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I • I NTBOQUCTI ON

Road roughness refers to an uneven, impaired, or bumpy
roadway. The American Society for Testing and MatericHs Is
defining roughness as liThe deviations of a pavement surface
from a true planar surfa6e with characteristic dimensions
grp.ater than 16mtn;o" to distinguish roughness from pavement
texture.

Road roughness is important because it affects

(1) the safety of individuals using the hiKhway,
(2) the riding quality of the roadway,
(3) the pavement loading, especially the impact

loads from heavy vehicles, and
(4) the re~alnlng service life of the pavement.

The relationship of roughness measurement and analysis
to these factors is illustrated In the flow diagram of
Figure 1. Loss of control is directly associated vdth
vehicle handling and highway safety, and may result from the
condition of the roadway. Pavement roughness, maintenance,
and resurfacln~ influence the serviceability, riding
qUnl ity, impact loading, and the useful life of the hi~hway.

The analysis of impact loading from the dynamic forces of
moving vehicles is achieved through mathematical simulation
and experimentation on pavements (57, 61) .If the roadway
characteristics can be measured and analyzed accurntely, a
systenlatic program of rehabilitation or reconstnJction can
be implemented to provide efficient transportation
facilities.

Roughness technology may be divided into several
aspects, namely, methods of measurQment, analysis and
interpretation of data, and application of the results.
Most of the roughness measurement equipment dlsc~ssed in this
paper relates to the variation in the longitudinal profile of
the highway pavement.

Equipment (1,2,3,4,7) to measure pavement profiles varies
frOM a simple lO-foot straight edge to complex electronically
instrumented vehicles, and includes rolling strair,ht edges,
multIple wheel profilometers, road meters, and roughomp.ters.
These devices are used as construction controls, measures of
pavement roughness, and ne~ns of predictln~ vehicle response
and ridinR comfort.
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The data ar~ collected in units conveni~nt to the
measuring system and gIve only com~arative values in many
cases.

One of the most promising and co~prehensive methods
(9,11,12,13) of evaluation involves the use of power
spectral density analysis. Details of this technioue are
~iven in the cited references. PovlI:,r spectral density
analysis gives the frequency (or w?velength) co~position

of the pavement profi le in tArms of the associ?terl mean
square values of anpl itude.

r.iding quality and vehicle response depend upon the
spep.d of travel, driver behavior, and vehicle
characteristics such as the wei~ht, suspension system,
tires, and the typP. of vehicle as well as upon the roughness
of the roadway. The question has bepn rais~d as to whether
dynarlic tire forces can be used as a criterion of pavement
condition. Certainly the rourhness of the pavement
influences the forces transmitted to the tires and the
response of the vehicle. Dynamic tirp force measurements
(11, 15, 16, 61) have been conducted on hoth passenger cars
and trucks.

Appl ications of roughness technolo~y include safety of
the hi~hway (10); pavement design, condition, and service­
ability (6,14,19,22,23,37,38); and vehicle performance
07, 18, 21, 24, 61).

II. 11EASUREt1EtlT Or: PI\W'-ENT ROUGH~lESS

There are a number of cevices (1) that hnve been
used or are bein.~ developed for appraising hi,;hway
rou~hness; the most important of these will be discussed
briefly.

A. Stra i gh t Edge

The 10-foot straight edge (1) and modifications of it
mounted on wheels have been used for many years as pavement
construction controls and compliance tools. Further
imnrovements produced multiple wheel profilometers of
varyinp; complexity. r~ost of this equipment is operated
statically or at very slow speeds.

B. /lul tiple 1'/heel Profi lometers

Typical examples of multiple wheel equipment are given
in Reference 1, and these have been desi~nated by a variety
of nnmes. California has a profilorraph that is hand

3



propelled, a version that is power driven, and one that is
mounted on a truck. Michigan and ill innis have used this
type equipment, and there are several foreign countries that
have developed multiple wheel units. The profllogram Is a
trace recorded from a rolling wheel of the profilograph
which repre~ents the profile of the roadway. It 15 greatly
condensed in the longitudinal direction. It is necessary to
analyze the trace to determinp. a profile index. Test Method
tlo. Cal ifornia 526E, "Operation of Cal ifornla Profi lograph
and Evaluation of Profiles ll , has been formUlated for
instructions to field personnel using the test procedure.

