
of surface. For example, asphalt-paved surfaces have
little short wavelength roughness, whereas surface
treatment, gravel, and earth surfaces have a mixture
of short, medium, and long wavelengths (earth sur-
faces in particular can have high concentrations of
short wavelengths and large amplitudes).

The measures of roughness fall into three cate-
gories as follows [elaborated on with respect to ac-
curacy by Sayers et al. (7)]:
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the profile is measured dynamically, some loss of
accuracy usually occurs);

2. Summary numerics measured through response-
type systems calibrated to a profile or other nu-
meric by correlation (usually the cumulative axle-
body relative displacement averaged over a given
distance and expressed as a slope); and

3. Subjective ratings of riding quality or pave-
ment serviceability, usually made by a panel of
raters within a scale defined by subjective descrip-
tors.

Differences arise between roughness measures due
partly to the way the measuring instrument responds
to the road profile and partly to the way the data
are processed. In the case of profile numerics, the
numeric represents either some measure of the dis-
placement amplitude relative to a moving average am-
plitude (in which case the result varies with the
baselength chosen), or else it represents the re-
sponse of a standard vehicle through a mathematical
model of the way a vehicle responds to roughness (in

1. A profile numeric defined directly by mathe~
matical function from the absolute profile of road
surface elevations in one or two wheelpaths

which case the result varies with the mathematical
definition and the simulated speed of travel).
In the case of response-type systems, the differ-

(when ences arise primarily through the frequency response

TABLE 1 Summary Deseriptions of Some Major Road Roughness Measures

Reference index summarizing the rond profile by a mathematical model representing the response of a
traversing vehicle (6), Computed from elevation data in a wheelpath (7) for use 8s a profile numeric
for profilometric methiods and a calibration standard for response-type instruments, Defined by ref-
erence average rectilied slope (RARSgq) of axle-body displacement of quarter-car simulation with
fixed-vehicle constants and a simulated speed of 80 km/h (6, 7). Scales from 0 (perfect) upward to
about 20 (poor unpaved road).

A profile-related measure developed for Brazil Road Costs Study and singe applied elsewhere (3,4).
Originally defined by a quarter-car simulation of vehicle response at 55 mph on wheelpath profile
elevations measured by (GMR) surface dynamics profilometer and used as a calibration standard for
response-type systems. No longer exactly reproducible except as redefined. Subseripted by m (Ql,,)
represents the calibrated Mays meter estimate of QI used as a basis for all Brazil road costs study
data {2}, or by r (Ql,) represents profile index redefined in terms of root mean squared vertical ac-
coleration (RMSVA) of 1 and 2.5 m baselengths of elevation data by correlation (4).

Single wheel trailer (based on BPR roughometer) standardized by TRRL, towed at 32 km/h and

ing axle-body displacement by unidirectional frictional clutch sensor. Used in road costs
studies of Kenya, Caribbean, and India and in several developing countries, Usual application is
vehicle-mounted sensor calibrated to one of several standard trailer units. Responses of trailer units
have possibly varied over time; a profile index (BI,) based on root mean squared deviation of ele-
vations on a |.8-m baselength and 300 mm sample interval (RMSD3p0, 1,5) was recently defined by
correlation to one trailer unit (6). Scales from low positive value upward to about 16,000 (poor un-

A calibration reference used for response-type systems by some North American agencies, identical in

Measures Symbol Units Description
International roughness IRI m/km IRI
index
Referenced Response Measures
Quarter-car index QI Counts/km QI
Qly
Ql,
Bump integrator BI mm/km
trailer (TRRL) BI,
paved road).
Inches per mile M, in./mile
(reference quarter- (RQCS)

car simulation)

definition to the 1R1 scale but expressed in units of inches/mile (note: 63.36 inches/mile = | m/km).
Roughness expressed in these units usually represents response-type system measures, which may
not have been calibrated to this reference. Scale from 0 (perfect for reference) upward.

Profile Numerics for Dynamic Profilometers

Numerics developed by LCPC for the APL profilometer traveling at a speed of 72 km/h, defining the
mean-square energy values of short (1 to 3.3 m), medium (3.3 to 13 m), and long (13 to 40 m) wave-
length bands, computed by squaring and integrating the filtered signal value over a section length of
200 m for a speed of 72 km/h (6). Scales from 0 (perfect) upward. Sometimes presented in combina-
tion as a rating index, 1, from 1 (worst) to 10 (best) by unit increments.

Profile numeric developed by Center for Road Research (CRR) Belgium for the APL profilometer
towed at 72 km/h, defined by an analysis of the deviation of the profile from a moving average ref-
erence line (6). Computed for standard baselengths of 2.5, 10, and 40 m for every 100 m (expressed
in the subscript); the IRRE indicated that CP, 5 correlated most highly with IRI and most response
measures. Scales from 0 (perfect) upwards.

Profile numeric developed by LCPC for the APL profilometer towed at 21.6 km/h, computed as the
average absolute value of the profile signal over section lengths of 25 m (6). Scales from 0 (perfect)

Waveband energy Wew .2)

(APL72) Winw (L?)

Wlw (L2 )

Coefficient of planarity CPys 0.01 mm

(APL72)
Coefficient APL,s CAPL,5 L)

upward.

Relating to Subjective Rating
Serviceability index SI PSI

Mathematical function representing subjective panel rating of pavement serviceability; that is, ride
quality and the need for maintenance, defined at the AASHO Road Test in terms of slope variance
of the surface profile, mean rut depth, and areas of cracking and patching by statistical correlation.
Difofi;:ull lo)rcproduce, usually redefined by a local panel rating. Scales from 5.0 (excellent condition)
to 0 (worst).
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characteristics of each system. A vehicle typically
has two resonant frequencies: one at 1 to 2 Hz for
resonance of the body on the suspension, and the
other at 8 to 12 Hz for the resonance of the wheel-
axle system between the stiff springs of the tires
and the suspension. The amplitude of road roughness
in these ranges is exaggerated by the vehicle. Thus
for certain combinations of roughness wavelength and
vehicle speed, the amplitude is exaggerated and at
others it is attenuated. Hence, two response-type
systems operating at different speeds, or two sys-—
tems with differing resonance characteristics, will
tend to exaggerate or "see" different aspects of
roughness on a given road and give different results.

The eight measures of road roughness considered
in this paper cover the three categories previously
defined and are described in detail in Table 1. For
further discussion of these measures, see Sayers et
al. (6). The measures include

1. IRI, the International Roughness Index, in
m/km IRI;

2. IMy, the inches/mile equivalent of IRI used
in North America and sometimes called reference
quarter~-car simulation (RQCS), or Golden car;

3. QIn, the Quarter-car Index of the Brazil
road costs study as measured by calibrated Mays
meters, in counts/km;

4. BIy, the response of the TRRL Bump Integrator
trailer used during the IRRE, in mm/km;

5. Wgyr the short-wavelength energy
defined by LCPC for the APL profilometers;

6. CPy.,5, the coefficient of planarity on a
2 .5-m-baselength defined by the Belgian Centre des
Recherches Routiéres (CRR), in 0.01 mm;

7. CAPlpg, the coefficient of the APL25 profi-
lometer analysis defined by LCPC; and

8. 85I, the present serviceability index usually
defined by regional panel ratings to be similar to
the SI defined at the AASHO Road Test, in PSI (pres-
ent serviceability index).

numeric

Comparable data for individual response-type systems
not calibrated to one of the foregoing measures were
not available. Although the Australian NAASRA meter
was tested at the IRRE, the mounting vehicle differed
from the Australian standard vehicle so the data
cannot be used to develop a valid conversion.

RELATIONSHIPS AMONG PHYSICAL ROUGHNESS MEASURES

International Experiment Data

The IRRE was conducted in Brazil on a series of 49
road sections each 320 m long (6). The sections con-
sisted of asphalt concrete, surface treatment,
gravel, and earth surfaces in nearly equal amounts.
The roughness on each section was measured by rod
and level surveying, TRRL 3-m-beam profilometer, APL
profilometer trailer (at both 72 and 21.6 km/h), and
various response-type systems, including a TRRL Bump
Integrator trailer, three Chevrolet sedans mounted
with Mays meter sensors (an adaptation of the Mays
ride meter), and a sedan mounted with a Bump Inte-
grator and NAASRA meter sensors in parallel. Each
instrument was used according to the standard proce-
dure specified for it under the control of the rel-
evant agency.

The range of values and bivariate linear correla-
tions between different measures observed at the
IRRE are given in Table 2 for the scales just de-
scribed, with the exception of the Serviceability
Index, which was not measured in the experiment. The
observed data for the same scales are given in Table
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TABLE 2 Bivariate Linear Correlation Coefficients and Ranges
for Major Roughness Scales, as Observed at the International Road
Roughness Experiment

Roughness
Index?® IRI Qlp, BI, CPys Wy Wnw  CAPL,s
IRI 1.000
Qi 0962 1.000
BI, 0.973 0.933 1.000
CPy 5 0.958 0923 0.927 1.000
Wow 0.937 0921 0.893 0942 1.000

S 0.768 0.629 0.702 0.692 0.686 1.000
CAPL,5 0.719 0.705 0.644 0,744 0.732 0.851 1.000
No. observa-

tions 49 49 49 45 45 45 49
Mean 6.03 77.8 4724 84.2 21.5 67.0 12.5
Standard de-

viation 3.30 43.7 3,141 36.6 11.4 51.4 5.0
Minimum 1.90 19:2 1,310 28.0 3.0 7.8 4.6
Maximum 16.6 211.5 16,485 169.0 372 181.9 217

Note: Further details of the definition of each index given by Sayers et al. (6).
Source: Derived from data of the IRRE from Sayers, Gillespie, and Queiroz (1986).

& [RI = International Roughness Index, m/km IRL

QI = Quarter-car Index of Brazil Road Costs Study, counts/km,
BI; = Bump Integrator trailer of Transpart and Road Research Laboratory, mm/km.
CPy s = Coefficient of planarity on 2.5 m baselength for French APL72 profilometer,
0.01 mm,
Wgw = Energy index of short wavelengths (1 to 3,3 m) for French APL72 profi-
lometer.
Wmw = Energy index of medium wavelengths (3.3 to 13 m) for French APL72 profi-
lometer.
CAPLj 5 = Rectified displacement coefficient from French APL25 profilometer.

3, including the reference inches per mile statistic
(IM;), which was computed simply by the dimensional
conversion from m/km as 63.36 IRI.

The IRI data were computed as the RARSgg statistic
from rod and level survey data following the method
outlined by Sayers et al. (7).

The QI data represent the Mays meter values
calibrated to the Quarter-car Index scale by a meth-
odology similar to that used in the original Brazil
road costs study (3), so that they would closely
represent the empirical foundation of all the vehi-
cle operating cost and road deterioration relation-
ships derived from that study. Separate calibration
equations were established for each vehicle from the
QI, profile index computed from rod and level data
using only data from asphalt concrete surfaces (4,9)
as follows:

QI, = 12.155 MMy = QIpy

a

QI, = 10.565 MMy = QIno

PN

01,

11.034 MMy

u

Qlps
where

QI, = least-squares regression estimate
of OI, profile index from calibra-
tion of MM; against QI,, in
counts/km QI;

QInl to QIp3y = calibrated roughness measure for
Mays meter vehicle numbers 1 to 3,
in counts/km QI; and

MM} to MMy = three-run average Mays meter
count per unit distance for vehi-
cle numbers 1 to 3, in m/km.

Then
QI = mean (QIni, QIpz, QIn3).
Although the original study used QI instead of QIf

as the calibration standard, it has been shown (2.
that the calibration equations were not significantly
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TABLE 3 Roughness Data by Various Measures in the International Road Roughness Experiment

Surface SEC IRI M, BI Qly, QI CP,5 CAPLy; Wy, Winw
Asphalt concrete CAO1 4.1 260 1,970 54 47 56 173 9.4 122.2
CA02 4.6 291 2,340 55 61 65 15.0 12.0 80.4
CAO03 6.3 399 3,690 75 84 21 17.2 29.1 119.3
CA04 53 336 3,280 66 15 80 16.7 21.2 141.5
CAOS5 6.2 393 4,220 78 87 90 18.0 30.6 159.6
CA06 7.3 463 5,025 96 95 108 19.0 29.7 78.9
CAOQ7 2.5 158 1,785 33 29 49 7.0 6.3 28.5
CA08 2.6 165 1,775 34 27 42 7.0 6.8 174
CA09 3.5 222 2,420 51 37 60 11.0 10.7 33.1
CAIlO 33 209 2,235 45 36 62 11.0 16.5 45.5
CAll 5.4 342 3,545 72 71 69 16.0 17.8 136.3
CAl2 1.9 120 1,310 19 17 28 5.0 3.3 11.2
CA13 1.8 120 1,325 22 17 28 5.5 3.0 10.5
Surface treatment TSO1 4.3 272 3,335 77 46 70 T:5 19.2 18.4
TS02 | 323 4,060 59 57 73 9.5 18.4 39.8
TS03 4.7 298 4,245 75 54 80 10.4 22.8 27.4
TS04 5.5 348 4,010 101 59 89 19.4 25.8 250
TS0S 5.7 361 4,685 124 60 94 9.0 29.4 20.8
TS06 33 209 2,485 37 35 50 8.2 8.8 27.3
TS07 3.3 209 2,555 38 38 51 8.4 9.2 39.0
TS08 4.0 253 3,045 46 46 50 10.9 11.6 61.5
TS09 3.9 247 3,150 43 42 60 7.8 14.9 18.0
TS10 3.8 241 3,335 44 42 61 72 16.0 20.7
TS11 2.5 158 2,210 28 26 36 4.6 6:3 13.6
TS12 2.5 158 2,315 27 25 40 52 4.6 7.8
Gravel GRO1 3.7 234 2,315 36 42 58 5.8 13.3 17.4
GRO2 3.8 241 2,485 38 42 58 7.0 12.9 14.2
GRO3 T2 456 5,320 90 93 103 17.0 33.4 94.6
GRO04 6.4 406 4,565 77 83 113 14.6 36.0 109.9
GROS 92 583 6,985 133 115 169 20.0 3172 104.1
GRO6 8.3 526 7,010 117 103 153 20.2 37.2 117.8
GRO7 55 348 3,970 80 67 89 7.7 30.6 42.4
GRO8 4.4 279 2,910 54 51 75 7.1 15.3 16.9
GRO9 9.2 583 6,060 105 110 139 16.9 372 98.6
GRI10 71 450 4,655 94 84 134 13.2 37:.2 94.6
GR11 14.1 893 10,890 187 194 - 13.4 - -
GR12 127 805 10,385 180 193 - 18.0 - -
Earth TEO1 4.3 202 3,400 33 50 71 11.4 17.5 51.7
TEO2 4.1 260 3,270 51 48 72 10.7 173 354
TEO3 7.2 456 6,350 90 90 125 14.5 34.8 93.7
TE04 T3 463 7,065 94 89 128 18.6 33.7 181.9
TEO05 13.9 881 13,350 164 187 - 16.8 - -
TE06 16.6 1,052 16,485 211 221 - 217 -~ -
TEO7 4.4 279 3,745 65 54 83 9.5 22.9 43.8
TEOS8 5.0 317 3,905 67 58 86 9.0 229 30.4
TE09 8.6 545 6,390 94 109 129 14.7 35.0 107.2
TE10 10.2 646 9,300 121 138 156 17.3 37:2 155.1
TEl1 9.6 608 8,455 111 134 158 16.8 37.2 155.0
TE12 9.0 570 7,860 99 140 108 18.1 371 148.0

Note: Refer to Table 1 for definition and units of roughness measurement.

Source: Derived from data given by Sayers et al. (6).

affected. A significnt difference does exist, how-
ever, between QI, and QI; because of the non-zero
intercept in the definition of the QI, profit sta-
tistic (as will be seen in Table 4). Hence it was
important to use QIp instead of QI in this cor-
relation exercise.

The BI, data represent the roughness measured
by the Bump Integrator trailer at 32 km/h, which
were three-run averages of both wheelpaths. These
data represent the output of the trailer as it was
at the IRRE, under controlled operating conditions,
and were considered by TRRL to be representative of
its performance in previous studies.

The CPy 5, Wgys Wpyer and CAPLy; numerics for the
APL profilometer were the section-mean values (across
both wheelpaths) of the values reported at the IRRE
[ (6), Appendix G].

It can be seen that the data cover a wide range,
from very smooth (1.9 m/km IRI) to very rough (16.6
m/km IRI) roads. Further comment on the correlations
will be made later.

