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FOREWORD

This work was conducted for the Directorate of Military Construction, Oftice of
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Task 04, “Military Airficld Facilities,” Work Unit 10, "Condition Indicators for
Militiry - Pavements.” The OCE  Techaical Monitor was A, F.  Muller.
DAEN-MCE-D. The principal investigator was Dr. E. L. Marvin, U.S. Army
Construction Engineering Rescarch Laboratory (CERL).

The findings were reported and documented by Drs. M. Y. Shahin and M. L.
Darter of the Facilities Enginecring Branch, Facilities Engineering and Construction
Division. CERL. During this research, R. L. Larson was Branch Chief and E. A. Lotz
wis Division Chief.

Appreciation is expressed to the Air Foree Weapons Laboratory (AFWL) for pro-
viding information about its on-going rosearch in pavement roughness and skid
resistance and to the ULS. Army Waterways Experiment Station (WES) for its infor-
mation about pavement Raneronal performance.

COL M. D. Renas is Commanders Director of CERL and Dr. L. R. Shafter is
Deputy Direetor,
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PAVEMENT FUNCTIONAL
CONDITION INDICATORS

1 INTRODUCTION

Objective

Ihe purpeose of this report is to wdentiby the signitt-
cantindicators of pavement functional performance,
to summarize the state of the art of measuring and
evaluating these indicators, and to develop prelimi-
neey concepts for incorporating funcuonal consider-
dtions into the dife-cvele pisement systems program
U TFE2 Qeveloped by the U S0 Army Construction
tngmecring Research Laboraary (CERL).

Background

I he tunctional reguirements of pavements include
providing a comtortable and safe ride to pavement
users throughout the pavement’s initial life and
between repairs toverlays). (The term users refers 1o
the aireraft Mlight crew and passengers for airficlds,
and to automobile drivers and passengers for high-
WS

Lite-cyele design analvsis of military pavements is
not totally effective unless functional performance
and related economic effects are considered in addi-
tion 1o the structural integrity analysis. The major
mdicators o tunctional performance  roughness
and skid resistance—are deseribed in detail herein,
Pavement mamtenance and repair are also functions
of both structural integrity and functional perform-
ance: henee both must be considered if one is to pro-
vide optimum life-cvele strategies.

Approach

Sources of intormation used in developing this
report were the authors” experience; references pro-
vided by the Hichway Research Information Service
(HRS). Detense Documentation  Center (DDC),
National Acronauties and Space Administration
(NASA). National Technical Information Service

o Willmer, B McManus, and E. Marvin, User Munual tor
HIFELD Computer Program. Techmeal Report $-28 (U.S. Army
Comtiucnion Engaeering Research Laboratory JCERL], 1974),

L. Manvinand P. McManus, Lite Cyele Analvsis of an Air-
tield Pavement Facduy, Unpublished Report (CERL. 197.3).

(NTIS); and additional published information. On-
going research projects of various agencies were ilso
reviewed.

2 FUNCTIONAL CONDITION INDICATORS

The major purpose of a pavement is to provide a
surface that meets the functional needs of its users
over a specific time period. Functional performance
is defined as the trend of the level of service provided
10 the pavement users throughout the initial life of
the parement and between repairs (overlays).

Functional requirements of users include such
factors as speed. comtort. safety, appearance, and
convenience, Thus a tunctional pavement is one
that, for a specitied (or desired) range in speed. pro-
vides @ safe and comfortable ride. The functional
performance of a pavement is clearly a user-oriented
consideration in contrast to the structural, distress-
oriented consideration. Some relationships do exist,
of course, between functional and  structural
performance. For example a crock, which is a form
of structural distress, may form in a pavement
surface but may not atfect functional performance
until it causes roughness which the user can “'feel” or
which creates an unsafe condition.

The factors of maintenance and repair also enter
into the broad tunctional requirements, in that a
pavement under maintenance or repair may be
cither partially or completely out of senvice for a
time, and hence not providing service to the user.,
User delay and increased vehicle operating costs due
to maintenance or repair operations are major prot-
fems tor both runways and high-volume highways.

