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. ANTRODUCTION

Road roughness refers to an uneven, impaired, or bumpy
roadway. The American Society for Testing and Materials is
defining roughness as "The devliations of a pavement surface
from a true planar surfadée with characteristic dimensions
greater than 1lbmm," to distinguish roughness from pavement
textiure.

Road roughness is Important because it affects

{1) the safety of indlviduals using the highwav,

{(2) the riding quality of the roadway,

{(3) the pavement loading, especially the impact
loads from heavy vehicles, and

(4) the remaining service 1ife of the pavement.

The relationship of roughness measurement and analysis
to these factors is illustrated in the flow diagram of
Firure 1. Loss of control is dircctly associated with
vehicle handling and highway safety, and may result from the
condition of the roadway. Pavement roughness, malntenance,
and resurfacling Iinfluence the serviceability, riding
quality, impact Ycading, and the useful 1ife of the highway,
The anaiysis of Impact loading from the dynamic forces of
moving vehicles is achieved through mathematical simulation
and experimentatlon on pavements (57, 61). 1If the roadway
characteristics can be measured and analyzed accurately, a
systematlic program of rehabilitation or reconstruction can
be Implemented to provide efficient transportaticn
facilities.

Roughness technology may be divided into several
aspects, namely, methods of measurément, analysis and
Interpretation of data, and application of the results.
Most of the roughness measurement equipment discussed in this
paper relates to the variation in the longltudinal profile of
the highway pavement.

Equipment (1,2,3,4,7) to measure pavement profiles vartes
from a simple 10~foot straight edge to complex electronically
instrumented vehicles, and includes rolling straipght edges,
multiple wheel profiiometers, road meters, and roughometers.
These devices are used as construction controls, measures of
pavement rouchness, and means of predicting vehicle response
and riding comfort.
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The data are collected in units convenient to the
measuring system and give only comparative values in manv
cases,

One of the most promising and comprehensive methods
(9,11,12,13) of evaluation involves the use of power
spectral density analysis. Details of this technioue are
riven in the cited references. Power spectral density
analysis gives the frequency (or wavelength) ceormposition
of the pavement profile in tarms of the associated mean
saquare values of amplitude.

Niding quality and vehicle response depend upon the
speed of travel, driver behavior, and vehicle
characteristics such as the welght, suspension system,
tires, and the type of vehicle as well as upon the roughness
of the roadway. The questicn has been ralsed as to whether
dynamic tire forces can be uscd as a criterien of pavement
condition. Certainly the roushness of the pavement
tnfluences the forces transmitted to the tires and the
response of the vehicle. Dynamic tire force measurements
(11, 15, 16, 61) have been conducted on hoth passenpgar cars
and trucks.

Applications of roughness technolugy include safety of
the highway (10); pavement design, condition, and service-
ability (&, 14, 19, 22, 23, 37, 38); and vehicle performance
(17, 18, 21, 24, 61,

I, MEASUREMENT QF PAVEMEMT ROUGHMESS

There are a number of devices (1) that have been
used or are being developed for appraisinz hirghway
roughness; the most important of these will be discussed
briefly.,

A, frai dre

The 10«foot straight edge (1) and modifications of It
mounted on wheels have been used Tor many years as pavement
construction controls and compliance tools. Further
improvements produced multiple wheel profilometers of
varying complexity. lMost of this egquipment is operated
statically or at very slow speeds.

B, lultiple theel Profilometers

Typical examples of multiple wheel equipment are given
in Reference 1, and these have been designated by a variety
of names. California has a profilograph that is hand



propelled, a version that Is power driven, and one that is
mounted on a truck. Michigan and !11inois have used thls
type equipment, and there are several foreign countries that
have developed multiple wheel units. The profilogram is a
trace recorded from a rolling wheel of the profilograph
which represents the profile of the roadway, It Is greatly
condensed in the longltudinal direction. 1t is necessary to
analvze the trace to determine a profile index, Test Method
Mo. California 526E, "Operation of California Profilograph
and Evaluation of Profiles™, has been formulated for
inszructions to field personnel using the test procedure,