C. "fIR Road Prof! lorneter

The road profllometer (2, 19, 20, 22, 23, 58, 59, 60,
62) developed by the General Motors Corroratlon, is a modern
system for evaluating pavement surface profiles at traffic
speeds. The equipment is instrumented to sense road
rou~hness by spring-loaded road-followinb wheels mounted
be 1OVI the chass is of a veh i cl e, to pro·ces 5 the measurements
(voltuge si~nals) by an analo~ computer on board, and to
record the data on Ma~netlc or a visual analof, tape. The
tape then can be analyzed and interpreted in a central
laboratory at the engineer's convenience. The profl"lometer
Is capal'le of appraising many miles of hiehway at a rapid
rate with a Minimu~ 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 it bounc~s on a rough road, and the wheel deteriorates
rapidly from the riBorous wear by the pavement. Both of
these irrer,ulariti\"-::s Impair the quality of the mp.asurements.

D. Noocontact Profiling System

A noncontact probe (3) to sense road roughness from a
moving vehicle is being developed by the Federal Hi~hway

Administration. The sensor is an acoustic probe with fixed
and variable sound length paths to determine the distance
between the ins trument and the pavement. 't cons is ts of a
sound generator and receiver facing the road surface so that
the sound transnitted by the generator reaches the receiver
after refl ec t I011 frOI":1 the road surface. I t averages the
reflections over a rectangle on the road surface

4



approximating the size of a tire-pavement contact area. The
time delay o~ the sound wave arriving at the receiver is a
function of the probe height above the surface. Differences
in time delay due to changes in road to probe distances have
been validated in the laboratory and the system shows ~reat

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 circuit to correct for the motion
of the vehicle, and thus pernlit the recordlng of a true
roadway amp 1 i tude prof i 1e. I f the research Is successfu 1,
and we believe it will be, the equipment should provide a
fine tool for determining the longitudinal profile of the
roadway.

E. CHLOE Profilometer

The CHLOE Profi lometer (6, 35, 36, 38) was develol1ed
after the AASHO Road Test to measure the slope variance of
a pavement. It consists of two essential units, the trt'liler
that carries the transducer mechanism and the electronic
computer indicator that accepts information from the trans­
ducer, performs a computation on it, and yields the
results. The 20-foot trailer is comprised of two 8-inch
wheels, 9 inches on center, a roller contact on an upright
arm fastened at the pivot point between the wheels, and a
printed circuit switch with 29 active segments. The
transducer gives a continual ~easure of the angle between
the base connecting the two slope wheels and the reference
of the tral)er. The slotted disc-photoceli combination
attached to one of the carriage wheels produces command to
sample pulses at 6-inch intervals alon~ the roadway to
obtain data on slope variance.

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

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

5



sometimes the texture of the pave~ent 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 ~ureau of Public Roads and
now produced commercially (4,5,6,43), has been used by a
number of highway departments for many years to evaluate
roadway roughness. The equipment, now oft~n referred to as
the BPR roughometer, measures the unidirectional vertical
movements of the damped, leaf sprung wheel by a ~echanical

integrator (a ball-clutch mechanism) as the tr~ller is towed
alonF, the roadway. Usually the tests are conducted at 20
mph, and the results are accumulated on m~chanlcol or
electronic counters to yield the number of wheel revolutions
(distance of travel) and inches of rOUGhness. Testing at
this velocity is hazardous especially on 111C'ldern hi,r;h speed
hi~hways. Another dlsadvanta~e of the roughometer is that
the measurements co not define the nature of the rou~hness.

G. nod i f i ed Rou d10meter

Several hi£,hway departments (77,78) havp m~dlfled the
roughorneter with a cumulative tape recorder, an auxiliary
oscillograph, or other equipment. Purdue R~senrch Founrl~tion

has significantly chanEed the measurement system by means of
a series of instrumented beams. On a platfor~ above the wheel,
four beams with natural frequencies of vibration of 7-1/2, 2,
2/3, and 1/4 cps have been installed on a breadboard prototype.
The oscillations of these beams arc detected electronically
throJ~h Sn-4 strain gages from the vibrations c~used by the
wheel travel ine over the rough pavement, and the towin~

vehicle can be instrumented to obtain the test data on ?

scope, on an analor, tape, or on a maenetic tare.