Because of the increased performance level of
operating vehicles, functional condition indicators
are becoming increasingly important to the pave-
ment engineer. He must identify functional condi-
tion indicators for two reasons:

I. To evaluate the function:! condition of
in-service pavements to determine existing and
future maintenance and repair needs.

2. To accurately compare various pavement
designs in an initial analysis ot their life-cycle costs.

Functional condition indicators measure the user
requirements previously listed. The most significant
indicators that have been identitied are:

l. Roughness



2. Skid reststance and hydroplaning

3. Anpearance

4. Maintenance and rehabilitation expenditures*
S. Foreign objects on surlace.

‘This list does not include all possible Tunctional
condition indicators. For instance, rutting in the
wheel path can be asafety hazand during heavy rain,
since it increases water depth in the wheel path,
which may lead 10 hydroplaning. Another type of
paveriient detcioration that aiay be considerad @
functional indicator is disintegration.  Ailthough
sielnoe diinepration cap  eatise roughness  the
resulting loose material can also be a signiticant
safety hazard and a source of excessive maintenance
to aircraft engines.

Due to the limited nature of this project, only the
two most significant functional performance indi-
cators—roughness and skid resistance—are con-
sidered in detail

ROUGHNESS EVALUATION
AND MEASUREMENT:
STATE OF THE ART

Roughness is defined as irregularities in the pave-
merd surfeee that sdsemely alleet pidde Qualily,
safety, and vehicle maintenance costs. A state-of-
the-art evaluation of pavement roughness related to
functional performance is presented. Information is
provided for both highway and airfield evaluation.
Included in the discussion are factors influencing
roughness, methods of roughness characterization,
and measurement equipment.

Factors Influencing Roughness

Pavement surface irregularitics, or “roughness,”
actually consist of multifrequency random waves
with many wavelengths and amplitudes. Pavement
roughness occurs from two sources: surfice irregu-
larities that are built into a pavement during con-
struction, and surface irregularitics that develop
after construction due to traffic load and environ-
awicntal fTects buch as swedling subgradicd over the
life cycle of the pavement.

FFhose arc tisted as fauctioaal coudition indicatons boeause e
user's taxes are used for maintaining the pavements. and exces-
sive mgintetimane bl eehabiinatioe aeivivies isootivenionse b
users by delaying and interrupting traftic.

12

Coustruction Effects

Newly constructed  pavements  exhibit varying
amounts of roughness even though they usually ntust
nicet soime type of smoothness critecion (such as less
than % in. irregularity in 12 0. Obviously this type
of specitication cannot completely control the level of
roughness gquality needed tor high-capacity facilities.

The Kentucky Department of Transportation nus
mieasuted roughness of nicwly constracted pavemenis
for several years. The initial roughness of 177
pejects ax shobn in Figaee 1 dlesteates the quiin
that not all new construction is adequately smooth,
and that some projects have a significant degree of
built-in roughness.

Traffic and Environmental Effects

Since pavement material propertics such as resili-
cney amd strength vary greatly along any given
project, 343 averall responsc under trattic toad—such
as deflections, rutting, and subgrade consolidatio
—ilso shows significant random variation. The
greater the variability of materials, density, mois-
ture, ete., the greater the rate of localized failure
along a given project—and hence increased rough-
ness. S Repeated 1raflic loads soem i cause grimarily
refatively short pavement wavelengths. The disinte-
gration of a pavement surface can also contribute 1o
short wavelength roughness.

Environmental effects such as random swelling or
shrinking suograde and trost heaving, as well us con-
solidation of the subgrade, also contribute to pave-
ment roughness. Environmental factors seem to
cause primarily the relatively long pavement wave-
lengths.

Yo B. Sherman, fu Site Muarerials Variabilin, Spedad Ropnat
126 (Highway Rescarch Board, 1971).

‘M.L. Darter and W.R. Hudson, Application of Probabdistic
i mmeiy o $leniblic Pavesrent Viaten Tlewgn Hivearch Mepan
123-18 (Texas Highway Depariment, 1973).

SR.K. Kher and M.1. Darter, Probabilistic Applications (o
AASHO luterim Guide for Design of Rigid Pavement Structures.
HRR 466 (Highway Research Board, 1973).