C. I d Profilometer

The road profilometer (2, 19, 20, 22, 23, 58, 59, GO,
62) developed by the General Motors Corporaticn, is a modern
system for evaluating pavement surface profiles at traffic
speeds. The equipment is instrumented to sense road
roughness by spring-ioaded road-following wheels mounted
below the chassis of a vehicle, to process the measdrements
{voltage signals) by an analog computer on beoard, and to
record the data on magnetic or a visual analog tape. The
tape then can be analyzed and interpreted in a central
laboratory at the engineer's convenience. The profilometer
is caparle of appraising many miles of highway at a rapid
rate with 2 mininum of Interference to vehicular traffic;
however, the road=following wheel is one of the weaknesses
of the system., This wheel leaves the pavement occasionally
as 1t bouncns on a rough road, and the wheel deteriorates
rapidly from the rigorous wear by the pavement. Both of
these irregularities impair the quality of the measurements.

D. Honcontact Profiling Svystem

A noncontact probe (3) to sense road roughness from a
moving vehicle is being developed by the Federzl Hirshway
Administration. The sensor is an acoustic probe with fixed
and variable sound length paths to determine the distance
between the instrument and the pavement., It consists of a
sound generator and receiver facing the road surface so that
the sound transmitted by the generator reaches the receiver
after reflection from the road surface. |t avesrages the
reflections over a rectangle on the road surface



approximating the size of a tire-pavement contact area. The
time delay of the sound wave arrivipng at the receiver is a
function of the probe helght above the surface. Differences
In time delay due to changes in road to probe distances have
been validated irn the l1aboratory and the system shows great
promise as a measurement technique.

The next increment of research is to install the probe
on a highway vehicle and adapt instrumentation to make
roadway roughness measurements. The output of the probe Is
to be combined with the output of an accelerometer through
an electronic integrating clrcuit to correct for the motion
of the vehicle, and thus permit the recording of a true
roadway amplitude profile. |If the research is successful,
and we bellewe it will be, the equipment should provide a
fine tocol for determining the longitudinal profile of the
roadway.

E. CHLOE Profilometer

The CHLOE Profilometer (6, 35, 36, 38) was developed
atter the AASHO Road Test to measure the slope variance of
a pavement. It consists of two essential units, the trailer
that carries the transducer mechanism and the electronic
computer indicator that accepts information from the trans-
ducer, performs a computation on it, and vields the
results. The 20-foot traller is comprised of two 8«inch
wheels, 9 inches on center, a roller contact on an upright
arm fastened at the pivot point betwesan the wheels, and a
printed circult switch with 29 active segments, The
transducer gives a continual measure of the angle between
the base connecting the two slope wheels and the reforence
of the trailer., The slotted disc-photoceli combination
attached to one of the carriage wheels produces command to
sample pulses at 6-inch intervals along the roadway to
obtain data on slope variance.

The profilometcr measures the slope of the road proflie
at regular intervals from which the slope variance is computed.
The egquipment requires calibration and demands the care of
a qualified electronics technician occasionally, Tests are
conducted between 2 and 5 mph, which necessltates a
barricade for redirecting traffic or an escort for
protection, and the results are incorporated in Present
Serviceability Index (PS1) (6, 36, 37, 38) equations.

A larpge percentage of the index is obtained from the
slope variance; however, cracking, patching, rut depth, and

\a



sometimes the texture of the pavement are included in the
equations. Separate equations (shown later in the paper)
are used for rigid and flexible pavements.

F. BPR Roughometer

The road roughness indicator, a single wheel trailer,
developed in the 1930's by the Bureau of Public Roads and
now produced commercially (4,5,6,43), has been used by a
number of highway departments for many vears to evaluate
rcadway roughness. The equipment, now often referred to as
the BPR roughometer, measures the unidirectional vertical
mecvements of the damped, leaf sprung wheel by a mechanical
integrator {a ball-clutch mechanism) as the trailer is towed
along the roadway. Usually the tests are conducted at 20
moh, and the results are accumulated on mechanical or
electronic counters to yield the number of wheel revolutions
(distance of travel) and inches of rourchness, Testing at
this velocity is hazardous especially on modern hish speed
highways. Another disadvantase of the roughometer Is that
the measurements do not define the nature of the rourshness.