Analysis

The objective of the analysis was to develop practi-
cal conversion relationships among the various mea-

sures. Typically, when two variables are imperfectly
correlated, either both are measured with error or
the two represent different measures. In this situ-
ation, linear regressions of the one variable on the
other, and the other on the one are normally not in-
terchangeable because the least-squared deviations
differ in the two senses. For this analysis, a con-
version relationship was obtained by making linear
least-squares estimates of coefficients in both
senses between each pair of variables and averaging
as follows:

vi a + bxy + uj (1)

i

X4 € + dyi + vy (2)

The conversion equation should be such that

Y=p+gXand X = (Y - p)/g (3)
take

p=(a~-c/d)/2 (4)
§ = (b + 1/4)/2 (5)
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where
Xjr Yi = the ith pair of values of roughness
measures x and y, respectively;
uj, vi = residual errors of y and x, respec-
tively;
a, b, ¢, d = coefficients estimated by linear re-
gression;
P, 94 = coefficients adopted for conversion
equation; and
X, Y = conversion equation estimates of x

y, respectively, given the other.

The goodness of fit of Equation 3 as a conversion
relationship was quantified by regressing the ob-
served values of y; on the predicted values Yj
without intercept.

The resulting conversion relationships are given
in Table 4. The root mean squared error (RMSE) of
the conversion prediction and the estimated bias are
given for each. The bias in each case is very small,
typically less than 2 percent, and negligible.

A selection of the conversion relationships is
plotted with the observed data in Fiqgures 1 and 2.
One observation is given per test section, and the
surfacing types are distinguished by symbols. Figure
1 shows the relationships between the Brazil QIy
scale, the TRRL BI scale, and the IRI scale, which
were pertinent to the major road costs studies. Fig-
ure 2 shows the relationships of three numerics of
the APL profilometer to the IRI,
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Discussion of Relationships

Very high correlations exist between the IRI scale
and both the QI and BI measures used in the major
empirical studies, so that interchange between either
of the historical measures and IRI can be made with
reasonable confidence. This is shown in Figures la
and lc. The standard error for estimating IRI rough-
ness was 0.92 and 0.76 m/km IRI from QI and BI
measures, respectively. From the plots it can be
seen that this error is reasonably uniform over the
range of roughness and across all four surface types.

A feature to note in the QI data is that two
of the measurements on surface treatment pavements
are high values that appear as outliers in both Fig-
ures la and lb. The high values result not from a
shortcoming of the QI scale but from resonance of
the wheel-axle system in the specific vehicles used
for the Mays meters; this occurred on two sections
that had minor surface corrugations at about 2 m
spacing. Neither profile statistic, IRI, or CPp 5,
was unduly affected by the corrugations, which re-
flects the good damping characteristics incorporated
in each one. The Bump Integrator trailer, traveling
at the slower speed of 32 km/h compared with the 80
km/h speed of the Mays meter vehicle, was not af-
fected either, as shown in Figure 1lc.

The BI trailer tends to be more sensitive to
earth roads than passenger cars (or IRI or QIp)
because of the particular characteristics of its
suspension system. The system has a resonant fre-~
quency that corresponds to a wavelength of about

TABLE 4 Summary of Relationships and Statistics for Conversions Between

Roughness Scales

Coefficient
Standard of Bias
Conversion Relationship Error Variation Slope Units
E[IRI] = QI,/13 0.919 15.4 0.989 m/km
=(QI; +10)/14 0.442 7.34 0.975 m/km
=0.0032 B19-8° 0.764 12.7 1.008 m/km
=CP, 5/16 0.654 12.4 0.993 m/km
2 5.5 log, (5.0/PSI) - - - m/km
=0.80 RAR56530 0.478 - 1,002 m/km
=0.78 Wy,,>' 0.693 0.994 m/km
= CAPL;5/3.0 if asphalt
. =CAPL,s/2.2 if not asphalt 1.050 1.030 m/km
E[QI,] =13 IRI 12.0 153 0.993 Counts/km
=9.5+0.90 QI 14.5 18.7 0.985 Counts/km
_ |BI/55 if not earth 117 15.0 1.002 Counts/km
BI/73 if earth
=0.81 CPy 5 11.7 17.2 0.986 Counts/km
= 72 log, (5.0/PSI) - - - Counts/km
=17.9 Wg,0-70 8.78 0.996 Counts/km
. =6.2CAPLys 18.29 1.13 Counts/km
E[QI;] =-10+ 14 IRI 6.32 8.35 1.024 Counts/km
= BI/62 14.0 18.3 1.006 Counts/km
. =-10+0.89 CP, 5 13,1 20.3 0.980 Counts/km
E[BI] =630 IRI!-12 694 14.7 0.998 mm/km
=136 Q112 1100 22.8 0.985 mm/km
_ 155 QI if not earth 673 14.2 0.976 mm/km
73 QI,, if earth
. =62 QI; 850 18.1 0.971 mm/km
E[CP; 5] =16 IRI 10.5 12.4 0.994 0.01 mm
=11+1.12QI, 14.8 17.6 0995 0.01 mm
=1.23 QI 14.4 17.2 0.986 0.01 mm
=11.7 Wg,0-65 8.87 1.018 0.01 mm

(if CP, 5 < 150)

Note: Roughness scale codes:

BI = TRRL Bump Integrator trailer at 32 km/h (mm/km).
CAPL, 5 = APL profilometer coefficient for 21.6 km/h operation.
CPy g = APL profilometer coefficient of planarity (.01 mm),
TRT = International Roughness Index (m/km) [denotes RARSgp (7)].

QI
oly

= RTRRMS-estimate of QI roughness in Brazil study (countsfkm).

= Profile RMSVA-function of QI roughness (counts/km),

RARS50 = ARS

at 50 km/h (7).

o
W = Short wavelength (1 to 3.3 m) energy index W of APL72 profilometer as defined by French LCPC

|(6), Appendix G].

Source: Computor analysis of data from the Inter

I Road Rough

Experiment (6).
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FIGURE 1 Relationships for conversion between QI, (Brazil road costs study), BI (TRRL Bump Integrator trailer), and CPy 5 (French/
Belgian APL profilometer) scales of road roughness: (a) Brazil calibrated Mays meter, Ql,, and profile roughness, IRI; (b) Brazil calibrated
Mays meter, Ql,, and APL72 profilometer coefficient, CPy5; (c) TRRL Bump Integrator trailer at 32 km/h and profile roughness, IRI;

and (d) TRRL Bump Integrator trailer at 32 km/h and Brazil calibrated

0.76 m, and the shock absorbers are loosely damped
with gain levels 50 to 100 percent greater than typ-
ical passenger cars at the resonance frequencies.
Thus, the BI trailer responds to the strong short
wavelength content in earth surfaces with an exag-
gerated response, which results in the nonlinearity
evident in Figures 1lc and 1ld for earth surfaces.

Mays meter, QIp,.

This also implies that high roughness measurements
coming from the BI trailer probably overstate the
response of a typical passenger car (even when
traveling at a comparably slow speed), so that the
nonlinearity is important when interpreting vehicle
operating cost relationships that are related to BI
trailer roughness.
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FIGURE 2 Relationships of various roughness coefficients of the French APL profilometer systems APL72 and APL25 to the
International Roughness Index: (a) APL25 profilometer coefficient, CAPLys5, and profile roughness, IRI; (b) APL72 profilometer short
wavelength energy, W,,,, and profile roughness, IR and (c) APL72 profilometer coefficient, CPy 5, and profile roughness, IRI.

On surfaces other than earth, the relationship
between the BI and QI scales is virtually linear
as shown by the solid line in Figure 1d. The rela-
tionship given as

BI (mm/km) = 55 QI (counts/km) (6)

was derived in a separate analysis (9). Other stud-
ies have indicated that the value of the ratio (55)

can rise to 75 or higher when the BI trailer suspen-
sion system is not adequately maintained. Note that
when the measurement error is proportional to the
square root of the mean value [which is wvalid here,
see Paterson (2)], and no intercept is expected be-
cause the measures are essentially similar (i.e.,
p =0 in Equation 3), it can be shown that q in
Equation 3 is estimated by

§ = Jyi/lxy = ¥/% (7
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where x, § are the mean values of x, y, respectively.
This result is particularly useful because it means
that a linear conversion under the foregoing condi-
tions can be derived simply from the ratio of the
mean values of each scale.

0Of the various profile numerics developed for the
APL profilometer, the two that correlate the most
highly with vehicle response, and in particular the
IRI roughness scale, are the CP3 5 and short wave-
length energy (Wsw) indices shown in Figure 2 and
Table 2. The APL25 coefficient (CAPLy5) has a gen-
erally poor correlation with IRI and other response-
type measures because it is sensitive mostly to long
(7 to 15 m) rather than short wavelengths, and the
correlation is thus best on asphalt concrete sur-
faces (see Figure 2a and Table 4). All the APL sta-
tistics, except CPy 5, tend to reach signal satu-
ration as can be seen from Figures 2a and 2b. For
example, the Wg, index for the APL25 is not ap-
plicable to roughness levels above 8 m/km IRI. In
order to avoid mechanical damage, the APL profilom-
eter was not coperated on roads with roughness greater
than 11 m/km IRI during the IRRE; that is, unpaved
roads with moderately high roughness.

RELATIONSHIP OF SERVICEABILITY INDEX TO ROUGHNESS

Roughness defined by a slope variance statistic was
included as one component of the Serviceability In-
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dex function estimated from panel ratings of pave-
ment serviceability at the AASHO Road Test. Some at=-
tempts have since been made to relate roughness to
serviceability by calibration of the vehicles to
slope variance and application of the original SI
function given in the AASHO Road Test (5). However,
it has been more common for agencies to relate rough~
ness directly to new local panel ratings of service-
ability (PSR). Ratings, however, tend to vary con-
siderably with the expectation of the users and
their previous exposure to very high roughness
levels, so that the ratings typically vary from
country to country. SI was not defined for unpaved
roads.

Relationships between PSR and the QI, and IRI
roughness scales are given in Figure 3., These were
derived from four panel rating sources: Brazil and
Texas [(3), Working Document 10], South Africa (10),
and Pennsylvania (ll). For the first three, PSR was
related directly to the QI profile numeric; in Texas,
the panel rating was an estimate derived from a
waveband correlation with profile data derived in
Texas that was applied to Brazilian road profile
data. For the Pennsylvania relationship, an approxi-
mate conversion of 1 count/km QI = 6.6 in./mi was
applied to the roughness data.

Considerable variations exist in the Serviceabil-
ity Index scales derived from the different sources:
the Texas, Pennsylvania, and South Africa ratings
represent users who are used to high-standard paved

Serviceability
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45
404
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FIGURE 3 Approximate relationships between AASHO serviceability
index, PSI, and the QIm and IRI roughness scales, based on panel ratings

from four sources.
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roads, but the means nevertheless vary by up to one
rating interval when rating a given roughness,
whereas the Brazilian raters attach much higher rat-
ings to rough roads than do the other groups. A lin-
ear relationship between rating and roughness may be
adequate over the range of two to four rating units
on paved roads as claimed by Janoff et al. (12) but
does not apply more generally. By extrapolation, the
scales indicate that a roughness of 130 to 175 QI is
equivalent to 0 PSI, except for the Brazilian panel,
which included unpaved roads and rated a roughness
of 175 as better than 1 PSI. The best continuous
function meeting the perfect score of 5 on the SI
scale at a roughness of zero is as follows:

QL, = 72 log, (5.0/5I)

IRI

5.5 loge (5.0/5I)

However, the linear function may be Jjust as appro-
priate over normal ranges of paved road roughness,
that is

QIn max [136 - 33 SI; 0]

IRI

max [10.5 - 2.5 SI; 0]

The slope of the QI/PSI relationship varies from
~-20 for serviceability above 3.5 PSI to -33 for ser-
viceability below 3.0 PSI. The common initial and
terminal levels of serviceability are therefore ap-
proximately

4.2 PSI

13 counts/km QIy = 1.0 k/km IRI

4

2.5 PSI = 50 counts/km QIp = 3.8 m/km IRI

2.0 PSI

65 counts/km QIp = 5.0 m/km IRI

1.5 PSI

”

86 counts/km QI

[+

6.6 m/km IRI

CONVERSION CHART

For convenience of application, the results of the
foregoing analyses are presented in the form of a
conversion chart in Figure 4. The IRI scale is used
as a reference on each side of the chart, and for
North American users, the equivalent reference scale
in inches/mile units (IM,) is presented alongside.

For all other roughness measures shown on the
chart, the bars have three sets of graduations, the
estimated value on the centerline, a low value on
the left, and a high value on the right. The low and
high values are defined by the 15th and 85th percen-
tiles of the preceding data and indicate the range
over which the actual value for a specific road sec-
tion can be expected. For example, to estimate the
roughness of 6 m/km IRI in terms of the QI scale,
an estimated value of 78 counts/km QI is obtained,
and the authors are about 70 percent confident that
the actual value will be between 66 and 90. For con-
verting between two of the nonreference scales, the
centerline of the given scale is used, and the esti-
mated low and high values of the desired scale are
read. For calculator applications, the conversion
functions and confidence intervals are listed at the
bottom of the chart.

The ranges of validity of the conversion func-
tions are shown by the length of the bars on the
chart. Individual observations may exceed the ranges
shown on the IRI, QIp, BI, and IM, scales, but
typically such high levels of roughness are confined
to short sections. In the case of the APL numerics,
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the ranges are limited by the mechanical capability
of the equipment and by the signal processing method
to cases of paved roads and unpaved roads of low to
moderate roughness.

A chart such as the one shown in Figure 4 meets a
practical need, but there are two important caveats.
FPirst there is the potential inference that the
various roughness measures are interchangeable and
measure the same thing. The IRRE showed clearly
that, while different response-type systems were
highly correlated when operated under identical
conditions, significant variations do exist between
the scales on some surfaces. These arise from
differences in the operating conditions, equipment,
wear, and interpretation of the diverse spectrum of
wavelengths in a road profile. These variations are
accommodated in the chart through the confidence
intervals, which indicate that the conversions are
approximate and give the range within which the
actual value may vary. Second, there is no guarantee
that the data collected at the IRRE are exactly
representative of the historical data collected in
previous studies. Not all these studies will have
been conducted with the recommended degree of con-
trol as was done at the IRRE, although there is
reasonable confidence in this respect for the QI
BI,, and APL measures.

CONCLUSION

An acceptable basis for comparing the roughness mea-
sures used in past and present major studies has
been established for use where one of the following
calibration references exist: BI QI,, CPy 5, IM, OF
IRI. However, the various roughness measures sense,
filter, and amplify the road profile characteristics
in different ways so that exact egquivalences do not
exist between them. The conversion chart and rela-
tionships, shown in Figure 4, present the means for
comparing a number of scales that have been in use
and for relating them to the International Roughness
Index. These conversions and their inexactness were
based primarily on data from the international ex-
periment conducted in Brazil, and they are generally
valid only over the range of asphalt, surface treat-
ment, gravel, and earth surface types included in
the experiment. That wvalidity, however, covers a
wide range, and significant deviations are only
likely on extremely different surface types, includ-
ing surfaces with periodic defects, such as corruga-
tions, or strong short wavelength content such as
potholed roads, earth roads, surfaces placed by man-
ual labor (macadams, cobbles, set-stones, etc.), and
coarse-gravel roads.

The degree to which the conversions presented
here are applicable to either historical or present
measurements made with a system similar to one of
those described, depends largely on how the operat-
ing conditions compare with those existing at the
IRRE. In the case of the profile-related systems
(QInr Wgyr and CPy g), which are time-stable, the de-
gree of confidence is high. In the case of the Bump
Integrator trailer, and other systems using hardware
as a reference, the applicability depends on the de-
gree of similarity of the hardware to the system
used at the IRRE, which can differ in extreme cases
by up to 40 percent when out of calibration.