*ML.1. Darter, Probubilistic Application 1o Rigid Pavement
Structures, Paper presented at ASCE Specialty Conterence on
Protssliilisticc Aeppliemtiom w - agiweet (g Uslar e Uninpnidis,
1974).
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Figure 1. Histogram of initial roughness index values for 177 newly constructed flexible and rigid pavements.
(From R.L. Rizenbergs et al., Puvements Roughness: Measurement and Evaluation. HRR 471 [Highway Re-

search Board, 1973]. pp 46-61.)

Characterization of Roughness

Several indicators have been used to characterize
pavement roughness or surface irregularities. Each
of these characterization techniques is  now
described.

Roughness Index

The term roughness index has been applied to
both the sum of vertical deviations of a pavement
surface profile over a specitied distan.:e, and the sum
of vertical deviations between a vehicle body and
axle. It can be measured in units of inches of dis-
placement per mile, or in units of centimeters per
kilometer, but gives only a single statistic for rough-
ness characterization of a given pavement. The term
has been used rather loosely in the past. and several
ditferent types of measuring devices are commer-
cially available. Since these devices actually measure
different parameters, each gives a difterent rough-
ness index for the same pavement profile. One
device, the profilometer, measures surface vertical
deviation as the difference between the road-
following wheel and the profilometer trame, which is
supported by widely spaced wheels (see Figure 2).
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This displacement can be accumulated to give a
“roughness index™ over a length of pavement and is
influenced somewhat by the spacing and number of
the profilometer support wheels. The speed of the
profilometer is usually no greater than 3-S5 mph,
causing few, it any, dynamic vibration effects.

A roughness index also can be determined by a
roughometer, as shown conceptually in Figure 3.
The displacement measured here, which is the
difference between the road-following wheels and the
vehicle body. can be accumulated to give a *“‘rough-
ness index.” This accumulated displacement, how-
ever, depends on factors such as the dynamic spring/
damping characteristics and the speed of the vehicle.

The sum of profile deviation can also be deter-
mined if the pavement surface profile is known at
closely spaced intervals (i.e.. 6 in.). This would give
the truest “roughness index™ since it would be
independent of equipment type, speed, or dynamic
characteristics of the test vehicle. Figure 4 shows
examples of roughness indexes determined with a
profilometer for an asphalt concrete surface and a
Portland cement concrete surface. The roughness
index values range from 1 in./mile to 225 in./mile
for these pavements and equipment.
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Slope Variance

Pavement slope is defined as the vertical deviation
between two points on the surtace profile, divided by
the distance between the two points. Therefore, if
the elevations of consecutive points along a pave-
ment are known, the slopes of the lines between
these points can be determined over a length of pave-
ment. Slope variance can be calculated by the
following equation:

i=n B
sV ='Xl X;-X)¥(n-1)
|=

(Eq 1]

where SV =slope variance
X; =the ith slope measurement
n = number of slope measurements
X = mean slope measurement, (XX;/n).

Slope variance will obviously depend on the spacing
between the consecutive points along the pavement.

The slope variance technique was developed at the
AASHO Road Test (1958-1960), and equipment is
available to measure this indicator. A schematic of
the profilometer developed at the AASHO Road Test



SAMPLES OF PROFILOGRAMNS
SHOWING GOOD AND BAD PAVEMENTS
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Figure 4. Examples of roughness indexes for various pavements determined by a profilometer-type device.
(From W.I. Liddle ctal.. Evaluation of Pavement Serviceability on Urah Highways, Interim Report 1969 {Utah
Highway Department, 1969}
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is shown in Figure S, This instrument continuously
records the angle (denoted by A) formed by the line
of the support wheels (G and H) and the line (CL)
that connects the centers of two wheels (1) spaced at
9 iN.7 The slope variance must be cateulated fron,
these data. (A typical slope record is shown in
Figure 6.) Other equipment that gives a direct 1ead-
out of slope varignee is deseribed later,

DIRECTION OF TRAVEL ——>

G PAVEMENT M
SURFACE

Figure S. Schematie of profilometer used o deter-
mine slope at AASHO Road Test. (From The
AASHO Road Test: Report S—Pavement Resecrch,
Special Report 61-E [Highway Rescarch Board,
1962].)