Instrumentation has been completed to measure results
frOM only one beam at a time. A test is conducted with a
specific beam at a selected velocity. This yjplds one data
roint for the power spectral density graph as shown in
Fip;urc 2. (See page n, To obtain C'lther points, the test is
repeClted at different vehcities \'lith the same beam or vlith
other bea~s. Instrumentation is to be develored which will
r,lcasure the resul ts fror:l several beams si~;ultaneously.

The Measurer'lent systel~l is protected frorl disturbance by
wi nd, ra in, and other factors by a COVf:r ~:lour.teri over the
equinment during tcstin~. From the tests the amplitudes and

6
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wavelengths of the pavement roughness can be determined.
Actually the tests measure the amplitude of vibration an$
the wavelength Is calculated from the relationship, f =~,

In which f is the freQuency, v Is the velocity and ~ is the
wavelength. With the first three beams, roughness profiles
as long a5 100 feet in wavelength have been obtained. The
longest beam with a natural frequency of 1/4 cps has
extended the capability of the sYstem to wavelengths of
about 230 feet. ~lost tests are conducted between velocities
of 20 and 40 mph.

Prior to installing the beams on the roughometer, the
integrator was removed, the damping cyl inders were
inactivated, and the axle of the wheel was ri~idlY 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 roaqway.

Tests have been conrlucted (11, 12) successfUlly with
the mod if i eel roughometer. Further research wi 11 imrrove
th i s systerl of measurement, and it wi 11 then b~ n'>ady for
imp 1ementat ion.

H. Road !1eters

Road l,leters have been bui lt as a low-cost, rapid method
of measuring roadway roughness for inventory purposes.
Tests can be conducted at 50 mph or ~reater; therefore, an
extensive road network can be evaluated in a f~w months.

Roughness measurEments (25,26,30,31,34,73,74) are
obtained from the vertical movement of the instrumented
rear axle of an automobile similar to earlier measurements
made from the front axle (76); cons~quently, they are
vehicle dependent. Furthermore, they are sensitive to the
type of tires, tire pressure, and load; vehicle suspension
system and speed of the car; deterioration of the automobile;
~nd other factors that affect vehicle response.

The instrumentation (25, 34) of the test car is
relatively simple, and the rOnd meter can be installed in a
vehicle ~Ji th ordinary tools by personnel with mechanical
aptitude. The test data may be graphically collected on a
strip chart fron the excursions of the "recording pen or may
be accumulated by di~ital or electronic counters in
response to the axle movernents.

8



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

I. laser PrQfj lQgragh

The Air Force Weapons Laboratory, Klrtlnnd Air Force Base,
New ~1exico Is developing 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 transmittin~

source measures the undulations of the pavement as the tracker
slQwly moves along the runway. Profiles with wavelen~ths of
400 feet can be measured with precision as It travels 3 to 5
mph.

III. CURRENT EQUIPMENT CAPABILITIES

Information on measurement equipment is summarized
In Table 1, and this table gives opportunity for
comparison of the attributes and operating characteristics
of the equipment.

A. Highway Safety

Table 2 provides subjective ratings for the uses of the
measurements. Each piece of equipment listed in the first
three columr.s (the noncontact profi ling system, the mm rOC1d
profllometer, and the modif.ied BPR ro.ughometer). is canilble
of measurements which can be analyzed to determine the
longitudinal profile characteristics of a roadway for the
ranee of wavelengths which significantlY affect tire
for~es; therefore, each can be appl ied to hiRhway 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 longitudinal pavement profiles over a limited ranRe of
wavelengths. This wavelength limitation makes the
profilograph a poor candidate for development for hiv.hway
safety purposes. Road meters can produce strip chart
representations of th€ relative motion between ,J vehicle
axle and some portion of the sprung mass of the vehicle,

9
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typically the deck behind the rear seat. This relative
motion is not the road profile Itself. Therefore, this device
cannot be used for safety aspects of roughness measurement
without accounting for vehicle motion. The CHLOE and the BP?
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 efficlent surveyor road inventory tool.