The widespread adoption of IRI as a reference and
calibration standard is being encouraged worldwide
to improve the reliability of exchanging information
related to road roughness. The IRI would then be a
common denominator, in some cases existing in paral-
lel with a local index or series of profile statis-
tics.
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Conversions estimated on data from the Infernational Road Roughness Experiment, (Sayers, Gillespie and Queiroz, 1986) as follows
1 IRl — International Roughness Index (Sayers, Gillespie and Paterson, World Bank Technical Paper 46, 1986)
2. Ql,  — Quarter-car Index of calibrated Maysmeter, Brazil-UNDP Road Costs Study
IRI= QI,/13 + 0.37/IR1 RI<17
3 Bl — Bump Integrator trailer at 32 km/h., Transport and Road Research Laboratory, UK
IRt =0.0032 BI08? +0.314IRT; IRI<17
4. CPyg5 — Coefficient of planarity over 2.6m baselength for APL72 Profilometer. Centre de Recherches Routiers, Belgium:
IR = CPy5/16 +0.2VIRT, IRI<11
5. Wy,  — Short Wavelength Energy for APL72 Profilometer. Laboratoire Central des Ponts et Chaussées, France
IRl =0.78 W, 063 +0.69 IRI. IRI<9
6. CAPLyg — Coefficient of APL25 Profilometer, Laboratoire Central des Ponts et Chaussées, France
IRI =0.45 k CAPLy5 +16%: IRI<11
where k = 1 for general use, k =0.74 for asphalt concrete surfaces, k =1 11 for surface treatment, earth or gravel .
% 8l — Sernviceability Index. American Association of State Highway and Transportation Officials:
IRI =55 In (5.0/5)) +25%; IRI<12
8. IM; — Inches/mile equivalent of IRl from Reference Quarter-Car Simulation at 50 mile/hr (see ‘HSRI-reference’ in Gillespie,
Sayers and Seget NCHRP report 228, 1980; and 'RARSgq' in Sayers, Gillespie and Queiroz, World Bank Technical Paper 45, 1986):
IRl = IM,/63.36
FIGURE 4 Chart for approximate conversions between the International Roughness Index and major roughness
scales.
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The Implication of the International Road Roughness

Experiment for Belgium

M. B. GORSKI

ABSTRACT

The International Road Roughness Experiment (IRRE) has had a double impact on
the current practice of roughness evaluation. First it has upgraded the moving
average statistics (CP) developed and used in Belgium for the assessment of
evenness, The latter is based on a dynamic profilometer monitoring of the
longitudinal profile of the road surface. Its scale of representation can be
interpreted from different points of view (acceptability criteria associated

with comfort and security,

maintenance

levels associated with structural

integrity, and methods of assessment such as visual inspection). The link be-
tween CP scale and the roughness measures generated by response-type road

roughness measurement systems (RTRRMS) adds a new dimension to the interpreta-
tion of the Belgian scale. It enables roughness to be predicted or estimated in
terms of vehicle behavior because the RTRRMS results are expressed in scales
simulating quarter-car response. The second impact is a consequence of the
first. The IRRE demonstrates the need for further development of roughness
evaluation and enhances the pavement management systems approach developed in
Belgium in such a way that economic considerations can be assessed through

relations between roughness and users' costs.

In order to appreciate the consequences of the In-
ternational Road Roughness Experiment (IRRE), par-
ticularly for Belgium, a brief but complete review
of the Belgian state of the art and current practices
is necessary. The objectives of road roughness eval-
uation must be recalled, together with the method-

Centre de Recherches Routiéres, 42 Boulevard de la
Woluwe-B, 1200 Brussels, Belgium. Current affilia-
tion: Transportation Department, World Bank, 1818 H
St., N.W., Washington, D.C. 20433,

ology and the roughness scale used in Belgium. The
acceptance of the latter will be stated. In this
sense, the IRRE is more than just an exercise aimed
at establishing a reference calibration procedure.
It has enhanced the vision of what a roughness scale
is designed for. In the case of the roughness (or
evenness) scale developed in Belgium, a new dimen-
sion has been added to its interpretation. Beyond
the ability of the roughness scale to contribute to
problems linked with the maintenance of structural
integrity of roads or with the comfort and safety of
road users, the IRRE has opened the door to problems
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of a different order. These problems concern economic
considerations such as users' costs and management
of networks.

ROAD ROUGHENESS EVALUATION: OBJECTIVES AND ACTIVITIES

Road roughness evaluation achieved through longi-
tudinal profile measurements on pavements is prompted
by three major goals:

¢ To monitor, on roads in service, the evolu-
tion of surface evenness characteristics with time,
and locate defects;

* To serve as a contractual test for the ac-
ceptance of a newly constructed pavement layer;

* To be used as a research tool for assessing
the performance of the laying machines and for
studying the construction factors that affect sur-
face characteristics.

The Belgian Road Research Centre (BRRC) is closely
cooperating with the Belgian Road Administration,
contractors, and consultants to meet these goals
through research contracts, technical assistance,
and training. More recently these activities have
been extended abroad. The roughness scale developed
in Belgium has been implemented in France (Labora-
toire Central des Ponts et Chaussées) and Morocco

(1) (Direction des Routes et de la Circulation
Routiére). International projects have been com-
pleted (IRRE) (2) or are still active [Road Pro-

filometer Evaluation, University of Michigan Trans-
portation Institute (UMTRI) and the Federal Highway
Administration].

CURRENT PRACTICE IN BELGIUM

The test method used by the Belgian Road Research
Centre to qualify the longitudinal evenness of road
pavements is based on

* The continuous measurement of surface ir-
regularities by means of the twin track longitudinal
profile analyzer (APL) (two scanning trailers) con-
structed by the French Bridge and Pavement Labora-
tory (LCPC); and

* An original numerical processing method de-
veloped by the Belgian Road Research Centre, which
makes it possible to quantitatively and specifically
assess evenness from longitudinal profile irregu-
larities detected by the APL. The signal is recorded
on magnetic tape during the measurement, and computer
processing takes place afterwards in the laboratory.

The APL Trailer

The longitudinal profile analyzer trailer, shown in
Figure 1, is an instrument developed by the French
Bridge and Pavement Laboratory to obtain a signal
proportional to profile over the frequency range 0.5
to 20 Hz. The trailer consists of three mechanical
elements: a frame that acts as a sprung mass, a fol-
lower wheel, and a horizontal pendulum. The trailer
frame and the suspension serve only to keep the fol-
lower wheel on the road by reducing bouncing and
oscillations. Compared to a passenger car, the sus-
pension is soft and exhibits high damping. The ob-
served resonance of the sprung mass is well below 1
Hz, and the damping is close to critical.

Unlike the dynamic response-type road roughness
measuring devices, the APL does not measure the
deflection between the axle and frame. Instead,
(Figure 2) a displacement transducer is located be-

Transportation Research Record 1084

BV
‘.‘d”%

b

&

Eé&ﬁiﬁ_& A -.‘A.A. ! Gl
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tween the trailing arm (B) that supports the fol-
lower wheel (R) and the horizontal pendulum (P). The
horizontal pendulum consists of an arm with weights
at each end, supported in the center by a Bendix-type
pivot with crossed blades. One of the weights can be
repositioned, allowing adjustment of the rotational
moment of inertia. The pendulum is centered by a
coil spring, and damping is provided magnetically.
Together, the pendulum, spring, and damper constitute
a mechanical system that is tuned in the laboratory
to provide a unity gain for input frequencies greater
than 0.5 Hz. (Lower input freguencies result in an
attenuated response.)

The displacement that is measured is designed to
replicate the wave-number content of the longitudinal
road profile over the wave-number range that corre-
sponds to the frequency range of 0.5 to 20 Hz at the
measurement speed. The upper limit is imposed by the
dynamic response of the follower-wheel assembly,
which will attenuate any inputs at frequencies above
20 Hz (Figure 3).

The trailer is certified when it is manufactured
by placing a dynamic shaker under the follower wheel
and measuring the ratio of the output signal ampli-
tude to the input amplitude for sinusoidal inputs.
The locations of the shock absorber and coil spring
in the suspension are adjusted to optimize the re-
sponse. The shaker is also placed under the towing
hitch to assure that the trailer is acceptably un-
responsive to these movements. Indeed, the geometry
that is built into the trailer, and particularly
that of its low-frequency pendulum used as a refer-
ence, has been designed in such a way that it permits
perfect decoupling between the oscillations of the
arm carrying the measuring wheel, which follows the
fluctuations of the road profile, and the oscilla-
tions of the trailer frame due to the influence of
the movements of the hitch point of the towing vehi-
cle. This, in fact, is the original concept of the
APL.
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FIGURE 3 Frequency response of APL trailer to displacement input.

The effectiveness of this feature is actually
verified in the course of the adjustment and cali-
bration of each APL trailer on the shake table: the
hitch system of the trailer is itself excited by a
vibrator, and it is ascertained that this excitation
has no influence on the transducer's response. The
trailer is considered to be correctly adjusted only
when the transducer response to an excitation of the
hitch is less than 0.2 percent of the response to an
excitation of the measuring wheel with the same
amplitude. Each APL trailer is adjusted in this man-
ner at construction, and those used in Belgium are
recalibrated periodically (every 2 to 3 years).

Today, the calibration procedures are further
refined by verifying the linearity of the transfer
function of the APL trailer under signals represent-
ing the true conditions of very good and very poor
road profiles, in addition to the conventional
harmonic type of response curve that is also being
determined. Furthermore, no test tracks are impera-
tively required.

Method of Measurement

Because the amplitude transfer function of the APL
is constant to within 5 percent in the frequency
range 0.5 to 20 Hz (Figure 3), the wavelength range
of the defects detected by the APL, which is propor-
tional to the speed of measurement, is as follows:
(a) 1 to 40 m at 72 km/h (20 m/s) on motorways and
other roads according to traffic possibilities; (b)
1 to 30 m at 54 km/h (15 m/s) on roads with limited
traffic possibilities (cross-town links, speed limits
of 60 km/h, bends, etc.); and (¢} 0.3 to 15 m at
21.6 km/h (6 m/s) on construction sites, and rural
roads.

Because the speed of measurement cannot be in-
creased to infinity, it is, of course, admitted that
the APL cannot completely describe a road profile in
the sense that it certainly is no absolute leveling
device. As far as is known, this is true for all
dynamic road profilometers; however, this is not a
hindrance. Indeed, those involved in maintenance and
rehabilitation of road networks are essentially
interested in the profile defects that can affect
road users and the modification of which does not
necessitate a modification of road alignments. With
this objective in mind, the APL is perfectly capable
of providing a sufficiently accurate image of the
road, for all practical purposes, with the localiza-
tion and quantification of irregularities up to 40 m
long.

The results of measurement are processed to coef-
ficients of evenness, CP (Belgian method, BRRC) (3).

This analysis consists of producing a geometric
representation of the measured longitudinal profile.
The mean surface area of the deviation of the mea-
sured profile from a reference line formed by the
same profile after smoothing is determined (average
of bump and hollows). This area is calculated by
sampling the measured profile at intervals of 1/3 m
or 1/6 m (for the speed of 21.6 km/h).

This calculation leads to the definition of a
coefficient of evenness (CP), the dimensions of which
arel CP =103 m (10" mm?/km). It is determined in
relation to the base length chosen for smoothing and
the division of the scanned section into blocks of
equal length, which has been set at 100 m.

Interpretation of CP Values

The coefficient of evenness for a given base smooth-
ing length and a given block length is directly
proportional to the mean surface area of the devia-
tion of the measured longitudinal profile from the
smoothed profile. The higher the coefficient of
evenness for a given base length and a given block
length, the poorer the quality of longitudinal even-
ness.

The use of the sliding-mean concept (moving aver-
age) to calculate CP values (smoothing of the pro-
file) amounts to filtering the measured longitudinal
profile. The result of this filtering is to elimi-
nate the deformations with a longer wavelength than
the base length chosen for smoothing. Thus the effect
of short-span deformations is separated from that of
long-span deformations, which makes it possible to
characterize and locate the detected irregularities.

The use of one and the same evenness scale (CP
values restricted to spans of 2.5 m and to medium
spans of 10 to 15 m) makes it possible to ensure a
transition between the "zero point" (acceptance test)
and later tests carried out for monitoring purposes
@ .

Acceptability Criteria

As stated earlier, the scale of evenness coefficients
makes it possible to distinguish short-span irregu-
larities (base lengths of the order of a few meters)
from relatively longer medium-span deformations (base
lengths of the order of 10 to 15 m).

A remarkable fact appears when comparing the dif-
ferent acceptability thresholds for evenness set in
the various scales obtained for the different ap-~
paratus used in Belgium and in various other coun-
tries (Great Britain, France, Switzerland): they are
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in agreement when translated into values on the scale
of coefficients of evenness. This holds true when
comparing the acceptability thresholds for deforma-
tions with short spans (< 2.5 m) (Table 1) and
with mean spans (Table 2). This was established
through experiments on Belgian road sections designed
to correlate CP values with the results obtained on
the same sections by the APL from the Laboratoire
Central des Ponts et Chaussées (France), the Swiss
Winkelmesser, the Laser Profilometer from the Trans-
portation and Road Research Laboratory (TRRL) (United
Kingdom), and the Viagraph of the Belgian Road Ad-
ministration.

The existence of such substantial consistency in
the choice of acceptability thresholds can lead to
the choice of acceptance level for contractual pur-
poses. This is currently taking place in Belgium.

Management System for the Maintenance and
Strengthening of Roads

Evenness measurements are integrated into a manage-
ment system for the maintenance and strengthening of
roads. The Belgian national report on Question II at
the XVIIth Permanent International Association of
Road Congresses (PIARC) World Road Congress (5) con-
tains a concise description of the road assessment
method that is currently being set up.

The final objective is to develop a management
system for the maintenance and strengthening of the
motorways and roads administered by the Roads De-
partment of the Ministry of Public Works. The main-
tenance decision is based on a ranking system of
evaluation.

The quality of the routes making up the motorway
and road network is characterized by an overall index
that reflects various assessment parameters collected
by high yield apparatus and a factor representing the
condition of the road surface. There is an interven-
tion threshold for each of these data while the deci-
sion to carry out maintenance work to replace the
pavement or to provide stronger structural elements
is taken on the basis of the overall index, which
characterizes both the quality of the route (or road
link) under consideration and the type of interven-
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tion required (intervention affecting the surface,
pavement, or structure). In the event of an inter-
vention affecting the pavement or the structure, an
individual project must be designed. The preparation
of this project may require further assessment (bor-
ings through the structure, sampling of materials,
evaluation of the bearing capacity of the soil

etc.) in order to make a more thorough diagnosis.

The Belgian Road Administration has adopted the
CP scale, which has been divided into five classes
for the management of maintenance and strengthening
activities on the Belgian state road network. The
intervention thresholds for each base length selected
for the calculation of CP correspond to the limits
between the third and fourth class of evenness (Table
3 gives the partial quality criteria that are cur-
rently being used). It should be noted that visual
assessment of road roughness versus the CP scale has
been evaluated.

During a visual inspection campaign conducted in
several Belgian state road maintenance districts,
inspectors were asked to give visual appreciation of
evenness ("good" or "poor"). The visual survey was
conducted on foot by four independent teams of in-
spectors. A comparative study of the coefficients of
evenness measured with the APL for the respective
base lengths of 2.5, 10, and 30 m has shown that the
judgment of visual inspection is best reflected by
the CPjgp scale. The class of evenness visually
categorized as good corresponds to Class A of the CP
scale (Table 3), whereas the class categorized as
poor corresponds with class B of the CP scale.

The Belgian Road Research Centre has conducted
surveys of the national network to monitor road
roughness on behalf of the Belgian Road Admini-
stration.

BELGIAN PARTICIPATION IN THE IRRE

The Belgian Road Research Centre has cooperated with
the Laboratoire Central des Ponts et Chaussées of
France by participating in the IRRE. The profile
measurements made by a French APL were translated to
the Belgian scale. The experiment consisted of com-
paring the results of measurements made with various

TABLE 1 Acceptance Level Thresholds Expressed in CP Values for Short Spans (< 2.5 m)

HSP Laser APL LCPC BI TRRL Swiss Winkelmesser
Profilometer, TRRL  Evenness Marks 32 km/h
(Base 3 m) 1-33m Threshold Threshold
Hectometric Threshold 1 mm Threshold 6.5 17.6 ARV (mm/s) Sw =2.2%,
Section  =0.916 r=0.920 r1=0.928 1=0,776
Evenness coefficient, CP? 32 34 32 27
Base 2.5 m (65 < v< 80km/h) (v< 80 km/h)

Al dentical for all of the three APL speeds of measurement: 6, 15, and 20 m/s.

1 = correlation coefficient.