SLOPE RECORD

DISTANCE f ECORD

A A
K ONE FOOT ON PAVEMENT
TRANSITION <— TEST SECTION
—_——d

FOR -ROUGH PAVEMENT

FOR SMOOTH PAVEMENT

Figure 6. I'vpical profile record ot sfope. tFrom The
AASHO Road Test: Report S—Pavement Research,
Special Report 61-E [Highway Rescarch Board,
1962].)

"Hhe AASHO Road lest Report S--Pavement Research,
Special Report 611 (Highway Research Board, 1962).

As with the roughness index method, cnly a single
statistie, i.v., slope variance, can be obtained to
characterize an entire section of pavement. The
slope variance statistic does not include long wave-
lengths.

Wavelength” Amplitude Characteristics

The analvsis of actual profiic wavelength. anapli-

tde characteristics of pavements as an indicator of

rosighness began in the carly 1900°s and 18 currently
being studied by several agencies. The development
and use of the wavelength7amplitude indicator was
initially siow because of the difliculty of obtaining
accurple profiles (inadeguate equipment), and the
complexity of quantitative analvsis of the profile.
Bk diffiestties have e been largely overtome
with the development of better equipment and
computer capability.

At least three wechniques have been developed for
analyzing profile data. One technigue, power spec-
iral analysis, has been used by several investigators
to characterize pavement profile wavelengths and
amplitudes. The power spectral density (PSD) func-
tion ot a profile can be calculated from cither analog
or digital duta processing. Figure 7 is a PSD plot for
two runway pavements, showing log of power versus
fog of frequency, I {reciprocal of wavelength). The
PSD tor PU) ordinate can be thought of as the
mean-square amplitude that occurs at a particular
frequency or wavelengih. 8rickman and others 83
found that the relationsinip between log Pif) and log
frequency (1) s approximately linear lor highway
and airport pavements. Fherefore. it P(f) represents
the PSD of a particular frequency £ (or wavelength,
L=1 0. the average amplitude, A, for this fre-
queney can be calealated as follows:

A=2VPD A [Eq 2|

Therefore, the ordinate of the PSD represents e
mean-square height of the pavement roughness (of
amplitude; corcesponding to specitic wavelengthe.
Figure 8 is a prot of average vecticai rise, 2A, v

SAD. Brickman, 1L.C, Wambold. and J R, Zimmerman. 4n
Ampluude-Frequeney Description of Roud Roughness. Special
Report 116 (Highway Rescarch Board, 1974),

L Coleman and AW, Hall Implicutions of Recent Investi-
gations on Runway Koughness Creaenia, Paper presented 1o
AGARD, NATO, Paris (1963).
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winelength, 11, obtained by applving Fquation 2 to
data published in Walker and Hudson 19 This tigure
illustrates that & mean amplitude can be caleulated
for specified waselengths and that the longer the
wavele igth, che larger the mean ampluuade for this
profile. A complet: mathenunical derivation ¢f the
PSD technique and Equation 2 4 given in the
appendix.

Figure 9 illustrates the etteet of wavelength and
amplitude on driver subjective response. This plot
shows mean PSID sversus wavelength for sevecal pave-
ments with serviceabilities ranging trom high to jow,
subjectively rated by a panel. Ay pavement wave-
length increases from O 1o 90 ft, the mean power (or
mean amplitude) also inereases for any given present
serviceability rating (PSR). The PSR values shown
here were determined at a speed of S0 mph. Also, for
a given wavelength, as the mean power increases, the
subjective  serviceability  rating of  the  panel
decreases. These data clearly show that pavement
wavelengths and amplitudes are refated to the sub-
jective roughness that a highway driver or passenger
experiences.,

The PSD technigue provides o specirum of statis-
ties for a given pavement profile. Use of this spec-
trum of information was tound by Wilker and
Hudson!! 1o provide a better indicator of pavement
serviceabihity as judged by the highway user than a
single statistic such as slope variance or roughness
index. However, it is somewhat ditficult (e grasp the

coneept of power and to determine cutical himits of

PSD. Ihe PSD approach 1o characterizing rough-
ness has definite shortcomings, as Brickman e al.
states:

In determnme PSDL tor example. an avonagine tochmgue
v used 1o establish the power fevel within o trequency
band. It the amphitudes of these trequenoy components are
relativedh constant through e, the PSD s o reasongbly
truthtul measure of the random signal Buo i e et a
tew very gh amplitude bursts are wcompanicd by many
Jow level ones. PSD obsceures the true sttuation M

PRS Walker and W.R. Hudson, The Use ot Speciral k-
muates tor Pavement Churactenzanon, Res arch Report 150-2
WCenter tor Highwas Research, Unnversity o Texas at Austin,
[RARY]

BRAS Walker and W.R Hudson, The Use of Spectral Esu-
mates for Pavement Characterization

RAD. Brickman et al.. Analvsis of Pavement Profile (Pennsyl-
vania Department o Fransportation, 1969, p 15

The PSD curve indicates an o crage  roughiess
amplitude at a particolar frequency or wavelength,
Theretore, & knowledge of the PSD curve alone is not
cnough todetermine whether the mean amplitude of
puower is the result of a few large irregularities or
many small irregularities. timiting values for PSD
functions were suggested by Coleman.?? The lower
dashed line of Figure 7 indicates a roughness level
which he recommends should not be exceeded by
new construction, and the upper dashed line repre-
sents a level at which runway roughness has become
excessive,

Huichinson also concludes ay follows:

Ihe apparent mability of the poawer spectra to discern
between the relative levels of roughnuess of aivport ruaways
is not oo surprising since the power spectral density fune-
tion represents o gencral impressien of the roughnes
associited with the various wavelengths over the length of
the runway. Thus, it cannot distinguish between roughness
due to a few high amplitude distortions, and that due 10
many low amplitude distortions of the same wavelength M

In light of these limitations. other characterization
technigues have been proposed. Brickman et al 1536
proposed a method for examining both ampiitude
and  wavelength  distribution.  The amplitude-
frequency distribution. or AFD. is « technique that
displays road roughness as a tabular array showing
- uth height and wavelengzth of surface irregularities
(see Figure 10). Specitic features of the method are
as follows:

1. The AFD wbulation is a method ot repiesenting the
roughness profile of a roud surface 1 a quantitative was: It
not only shows what cach wavelength contnibutes to the
overall roughness but also gives the distnibution of rough-
ness heghts assoctated with each amiplitude.

2. The AFD of a roughness signal can be computed eice-
tronically by using standard analog components for fiiter-
ing. comparing, and counting. The precision of the conm-
puted AFD s greatly aftected by the shape tactor of the
fiiter.

SLL, Coleman and A.W., Hall, Implications of Recent Invesn
gattions on Runway Roughness Criteria. Paper presenied o
AGARID, NATO, Pans (1963).

“B.G. Hutchinmon, Analysis 0! Roud Roughness Recordy by
Power Spectral Deasity Techmgues, Fingl Report Noo 104
(Department of Highwavs, Ontario, Canada, 19651, p 2(0).

BA.D. Brickman ¢t al.. Analvsis of Pavement Prjile

¥A.D. Brickman, J.C Wambold, and J.R. Zimmcerman, An

Amplitude-Frequency Dewenprion of Road Roughness, Special

Report 116 (Highway Research Board, 1974).
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Lo The coumr salues appearing m the AFD tabulation
relate theoretically to the PSD of the road profile, and dis-
crete vidues of roughness PSD can be computed trom the
AFD counts.

4. By reducing the roughness profile of o road to o 1able of
hewghts and wavelengths, the AFD table describes the
cquivatent phvsical appearance of i road surface in 4 more
understandable way than PSD.V

YAD. Brickman, }.C. Wambaold, and L.R. Zimmerman, An
Amplitude-Frequeney Description of Road Roughness, Special
Report H6 tHighway Research Board, 1974), p 66,
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A methad that has been proposed for increasing
the usetulness of the power spectral density analysis
is the use of digital filtering of the road profile data,
Walker and Hudson conclude:

Faltening techmgoes oller wnother anabysis ool i which
the amphitudes oF seleeted wanvelength bands can be
olviersed as o tunction of distance, thas permitting more
localized examinations of the true average amphitude
variations '

Filtering technigues provide a plot of filtered profile
amplitude versus distance. A plot of filtered and
nonfiltered profiles is shown in Figure 11.