G. Hodified Roushometer

Several highway departments (77,78) have madified the
rcughometer with a curiulative tape recorder, an auxiliary
oscillograph, or other equipment. Purdue Research Foundation
has significantly changed the measurement system by means of
a serjes of instrumented beams. 0On a platforr above the wheel,
four beams with natural freauencies of vibration of 7-1/2, 2,
273, and 1/4 cps have been installed eon a breadboard prototype.
The oscillations of these beams are detected electronically
throuagh SB=4 strain gages from the vibraticns coused by the
whesl traveling over the rough rpavement, and the towing
vehicle can be instrumented to obtain the test data on 2
scope, on an analorp tape, or on a magnetic tarc.

Instrumentation has bean completed to measure results
from only one beam at a time. A test is conducted with 2
specific beam at a selected velocity. This vields one data
roint for the power spectral density graph as shown in
Figure 2. (See page 7). To obtain other points, the test is
repeated at different velwcities with the same bheam or with
other beams. Instrumentation fc te be developed which wilil
measure the results from several beams simultanecusly,

The measurement system is protected from disturbance by
wind, rain, and other factors by a cover mounted over the
equipment during testing. From the tests the amplitudes and
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wavelengths of the pavement roughness can be determined.
Actually the tests measure the amplitude of vibration a

the wavelength is calculated from the relatioenship, f =T§—,
in which f is the frequency, v is the velocity and A\ is”the
wavelength. With the first three beams, roughness profliles
as long as 100 feet in wavelength have been obtained. The
longest beam with a natural fregquency of l1/4 cps has
extended the capability of the system to wavelengths of
about 230 feet, Most tests are conducted between velocitles
of 20 and 40 mph.

Prior to installing the beams on the roughometer, the
integrator was removed, the damping cvlinders were
inactivated, and the axle of the wheel was rigidly fastened
to the frame of the roughometer. Even the effect of the
deflection of the tire was removed by electrical filtering
in order that the vibrations of the beams would represent
the true roughness characteristics of the roadway.

Tests have been conducted (11, 12) successfully with
the modified roughometer. Further research will improve
this systert of measurement, and it will then be ready for
implementation.

H. d ligter

Road meters have been built as a low~cost, rapid method
of measuring roadway roughness for inventory purposes.
Tests can be conducted at 50 mph or greater; therefore, an
extenslive road network can be evaluated in a few months.

Roughness measurements (25,26,30,31,34,73,74) are
chtained from the vertical movement of the instrumented
rear axle of an automobile similar to earller measurements
made from the front axle (76); consaquently, they are
vehicle dependent. Furthermore, they are sensitive to the
tvpe of tires, tire pressure, and lecad; vehicle suspension
system and speed of the car; deterloration of the automobile;
and other factors that affect vehicle response.

The instrumentation (25, 34} of the test car is
relatively simple, and the road meter can be installed in a
vehicle with ordinary tools by personnel with mechanical
aptitude. The test data may be graphically collected on a
strip chart from the excursions of the recording pen or may
be accurnulated by digital or electronic counters in
response to the axle movements.



The tests glve comparative values of road roughpess, and
usually the road meters are correlated (27, 28, 29, 32, 33)
with other measurement systems such as the roughometer,
CHLOE, or a profliiometer to allow interpretation of the
data. Correlation checks should be conducted whenever the
tires are replaced, whenever there (s an extended period of
time between tests, and whenever any signlificant change is
made In the test car.

1. Laser Profilograch -

The Air Force Weapons Laboratory, Kirtland Air Force Base,
New Mexico is developlng equipment to measure runway profiles by
means of a laser profilograph. A horizontal laser beam Is
transmitted as a reference from a source near one end of a
runway., A tracker vehicle some distance from the transmitting
source measures the undulations of the pavement as the tracker
slawly moves along the runway, Profiles with wavelengths of
400 feet can be measured with precision as It travels 3 to 5

mph,
11}, CURRENT EQUIPMENT CAPABILITIES

information on measurement equipment is summarlzed
In Tablie 1, and this table glves opportunity for
comparlison of the attributes and operating characteristics
of the equipment.