TABLE 2 Acceptance Level Thresholds Expressed in CP Values for Mean Spans (10 - 15 m)

APL LCPC
Viagraph Evenness Marks
Belgian Road Administration = HSP Laser Profilometer, TRRL 33-13m
Threshold (Base 10 m) Threshold 7
Hectometric Threshold 2.6 mm (NR Inquiry)
Sections 20 CDI 10CD1  °=0.922 r=0.993
Evenness coefficients, CP®
Base, 10 m 111 93 90 88
Base 15 m (restricted to 124 103 ¢ 2
21.6 km/h) (r=10.806)

31dentical for all of the three APL speeds of measurement: 6, 15, and 20 m/s.

r = correlation coefficient.
“Not determined.
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TABLE 3 Longitudinal Evenness, Classes and Limit Values for
Coefficients of Evenness

Classes and Limit

Values CP40/CP3g CPyp CPy.5

Class A (very good) < 160 < 80 < 40

Class B (good) 160 << 320 80<< 160 40 << 80
Class C (average) 320 << 480 160 << 240 80 << 120
Intervention threshold 480 240 120

Class D (poor) 480 << 640 240 << 320 120 << 160
Class E (very poor) 640 < 320 < 160 <

Notes: For the three base lengths of 40, 10, and 2.5 m and for blocks of 100 m
measured with the APL (Belgium) at 20 m/s. Base 40 is replaced by 30 at 15 m/s.

devices on 49 sections of paved and unpaved roads in
Brazil representing a wide range of evenness levels.
The following devices were used: three Mays meters
and one BPR Roughmeter (originating from the United
States) used by the Brazilian Transportation Planning
Agency (GEIPOT); one Bump Integrator trailer (United
Kingdom), one vehicle-mounted Bump Integrator (United
Kingdom) , and one National Association of Australian
State Road Authorities (NAASRA) meter (Australia)
used by the TRRL (United Kingdom); two static pro-
filometers--one conventional telescope and straight-
edge leveling system (used by GEIPOT) and one TRRL
beam (United Kingdom); two dynamic profilometers—-
the APL (longitudinal profile analyzer) of the LCPC
(France); and one General Motors (GM) profilometer
(United States) used by GEIPOT.

The computations performed at the Belgian Road
Research Centre concerned the APL signals recorded
in Brazil at a measurement speed of 72 km/h (20 m/s).
The sampling step length used was 1/3 m, and the
coefficients of evenness (CP) were determined for
2.5, 10, and 40 m base lengths, which are the con-
ventional values used. The coefficients of evenness
were evaluated for hectometric sections. The figures
given for the experimental section tracks of as-
phaltic concrete (CA), surface treatment (TS), gravel
surfaced (GR), and earth (TE) were obtained from the
mean value of three contiguous hectometric blocs, at
the beginning of each section track (the test sec-
tions were 320 m long).

Linear regressions were also calculated at the
Belgian Road Research Centre between the response
type road roughness measurement systems (RTRRMS)
average rectified velocity (ARV) numerics (for each
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surface type and speed of measurement) and the CP
for the three bases CPj 5, CPjg, and CPgg.

Correlations defined by the correlation coef-
ficient are given in Table 4 for the purpose of
illustrating the results of comparison with the
response-type road roughness measurement systems
driven at the speed of 50 km/h. The results of com-
parison versus the ARV scale (average rectified slope
(ARS) = ARV x 360/v, where v is speed in km/h; ARV
is in mm/s; ARS is in mm/km] reveal the following:

* The coefficients of correlation decrease in
general when the base of determination of the CP
value increases.

¢ Significant and high values are obtained for
CP (base 2.5 m) with all RTRMMS devices on all test
sites and for all the test speeds.

* By merging all data belonging to a given
RTRMMS device and calculating the linear regression
coefficients and the correlation coefficient for each
test speed, the effects of speed and site factors
that could influence a calibration plot needed to
estimate the CP 2.5 numerics from measurements made
with one of the RTRMMS can be expected to be eval-
uated. This case has been examined for both the Mays
meter 2 and the bump integrator trailor. It has been
found that the best fit for the CP 2.5 values is ob-
tained through correlation with both devices travel-
ing at 50 km/h and that no site type influences the
correlation. The two examples are illustrated in
Fiqure 4. Both correlations are significantly high
(r > 0.95) and yield quasi-identical linear regres-
sion equations.

A comparison was also made with the Quarter-car
Index (QI) scale. The Quarter-car Index was accepted
as a standard measure of roughness on a previous
Brazilian project (research on the interrelationships
between the costs of highway construction, mainte-
nance, and utilization, United Nations Development
Program). Figure 5 shows the correlation between QI
determined for right and left tracks on all sites
(CA, TS, GR, and TE) measured with the TRRL beam and
the CP 2.5 values obtained from the APL. The value
of the coefficient of correlation reveals a signifi-
cant linear relationship between the two scales
without systematic effects induced by surface types.

The CP numerics have been demonstrated to be well
correlated with both the ARV (ARS) scale and the QI

TABLE 4 Correlation Coefficient Values for the APL Results Expressed in
Coefficient of Evenness and the RTRRMS (ARV) Measures Made at 50 km/h

MM 01 MM 02 MM 03 BICAR  NAASRA BITRL BPR
Asphaltic Concrete Test Sites
CP, 5 0.9663 0.9369 0.9558 0.9803 0.9776 0.9678 0.8929
CPyg 0.9543 0.9486 0.9711 0.9292 0.9507 0.8836 0.8440
CPyg 0.8677 0.8823 0.8940 0.8475 0.8697 0.7877 0.7954
Test Sites with Surface Treatment
CP; 5 0.9717 0.9615 0.9591 0.9787 09818 0.9795 0.8770
CPyo 0.8451 0.8479 0.7931 0.8505 0.8429 0.7995 0.7255
CPyp 0.0331 0.0695 0.0574 0.0609 0.0517 0.0255 0.0656
Gravel Surfaced Test Sites
CPy 5 0.9659 0.9695 0.9716 0.9599 0.9652 0.9675 0.8667
CPyg 0.9312 0.9356 0.9199 0.9331 0.9389 0.7996 0.8809
CPyp 0.3547 0.3479 0.2644 0.3661 0.3542 0.3985 0.5646
Earth (Clay) Surface Test Sites
CP; s 0.9452 0.9517 0.9523 0.9289 0.9510 0.9091 0.9435
CPyo 0.9226 0.9486 0.8466 0.9350 0.9398 0.9720 0.9701
CPyq 0.5111 0.5791 0.4299 0.7325 0.6091 0.6813 0.7260
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YPES 'CA, TS, GR, TE

CP (2.5) = 13.5 + 0.805 * ARV (50 km/h)
Correlation Coefficient = .9603
Residual Standard Deviation = 10 CP

ARV
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40 L

1
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CP (2.5) = 12.1 + 0.778 * ARV (50 km/h)
Correlation Coefficient = .9562
Residual Standard Deviation = 11 CP
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i L)
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FIGURE 4 Comparison of APL 72 CP (2.5) values with RTRRMS

measures made at 50 km/h.

ALL SECTIONS INCLUDED CA, TS, GR, TE

CP (2.5) = 14.0 + 1.06 * Q!l
correlation coefficient=.9281
residual standard deviation = 14 CP

CP 2.5
160 .|
120
80
40
BEAM
| : : :
40 80 120 160 Ql TRL

FIGURE 5 Comparison of QI values calculated from
TRRL beam profiles with CP (2.5) derived from APL 72

signal.

scale, provided that a short basis of 2.5 m was used
in its determination, It is expected that the choice
of another basis, perhaps 3 m, could yield higher
correlation coefficients with the QI scale.

In the same manner, optimization of correlation
with the ARV scale obtained with different speeds
could probably be achieved with a corresponding ad-

justment of the choice of the base for the CP deter-
mination. Nevertheless, from the practical purpose
of comparing the different scales, the CP 2.5 has
been demonstrated to be an acceptable roughness in-
dicator. Of all the APL results, it is the CP 2.5 m
numerics that produced the best correlation with the
RTRRMS .

The issue of the experiment regarding the APL
measuring equipment and the CP statistics associated
as a roughness scale can be stated as follows: the
APL trailer is validated as a profilometer against
rod and level and that it falls within the Class 2
of measurement methods enabling the estimation of
reference average rectified slope (RARS) using an
independently calibrated instrument (2). In the par-
ticular situation in which CP 2.5 statistics are
available for the APL, it can be used to estimate
RARS using correlated statistics.

CONCLUSION

The IRRE has demonstrated that in order to carry a
standard procedure to calibrate the RTRMMS, true
roughness values must be assigned to the sites used
as references for the measuring devices. It is com-
monly accepted that this true roughness numeric must
be defined by a statistic based on profile geometry.
This has triggered the interest in profilometric
devices and has set a new trend in research concern-
ing the performance of currently available devices
and future needs. Among these, projects are underway
at the Belgian Road Research Centre to thoroughly
study the compatibility between topographic survey
and dynamic profile measurement using the APL, par-
ticularly as an automatic leveling device during
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FIGURE 1 Systematized concept of rating.

suggested ways to avoid them) were kept in mind dur-
ing the planning stages of the study so as to mini-
mize or do away with them completely:

1. The error of leniency, which refers to the
constant tendency of a rater to rate too high or to
low for whatever reasons; remedied by statistical
transformation of rater variance.

2. The halo effect, which refers to the tendency
of raters to force the rating of a particular at-
tribute in the direction of the overall impression
of the object rated; avoided by accuracy and exact-
ness in definitions.

3. The error of central tendency, which refers
to the fact that raters hesitate to give extreme
judgments of stimuli and tend to displace individual
ratings toward the mean of the group; taken care of
by introducing the judgment continuum as distinct
from the sensory continuum.

4. The error of anchoring, which refers to the
endpoints of the scale being rated; overcome by using
accurate definitions.

EXPERIMENTAL DESIGN

In laying out the experiment design, the first step
was to look through the "window" of applicability,
the inference space. This is defined as that space
within which the results of the study may be applied.
When selecting the panel, if a wide distribution of
members from various parts of Texas are chosen ran-
domly, then the panel could be considered as repre-
sentative of the people of the state of Texas.

Considerations such as the type and number of
variables to include in the statistical analysis
relating the profile data to the panel rating data
are significant for future applications of the ser-
viceability formulas. It is important to choose
pavement test sections that include a wide range of
wavelengths, as well as to consider this range of
wavelengths as they influence Texas raters' judgments
of ride quality. With these ideas in mind, 17 fac-
tors, along with their corresponding 1levels, were
enumerated by a research team and a group of pavement
engineers from the Texas SDHPT who were familiar
with pavement roughness. To reduce the complexity of
the analysis, some of the factors were studied in
screening experiments and the remainder were studied
in the main rating sessions.

SCREENING EXPERIMENTS

The following factors and corresponding levels were
considered to be studied in screening experiments:
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Level
Factor 0 L
Vehicle type Car Van
Position in car Front Rear
Rater's age < 35 years > 35 years
Rater's sex Male Female
Time Night Day

Factors associated with the type of pavement sec-
tions are listed as pavement variables as follows:

Level
Factor 0 L.
Pavement type Black White
Surface texture Coarse Fine
Location of road Rural Urban
Maintenance Unpatched Patched
Functional class Low High
Surroundings Poor Good
Reoad width Narrow Wide
Lane position Inside Outside

In order to simplify the analytical procedure and
also to make the computational procedure amenable to
mainframe computer capacities, it was decided to drop
the factors (a) functional class and (b) lane posi-
tion. A panel of four engineers surveyed existing
sections to obtain information about these factors
using a form designed for this purpose. Definitions
and clarifications as to the levels of each factor
were provided. The need to locate more sections was
realized. The objective was to fill the full fac-
torial (2% or 64 sections) as completely as pos-
sible, recognizing that certain sections are impos-
sible to exist or simply do not exist and then to
run analyses of variance (ANOVAs), knowing that the
factorial is not balanced. The sections used in the
factorial for screening the experiments are shown in
Figure 2.

Patched Unpatched
Wide Narrow Wide Narrow
Good | Poor | Good | Poor | Good | Poor | Good | Poor
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FIGURE 2 Sections used in the factorial for screening
experiments.
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MAIN RATING SESSIONS
The factors considered for analysis were

1. Rater profession,
2. Function in car,
3. Vehicle wheelbase,
4., Time of day,

5. Rater fatigque, and
6. Vehicle speed.

Selection of the Rating Panel

The selection of the panel was dictated by the
strictest considerations as follows:

l. Panelists should represent the typical Texas
traveling public,

2. Panelists should have a wide range of highway
travel experience, and

3. Panelists should have no undesirable (biased)
attitudes toward road travel in general.

Members of the rating panel consisted of personnel
from the State Department of Highways and Public
Transportation, the Center for Transportation Re-
search (CTR), and volunteers from the general public.

The maximum size of the rating panel was 20, with
15 raters (5 vehicles, 3 to a car) and 5 drivers.
The rating panel included both men and women of dif-
ferent ages with a wide range of driving and riding
experience.

Selection of Vehicles

Two types of vehicles were selected to study the
effect of vehicle wheelbase length: a subcompact
model (Plymouth Horizon) and a mid-sized model (Mer-
cury Zephyr and Ford Fairmont). These vehicles were
taken as representative of typical vehicles owned
and operated by an average middle class Texan. TwoO
subcompacts and three mid-sized vehicles were used
in the main rating sessions. Equal wear and tear of
the vehicles (within each size category) was con-
sidered in their selection.

Selection of Sections

For the main rating sessions, the specific combina-
tion of characteristics in a section was not so
important as the range of roughness of the section
itself. The idea here is that to be able to predict
serviceability indices from different kinds of rough-
ness characteristics, it is essential to incorporate
sections with these (and all other possible) charac-
teristics. One important need, therefore, was to
obtain as wide a range of roughness (serviceability
indices) as possible. Because the existing pavement
sections did not span the roughness spectrum, it
became necessary to launch a search. With this ob-
jective in mind, roads in eight counties were sur-
veyed. This search resulted in the location of 100
sections in all 8 counties, 77 of which were flexible
and 23 of which were rigid pavement sections.

Rating Sessions

The rating method employed was similar to that used
in the screening experiments, except for some im-
provements. The instructions to the raters were
revised, based on experience from the screening ses-
sions as to words or cues that were obfuscating and
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that raised a number of questions. The same instruc-
tions given to drivers in the screening sessions
were given to drivers in the main rating sessions.
Of course, because the drivers were required to rate
the sections according to the experimental plan, they
were also required to attend the training session.

A major enhancement in the training session was
the use of videotaped instructions. By using video-
taped instructions, the researcher hoped to achieve
higher reliability through consistency and standard-
ization. Again, the script for the videotape had to
be carefully drafted to ensure the minimization of
miscues and vague definitions. This technique was
also used to alleviate some of the possible errors
arising from scale construction such as anchoring
effect, and so forth. After the classroom briefing,
the panelists were driven over some of the sections.
This orientation session was more extensive than the
one in the screening experiments. The same rating
form (see Figure 3) was used, except for the "age”
column,

To analyze the factors vehicle speed and rater
fatigue, seven sections with two levels of roughness
were chosen, and runs were made corresponding to the
levels of the variables. (The "tired" level of the
variable rater fatigue corresponded to runs in which
raters were at a continuous rating stretch of more
than 2 hr, whereas the "fresh" level corresponded to
less than 1.5 hr.) Rater profession and vehicle
wheelbase could also be included in the factorial.
To examine the effect of vehicle wheelbase, raters
in the subcompact cars were switched to the mid-sized
cars (and vice versa) and thus rated nine sections
in both cars. Eight sections were chosen to be rated
both in the morning and afternoon so that the effect
of time (morning versus afternoon) could be in-
vestigated.

Of the 171 sections that were rated, 129 were
flexible and 42 were rigid pavement sections. A
maximum panel of 20 raters rated these sections in 5
vehicles over a period of 13 days.

Roughness Measurement

The profilometer was set for normal operating condi-
tions, specifically the following:

1. Accelerometer filter wavelength: 200 ft,
2. Sampling frequency: 6.00 in.,

3. Profiling distance: 0.2-mi sections, and
4., Profiling speed: 20 mph.

Roughness measurements were also made using the
Mays meter and the SIometer. Runs were made after
proper calibration procedures were followed and under
normal specified operating conditions.

ANALYTICAL PROCEDURES

Individual rater performances were examined by plot-
ting the mean individual ratings against the mean
panel ratings for each rater (Figure 4 shows a typi-
cal plot). The mean individual rating represents the
average rating (mean over runs) for each section for
that rater. The mean panel rating (PSR) is obtained
by taking the mean of all the mean individual rat-
ings of all the raters for a particular section. Thus
each point on a rater performance graph corresponds
to a test section wherein the vertical axis value
represents the individual's mean rating for that
section and the horizontal axis value represents the
mean rating of the panel as a group (for that same
section).
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construction of relatively thin overlays for reha-
bilitation of pavements. A precise knowledge of the
profile of a road surface needing maintenance is an
important asset in determining the choice of tech-
nical solution for overlaying.