Acceleration

Acceleration has been used as an indicator of
pavement roughness for both highw ays and airfields.
The occupants of aireraft ana cutomobiles as well as
the vehicle itself are subjected to various accelera-
tions (vertical, fore and aft, and side to side) as the
vehicle traverses a pavement. Higher accelerations
result in greater passenger discomfort, although
other factors such as frequency and exposure time
also contribute to human discomfort.!? Accelera-
tions in the body of an automabile or aircraft can
also cause structural and vehicle instrumentation
damage (to electronic instruments, for example).

Vertical acceleration on highway pavements has
been measured by the Kentucky Department of
Transportation since the 1930°s. Several approaches
to the analysis of the acceleration measurements
were attempted??-21.22 by mounting accelerometers
on different locations such as the vehicle's seat or the
passenger's chest. At present. instrumentation has
been developed to automatically sum the vertical

WR.S. Walker and W.R. Hudson, The Use of Spectral Esti-
mates for Pavement Characterization, Rescarch Report 156.2
tConter for Highway Rescarch, Universiy of Texas, 1973, p 34,

BCM. Harris and C.F Crede, ahock und Vibration Hamd-
hook. 3 Vols (IMcGraw-Hilt Book Company, inc., 1961,

OR.L. Risenbergs. Acoelerometer Method of Riding —-Qualny
Testing. Interim Report KYHPR-64-25 (Kentuchy Department ot
Highways, 1965).

BR.L. Rizenbergs et ul., Pavement Roughness: Measurement
and Evaluation, HRR 471 (Highway Research Board, 1973).
pp 46-61.

2LE. Gregg and W.S Fov, Tnaxid Acecleration Anahes
Applied to the Evaluation ot Pavement Riding Qualites, HRB
Proceedings, Vol 34 (Highway Rescarch  Board.  195%),
pp 210-22),
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accelerations measured over a pavement section,
With a typical full-sized passenger automobile
traveling at 51.5 mph as the test vehicle. the sum of
vertical accelerations and time clapsed during the
test are used to compute an index of roughness,
Examples of typical oscillographic acceleration out-
puts for relatively smooth and rough pavements are
given by Rizenbergs.? To date. Kentucky has
obtained acceleration measurements on over 200
pavements, which are being periodically retested.
These measurements are uscd to evaluate quality of
construction, to quantity rates of deterioration, and
to identify causes of distress.? Kentucky has set
limits on the various levels of roughness index deter-
mined from the acceleration measurements for
acceptable and nonacceptable pavements, as shown
in Figure 1.

Progress in measuring and predicting vertical
accelerations in aircraft traveling on runways and
taxiways has been significant. Varicus aircraft
instrumented with accelerometers have taxied over
runways while rthe vertical acceleration  was
measured at points on the aircraft frame such as the
cockpit, center of gravity, and tail. 3 Vertical
accelerations up to + 1g in the cockpit were found on
some runways. Also, computer programs have been
developed to model the aircraft. runway interaction;
this can be used to estimate the vertical acceleration
at various points in the aircratt. One program,
developed by the Boeing Company in 1967 for a B-52
aircraft, predicted measured acceleration fairly well,
but required hours of compurer time as well as large
amounts of detailed aircraft data.?” Another pro-
gram, developed by the Lock heed-Georgia Company
i 1970 for simubating the - 140 neol i vwdr o poke-
ment, required less than one hour of computer time
and less aircrafi data.?*

BRL. Rizenbergs, Accelerometer Method of Riding --Quality

Testmg, Interim Feport KYHPR 6425 (Kentucks Department of
Highwavs, 1965).

HR.1.. Rizenbergs et al., Pavement Roughness Measurement
aund Evaluation. HRR 371 'Highway Rescarch doard, 1973),
pp 46-6l.