B. Riding Quality

Riding comfort hes received early attention from
researchers. Because of this, equipment was de51~ned with
measurement of road riding quality as a principal 'objectlve;
hence, most of the equipment 1 isted 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
Cl', 57, 61, 65) on roadways Is the pavement roughness spectrum.
The equipment listed In the first three columns of the table
have the capabi 1 jty 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. Predicting Pavement Performance

An accurate measure~ent of road profile 15 a required
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 techniques.

Further discussion of these applications Is given In
later sections of this paper.

IV. ANALYSIS Of ROAD ROUGHNESS

A. Construction 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
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0.01 foot In 10 feet, and compliance with the regulation
can be confirmed by means of a lO-foot straight edge. A
rolling straight edge or a profllometer also may be used as
a construction control.

Somewhat better specifications have been incorporated In
the construction contracts as measurement equIpment has
become more advanced. Some States specify Inches of
roughness per mlle, for example.

B. Pavement Serviceability-Performance Evaluation

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

One method of appraising 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 their
appraisal, and the Present SerViceability Ratin,e:, PSR, is a
mean value obtained from averaging their evaluations.
Exanples are given in References 31, 38, 39 and others.
Experience has shown that ratings above 4.5 are relatively
rare and are obtained only for roadways in unusually fine
condition. One publ ished paper (9) states, "Primary
highways with PSRl s of 2.5 or higher and secondary highway
pavements with PSR's of 2.0 or higher are acceptable to the
traveling publ ic."

C. Present Se rv i ceab 11 Ity Inde~

In conjunction with the serviceabtl tty-performance
concept, Present Servlceabil ity Equations were determined
for evaluating the roadway. Separate equations are given-­
one for flexible pavement and one for rigid pavement:

Flexible, PSI = 5.03-1.91 log (l+SV) - 1.38 RD~- O.Ol~
and

Rigid, PSI = 5.41-1.80 log (l + SV) - 0.09/c+p, In which

~ I Is the Presen t Serv i ceab 11 i ty Index,
SV is the mean slope variance (6, 37, 38) In the two
_whee 1 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 flexible pavement
equation which changes It slightly. Other variatIons In the
equations are gtven In Reference 23.

D. .sIQpe Yarta~

The variance of the slope, SV, of a longitudInal pavement
prof tIe Is the mean squared devIation of the slope from Its
squared mean, and It Is computed from the formula (35, 38);

SV • 8.46 [it - (~J]- 3.0, In which

SV Is the slope variance,
VL Is the i tll slope measurement, and
N Is the total number of measurements.

The CHLOE may be ~mployed as Qne method for measuring
slope vartance (35, 37, 38).

E. Roughness Index

The roughness value, Inche~ per mile, obtaIned 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 tQ approxImate the PSI through the
equation (5),

PSI = 5.00 - O.015R - 0.140 log R, In which

PSI is the Present Serviceability Index, and
R is the Roughness Index.

Correlation studies (39) have been made between serviceability
ratings obtaIned from the roughometer and from panel evaluations
by means of regressIon analysIs, and favorable results were
obtained for rIgid pavements. Roughometer measurements did nQt
yield quite as gOQd predIctIons of PSI fQr flexible pavements.
Other comparison results are given In Reference 54.

F. Pavement Rating

The followIng table has been compiled as a guIde for
riding quality of newly constructed rural Interstate
pavements (40" 41):
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TAnLE 3

Road Rou~hness Rating Tablp.
OJewly Constructed Rural Interstate Pavements)

P-PR Roughness Index

Present \ Flexible Ri,rd d
Adjective Serviceability Pavement Pcwempnt
Rating Index Inches Per ~\ ill'!