The maintenance and strengthening management sys-
tem (PMS) developed in Belgium is based on the com-
parison of high-yield assessment parameters with the
results of visual inspection. Moreover, unlike other
management strategies for maintenance and strength-
ening that are based on the characterization either
of the evenness or the bearing capacity of the
existing pavement, the proposed system considers
both criteria complemented by other parameters for
the appreciation of the overall quality of the
assessed route (or road link). The interplay of the
overall index with the intervention thresholds them-
selves makes it possible to combine actions-—-often
of a simple or inexpensive nature--that must be car-
ried out locally or urgently (skid resistance) with
actions of a general type, taking into account over-
all budgetary restrictions. In order to Jjustify
budgetary allocations, there is a growing need to
present the technological arguments together with
the economical arguments. This can be provided by
the 1link created between roughness evaluation and
users' costs; the roughness scale implemented in the
PMS being the CP statistics. This scale can perform
a significant estimation of a quarter-car simulation-
type based roughness scale.

Road roughness is an important factor in pavement
management systems, which are essentially aimed at
an economic objective. Using PMS procedures can bring
about a retroaction at the technical 1level condi-
tioned by the sensibility of global rehabilitation
costs to certain parameters such as roughness, thus
encouraging designers and technicians to produce
maximum efficiency. A good understanding of the mean-
ing of roughness in such a context is particularly
helpful for Belgian engineering consultants and con-
tractors. In this respect, proper evaluation of ex-
periments carried out by the World Bank in Kenya,
Brazil, and India is of primary importance together
with knowledge and the ability to use the highway
design model. Acquaintance with the CP statistics
used for the roughness scale can contribute to the
translation of roughness data for use in existing
foreign networks. Road roughness is the key inter-
face between road structures and transportation
performance.
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Serviceability Prediction From User-Based Evaluations of

Pavement Ride Quality

SUKUMAR K. NAIR and W. R. HUDSON

ABSTRACT

Presented in this paper are the results of research conducted to develop pre-
dictive serviceability equations to upgrade those currently in use by the Texas
State Department of Highways and Public Transportation (SDHPT). The method has

been based on the serviceability-performance

{(S-P) concept. Experiments were

designed to study two types of variables, one associated with the rating process
and the other related to pavement characteristics, The rated sections were pro-

filed using the new Model 690D surface dynamics profilometer

(SDP) . From the

profile data, a family of profile summary statistics called root-mean-square
vertical accelerations (RMSVAs) was computed. A calibrated Mays meter and Walker
accelerometer device (SIometer) were also operated on these sections. A multiple
linear regression procedure was used to develop reliable serviceability equa-
tions (with good predictive capabilities) by regressing the mean panel ratings
on the set of RMSVA indices. Correlation analysis of the Mays meter and Slometer
measurements with the panel ratings showed that the calibrated Mays meter pre-
dicts panel ratings better than the SIometer. The best prediction of the panel
ratings, however, is achieved by the 690D profilometer.

Road riding quality or roughness has special signif-
icance as it has been shown to directly affect vehi-
cle operating costs and road safety. In previous
studies, relationships have been developed between
pavement serviceability and user costs. Sponsored by
the World Bank, recent studies in developing coun-
tries have provided valuable quantification of road
deterioration, vehicle operating costs, and road
maintenance policy on road roughness. In this light,
the importance of accurate and reliable measurement
of road roughness cannot be overemphasized.

The serviceability of a pavement is largely a
function of its roughness. Results from the AASHO
Road Test (1) have shown that nearly 95 percent of
the information about the serviceability of a pave-
ment is contributed by the roughness of its surface
profile. Roughness has been defined as the distortion
of the pavement surface that contributes to an un~
desirable or uncomfortable ride (2). The American
Society for Testing Materials has defined roughness
as "the deviations of a pavement surface from a true
planar surface with characteristic dimensions that
affect vehicle dynamics, ride quality, dynamic pave=-
ment loads, and pavement drainage (e.g., profile,
transverse profile, cross slope, and rutting" (3).

In 1968 the Texas State Department of Highways
and Public Transportation (SDHPT) conducted a rating
session in order to obtain serviceability equations
using the 1965 version of the surface dynamics pro-
filometer (4). Since then, these equations have been
the basis for the evaluation of Texas highways. With
the recent purchase of the highly sophisticated new
Model 690D surface dynamics profilometer, it is
necessary to upgrade the roughness evaluation system

S. WNair, Center for Transportation Research, The
University of Texas, Austin, Tex. 78712. W.R. Hudson,
Dewitt C. Greer Centennial, The University of Texas,
Austin, Tex. 78712.

by incorporating its new capabilities in
serviceability equations.

Another significant consideration here is the
change in the average passenger vehicle. Over the
years there has been a noticeable shift in vehicle
population from big, heavy automobiles to smaller,
lighter ones. Hence it is essential that the changes
in ride-quality judgments be Feflected in service-
ability predictions.

updated

RATING: A SYSTEMS APPROACH

The rating process that results in an evaluation of
pavement ride quality is a complex phenomenon.
Examining it from a systems standpoint, the process
involves three subsystems: the vehicle, the road
surface profile, and the rater (highway user). The
dynamic interactions between these subsystems are
responsible for the output responses and charac-
teristics of the system. In order to understand the
rating process, it would appear appropriate to study
the interactions between the stimuli and these
receptor systems. Consider a rater in a rating
situation (Figure 1) being subjected to the physical
stimulus (S), the vibrations that are being imparted
to him by the vehicle. Each vibration triggers cer-
tain events in his mechanical energy receptor sys-
tems. Thus, the physical continuum evokes a corre-
sponding sensory continuum. When the same stimulus
(vibration) is presented to the same rater on dif-
ferent occasions, it will not always produce the
same magnitude of the variable on the sensory con-
tinuum. This is where the subjectivity of the rating
process is realized. Three continua are the stimulus
or physical continuum (S), physiological or subjec-
tive continuum (P), and the judgmental continuum (J).

However, as has been previously reported, there
exist certain basic problems typical of serviceabil-
ity ratings. These possible errors (listed next with
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SERVICEABIUTY RATING CARD

Teat Section Date Time
Rating Scale Y
- Acceptable
on the
Very Good
@) Interstate
Good system
-
Falr
Position In the car.
-
Poor Undedided DR AF LA RR
Very Poor Name
Age
b) Secondary
sysiem
Undecided
Comments:

FIGURE 3 Rating form used in the screening sessions.

Each graph gives an idea as to how each rater
performed in comparison to the group. It is not
necessary that all points lie on the equality line,
but at the same time a point with a large deviation
does indicate that for that section, that rater was
at variance with the rest of the group for some rea-
son, mostly subjective differences in perception and
judgment.

Careful examination of each of the rater perfor-
mance plots was made to check for discrepancies or
abnormalities. No extreme outliers were singled out
although it was noted that some of the raters dif-
fered with the panel as a group. For instance, one
rater may generally tend to rate most pavements bet-
ter than the others, but then, that is quite reason-
able within the 1limits of acceptable subjective
variation. If, however, this variation was found to
be of a consistently high order, then the inclusion
of this rater in the panel would be reviewed.

In order to analyze the data, mixed model, nested
analyses of variance procedures were used. This
technique allowed for the testing of hypotheses about
the significant differences of means of various
variables. The analysis of rating and pavement-—
related variables was performed using the generalized
linear model (GLM) procedure available in the Sta-
tistical Analysis System (SAS). Two levels of rough-
ness were chosen corresponding to sections that had
PSRs greater than 2.5 and less than 2.5. The main
effects of these variables on rating are given in
Table 1. These factors are tested against sections
S(G) (sections nested within roughness).

Measurements using the Model 690D surface dynamics
profilometer are recorded as a road profile, which
provides a complete signature of the road surface.
In a previous study (5), a profile summary statistic
termed root mean square-acceleration (RMSVA) that
simulated the response of a typical Mays meter was
developed. As a set of indices, RMSVAs can reveal
many of the characteristics associated with road
roughness.,

Thus, from the left and right wheelpath profiles
obtained from the operation of the new profilometer,
RMSVA values were computed and the left and right
wheelpath RMSVAs for each baselength were averaged.
For each section, the indices were computed for
baselengths of 0.5, 1, 2, 4, 8, 16, 32, 64, and 128
ft.

In addition to the homogeneity and normality,
sometimes the question of additivity arises, and in
keeping with a sound statistical approach, a nonad-
ditivity test was performed. Tukey's test for nonad-
ditivity (6) was used for this purpose on the main
rating data. The interaction effect turned out to be
insignificant, indicating that the effect of raters
and sections is not multiplicative and that there is
no indication that the data need to be transformed.

Multiple regression models were used to relate
the profile summary statistics to the panel ratings,
and a rigorous statistical procedure (7) was used to
select the best candidate in each case.

In selecting prediction equations obtained through
standard least-squares regressions, the following
criteria were employed:
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FIGURE 4 Individual rater performance, Rater 1.

TABLE 1 Results of Analysis of Rating

Variables

Variable

Effect on Rating

Position in car

Rater’s sex

Rater’s age

Time (night-day)

Rater’s profession
Function in car

Vehicle speed

Time (a.m, - p.m.)
Vehicle wheelbase length
Vehicle size

Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Significant

Significant

Rater fatigue Significant
Pavement type Significant
Maintenance Significant
Surface Texture Not significant
Location of road Not significant

Road width
Surroundings

Not significant
Not significant

1. The value of R? achieved by the least-squares

fit;

2. The Mallows' Cp statistic; and

3. The values of s?, the residual mean square.

The residual sum of squares can be broken
lack of fit and pure error sum of squares.
statistic is a reflection of the adeguacy
model, that is, whether or not the model is
Equations with considerable lack of fit will
significantly above or below the Cp = p line
versus p (number of terms in the model) plot.

up into
The Cp
of the
biased.
show up
on a Cp

The residual mean square, s?, provides an esti-
mate of the variance about the regression, which is
presumed to be a reliable unbiased estimate of the
error variance. For this study, this presumption is
valid, considering the large number of degrees of
freedom. This procedure alleviates the problem of
unreliable inferences that result from using step-
wise regression. Before running the regressions, the
individual regressor variables were plotted against
the PSRs. Figure 5 shows the relationship between
the mean panel ratings and one of the independent
variables, VAy. Overall, it may be observed that
as the RMSVA increases, the rating decreases; here
again, the physical meaning of the RMSVA .concept is
manifested in that, with higher amplitudes, the
degree of discomfort (or roughness) as perceived by
the user is greater.

Linear multiple regression analyses were performed
on the data with the mean panel ratings as the in-
dependent variable and the RMSVAs (average of the
mean left and right wheelpath values) in the base-
lengths of 0.5, 1, 2, 4, 8, 16, 32, 64, and 128 ft
as dependent (regression) variables. Separate analy-
ses were carried out as follows:

1. Overall data,

2. Overall data with a forced dummy variable for
pavement type,

3. Flexible sections, and

4. Rigid sections.

For each analysis, all possible numbers and com-
binations of terms were included in the regression
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FIGURE 5 PSR versus VA,.

and Cp values were generated for
each model. From this 1list, the best model was
selected based on the R?, Cp, and s? criteria.
Diagnositc checks were made on each of the selected
equations to verify that the assumptions of regres-
sion were fulfilled satisfactorily. Plots of the
predicted values and the residuals were examined and
the normality of errors was checked using the W-
statistic or the D-statistic, as appropriate.

models and R?

FINDINGS AND CONCLUSIONS

Based on the controlled experiment designs discussed
earlier in this paper, the main effects of the vari-
ables associated with the rating process were found
to be significant or not significant at the 0.01
a-level as shown in Table 1.

The conclusion is that the position of the rater
in the car (whether in the front or rear) does not
influence the rating. Similarly, it can be concluded
that whether the rater is male or female, young or
0ld, riding in the vehicle or driving the vehicle,
or is a technically experienced person or not, has
no effect on his or her rating; also, whether the
rating is done during any particular time of day has
no effect on the rating. These findings support the
relationship between roughness (as manifested through
the road surface and vehicle characteristics) and
the rating of ride quality. The finding that vehicle
speed has no effect on rating appears contrary to

expectation; however, it should be expected that the
interaction between vehicle speed and road roughness
would be significant. The conclusion here is that
the rater's receptor system adjusted for the range
of levels considered (30 mph versus 50 mph) in such
a way that there was no significant difference in
his or her ratings.

The variables that indicated a significant effect
on rating at the 0.0l a-level were vehicle wheel-
base, vehicle size, and rater fatique. The effect of
different vehicle characteristics on the perceptions
of ride quality is exemplified here. It was found
that raters expressed lower ratings (as much as 1.5
serviceability units) while riding in short wheel-
base vehicles compared with longer wheelbase vehi-
cles. The role played by vehicle characteristics in
the rating process has been shown by the significance
of the effect of vehicle size on rating. The signif-
icance of rater fatigue as a variable demonstrated
the sensibility of the rater via-i-vis the condition
of his or her receptor system.

Two pavement-related variables, pavement type and
maintenance, were found to have significant effects
at the 0.0l1-level, whereas surface texture, location
of road, road width, and surroundings had no signif-
icant effect on ratings. Using regression analyses,
a set of serviceability prediction equations was
developed. The best formulas obtained are listed
next (PSI refers to present serviceability index and
Vh, 1is the measure of root-mean-square vertical
acceleration associated with baselength b, ft).
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Overall (167 sections):
PSI = 4.42 + 1.55 1073 VAg, 5 ~ 0.311 VA,
- 3.35 VAgy
with R? = 0.86, s? = 0.10.

Overall {(with dummy variable PTYPE):

PSI = 4.31 = 0.039 VA, - 0.504 VAg - 822 VAjyg
+ 0.366 PTYPE
with R* = 0.88, s? = 0.09.

Flexible (125 sections):

PSI = 4.43 - 0.016 VAy — 0.237 VAy - 0.4 VA3,
- 10.4 VAjqg
with R* = 0.89, s2 = 0.10.

PSI = 5.00 - 0.0029 VAg, 5 - 0.2609 VA4
- 5.006 VAg,
with R? = 0.82, s? = 0.15.

Rigid (42 sections):

PSI = 4.34 - 0.092 VA - 0.47 VAg
with R? = 0.73, s? = 0.03.

The Mays meter data and the mean panel ratings
showed good correlation for flexible sections (cor-
relation coefficient r = =-0.91). The correlation
coefficient for rigid sections was found to be much
lower (r = -0,513). Regression analysis on the over-
all sections indicated an R? value of 0.79, com-
pared with 0.859 for the profilometer [refer to Nair
(7) for prediction equations]. From this it was con-
cluded that

1. The Mays meter can predict PSR better on
flexible sections (with an R? of 0.83) than on
rigid sections (R?> of 0.26),

2. The SIometer can predict PSR better on flexi-
ble sections (with an R? of 0.56) than on rigid
sections (R? of 0.11), and

3. The 690D SDP is by far the best overall pre-
dictor of PSR.

For all of the foregoing discussions, it should
be remembered that Mays meter and SIometer data cor-
relations have been obtained only after properly
calibrating these devices.

The major development of this research study is a
set of equations relating the ride quality of pave-
ment sections to pavement roughness. This was
achieved by relating a set of roughness summary sta-
tistics (RMSVAs associated with different wave-
lengths) obtained from the pavement profiles to the
mean panel ratings. The study showed that up to 88
percent of the variation in PSR can be explained by
the roughness variables; this a very high degree of
linear association (a correlation coefficient of
-0.94) between PSR and roughness as characterized by
the set of RMSVAs. Thus, this study further attests
to the serviceability-performance (S-P) concept in
general, and to the validity of using road profile
measurements to predict PSRs and to obtain indices
of serviceability in particular.
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Discussion

R. M. Weed*

This discussion pertains to both the paper and the
project report (1) summarized in the paper. The
authors have done many things extremely well and, in
several ways, have illustrated how a thorough sta-
tistical analysis should be performed. However, there
is one particular area in which a further refinement
may be desirable. This involves the use of multiple
linear regression and a perplexing result that ob-
viously was of concern to the authors. After com-
menting on certain aspects of mathematical modeling,

*New Jersey Department of Transportation, 1035 Park-
way Avenue, Trenton, N.J. 08625
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I would like to suggest what might be a more appro-
priate theoretical model.

The primary goal is to find the mathematical model
that most accurately describes the process being
investigated. To this end, it is appropriate to use
every resource available, including any prior knowl-
edge of that process. In the case of pavement ser-
viceability rating (PSR, the Y data) versus vertical
acceleration (VA, the X data), it can be reasoned
that if a pavement were so smooth that no vertical
acceleration could be detected, it would be appro-
priate to rate it at a value of PSR = 5. At the other
extreme, there is essentially no difference between
a very high VA value and a slightly higher VA value;
for all practical purposes both would correspond to
PSR = 0. This suggests that the appropriate mathe-
matical model will originate at (VA = 0, PSR = 5)
and decline in some way to eventually become asymp-
totic to the X axis. (This assumes, of course, that
the roughness-measuring device is sufficiently re-
sponsive to justify such a relationship. This must
be confirmed by an examination of the data. If the
device is not sufficiently responsive, it is unlikely
that any mathematical model would be very useful, and
the use of a different device would be indicated.)