BW. Horn. Private Communicanon (VW aterwass Experiment
Station |WES|, 1974).

#G.8B. Hutton, Uneven Runways Encountered by Subsomic Jet
Transport Awrcraft During Scheduled Airhine Qperations. Tech-
nical Report “20898 (Roval Aircraft FEstablishment. 1972).

D.A. Quade. Location of Rough Areas of Rumways jor a B-52
Aircrapt, AFFDL-TR-67-175 (The Boeing Company, 1968).

#C.K. Bunerworth and D.E. Boozer. C-14]/A Computer Code
tor Runway Roughness Studies. AFWL-UR-70-71 (AFWL, 1970).
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A gencralized aircraft runway model capable of
simulating any aircraft traversing a4 runwayv pave-
ment was  recenidy  develeped by Gerardi and
Lohwasser of the Air Foree F ight Dynamies Labora-
tory. The mathematical model, called the TAXI
code, requires less than two minutes on o CDC 0600
computer to simulate a typical aircraft tani or take-
oft operation.?® ‘Fhe nrovram reguires several casily
obtatnable aircratl parameters as mput. A compari-
son of measured and calcalued vertical aceeleration
for three aircratt shows diftercoces of about 0 per-
cent, ¥ However, Sonneaburp (CERE, University of
New Mexicos, in his work jor ihe Air Force Weapons
Laboratory {AFWL)., concludes that it is possible 1o
tune the code for specific types of aircratt to obtain
better agreement. ¥

An example of measured and computed accelera-
tions is shown in Figure 12. The acceleration versus
distance plot along a runway (.~ highway) can be
very usetul in locating arcas causing excessive accel-
erations, which can then be smoothed out. Use of the
acceleration method can thus be very usefu! in
extending the functional lite of a pavement before a
major rehabilitation is required. Significant rescarch
in this area is being conducted by Sonnenburg under
contract with AFWI..#

A limiting acceleration of 8.3 L been suggested
by Harris and Crede. ¥ The curve in Figure 13 shows
human tolerance vibration crite: ia as determined by
Harris and Credc as a function of frequency and
acceleration. Since the great majoritv of aircraft
vibrations are less than about 12 eps. a single limit-
ing value of 0.4g appears reasonable. Measurced
accelerations and fraguencivs in the cockpits of tan
aircraft on (wo Air Force bases +.¢: so shown on the
plot. Gerardi and Lohwasser report that in both
these cases the pilots reported  excessive  crew
member discomfort.

BAG. Gerardi and ALK, §obwasser. v Digital Computa
Program tor Asrcralt Runwas Roughness Studws.”™ Fhe Shock
and Vibration Bulletn. Mo, 40 (Part 20 (Navad Rescarch Fabora
ton, 1973),

BCK. Butterworth and D

BP.N. Sonnenburg, Determunation o Runway Roughoess
Criteria, Lotenim Report 1o AFWE (107°4)

RPN, Sonnenburg, Detersunation or Runway  Roughoess
Criteria

BCM. Harris and C 1 Crede, Stk and Vebeation ol
hook, 3 Vol tMcGraw -Hill Book Company, e, 1%01),

HA G, Gerardi and A K. Lobwasser, A Digial Computer
Program tor Aircraft Runaav Roughness Studies

Hougen
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Figure 13. Human tolerance vibration criteria.
(Adapted from A. G. Gerardi and A. K. Lohwasser,
Computer Program for the Prediction of” Aircraft
Response to Runway Roughness, AFWL-TR-73-109,
Vol | |[AFWL, 1973].)

Absorbed Power

Extensive studies into human vibrational toler-
ance levels by the Mobility Systems Laboratory, U.S.
Army Tank Automotive Command (ATC) led to
development of the absorbed power concept. ATC
concluded that time-averaged values of absorbed
power correlated well with human subjective comfort
and were the most descriptive parameter to predict
the loss of mental and physical ability of an individ-
ual to control a vehicle.?® Lins concludes the follow-

ing:

Attempts to characterize vibration severity objectively
usually invalve measurements of the accelerations to which

BW.F. Lins, Human Vibration Response Measurement, Tech-
nical Report No. 11551 (U.S. Army Tank—Automotive Com-
mand. 1972).
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asubject is exposed. Such measurements cannut be simply
correlated  with subjectae response criteria,  however,
beeanse perceived Cibration severity is s complicated fuee
ton of both treueney and smplitude of vibration.