A. HIi saf

Table 2 provides subjective ratings for the uses of the
measurements. Each piece of equipment listed In the first
three colurmns (the noncontact profiling system, the GMR road
profilometer, and the modif.ied BPR roughometer) is capable
of measurements which can be analvzed to determine the
longltudinal profile characteristics of a roadway for the
range of wavelengths which significantly affect tire
ferces; therefore, each can be applied to hirshway safety
problems as the technology is developed. The influence of
pavement roughness on safety has been analyzed for several
cases (10,64), and current research is being conducted for
other applications, The profilograph yields a description
of iongitudinal pavement profiles over a limited range of
wavelengths. This wavelength limitation makes the
profilograph a poor candidate for development for highway
safety purposes. Road meters can produce strip chart
representations of the relative motion between o vehicle
axle and some portion of the sprung mass of the vehicle,
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typically the deck behind the rear seat. This relative
motion Is not the road profile itself. Therefore, thls device
cannot be used for safety aspects of roughness measurement
wlthout accounting for vehicle motion., The CHLOE and the BPR
roughometer produce single characteristic outputs which are
not directly related to highway s&fety. The straight edge

Is used In establishing construction tolerances and of

course is not an efficlient survey or road inventory tool.

B. Rid ualit

Riding comfort hes received early attention frocm
researchers. Because of this, equipment was desligned with
measurement of rcad riding quality as a principal objective;
hence, most of the equipment listed in Table 2 is capable
of accomplishing this purpose quite well.

C. Pavement Loading

One of the chief inputs in the analysis of dynamic loads
{11, 57, 61, 65) on roadways Is the pavement roughness spectrum.
The equipment listed In the first three columns of the table
hava the capability of providing spectral information:
therefore, they are useful for these analyses. The other
equipment yields only comparative values of road roughness
for the most part.

D. i Pavement Perfo e

An accurate measurement of road profile Is a regulired
input for the purpose of predicting remaining pavement life,
Thus, the noncontact profiling system, the GMR road
profilometer, and the modified BPR roughometer are
candidates for providing this input information Into the
predictive technigues.

Eurther discussion of these applications Is given In
later sectlions of this paper,

iv. NALYS!S OF ROAD ROUGHNESS
A. Con u on Controls
Tolerances of pavement roughness have been included in
construction specifications for several decades, As an

example a specification may limit the variation of the
surface profile to 1/8 of an inch In 10 feet or to

1z



0.01 foot In 10 feet, and compliiance with the regulatlon
can be confirmed by means of a 10-foot stralght edge., A
rolling stralght edge or a profilometer also may be used as
a constructlon controi.

Somewhat better specificatlions have been Incerporated in
the construction contracts as measurement equipment has
become more advanced, Some States specify inches of
roughness per mile, for example.

B. Pavement Serviceabillty~Performance Evaluation

The pavement serviceablility-performance concept (37, 38)
was conceived during the AASHO Road Test. This concept
Iincludes a scale from zero to 5 for present serviceabillity
rating of the pavement.

One method of appralsing a roadway Is to select a panel
to evaluate it., It Is a subjective method, and panel
members individually appraise the roadway by traveling over
it in an automobile at traffic speeds. The members also may
Inspect the roadway in detail. Definitions of terms and
Instructions are given to the panel members prior to thelr
appraisal, and the Present Serviceabitity Rating, PSR, Is a
mean value obtained from averaging thelr evaluations.
Examples are glven in References 37, 38, 39 and others,
Experience has shown that ratings above k.5 are relatively
rare and are obtained only for roadways in unusually fipe
condition, One published paper (39) states, "Primary
highways with PSR's of 2.5 or higher and secondary hlghway
pavements with PSR's of 2.0 or higher are acceptable to the
traveling public."

C. Present Serviceabillty Index

In conjunction with the serviceabllity«performance
concept, Present Serviceability Equations were determined
for evaluating the rcadway. Separate equations are glven=-
one for flexIble pavement and one for riglid pavement:

—_— —

Flexible, PSI = 5,03~1,91 log (1+45V) - 1,38 RD -~ 0.01yC+P
and —_

Rigid, Psl = 5.41-1,80 log (1 + SV) = 0.09VE+P, in which

PS1 Is the Present Serviceability Index,

SV is the mean slope variance {6, 37, 38) in the two
__wheel paths,

RD is the mean rut depth, and

C and P are measures of cracking and patching.
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A texture term (6, 45) may be included In the flexlble pavement
equation which changes 1t sllightiy. Other varlations In the
equations are given In Reference 23.