2 further consideration is a philosophical one.
It is believed by many analysts that known prior
knowledge (the engineering constraints on the inter-
cept and the asymptote in this case) should take
precedence over empirical statistical measures. In
other words, if it were believed that a model of a
particular form was fundamentally correct, it would
be chosen in favor of a competing model that hap-
pened to have a higher correlation coefficient. The
rationale is that, while the competing model might
appear to have greater predictive power for this
particular data set or range of data, the more theo-
retically appropriate model is likely to perform
better in the long run (especially if, as so often
happens with published research findings, it should
be used outside the range of data from which it was
generated).

A basic exponential decay function that is capable
of satisfying the constraints on the intercept and
the asymptote is given by Equation 1 in which A and
B are constants and e is the base of natural loga-
rithms. Other similar forms may also be used. If
several different wavelengths of VA must be accounted
for, then Bx in this expression would be replaced by
a function f(x). Figure 6 illustrates three general
shapes that these functions can take.

y = ae Bx (1)
A
o .
o} oo

FIGURE 6 Examples of exponential decay curves.
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If possible, because of the collinearity problem
that the authors have duly noted (1,p.115), it might
be both practical and desirable to choose a single
wavelength on which to base the equation. All the
data plots (1,pp.116-124) exhibit the same general
trend and PSR versus VAg, for example, would ap-
pear to have the most uniform variability about a
fitted line.

The decision to use a linear model was apparently
made by visual inspection (1,p.115) of the data
plots. However, in most of the plots presented in
the report, it is very easy to visualize how the
exponential forms in Figure 6 might more appro-
priately be fitted. (It should be noted that failure
to locate the Y axis at VA = 0 in these figures tends
to mask this effect.) One of the figures, PSR versus
VAjg, is reproduced here as Figure 7 to illustrate
an approximate exponential fit. (Actual exponential
fits obtained by least squares with similar PSR data
may be seen in the discussion of the paper by Janoff
elsewhere in this Record.)

It is always disconcerting whenever an analysis
produces a result that is inconsistent with a (pre-
sumed) known fact. The authors are appropriately
concerned about the positive coefficient for Vg 5
in the overall equation for PSI, reproduced here as
Equation 2. This implies that, if VA, and VAg,
were held constant, the PSI improves as VAg .5 in-
creases, an obviously incorrect conclusion as they
have noted. Although the authors state that there is
no evidence of incorrect specification of the model,
this result in itself may be an indication that the
chosen form of the model (linear) is inappropriate.
Their attempt to obtain a better model was unsuc-
cessful, most likely because only linear models were
considered.

PSI = 4.42 + 0.00155 VA, 5 - 0.311 VA,
- 3.35 Vag, (2)

The authors' investigation of a model with the
intercept forced to be at PSI = 5.0 was certainly
sound and logical but, unfortunately, had 1little
chance for success unless it was also recognized
that an exponential model was needed. In the form
given by Equation 1, for example, this would involve
setting A = 5 and determining the coefficient B by
regression.

Still another troublesome factor may come into
play. Figure 8 shows an example illustrating how
data conforming to the same fundamental exponential
relationship can produce two distinctly different
equations when linear regression is used. If flexible
pavements tend to be smoother than rigid pavements
(as is the case in the state of New Jersey), they
lie farther up on the exponential curve. If analyzed
by linear regression, they produce a steeper slope
than that obtained from the data representing rigid
pavements. In this case, depending on where these
lines cross, either could be falsely perceived to
serve better than the other. An effect similar to
this may also be present in the Texas data.

A final point is very speculative. Roughness mea-
surements produced by wavelengths that are similar
in length are stated to be correlated (1,p.115),
resulting in a collinearity problem among the several
independent variables of the multiple regression.
Because the measurements in question deal with a
vibrational phenomenon, there may also be some sort
of harmonic relationship between wavelengths that
are integral multiples of each other. It is possible
that the positive coefficient in Equation 2 is the
result of correlation among the measurements obtained
from different wavelengths. If it is absolutely nec-
essary to include more than one wavelength, perhaps
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produce different linear regression lines.

it would be better to choose wavelengths that cannot
produce harmonic frequencies.

In view of the apparent problem with a linear
model, as well as the possible collinearity problem,
it may be inappropriate to conclude that rigid pave-
ments are perceived to serve better than flexible
pavements (1,p.133). The use of a dummy variable
representing pavement type in the PSI equation
(1,p.130) may be unnecessary if an exponential model
is used. It is also conceivable that some of the
other conclusions regarding performance of the var-
ious types of equipment might be altered to some
extent with an exponential model.

In summary, the authors have conducted a very
thorough experiment and have made an important con-
tribution to the understanding of the perception of
pavement serviceability. Consideration of exponential
models that satisfy the fundamental engineering con-
straints, and a concerted effort to avoid the col-
linearity problem, may serve to further enhance
their efforts.
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Authors’ Closure

We are most appreciative of Weed's discuseion of our
paper. In general, we agree with his comments and
thank him for his very careful review of our work.
It is generally true that every available modeling
resource should be used in conceptualizing a problem
and we did attempt to do this.

It is not necessarily true that boundary condi-
tions such as proposed of VA = 0, PSR = 5 will always
govern such concepts and it presumes too much knowl-
edge of the problem. In reality, a VA = 0 may not,
for example, be attainable on a pavement nor may it
be considered perfect by the average rater. Further-
more, any time individual raters are forced to use a
scale that is bounded, such as 0 to 5, it is almost
precluded that the average of a set of 10 or more
raters can ever equal 5.0. For these reasons, it is
difficult, in our opinion, to consider forcing the
model through an origin of VA = 0, PSR = 5.0.

We concur wholeheartedly that the exponential
form should be considered. We chose to consider and
use the basic linear form because we were replacing
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an existing eguation with the linear form, and the
sponsors desired minimum acceptable change. We do
agree, however, that the exponential model is a
worthwhile model to examine, and we will examine
that possibility as time permits. There is not suf-
ficient time, however, to do so for this closure.

Review of the relationship between vertical ac-
celeration and serviceability rating leads to the
conclusion that several wavelengths are necessary to
fulfill the correlation. Therefore, Equation 1 as
proposed by Weed will involve a more complicated
function of X.

The comments about the relative smoothness of
rigid and flexible pavements in the state of New
Jersey are not applicable to Texas pavements. In
general, Texas pavements in the study exhibited
similar roughness ranges for rigid and flexible. We
will certainly attempt to further investigate the
concept of nonharmonic wavelengths as further work
is permitted.

In summary, we greatly appreciate Weed's contri-
bution and his thoughtful review and ideas in ex-
tending this work. We will certainly take them into
account as additional work progresses.
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The International Road Roughness Experiment:
A Basis for Establishing a Standard Scale for
Road Roughness Measurements

M. W. SAYERS, T. D. GILLESPIE, and C. A. V. QUEIROZ

ABSTRACT

With the general lack of equivalence between the many methods and measures by
which road roughness is characterized, standardized indices offer the means to
achieve a time-stable data base that can be utilized by all. The International
Road Roughness Experiment (IRRE) was organized in Brasilia, Brazil, to find a
suitable index and to gquantify the relationships between different equipment and
roughness indices in use. Roughness measurements were made on 48 test sites by
diverse types of equipment in common use. The data were analyzed to determine the
equivalence between the roughness measures that could be obtained with each type
of equipment and whether one common measure was applicable to all. The results
from the IRRE showed that a standard roughness index is practical and measurable
by most of the equipment in use today, whether of the profilometer or road meter
type. As a result of the IRRE, a standard index was selected that is based on the
quarter-car analysis method with standard parameter values and a reference speed
of 80 km/h. Provided in this paper is the background on the fundamental of rough-
ness characterization that guided the selection of the standard road roughness

index.

Roughness is an indicator of road condition and is
useful for making objective decisions related to the
management of road networks. Today roughness is mea-
sured by many methods (ranging from rod and level
surveys to instrumented vehicles) and may be gquanti-
fied by any of a number of measures or indices. With
the growth of the base of roughness data in recent
years, it has become painfully clear that the many
different methods and indices used for characterizing
road roughness are generally not equivalent. Many
early methods came into existence as a consequence
of what could be measured, although progress is being
made today in identifying what should be measured
(1)« In many cases, the measures are determined by
the performance of hardware that cannot be adequately
controlled to achieve time-stable data. Thus, utili-
zation of roughness data can be difficult, particu-
larly when considering roughness data obtained by
more than one method. Establishing standard roughness
indices is a way to eliminate most of these problems.
Yet, it should be recognized that more than one index
may ultimately be needed to satisfy the differing
needs to quantify roughness influence on ride com-
fort, vehicle vibrations, surface distress, and other
factors.

The International Road Roughness Experiment (IRRE)
was proposed by the World Bank and the government of
Brazil to find a standard roughness index appropriate
for the many types of roughness measuring equipment
now in use, and to provide a basis for comparing
roughness measures obtained by different procedures

M.W. Sayers and T.D. Gillespie, Transportation Re-
search Institute, The University of Michigan, 2901
Baxter Rd., Ann Arbor, Mich. 48109. C.A.V. Queiroz,
Instituto de Pesquisas Rodoviarias, Departmento Na-
cional de Estradas de Rodagem, Centro Rodoviario, Km
163-Rodovia Presidente Dutra, 21240-Rio de Janeiro-
RJ, Brazil.

and instruments., The IRRE was held in Brasilia,
Brazil, in 1982, and was conducted by research teams
from Brazil, the United Kingdom, France, the United
States, and Belgium. Forty-nine road test sites were
measured using a variety of test equipment and
measurement conditions, The sites included a full
roughness range of asphaltic concrete, surface
treatment, gravel, and earth roads. The data acquired
were analyzed to determine the extent to which the
different types of equipment could be used to obtain
a common measure of roughness and how the different
measures of roughness in common use could be related
guantitatively.

The results from the IRRE showed that a standard

roughness index is, in fact, practical, and an index
was proposed that is measurable by most of the
equipment now in use, including road meters and
profilometers (2). This selected measure has been
denoted as the International Roughness Index (IRI).
The IRI is based on the quarter—car analysis method,
with standardized parameter values and a reference
simulation speed of 80 km/h. Guidelines have recently
been published for measuring the IRI with the various
instruments currently available throughout the world
3).
" This paper is intended to provide some of the
background relevant to the selection of the IRI,
concentrating mainly on the concept of roughness as
a property of the longitudinal profile of the trav-
eled wheeltracks of the road. It is also intended to
cover the fundamental similarities and differences
between the different approaches that have been taken
toward calculating a single roughness index from the
measured profile of the road.

TYPES OF ROUGHNESS-MEASURING EQUIPMENT

The equipment in common use for measuring roughness
falls into two generic categories. In the first—-
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profilometric methods--the longitudinal elevation
profile of the road is measured and then analyzed to
obtain one or more roughness indices. Both manual
quasistatic methods and high-speed profilometers are
in use, with the high-speed profilometer systems
being more popular in developed countries and the
manual methods being a practical alternative in
developing countries. In the second category--re-
sponse—-type road roughness measuring systems
(RTRRMSs)--a vehicle is instrumented with a road
meter device. The road meter produces a roughness
reading as the result of the vehicle motions that
occur while traversing the road. RTRRMSs offer a
means to rapidly acquire roughness data with rela-
tively inexpensive equipment. However, the roughness
measure is intimately tied to vehicle response, which
varies among vehicles and also varies with time,
vehicle condition, and weather. Thus, the RTRRMS
measures are less accurate in general, and require a
fairly complicated calibration to convert the mea-
sures to a standard scale.

Today, the majority of roughness data are obtained
with RTRRMSs, and therefore the IRI must be com-
patible with the RTRRMS-type of measure if it is to
be widely used. For this reason the IRRE included
three Mays meter cars (4), a car with Bump Integrator
(5) and National Association of Australian State Road
Authorities (NAASRA) road meter (6), a Bump Integra-
tor trailer (5), and a Bureau of Public Roads (BPR)
roughmeter (7). The use of profilometric methods is
rapidly growing, however, offering greater measuring
capabilities and accuracy. Thus, it is also essential
that the IRI be compatible with instruments that can
measure the profile directly in order to avoid pre-
mature obsolescence. Four profilometer methods were
included in the IRRE: rod and level surveys, the
French Bridge and Pavement Laboratory (LCPC) longi-
tudinal profile analyzer (APL) (8), the Transport
and Road Research Laboratory (TRRL) Beam, and a Gen~
eral Motors Research (GMR)=-type inertial profilom-
eter (9).

ROUGHNESS MEASURES

There was complete agreement among the participants
in the IRRE that the IRI should be defined as a
property of the true road profile so that it can be
measured directly with profilometers. At the same
time, the index should be strongly correlated with
the measures obtained with RTRRMSs so that their
measures can be converted to the IRI scale with
maximum accuracy.

Analyses of the IRRE data showed that all of the
RTRRMSs give highly correlated measures when they
are operated at the same test speed and that all
could be calibrated to a single roughness scale
without compromising their accuracy. Thus, the
selection of an IRI was largely a matter of choosing
a standard RTRRMS speed, and then choosing an analy-
sis by which the profile can be reduced to a single
index that is highly correlated with the RTRRMS mea-
sures obtained at that speed. Although it would ap-
pear that there are many existing and possible
roughness indices that may be considered, in actual-
ity, many are equivalent in the fundamental proper-
ties that are being quantified. The equivalence can
be best understood by considering the ways in which
a profile may be reduced to a summary index.

Techniques for Calculating Roughness
from Profile

What exactly is road roughness? A qualitative defi-
nition is that roughness is "the variation in surface
elevation that induces vibrations in traversing
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vehicles." Thus, texture properties that contribute
to tire noise vibrations are a form of road rough-
ness. At the other extreme are long undulations that
cause low-frequency bounding vibrations in a vehicle
at high speeds. In order to quantify the roughness
of the longitudinal profile of a wheeltrack, an
analysis is needed to reduce the continuous profile
to a single summary index. For use as an IRI, a pro-
file analysis must include those roughness components
that affect the RTRRMS measures, while excluding the
components that are unrelated. Some profile analyses
are essentially incompatible with the RTRRMS measure,
so that good correlations (r? values of 0.9 and
higher) cannot usually be obtained in the field. In
this paper, only those analyses are considered that
are closely linked with RTRRMSs.

Summary Statistics: Root-Mean-Square and
Average Rectified Values

Because vertical deviations in a profile occur both
in the positive and negative direction, they tend to
average out over distance. Two methods of profile
analysis are widely used to avoid this cancellation
and meaningfully summarize the deviations, One of
the methods is to square the amplitude of the vari-
able so that it will always be positive. The result
is a mean-square average of the variable of interest.
The statistical properties of squared variables are
well known, and therefore this method is a convenient
first choice of statisticians. Often, the square root
of the average--the root-mean-square (RMS) average--—
is used to keep the original units of the variable.
The second method is to take the absolute value of
the variable (rectify it) so that it will always be
positive and use the average rectified (AR) value.
Indices obtained using this technique are sometimes
called absolute mean values or mean absolute values.
This method is easier to apply diregtly during mea-
surement and has been implemented by using either
one-way mechanical clutches or electronic counters
in nearly all road meters used in RTRRMSs.

In published studies, there has been little dif-
ference in the results obtained using RMS summary
measures versus AR measures (10). The main difference
will occur when roughness varies along the length of
the road, in which case the RMS method will tend to
weight the rougher section more when averaging than
will the AR method. For example, consider two adja-
cent sections of road, each 1 mi long, with the sec-
ond mile twice as rough as the first. The mean-square
roughness for the second mile will be four times that
of the first, and the RMS roughness for the combined
2-mi section will be 1.58 times the roughness of the
first mile. Using the AR method, the combined rough-
ness would be the simple average, being 1.50 times
the roughness of the first section.

Variation in Profile Elevation

A logical first choice for characterizing the rough-
ness of a profile might be to use the RMS or AR value
of the profile elevation itself. Unfortunately, such
a simple measure proves to be strongly dependent on
the measurement method used. The reason for this is
that all roads have a characteristic distribution of
the profile variation over wavelengths. Although it
is true that different surface types will have unique
signatures in their roughness distribution, all sur-
face types are alike in that elevation amplitudes
increase by many orders of magnitude over the wave-
length range of interest, while the slope amplitudes
are approximately constant over all wavelengths. (In
this context, the word constant means that the ampli-
tudes are within several orders of magnitude.) This
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leads to some useful generalities, which apply now
only to analyses based on profile elevation, but also
to those based on profile slope and profile vertical
acceleration. Some of these generalities will now be
illustrated by example, based on profiles obtained
by rod and level survey (vertical precision = 0.001
ft; longitudinal interval = 1.0 ft).