Outstanding Above 4.5 Bel 0\'1 54 Bel (WI 67
Excellent 1+.5 .- 4.1 54 - 6{j 67 - 82
Good 4.1 - 3.7 66 - 82 82 - 100
Fair 3.7 - 3.3 82 - 102 100 - 121
Poor Below 3.3 Above! 102 Abovl'! 121

Notice separate colul1lns are given for flexible pavement and
for rigid pavement, and the serviceability indices assi~ned

to the adjective ratlnr.s are above the values quoted from
Reference 39.

The following table along with other considerations has
been used by r-laryland as a reference when programming resurfacing
of roadways (~O).

TABLE 4

Guidance for Resurfacin~

Ilighway Classification BPR Roughness Index for Resurfacing

Inters tates
Primary and Secondary
Other Rural

165 - 180
180 - 200
200 - 220

It should be emphasized that the criteria and tables
discussed in tre previous para~raphs wer~ d~veloped fro~

experience 2nd judgment. Not all StC'te hip:hwaY departments
necessarily adhAre to these criteria. In a number of cases,
they have developed criteria of their own.

For example, Kentucky (~2) has conducted testin~ with
automobiles by determining tll~ vertical accelerations of a
passenger. A roughness index is obtained fron these
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measurenents, and the pavement age and cumulative traffic
Influence the rp.sults. (Sec later section of the paper for
more detail.)

Idaho (33) adopted the followlne table to r~te pavement
roughness from measurements made by th~ PCA Road Meter:

TAGLE :2

Roughnes s Rat 1nrr

Adjectiye Rating

Very Sf/lOoth
Smooth
~~l I r;ht 1y Rough
Rcur;h
Very Rour;h

Roup;hnpss Q.Q.!.!..:::l.t

o - 250
250-500
SOD - 1000
1000 - 2000
Over 2000

Brokm'J (25) compu ted the sur, of squares of road-car
deviations measured by the PCA Road Meter to compare the
measurpments with the slope variance obtained with the
CHLOE, and test results showed that the equipment can be
correlated with satisfactory precision.

tlCIlPY Report 7 (44) elves various methods of appraising
pavement condition and discusses their merits and the equipment
e~ployed In conductln~ the measurements.

G. Power Spectral Denslty Analysis

The power spectral density analysis of pavement profiles
is one of the current evaluations of longitudinal roadway
rou~hness. It may be obtained from tests conducted on the
highwClY by the modified rour:horneter, the Gr1R road
profilometer (19), or other equi~~ent, including the
nonCOll tact probe 'fJhen it Is compl eted, and can be
representp.d as sho\'in in Figure 2. (Sep. page 7.)
Each data point is the mean square amplitude for a
frequency band measured durin~ th~ tp.sting.

Two analytic procedures (11), th~ Indirect Method and
the ~ast Fourier Transform Method, are available for
d€termining power spectra.

Information on the calculations 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 tn feet
squared per cycle per foot and with the abscissa as the
frequency (Inverse of the wavelength) In cYcles per foot.
The roughness spectrum shows the extent to which various
wavelengths In the pavement proftle contribute to the
roadway roughness. The area bounded by the curve, the
horizontal axis, 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 gives the total mean square roughness
of the pavement In feet squared or other comparable unIts.

H. Amplitude-Frequency pistrlbution

A tabular representation of road roughness, the
Amplitude-Frequency DistrIbution (AFD), (48, 49) has also
been developed for summarIzing profile data. The tape
recorded profile signals obtained from roughness
measurements by the GMR profilometer, the modified BPR
roughometer, or the noncontact profilIng sYstem can be
reduced to tabular form by data processing procedure. Each
entry in a table (see Figure 3--from Reference 48) gives the
equivalent number of cyclic "bumps II of a given height
(volts) and wavelength from the measurements. This
analysis shows a distribution of the values for a particular
frequency band in contrast to the power spectral density
analysis whlch 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 wl'l become
better known as engineers recognize its merits.

I. Harmonic Analysis

Harmonic analysis (58, 75) has also been used In the
Interpretation and representation of profile data. It is
usefUl for evaluating periodIc or repet1tive wave patterns.