D. Slgpe Vartance

The variance of the slope, SV, of a loengitudlipal pavement
proflle is the mean squared deviatlon of the slope from its
squared mean, and It s computed from the formula (25, 38),

a A2
SV = 8.46 [%— - (%)}- 3.0, In which

SV Is the slope variance,
Y, Is the (¥ slope measurement, and
N Is the total number of measurements.

The CHLOE may be employed as one method for measuring
slope variance (35, 37, 38).

€. Roughness index

The roughness value, inchez per mile, obtalned from
readings by the roughometer has been defined as the Roughness
Index. Much data have been collected by using the roughometer,
and these data may be Interpreted as comparative values of
road roughness.

They also may be used to approximate the PS! through the
equation (5},

PS1

5.00 - 0.015R ~ 0.14%0 1og R, In which

PS1 is the Present Serviceabllity Index, and
R is the Roughness Index,

Correlation studies (39) have been made between serviceability
ratings cobtalned from the roughometer and from panel evaluations
by means of regression analyslis, and favorable resulits were
obtained for riglid pavements. Roughometer measutrements dld not
yield quite as good predictions of PSI for flexible pavements.
Other comparison results are gziven In Reference 5h4.

F. Pavement Rating
The followlng table has been compiled as a guide for

rlding quality of newly constructed rural Interstate
pavements (L0, 41):
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TABLE 3

Road Roughness Rating Table
(Mewly Constructed Rural Interstate Pavements)

BEPR Roughness Index

Present Flexible Risid
Adjective Serviceabllity Pavement Pavement
Rating Index Inches Per Mile
Outstanding Above 4.8 Below 54 Below 67
Excellent Be5 =~ h,1 54 = 66 67 - 82
Good L.1 - 3.7 66 - 82 82 - 1q0
Fair 3.7 - 3.3 £2 - 102 100 - 121
Poor Below 3.3 Above 102 Above 121

Notice separate columns are given for flexible pavement and
for rigld pavement, and the serviceability indlces assirned
to the adjective ratings are ahove the values quoted From
Reference 39G.

The ?ollowing table along with other considerations has

been used by Maryland as a reference when programming resurfacing
of roadways (L0},

TARLE 4

Guidance for Resurfacing

Htighway Classification BPR Roughness !ndex for Resurfacing

Interstates 165 - 180
Primary and Secondaty 180 - 200
Other Rural 200 ~ 220

It shoutld be emphasized that the criterla and tables
discussed in tke previous paragraphs were developed from
experience and judgment. HNot all State highway departments
necessarily adhere to these criteria. In a number of cases,
they have developed criteria of their own.

For example, Kentucky (42) has conducted testing with

automobiles by determining the vertical accelerations of a
passenger, A roughness index is obtained from these

15



measurenents, and the pavement age and cumulative traffic
influence the results. (See lataer section of the paper for
more detall.)

ldaho (33) adopted the following table to rate pavement
roughness from measurements made by the PCA Road Meter:

TACLE 5

Roughness Rating

jecti ati Ro ness Gount
Very Smooth 0 - 250
Smooth 25C=500
S1ightly Rough 500 - 1000
Rcurh 1000 ~ 2000
Very Rourh Over 2000

Brokav (25) computed the sum of squares of road-car
deviations measured by the PCA Road Meter to compare the
measurements with the slope variance obtained with the
CHLOE, and test results showed that the equipment can be
correlated with satisfactary precision,

MCHPP Report 7 (44) gives various methods of appraising
pavement condition and discusses their merits and the equipment
emploved In conducting the measurements.

G. Power Spectral Density Analysis

The power spectral density analysis of pavement profiles
is one of the current evaluations of longitudinal roadway
rouchriess. 1t may be obtalined from tests conducted on the
highway by the modified rourhemeter, the GME road
profilometer (19), or other equipnent, including the
noncontact probe vhen it is completed, and can be
represented as shown in Figure 2. (See page 7.)

Each data point Is the mezn square amplitude for a
frequency band measured during the testing.

Two analytic procedures (11}, the Indirect Method and
the Fast Fourier Transform Method, are available for
determining power spectra.