Before examining the profiles, it is worth noting
that the true variation in profile elevation is not
suitable as a measure of roughness. The inclusion of
hills would yield roughness measures that are domi-
nated by the height of the hills. If the road happens
to be going up a hill, even if the road is perfectly
smooth, the elevation will change considerably, and
a high variation would be obtained because of the
hill, not the road surface. Therefore, in the ex-
ample, the underlying hill (as determined by the mean
slope value) was removed before the plots were pre-
pared.

Figure la shows the measured elevation profile of
one wheeltrack of a relatively smooth pavement
{(plotted with different scale factors in the longi-
tudinal and vertical directions in order to show the
profile details). The variation may be summarized in
a roughness index using the AR method by the average
height of the cross-hatched area (area divided by
length) .

W
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FIGURE 1 Effect of long and short wavelengths on
roughness derived from profile elevation. (a) Full
profile: roughness is indicated by cross-hatched area.
(b) Reduction of short wavelengths has almost no effect
on roughness. (c) Reduction of long wavelengths has a
very strong effect on roughness.

The profile can be processed mathematically to
filter out certain wavelengths, as is commonly done
with some roughness measurement methods. Figure 1b
shows that when the short wavelength variations
caused by texture and localized defects are removed
from the profile, the area (the roughness measure)
is essentially unaffected. On the other hand, Figure
lc shows that when the longer wavelengths are re-
moved, most of the area is eliminated and that the
roughness would be much lower. The variation in ele-
vation is strongly influenced by the longest wave-
length included in the measurement. High-speed pro-
filometers, such as the APL trailer and the General
Motors (GM)-type inertial design, generally have a
limit as to the longest wavelength that can be mea-
sured, determined by the design of the particular
instrument and (usually) the travel speed during
profile measurement. Because each has different
limits on wavelength, they would not measure the same
roughness (the largest values being obtained by the
instrument that sees the longest wavelengths). When
profile is measured with rod and level, there is no
limitation of the type observed with profilometers
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because even the static slope of the road is included
in the measure. Practically speaking, however, the
longest significant wavelength is largely determined
by the length over which the survey is made, so the
roughness becomes a function of length.

Thus, pure elevation variation is unacceptable as
a roughness index because it is influenced by the
longest wavelength observed by the profilometric
measurement method. Even in the case of perfect mea-
surement (rod and level or equivalent), the index is
influenced by the length of the profile. In order
for a roughness index based on elevation to be valid
for more than one particular profilometer or test
length, the longest wavelength of interest must be
clearly identified and then all longer wavelengths
must be attenuated through an appropriate analysis.
Several analyses that do this were used in the IRRE
and three of those are described later.

Variation in Profile Slope

Traditionally, most roughness measures do not use
units of elevation, but instead use units of slope.
The early AASHO and rolling straightedge profilometer
(CHLOE) instruments produced a measure called slope
variance, and most RTRRMSs provide a measure with
units of slope, such as mm/km or inches/mi. As with
elevation, however, the true slope variance of the
road is also an unmeasurable property. Figure 2a
shows the slope profile of the same road as used in
the previous figure. (The slope was computed by tak-

FIGURE 2 Effect of long and short wavelengths on
roughness derived from profile slope. (a) Full profile:
roughness is indicated by cross-hatched area. (b)
Reduction of short wavelengths decreases roughness.
(c) Reduction of long wavelengths decreases
roughness.

ing the difference in adjacent elevation values and
dividing by the separating distance.) In the slope
profile, the shorter wavelengths are seen to be more
significant than for the case of the elevation pro-
file. Once again, the roughness, defined by average
rectified slope (ARS), is proportional to the aver-
age height of the cross-hatched area. Figures 2b and
2c show that the average height is reduced by remov-
ing short wavelengths and also by removing 1long
wavelengths. The quarter-car analysis, described
later, is able to produce a standard roughness index
by limiting both the long and short wavelengths out-
side of the range of interest.

Although the variation in profile slope is only
moderately influenced by the longest wavelength in-
cluded in the measure, nonetheless, the true slope
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variance is an unmeasurable property. Figure 3 shows
why. When inspected closely enough, any road profile
will change elevation abruptly at some point, showing
a change in height that occurs over zero distance.
The profile is vertical, and at that point, the true
slope is infinite. Consequently, the RMS slope and
ARS measures are also infinite. Figure 3 also shows
that when the profile elevation is sampled at dis-
crete locations that are a fixed distance (aX)
apart, the slope values will be finite. The maximum
slope measured will be decreased as longer sample
intervals are used.

Whenever the elevation changes
abruptly (i.e., dy # 0 and dx = 0),
the "true slope” is infinite.

The maximum slope that is
measured is limited by the

measurement interval, AX SIope =BXTAX

FIGURE 3 Tlustration of the infinite slopes that occur in
an elevation profile.

Variation in Spatial Vertical Acceleration

Figures 4a, 4b, and 4c show the corresponding pro-
files for the second derivative of profile--spatial
vertical acceleration. In this case, the average
height of the cross-hatched area is determined most
strongly by the shortest wavelength that is included

A ALMA
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o
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A
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FIGURE 4 Effect of long and short wavelengths on
roughness derived from profile spatial acceleration.

(2) Full profile: roughness is indicated by cross-hatched
area. (b) Reduction of short wavelengths has a very
strong effect on roughness. (c) Reduction of long
wavelengths has almost no effect on roughness.
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in the measure. Figure 3 shows that the true slope
of a road profile will be infinite at many points.
Similarly, the true vertical acceleration will also
be infinite at many points. (It will be infinite if
there are discontinuities in slope, even if the slope
is itself finite.) In a sense, the vertical accelera-
tion is similar to the elevation; the roles of the
long and short wavelengths are reversed. In this
case, a valid roughness index must be based on an
analysis that clearly identifies the shortest wave-
length of interest and attenuates all shorter wave-
lengths. The RMSVA analysis, which does this, is
described later.

Table 1 gives a summary of the sensitivity that
each of the three simple roughness indices have to
the wavelengths included in the measurement.

Moving Average--The Belgian Coefficient of
Evenness Measure

The profiles shown in Figures 1-3 were filtered using
an analysis called a moving average. The profile is
smoothed by averaging adjacent elevation values to-
gether, as shown in Figure 5. With an additional
step, the same analysis can be used to eliminate the
long wavelengths while leaving the shorter ones. To
do this, the smoothed profile is subtracted from the
original, such that the long wavelength portion is
cancelled out, leaving only the shorter wavelengths.
This was done in Figure lc by using a moving average
of 5 m (16 points).

This type of analysis is used by several agencies,
including the Belgian Road Research Center (CRR), as
a means for gquantifying roughness based on an eleva-
tion profile (11). In Belgium, the roughness index
is calculated by using the AR method, and the measure
is called the coefficient of evenness (CP). It is
reported in CP units, where one CP unit is 0.020 mm.
The moving average analysis is dependent on the
baselength used in the averaging, and therefore it
is customary to subscript the baselength used, for
example, CPg g.

When there are many samples included in the base-
length (10 or more), the effect of sample interval
is negligible if the same baselength is kept. By
processing the same profile using different base-
lengths, information about different wavelengths can
be extracted. The CP value is most sensitive to
wavelengths that are close to the baselength used to
define the moving average. For example, the CPp g5
numeric primarily indicates roughness over the wave-
length range of 1.2 to 5 m, with maximum sensitivity
at the wavelength corresponding to the baselength of

2.5 m.
The CP analysis is conceptually that of the AR

elevation shown in Figure 1. The problem with the
true AR elevation being sensitive to profile length
(and unmeasurable with a high-speed profilometer)
has been eliminated by intentionally filtering out
wavelengths longer than the band of interest.

APL 72 Short-Wave Energy Index

The French Bridge and Pavement Laboratory (LCPC) uses
the mean-square method for summarizing the energy of
variations in profile elevation and eliminates the
effect of wavelengths outside of the desired range
using electronic band-pass filters (8). Typically,
the profile is measured electronically and stored as
a voltage on an FM tape recorder. The tape is played
back in the laboratory into three independent filters
that summarize the short, medium, and long wavelength
components of the measured signal. Each one of these
filters acts similarly to two moving averages: one
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TABLE 1 Effect of Wavelengths on Profile Variations

Effect of On Vertical

Including On Elevation On Slope Acceleration

Longest Increases variation Increases variation Negligible effect
wavelengths greatly

Shortest Negligible effect Increases variation Increases variation
wavelengths greatly

Original profile
Current position

iR

Avaagehebhf
of shaded area

/
g g
FIGURE 5 Illustration of the

process of filtering with a moving
average.

eliminating the long wavelengths and one eliminating
short wavelengths. The short-wave index, covering
wavelengths from 1.0 to 3.3 m/cycle correlates well
with the RTRRMS measures.

Although the details of this electronic technigue
share little in common with the numerical moving!
average method, the results are nearly identical be-
cause the theoretical responses of the two forms of
analysis are similar for the longest wavelengths in-
cluded in the analyses. The analyses treat short
wavelengths very differently (the APL 72 system com-
pletely eliminates short wavelengths, whereas the CP
analysis leaves them intact), but because the short
wavelengths have, at most, only a slight effect on
the summary index, this has a negligible influence
when the analyses are applied to real road profiles.

RMSD--The TRRL Beam Analysis

The British Transport and Road Research Laboratory
(TRRL) overseas unit has developed an instrument for
statically measuring profile in developing countries
that has been called the TRRL Beam. The beam mea-
sures elevation profile along individual 3-m sections
and includes a microcomputer that is programmed to
compute a roughness statistic based on an analysis
that is, in concept, similar to the moving average
(2).

In the RMSD analysis, the profile is processed in
discrete sections equal in length to a standard
baselength, such as 1.8 m. A linear regression line
is computed for the profile length yielding an equa-
tion of the form

vy =a+bex (1)

where x is the longitudinal distance, V is the esti-
mate of the profile elevation at position x, and a
and b are determined by a least-squares fit. At each
position, there will be a deviation between the mea-
sured elevation value and the estimate from the
linear regression line., The RMS deviation (RMSD) is
used as the roughness index. The profile is processed
one segment at a time, but the RMSD is accumulated
over the entire profile. The TRRL overseas unit
recommends that both the baselength and the measure-
ment interval be standardized, with values of 1.8 m
and 300 mm, respectively.

The RMSD analysis is approximately similar to the
RMS value of elevation. The problem with true RMS

elevation being dependent on measurement length has
been controlled by using the linear regressions over
a 1l.8-m baselength to eliminate wavelengths outside
of the range of interest.

Because most roughness data have units of slope
instead of displacement, a conversion equation is
used by TRRL to rescale the RMSD measure to an esti=-
mate of an idealized RTRRMS [the TRRL Bump Integrator
(BI) trailer, as it performed in the 1982 IRRE]. The
conversion is based on a quadratic equation derived
by correlating RMSD values with the ARS measures from
the RTRRMS. The equation is

RBI3p, = 472 + 1437 * RMSD + 225 * RMSD? (2)

where RBI is the reference bump integrator (RBI) in-
dex, based on a travel speed of 32 km/h and estimated
from RMSD., RBI is assigned arbitrary units of mm/km
to match the BI trailer, and RMSD has units of mm.

Quarter-Car BAnalysis

For the last 10 years, roughness measures similar to
those obtained from RTRRMSs have been computed from
profile measurements using a quarter-car simulation
(0CS). A QOCS is a mathematical model found in many
dynamics textbooks. The response of this model is
influenced by several parameters that describe the
vehicle being simulated, including two masses, two
spring rates, a damping rate, and a simulation speed.
The first quarter-car simulation was intended to
replicate the measures from RTRRMS developed by the
Bureau of Public Roads, called the BPR roughometer.
In 1979, a standard set of vehicle parameters se-
lected to maximize correlation with RTRRMSs was pro-
posed in an NCHRP research project (12). Details
about the QCS analysis have been described many times
(2,3,12-14) and will not be repeated here.

Unlike the preceding three analyses, the QCS is
close in concept to an average slope measure, rather
than elevation. Basically, the analysis acts as a
filter that removes both long and short wavelengths
outside of the range of interest so that the AR slope
that is reported can be independent of the method
used to obtain the profile measurement. Using the
standard model parameters from the NCHRP project
(12) , this measure is called reference average rec-
tified slope (RARS). The measure included an effect
due to simulation speed, and therefore the speed is
usually subscripted. For example, measures made by
using a simulation speed of B0 km/h are reported as
RARSgg.

RMSVA

Root-mean-square vertical acceleration (RMSVA) is an
analysis illustrated in PFigure 6. Figure 3 shows that
an approximation of the first profile derivative——
the slope--is calculated as AY/AX, where AY is
the change in profile elevation and AX is the dis-
tance between those elevation measures. In Figure 6,
the slope is calculated by using an arbitrary base-
length B, which is an integer multiple of AX. Re-
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FIGURE 6 Analysis of the RMSVA and its equivalence to mid-
chord-deviation. (a) The RMSV A analysis is obtained by applying
a finite-difference slope equation to the profile to compute slope
and then applying the same equation again to obtain a form of
vertical acceleration. (b) The RMSV A analysis is a rescaled version
of the mid-chord-deviation, as measured with a rolling straightedge.

peating the difference equation again gives an ap-
proximation of the second derivative--the vertical
spatial acceleration. This variable will approach
the vertical acceleration of the profile as the
baselength B approaches zero. When B has larger
values, the analysis attenuates the short wavelengths
contributing to vertical acceleration. Because the
baselength affects the index, the baselength should
be subscripted, for example, RMSVAj 5.

The RMSVA statistic can be considered as the RMS
value of vertical acceleration with wavelengths out-
side of the range of interest attenuated by the use
of a long baselength. This is somewhat confusing,
however, because the attenuation is not as simple as
with all of the other analyses mentioned earlier. As
a result, most of the roughness included in the RMSVA
numeric comes from wavelengths outside of the region
where the analysis approximates vertical accelera-
tion. As will be shown later, the analysis is iden-~
tical to a rolling straightedge, and the RMSVA sta-
tistic is perhaps better understoocd by thinking of
it as the mid-chord-deviation obtained from a rolling
straightedge.

RMSVA is not actually used directly as a roughness
index, but as a building block for defining an index.
Two such indices are in use: the quarter-car (QI)
index developed in Brazil, and the reference Mays
meter (MO) index developed in Texas.

QI

The QI, analysis was developed by Brazilian re-
searchers as a means for using profiles measured with
rod and level to calibrate RTRRMSs (10). The analysis
was needed to replace a quarter-car index measured
with a specific profilometer system, which experi-
enced hardware problems that made its reliability
suspect. Using a data base consisting of QI measures
from the profilometer and RMSVA measures from rod
and level, the following equation was derived:

QI, = -8.54 + 6.17 *» RMSVA] o + 19.38 * RMSVAy 5 (3)

where RMSVA is to have units of mm/m? = 1/m ¢ 10-°%,
and QI, has the arbitrary units of counts/km. (The r
subscript indicates the index derives from RMSVA.)
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MO

The MO analysis was developed in Texas, also as a
means for calibrating RTRRMSs (14). Following the
same method used in Brazil, a correlation was devel-
oped between RMSVA measures (from a profilometer)
and ARS measures from several RTRRMSs with installed
Mays meters. The reference Mays meter index was de-
fined as

MO = ~20 + 23 * C * RMSVA) o + 58 * C * RMSVA4 9 (4)

where C is a constant needed for unit conversion from
a spatial acceleration to a temporal acceleration.,

The MO index was not considered during the IRRE;
it is included here because it has been the subject
of several recent publications and because it is so
similar to the QI, index that generalizations about
QI, also apply to the MO.

Rolling Straightedge

One of the earliest approaches to measuring a profile
property directly to obtain roughness was the rolling
straightedge, sometimes called a profilograph. With
this type of instrument, a rolling straightedge is
used to establish a reference datum, and deviations
from that reference are measured and summarized by
using the RMS or AR method to obtain a roughness
measure. Figure 6b shows a simple view of such an
instrument. The AASHO profilometer, the CHLOE pro-
filometer, and the University of Michigan profilom-
eter were all variations of the rolling straightedge
concept. The first validation of the high-speed GM-
type of inertial profilometer involved demonstrating
that when a profile is processed using a rolling
straightedge analysis, agreement is obtained with the
measures from a rolling straightedge instrument (9).