J. pata Processing

Data processing and analysis techniques have been
developed (23, 48, 49, 60, 75, 79) to change information
obtained from roughness measurements to a usable form for
rapid Interpretation. The roughness data may be collected
(62) on magnetic tape or visual analog tape and converted to
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Figure 3. Amplitude-Frequency Distribution.
(From Reference 4B. See Reference 49 for
other examples.)
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digital print-out by data processing procedures. In some
cases the electronic equipment Js mounted on-board to
provide digital results immediatelY; \'Jhereas, in other
instances the data reduction is completed In a central
laboratory.

K. Quarter Car Simulator

Longitudinal road profile measurements, recorded on
magnetic tape, can be used as inputs to a quarter car
simulator (80). The computer is pro~rammed to analyze
the rou~hness data obtained at various speeds, for
example, 20, 40, or 60 mph and simulate a rou~hness

index. The simulator Is correlated with the BPR
Roughometer so as to interpret the data with measure­
ments conducted at 20 mph. It can also be correlated
with 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. AfPLICATIONS OF ROUGHNESS TECHNOLOGY

A. Highway Safety

Hi~hway safety is dependent upon vehicle steering,
stability, directional control, braking, and skid
resistance, and each of these is slenificantly Influenced by
pavement roughness.

The lateral friction force on a tire Is a function of
normal load, camber, and slip angle as well as of the
vehicle speed and the pavement surface characteristics.
This force is involved in cornering, passing maneuvers, and
vehicle hand1 !ng. The irregularities of the pavement cause
variations in the normal load on the tire as the vehicle
travels over the roadway which result in variations in the
lateral force. Dynamic tire forces and their I~fluence on
vehicle handl ing characteristics have been investi~ated by
severa 1 researchers <l0, 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 centrifueal force
during cornering or passing causes a decrease In the lateral
force. A compensatine increase in normal 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 is experienced during
cornerIng.

If the pavement is rough (ll, 64) , further loss in the
lateral force occurs from the dynamic reactions of the
vehicle durIng cornering. Drivers 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 transpire and the vehicle
may leave the roadway, collide with another vehicle, or
collide with some other object.

The decrease in friction forces due to road roughness Is
not restricted to cornering but is similarly experienced on
tangents. Rough pavements cause a 10S5 in braking and
traction forces because of the variatIons in the normal load
on the tires as the vehicle bounces 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 roll ing tendencies.
Frequencies of the rou0hness induced excitation near the
"ti rc hop" resonant frequency cause the vehi cl e dynami c
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
Illustrates the slgniffcance of roughness to highway safety.

"Resu 1ts shm·J 5 imu 1ated roup;hness amp 1 i tude and
frequency to have a strong influence on the average force
avaiiab1e for brakinr.: at 0.04 in. and 14 Hz, there was a
30% 1055 of friction while at 0.71 in. and 6 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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Friction loss also occurs and the braking distance is
increased further if the pavement is slick from moisture~

ice, snow, or other lubricants. Furthermore the traction
varies from wheel to wheel because the lubrication and
roughness are not uniform which may result In instability or
toss of directional control. This may induce the vehicle to
go Into a spin.

B. Riding Quality

Even though an accurate roughness analysis of the
pavement Is obtain€d, this alone is not sufficient to
ascertain the response or the riding comfor.t of the vehicle.
The latter Is also a function of the speed, vehicle type,
weight, suspension system, se~~ mounts, spring constants,
human sensitivity, and other factora; therefor~, the
response and riding quality will vary from vehicle to
vehicle.

Not oniy the spectrum of road rouehness must be
obtained, 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 excitation of the sprung and
unsprung mass of the car as it travels along the roadways
produces a realistic evaluation of the vehicle frequency
response characterisitlcs.

In a simllar manner, it is possible to determine the
vehicle characteristics from a vibrating platform in a
laboratory. Programmed sinusoidal excitations of the
platform induce vibrations to the vehicle comparable to
those of a roadwaY.

There are also other techniques C15, 46, 47) 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 used to determine the
force povser 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 schematica1ly In
Reference 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 magnitude may be represented in g's (g­
gravitational acceleration) per second. No single parameter
is recognized as the appropriate measure of riding quality.
It depends upon human sensitivity as well as upon the
roughness of the road and the vehicle characteristics.