Information on the celculations required to compute

curves of this nature is given in References 9, 11, and 13,
and power spectral techniques are discussed in References 7,
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12, and 14. A graph of a roughness power spectrum can be
plotted with the ordinate as the spectral density In feet
squared per cycle per foot and with the abscissa as the
fraquency (Inverse of the wavelength) in cycles per foot.
The roughness spectrum shows the extent to which various
wavelengths In the pavement profile contribute to the
roadway roughness. The area bounded by the curve, the
horizontal axls, and any two selected ordinates represents
the total mean square value of roughness for wavelengths
lying between the two ordinates, The total area under a
power spectrum curve glives the total mean square roughness
of the pavement in feet squared or other comparable units.

H. ude- istributio

A tabular representation of road roughness, the
Amplltude-Frequency Distribution (AFD), (48, 49) has also
been developed for summarizing profile data. The tape
recorded profile signals obtalned from roughness
measurements by the GMR profilometer, the modifled BPR
roughometer, or the noncontact proflling system can be
reduced to tabular form by data processing procedure., FEach
entry in a table (see Figure 3--from Reference L428) gives the
equivalent number of cyclic "bumps' of a given helght
{volts) and wavelength from the measurements. This
analysis shows a distribution of the values for a partlicular
frequency band in contrast to the power spectral density
analysis which shows only a mean value for each frequency
band. The AFD method has not been used as extensively as
the power spectral density analysis, but it wi'l become
better known as engineers recognize its merits,

|. Harmonlec Apnalysis

Harmonlic analysis (58, 75) has also been used in the
Iinterpretation and representation of profile data. 1t is
useful for evaluating periodic or repetitive wave patterns.

J. Data Processing

Data processing and analysis techniques have been
developed (23, 48, 49, 60, 75, 78) to change information
obtalned from roughness measurements to a usable form for
rapld Interpretation. The roughness data may be collected
(62) on magnetlc tape or visual analog tape and converted to
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digital print-out by data processing procedures, I|n some
cases the electronic equipment is mounted con-board to
provide digital results immedliately; whereas, in other
instances the data reduction is completed in a central
laboratory.

K. r r Sinulator

Longitudinal road profile measurements, recorded on
magnetic tape, can be used as inputs to a quarter car
simulator (80)., The computer is programmed to analyze
the roushness data obtained at various speeds, for
example, 20, 40, or G0 mph and simulate a roughness
index. The simulator ls correlated with the BPR
Roughometer seo as to interpret the data with measure-
ments conducted at 20 mph. It can also be correlated
wilith other test equipment to give readouts of jerk,
acceleration, vertical displacement, or tire forces
for a vehicle. The quarter car simulator provides
a method of analysis of road roughness data.

V. APPLICATIOMNS OF ROUGHNESS TECHNQLOGY
A. Highway Safety

Highway safety is dependent upon vehicle steering,
stability, directional control, braking, and skid
resistance, and each of these is significantly influenced by
pavement roughness.

The lateral friction force on a tire is a function of
normal load, camber, and slip angle as weil as of the
vehicle speed and the pavement surface characteristics.
This force is involved in cornering, passing maneuvers, and
vehicle handling. The irregularities of the pavement cause
variations in the normal load on the {ire as the vehicle
travels over the roadway which result in variations in the
lateral force. Dynamic tire forces and their influence on
vehicle handling characteristics have been investipated by
several researchers (10, 11, 12, 16, 17, 64, 71, 72), and
the force increases as the normal load increases but at a
decreasing rate.

Thus, the loss in normal load on the inside wheels of a
vehicle from the tendency to roll due to centrifugal force
during cornering or passing causes a decrease In the lateral
force. A compensating increase in ncrmal load is produced
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on the outside wheels, but as the relationship between
normal load and lateral force Is nonlinear only part of the
lateral force loss Is recovered by the outside wheels,
Therefore, a net loss in lateral force ls experienced during
cornering,

{f the pavement is rough (11, 64) , further loss in the
lateral force occurs from the dvynamic reactions of the
vehicle durlng cornering. Drlvers correct for this effect
by increasing the steering angle. The decrease in lateral
force due to roughness is especially critical when the
driver must complete a passing maneuver quickly to avoid
collision with an approaching vehicle.