Figure 6 shows that the equation describing the
mid~-chord-deviation from the rolling straightedge is
nearly the same as the RMSVA equation. The only dif-
ference is in the scale factor of 2/B? used in the
RMSVA equation to present the measure with the units
of spatial acceleration, rather than simple devia-
tion. Thus, the RMSVA analysis is completely identi-
cal to a rolling straightedge with an arbitrary scale
factor.

Comparison Between the Roughness Indices

Wavelengths

Each analysis described previously isolates wave-
lengths of interest from the measured longitudinal
profile. Table 2 gives a summary of the parameters
used in each analysis to control the wavelengths that
contribute to the roughness indices. Given that the
amplitudes of profile slope are fairly uniform over
wavelength, it is convenient to calculate and plot
the response of the roughness analyses to wave number
(wave number = l/wavelength) based on a slope input.
By using the same type of input for each, the re-
sponses can be compared directly. Also, by choosing
slope rather than elevation as the input, the rela-
tive significance of the different wave numbers can
be easily observed. Figure 7 shows the responses of
four of the profile analyses. Although the analyses
differ in concept and development, because they have
been optimized for correlation with RTRRMSs, they
all end up responding to approximately the same wave
numbers: 0,05 to 0.7 cycle/m (wavelengths from 1.5 to
2.0 m/cycle). In the IRRE and other experiments, good
correlations have been found between RTRRMSs and all
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TABLE 2 Summary of Wavelengths Observed by Profile Analyses

Type of Limit of long Limit of short Proposed Parameter
Statistic Wavelengths Wavelengths Values
Moving average (Belgian Elevation (AR) Baselength, B (wavelengths > 2B Interval, AX? B=25m

cP) are attenuated)

APL 72 waveband Elevation (RMS) Filter cut-off Filter cut-off Short-waves (1.0-3.3

Frequency 1 Frequency 2% m/cycle)
TRRL beam RMSD Elevation (RMS) Baselength, B (wavelengths > 2B Interval, AX (exact effect B=18m
are attenuated) is not known) AX=0.30m
Quarter-car analysis Slope (AR) Vehicle parameters simulation Vehicle narameters, NCHRP parameters.
(NCHRP Report 228) speed simulation speed V =80 km/h
RMSVA Rolling straightedge (RMS) Baselength, B - (See QI, MO)
QI; (Brazil) RMSVA (RMS) Baselength, B - Bl=25m
B2=1.0m
MO (Texas) RMSVA (RMS) Baselength, B - Bl=122m
B2=4.88

S The sample interval only has an influence when the baselength is less than 10 AX.

The short-wavelength cut-off has only a secondary effect because road profiles naturally attenuate short wavelengths of elevation variables.

2
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FIGURE 7 Sensitivity of four profile analyses
to wave number.
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of the analyses mentioned previously when the param-
eter values given in Table 2 are used.

Sample Interval--AX

All of the analyses except the APL 72 wave band can
be performed numerically by computer. Thus, they can
be applied to profiles measured statically by rod
and level or to profiles measured with any high-speed
profilometer whose profile signal can be digitally
sampled. An important parameter in this process is
the distance between samples, AX.

The choice of sample interval is usually selected
for a profilometer based on hardware considerations,
and a standard interval for all profilometers is
nonexistent. To require a standard interval would
seriously compromise the flexibility associated with
profilometers, and in some cases, would also compro-
mise their accuracy. Thus, it is important that the
analysis chosen for the IRI be flexible regarding
the required sample interval.

In the case of manual methods, such as rod and
level, the choice of sample interval has a direct
bearing on the work needed to perform a measurement.
A small AX value means that more elevation measures
are needed for a given road length. Because profiling
by rod and level is slow and labor-intensive, it is
always desirable to select the largest AX values
that can be used while still obtaining a valid mea-
sure.

Table 3 gives a summary of the ranges of aX al-
lowed for each of the analyses to provide the asso-
ciated roughness index with negligible bias. (Al-
though bias is eliminated when AX is within the
ranges shown, better repeatability and reproducibil-
ity are usually obtained as AX approaches zero.)
The broadest continuous range is allowed by the
quarter-car analysis, including intervals up to 700
mm (slightly more than 2 ft). The largest interval
is the 1.22 m (4 ft) that would be allowed for the
MO analysis, but the range of values is not contin-
uous. The RMSVA analysis essentially uses the base-
length parameter as the sample interval, and there-
fore the analyses based on RMSVA will work for any
interval that divides evenly into both of the base-
lengths. Therefore, while an interval of 1.22 m is
valid for the MO analysis, an interval of 1.0 m is
not. The TRRL analysis is standardized for 300 mm,
and therefore only that interval is valid. Because
the APL 72 energy analysis is not numerical, digi-
tizing considerations are not applicable.

TABLE 3 Practical Considerations of Profile Analyses

Allowable Averaging Loss of Value of
Sample In- Method for  Profile Perfectly
terval Range Subsec- Length Smooth
(mm) tions (m) Road
2.5 m moving average, 0-250 Simple 2.50 0
CP,.s
APL 72 short-wave — RMS — 0
energy
Reference BI, TRRL 300 Compli- - 472 mm/
beam RMSDy g 300 cated, km
(conver-
sion +
RMS)
Quarter-car analy- 0-700 Simple 0.25 4]
sis (RARSgq)
RMSVA (rolling B/k, RMS B 0
straightedge) k=1,2,...
QI (Brazil) 500, 250, No exact 250 ~8.54
167, 125, method counts/
km
MO (Texas) 1219, 610, No exact 4,88 -20in/
406, 305,... method mi

Effect of Site Length

It is often convenient to compute roughness for
relatively short sections, for example, 200 m long.
Later, those measures are combined to apply the same
measures to longer sections, for example, 1 km long.
The method used to combine the measures from the
subsections should give the same result as would be
obtained by making a single measure over the entire
length.
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For an RTRRMS, which is based on the AR method of
averaging, roughness measures from sections of equal
length are simply averaged. Table 3 shows that the
moving average and quarter-car indices are combined
in this fashion. As noted earlier, RMS measures are
averaged by adding the squares of the measures and
then taking the square root of the sum. As indicated
in Table 3, the RMSD analysis requires an even more
complex method. Because a gquadratic equation is used
to present the RMSD measures in units of mm/km, there
is no simple way to combine the converted indices.
They must be first converted back to RMSD, using the
inverse of the gquadratic equation. Then, the RMSD
values can be combined using an RMS average. Finally,
that RMSD value must be converted back to mm/km using
the quadratic equation.

For the QI and MO analyses, no method exists to
combine measures for short sections to obtain the
measure that would be calculated for the entire
length. To visualize this, consider an unrealistic
(but mathematically simple) case in which a section
that is 1.0 km long is measured in two sections. In
the first half, the RMSVA; g value is 9.5 whereas the
RMSD, g value is zero. The resulting QI, is then 50
counts/km. In the second section, the RMSVA; g value
is zero and the RMSVA, 5 value is 3.02, also giving a
QI, of 50. For the entire section, the RMSVA; o value
would be 6.7 (the RMS average of 9.5 and 0), whereas
the RMSVA, 5 measure would be 2.14. Thus, the true
QI, value for the entire 1length is 74.3, even
though both subsections have @I, values of 50.
Thus, the QI and MO indices can be length dependent.

Note that values of zero RMSVA would never be
measured in practice; therefore the effect will be
smaller and in most cases nonexistent. This example
is included to help explain the more plausible sce-
nario in which a 1-mi road with an MO rating of 100
in./mi can be composed of two subsections with MO
ratings of 90 and 95.

Loss of Profile Length

The moving average and rolling straightedge (RMSVA)
analyses use geometric smoothing, which requires
measurement of the profile on either side of the
point being considered. In each of these cases, a
length equal to 1/2 of the baselength will not be
processed at the beginning of the profile. The same
is also true at the end of the profile.

Intuitive Understanding of the Scales

The moving average and the rolling straightedge
(RMSVA) have been shown to be easily visualized geo-
metric analyses of profile (see Figures 5 and 6).
The quarter-car analysis owes much of its popularity
to the fact that most practitioners are familiar with
the RTRRMS measure that it replicates. The popularity
of the RTRRMS-type of measure (ARS)  is evident be-
cause the RMSD and RMSVA analyses are not used in
their direct forms, but are instead converted to an
approximation of the RTRRMS statistic and given units
of ARS. As indicated in Table 3, these conversions
include offsets, such that the roughness indices have
arbitrary scales that do not coincide with a simple
intuitive concept of roughness. A profile with zero
variation will not give a 2zero roughness reading
under the RMSD, QI., or MO analysis methods.
Further, there is no simple relation between the
roughness reading and any single property of the
original profile. For example, if one road has twice
the roughness of another on the RMSD scale (with
units of mm/km), there is no physical property of
the road that can be identified as being twice as
large in one road as the other. In contrast, with
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the quarter-car index if one road is twice as rough
as another, it means that the slope amplitudes are
twice as high over the wavelengths included.

Compatibility with Profilometric Methods

Perhaps the most critical consideration is the prac-
tical one that the IRI must be measurable with most
of the profilometric equipment now in use, in addi-
tion to the equipment that can be envisioned over
the coming years. Clearly, an index that is tailored
to a specific piece of equipment is inappropriate as
an IRI. In the case of the rod and level method,
which is gaining popularity in developing countries
as the only viable profilometric method, a sample
interval on the order of 0.5 m is a practical limit.
If shorter intervals are absolutely required to
eliminate bias in the measures, the manpower needed
to perform the measurements becomes too great.

The IRRE included paved and unpaved roads, which
were profiled using rod and level (AX = 500 mm),
the TRRL Beam, and an APL trailer operated in two
configurations., Of all the analyses described in this
paper, only the gquarter-car RARSgy index could be
measured on all types of roads using all of the pro-
filometric methods. Briefly, the problems with the
other analyses were as follows:

CPy.s

The moving average analysis becomes sensitive to the
sample interval when shorter baselengths are used. A
baselength of 2.5 m was found to provide much better
correlation with the RTRRMSs than the longer base-
lengths. CPjg was measurable by most of the equip-
ment, but did not have the same degree of correlation

with the RTRRMSs.

APL 72 Short-Wave Index

This analysis was developed specifically with the
APL profilometer in mind, and cannot be applied di-
rectly to rod and level methods.

RMSD

This analysis is tailored to the TRRL beam instru-
ment, and would require further development for use
with other methods of measuring profile. It was not
tested with the APL system and has not been used with
any profile measuring method other than the TRRL
beam.

of;

The APL profilometer was not able to measure QI,
directly for all of the surface conditions covered
in the IRRE.

Correlation With the RTRRMSs

When profilometric methods are not possible for
whatever reason, it is expected that the roughness
measures will be made with an RTRRMS calibrated to
the IRI scale. The accuracy of the RTRRMS measure is
limited by the correlation between the IRI and the
RTRRMS, and therefore a high correlation with RTRRMSs
is required. Also, the correlation should be insen-
sitive to surface type, so that practitioners can
apply a single calibration equation to all RTRRMS
measures.
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It was demonstrated that the measures from any
two RTRRMSs are highly correlated if they are oper-
ated at the same speed and that the correlations
drop when the speeds used for the systems differ.
Therefore, an essential part of the IRI is the stan-
dardization of RTRRMS measuring speed. When all of
the factors were considered, it became clear that a
relatively high speed suitable for highway use was
necessary. A standard speed of 80 km/h (50 mi/h) was
selected, as it is already standard for many organi-

4dlluils.

The best correlations were obtained using the
quarter-car analysis, RARSgg. The next closest
profile analysis was QI,., which generally showed
the same correlations except in the cases of a few
outlier test sites. The measures from the RTRRMSs
did not correlate as well with any of the profile
references, but the errors observed using the quar-
ter-car were about one-half of those observed using
Tos
. rUsing a lower standard speed, TRRL obtained high
correlations by using the RMSD analysis. However,
this analysis was tested (by TRRL) only on the sites
that were measured with the TRRL beam--18 sites, of
which 10 were measured in both wheeltracks. Thus,
the correlations with most of the RTRRMSs were based
on only 10 data points (For the BI trailer, 28
wheeltracks were covered.) Even though the RMSD
parameters were optimized to obtain high correlation
of those sites, the performance of the duarter-car
(using the appropriate simulation speed) was just as
good.

The quarter-car, the QI., the RMSD, and most
recently, the MO, have all been developed to provide
a reference for calibrating RTRRMSs. Of these, only
the quarter-car directly computes the ARS-type of
roughness index observed by an RTRRMS. It is also the
only analysis based on the mechanics of the measuring
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process, rather than an empirical correlation. Cor-
relation experiments have been used only to validate
its performance. Each of the other analyses used somc
other instrument as a reference, and those reference
instruments no longer exist. But as Figure 7 shows,
the correlation methods used with the other analyses
result in choices of parameter values that cause
those analyses to resemble the quarter-car analysis
to the extent possible. For all practical purposes,
the quarter-car can be considered as the culmination
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of the reference RTRRMSG concept
and the BI trailer.

The success that can be achieved by using the IRI
as a standard measure of roughness can be seen when
measurements from diverse types of equipment cali-
brated to that standard are compared. Figure 8 shows
the agreement possible between a Mays meter car, a
National Association State Road Authorities (NAASRA)
car, the TRRL Bump Integrator trailer, and the APL
trailer. Included in this plot are results from
roughness measurements at speeds other than the
standard of 80 km/h (speeds are indicated in the axis
labels), and each of the RTRRMSs was calibrated from
profile measured by a difference source.

The IRRE included no test sites with portland
cement concrete (PCC) surfaces, and therefore it is
mentioned here that the IRI had already been tested
and validated on PCC sites before the IRRE, as a part
of the correlation program reported in NCHRP Report
228 (12). Thus, the IRI has been tested for all con-
ventional road surfaces used in the United States.

CONCLUSIONS

The IRRE added further proof that most problems with
compatibility between RTRRMSs can be solved simply
by adopting a standard measuring speed and calibrat-
ing RTRRMS to the same profile-based roughness index.
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FIGURE 8 Examples of agreement among equipment using the

IRI roughness scale.
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In choosing a profile-based index to define the IRI,
a number of analytic methods were considered. When
the parameters are optimized for correlation with
RTRRMSs, the analyses become very similar regarding
the wavelengths that are emphasized in the roughness
indices. Essentially, they begin to resemble a quar-
ter-car analysis. The gquarter-car analysis was
therefore used to define the IRI roughness scale.

Because the quarter-car analysis most directly
measures the profile components contributing to the
RTRRMS measures, it avoids some practical problems
that arise with the other indices. The QI,, RMSD,
and MO analyses all result in roughness scales that
are obtained by conversions that introduce peculiar-
ities into the scales, such as nonzero reading for a
perfect road and dependence on the profile length.

Because they respond to approximately the same
wavelengths, results obtained using the different
analyses are almost perfectly correlated for most
types of roads. In special cases (on roads with
peculiar properties) differences are observed, with
the quarter-car providing the best match with the
RTRRMSs .

ABBREVIATIONS AND ACRONYMS

APL Longitudinal profile analyzer (instrument
developed by LCPC)
APL 72 Waveband analysis (roughness index associ-

ated with the APL)
AR Average-rectified (averaging method)

ARS Average rectified slope (roughness measure)

BI Bump integrator (instrument developed by
TRRL)

BPR Bureau of Public Roads

CHLOE Rolling straightedge profilometer (instrument

developed by AASHO)

CP Coefficient of smoothness (roughness index
used in Belgium)

CRR Center for Road Research (Belgium)

AX Sample interval (distance between measures)

GMR General Motors Research

IRRE International road roughness experiment
(Brasilia, Brazil, 1982)

IRI International roughness index

LCPC Central Bridge and Pavement Laboratory
(France)

MO Reference Mays meter index (roughness index
from Texas)

NAASRA National Association of BAustralian State
Road Authorities

Qcs Quarter-car simulation

QI Quarter-car index (roughness index developed
in Brazil)

QI Estimate of QI from RMSVA (roughness index
developed in Brazil)

RARS Reference averaging rectified slope (rough-
ness index from a QCS)

RBI Reference bump integrator (roughness index

developed by TRRL)

RMS Root-mean-square (averaging method)

RMSD RMS deviation (roughness index developed by
TRRL)

RMSVA RMS vertical acceleration (roughness index
developed in Texas)

RTRRMS Response-type road roughness measuring sys-
tem (category of instruments)

TRRL Transport and Road Research Laboratory
(United Kingdom)
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