Comparisons have been made of the relationship between
jerk and th~ road roughness at various speeds. Ridin~

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 investigations, a triaxial accelerometer (70)
was developed to measure the riding qual ity of a roadway.
The accelerometer "'Jas hung around the neck and rested on the
chest of the observer, and measurements of riding quality
were made with the equipment as the passenger traveled' over
the roadway in a vehicle.

Test results show th~t both traffic and a0e influence
the riding quality of pav~ments. DeterioratIon from traffic
is dependent upon the frequency and weight of the vehicles
travelin~ the roadway, particularly heavy trucks, and upon
environmental factors. P~isture present ir the pavement and
in the foundation of the roadway has a significant influence
on oavenent deterioration and on the development of
roughness. Expansion, contr~ction, warpin~, and sprin~
break-up from freez! ng and th<:'vti n[;, ternperatll re changes, and
from wetting and drying are some of the principal
environ~ental effects related to roadway chan~e. Additional
research is needed to quantify riding comfort accurately.

c. Payemeo t Lo ad i ng

Dynamic reactions of heavy vehicles (61) as a result of
pavement roughness 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 digital computation to predict the magnitude
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 tool to investigate the loading reactions
of the pavement from the operation of heavy vehicles on a
rough road\'Iay.

Studies on fatigue of bridges froM heavy loads are
presented in References 55 and 56. The heavy loads in these
studies produce stresses In the roadway that affect the life
of the pavement also.

Airplane dYnamic wheel load effects (69) on runways have
been investigated by scaled pavements tests, analyses, and
correlation between empi-rical data and analyses.

D. Predicting Pavement Performgnce

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

Extensive nomoeraphs (66) have been developed with
Information obtained from the AASHO Road Test for estimatln~

pavement life and serviceability.

Road irregularities cause impact loads from traffic which
Increase the stress on the pavement. Heavy trucks (57, 61, 65)
are especially detrimental in acce"leratlng the deterioration
when the pavement is faUlted, rough, or cracked.

Research has been conducted on determining cumulative
damage and pavement serviceabll ity, and a computer model
(50) (VESYS II) Is being deve10ped to predict serviceability
frOM parameters associated with pavement condition and
traffic.

Environmental cycles of wetting and drying, freezing and
thawing, and sprinR break-up along with pavement loading
have a pronounced effect on the life of a roadway.
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VI. AUPITIONAL RESEARCH NEEDS

A. Noncontact Profiling System

Research now underway I ncludes the completion of the
noncontact profil iog syst~n with validation on the roadway.
This should provide a useful system for evaluating the
longitudinal profile of the roadway at traffic speeds.

Modifications to 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.

8. Rala Reduction Techniques

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
techniques -- better methods of reducing the dnta to useful
form quickly. Additional applications made possible by
rapid interpretation wi 11 enhance the value of the
measurements.

c. Ydl.i.cle ;-iaodl in!!;

Further research should be conducted on vehicle
handl ing, control, response, and riding comfort as related
to navement roughness and highway safety. Measurement
techniques should be developed to yield quantified test
results. A simulation model should be rrof;rammed which can
be used to determine the vehicle characteristics of any car
traveling the roadwaYs -- from small vehiclp.s to deluxe
heavy weight cars. Th~ purpose of this simulation is to
obtain information that can be applied with a pavement
roughness snectrum to predict the vehicle response, the
force power spectrum. Sufficient paramp.ters for each car
should be identified to define the vehicle characteristics
when employed as inputs to the simulation. These reSUlts
will then be extended to the riding quality of the roadway
or to ridln~ comfort.

Consideration also needs to be given to commercial
vehicles such as buses, trucks, and semitrailers. Such
research \'/ould not only provide information on riding
qutll i ty of the roadway, but wou 1d improve the understand i np;
of the influence of rou~hness on heavY vehicle response.
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The Federal Highway Admlnlstrathn 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. Royghness Criteria

Finally roughness criteria for various roadways are
needed. It may be that these criteria will vary for the
different ciasses of roads or they may be based oh roughness
that can be tolerated for the maximum speed limits of the
highway. Corrective action will be required when these
criteria are exceeded. These values should be determined
from a broad knowledge of roughness technology coupled with
experience in the real world.
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