If the tire bounces leaving the roadway, the friction
forces are entirely lost instantaneously. [In an extreme
case complete loss of control may transplre and the vehicle
may leave the roadway, coilide with ancther vehicle, or
collide with some other ohject,

The decrease in friction forces due to road roughness is
not restricted to cornering but is similariy experienced on
tangents. Rough pavements cause a loss In braking and
traction forces because of the vartations in the normal load
on the tires as the vehlcle botinces or tends to pitch and
roll from the undulations of the roadway.

The roughness of the road causes vibration of the
vehicle and induces pitching and rolling tendenclies.
Frequencies of the rouzhness induced excitation near the
"tire hep" resonant frequency cause the vehicle dynamice
responses to be intensified and "tire hop" or “freeway hop"
may result. This has a pronounced bearing on directional
control as well as on braking and traction.

The following quotations from a research report
11tustrates the significance of roughness to highway safety.

"Results show simulated roughness amplitude and
frequency to have a strong influence on the average force
available for brakipg: at 0.04 in. and 14 Hz, there was a
30% loss of friction while at 0.71 in. and & Hz, a 90 % loss
was observed.

“The most important conclusion reached is that friction
predictions without road profile consideration can result in
gross errors and may be one of the causes for lack of
correlation of friction data.' (64)
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Frictlon Yoss also occurs and the braking distance Is
Increased further if the pavement is slick from molsture,
ice, snow, or other lubricants. Furthermore the tractlon
varlies from wheel to wheel because the lubrication and
roughness are not uniform which may resuit In Instability or
1oss of directional control. This may induce the vehicle to
go into a spin.

B. R n 1it

Even though an accurate roughness analysis of the
pavement ls obtalnad, this alone is not sufficient to
ascertaln the response or the riding comfort of the vehicle,
The latter s also a functien of the speed, vehicle type,
weight, suspension system, se>. mounts, spring constants,
human sensitivity, and other factors; therefore, the
response and riding quallity will vary from vehicle to
vehicle,

Not only the spectrum of road roughness must be
obtalned, but the characteristics of the vehicle must be
determined to predict vehicle response., One way to
investigate the characteristics of a vehicle Is to
Instrument the rear axle housing as described in Reference
11 and operate the vehicle on several roadways with known
roughness spectra. The excltation of the sprung and
unsprung mass of the car as it travels along the roadways
produces a realistic evaluation of the vehicle frequency
response characterisitics,

In a similar manner, It is possible to determine the
vehlicle characterfstics from a vibrating platform in a
laboratory. Programmed slnusoidal excltations of the
platform induce vibrations to the vehicle comparable to
those of a roadway.

There are also cother techniques (15, 46, L7} for
determining the vehicle response such as measurement
of the tread displacement or the fluctuation of the tire
pressure during travel over rough pavement; however, these
approaches are complicated by changes in temperature.

After the vehicle characteristics and the road roughness
spectrum have been obtained, these are usesd to determine the
force power spectrum (the vehicle response), and Purdue
Research Foundation has determined the dynamic tire forces
as one form of vehicle response. This approach Is
represented mathematically and shown schematically in
Refrerence 11 and elsewhere.
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The subjective method of appraising the riding quality
of a pavement by panel evaluations was discussed in an
earlier section of this paper.

Riding comfort criteria have been expressed in terms of
displacement, velocity, or acceleration, Kentucky (42) has
quantified this reaction by analysis of jerk., Jerk is
defined as the derivative of acceleration with respect to
time, and the magnlitude may be represented in g's (g-
gravitational acceleration) per second. No single parameter
s racognized as the appropriate measure of riding quality.
It depends upon human sensitivity as well as upon the
roughness of the rcad and the vehicle characteristics.

Comparlsons have been made of the relationship between
jerk and th= road roughness at various speeds. Ridins
comfort In the Kentucky tests was determined with passenger
cars and trucks, and, of course, there was a difference
between loaded and unloaded trucks.

Early In the investizations, a triaxial accelerometer (70)
was developed to measurc tihe riding quality of a roadway.
The accelerometer was hung around the neck and rested o the
chest of the observer, and measurements of riding quality
were made with the equipment as the passenger traveled over
the roadway in a vehlcle.

Test results show that bhoth traffic and aze influence
the riding quality of pavements. Detericration from traffic
!s dependent upon the frequency and weight of the vehicles
travelinz the roadway, particularly heavy trucks, and upon
environmental factors, Moisture present in the pavement and
in the foundation of the roadway has a significant influence
on pavenent deterioration and on the development of
roughness. Expansion, contraction, warping, and spring
break-up from freezing and theawing, temperature changes, and
from wetting and drying are some of the principal
environmental effects related to roadway change. Additional
research is needed to quantify riding comfort accurately,

C. Pavement loading
Dynamic reactions of heavy vehicles (Gl) as a result of

pavement toughness can double the static loads of the
vehicles.
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A comprehensive study (57) of the dynamic forces acting
on a pavement from moving loads utilizes mathematical
simulation and dizltal computation to predlct the magnttude
and position of the normal components of dynamic wheel
loads. A natural road profile or a simulated roughness
consisting of bumps with different sizes and arrangements In
"each wheel path Is used as Input to this program. This
model provides a teol to Investigate the 1oading reactions
of the pavement from the operation of heavy vehlcles on a
rough roadway.

Studies on fatigue of brideges from heavy loads are
presented Tn References 55 and 56. The heavy loads in these
studies produce stresses in the roadway that affect the 1ife
of the pavement also.

Alrplane dynamlic wheel ioad effects (69) on runways have
been Investigated by scaled pavements tests, analyses, and
correlation between empirical data and analyses.

D. Predicting Pavement Performange

The performance and service of a pavement are related to
traffic, environment, and roadway roughness.

Extensive nomographs (66) have been developed wlth
Information obtained from the AASHO Rcad Test for estimating
pavement life and serviceability.

Road irregularities cause impact loads from traffic which
increase the stress on the pavement. MHeavy trucks {57, 61, 65)
are especially detrimental in accelerating the deterlioration
when the pavement is faultad, rough, or cracked.

Research has been conducted on determining cumulative
damage and pavement serviceability, and a computer model
{50) (VESYS 11} is being developed to predict serviceabillty
from parameters associated with pavement conditlon and
traffic.

Environmental cycles of wetting and drying, freezing and
thawing, and spring break=-up alons with pavement loading
have a proncunced effect on the life of a roadway.
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vi. ADDITIOHAL ARCH MNEEDS
A. N ontact Profili e

Research now underway lncludes the completlion of the
noncontact profiling systen with validation on the roadway.
This should provide a useful system for evaluating the
tongitudinal profile of the roadway at traffic speeds,

Modifications ta this system or a new system should be
developed to measure the transverse roughness of the roadway
from a moving vehicle. Rutting of the pavement will be
included in these measurements.

BE. Data Reduction Techniqgues

In addition to the measurement of roughness, the data
must be processed, interpreted and applied. There is a need
for further research on improvement of data reduction
technigques -- bLetter methods of reducing the data to useful
form quickly, Additional applications made possible by
rapid interpretation will enhance the value of the
measurements.

C. Vehicle Hdapdling

Further research should be conducted on vehicle
handiing, control, response, and riding comfort as related
to pavement roughness and highway safety. Measurement
techniques should be developed to vield quantified test
results. A simulation model should be programmed which can
be used to determine the vehicle characteristics of any car
traveling the roadways =-- from small vehicles to deluxe
heavy weight cars. The purpose of this simulation is to
obtain information that can be applied with a pavement
rocughness spectrum to predict the vehicle response, the
force power spectrum. Sufficient parameters for each car
should be ideontified to define the vehicle characteristics
when employed as inputs to the simulation. These resuits
will then be extended to the riding auality of the roadway
or to riding comfort,.

Consideration also needs to be given to commercial
vehicles such as buses, trucks, and semitrailers. Such
research would not only provide information on riding
quality of the roadway, but would improve the understanding
of the Influence of rouszhness on heavy vehicle response.



The Federal Highway Administration has plans to
investigate the effects of pavement grooving and finishing
striations on vehicle control, response, and braking. The
grooving is to include channels produced in plastic concrete
by special built machines with vibrators as well as by saw
cuts in hardened pavements.

D. R hness Cri

Finally roughness criteria for varlous roadways are
needed, 1t may be that these eriteria will vary for the
different classes of roads or they may be based on roughness
that can be tolerated for the maximum speed 1imits of the
highway. Correctlive action will be required when these
criteria are exceeded. These values should be determlned
from a broad knowledge of roughness technology coupled with
experience in the real world.
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