A review of literature shows that subjective human
tolerance level is a tunction of several facton such as
acceleration, time of exposure, frequency. and
environment. Y3394 The effect of both frequency
and acceleration on human vibrational tolerance is
shown in Figure 13.

Absorbed power represents the rate of flow of
energy imo a vibrating body. It is defined as the time
average of the product of force and velocity to which
a body is subjected. It can be calculated in the time
domain from the following expression:*!

e T
P=lm.f 0[ F()V(t)dt [Eq 3]

T—=o

where: P = average absorbed power
F(t) = force on subject
V(t) = velocity of subject
T =averaging time interval,

Since instrumentation limitations make it imprac-
tical to measure this force except in the laboratory, a
transfer function which relates force to acceleration
is used. The acceleration of a subject can easily be
measured as a function of time, and absorbed power
can then be calculated.42:43.44

An important characteristic of absorbed power is
that it has physical significance and therefore can be
measured as well as computed analytically. (Meas-
urement equipment is described fater in this report.)
An example of absorbed power measurement s

“W.F. Lins, p 4

YC.M. Harris and C.E. Crede. Shock and Vibration Hand-
book. 3 Vols (McGraw-Hill Book Company, Inc., 1961),

BW.F. Lins

BC.K. Butterworth and D.E. Boozer. C-14[A Computer Code

tor Runway Roughness Studies, AFWL-TR-70-71 (AFWL, 1970).
“R.A. Lee and F. Pradko. ‘‘Analytical Analysis of Human
Vibration,” SAE Transactions. Vol 77, Paper 680091 (1968).
“YW.F. Lins
“TW.F. Lins
4C.K. Butterworth and D.E. Boozer
“R.A. Lee and F. Pradko
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Figure 14. Absorbed power and vertical accelerations determined in the cockpit of B-727 on a runway at a
major U.S. airport. (From W. Horn, Private Communication [Waterways Experiment Station, 1974].)

shown in Figure 14. Both absorbed power and verti-
cal acceleration in the cockpit of a B-727 aircraft are
shown as a function of time for a runway at a major
civil airport in the United States. Vertical accelera-
tions are shown to exceed the 0.4g level at several
locations and even to exceed lg at three locations.
Absorbed power also shows very large magnitudes
and at one location exceeds 20 watts. For off-road
vehicles, the ATC determined a human failure level
(when the driver jo:t control of the vehicle) of 6 watts
of absorbed power regardless of the associated accel-
crations or frequencies;*® it can be scen that this level
is exceeded at several locations along this particular
runway. Lee and Pradko suggest that the physical
surroundings in which the vibration occurs have a
strong influence on the acceptable absorbed power
level:

For example, an upper acceptable absorbed power for

automobile ride may be 0.2-0.3 watts. 1f one were to ride in

v

SW_F, Lins, Human Vibration Response Measurement. Tech-
nical Report No. 11551 (U.S. Army Tank—Automotive Com-
mand, 1972).
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an automobile above this level, the opinion would very
likely be that the ride is rough. and the vehicle uncomfort-
able. On the other hand, the upper acceptable limit for
off-road vehicles may be 6-10 watts . . 46

Hence, the measurement of absorbed power for each
application allows a comparison on an absolute
scale.

Another important advantage of absorbed power
is that it is a scaler quantity; therefore, the power
determined in various directions such as fore-aft,
vertical, and side-to-side, can be added together to
give total absorbed power into a human.

The concept of absorbed power as an indicator of
runway roughness is presently being investigated at
the E. H. Wang Civil Engineering Research Facility
at the University of New Mexico, under contract with
the Air Force Weapons Laboratory (AFWL).47 A

“R.A. Lee and F. Pradko. “Analytical Analysis of Human

Vibration,”" SAE Transactions. Vol 77, Paper 680091 (1968).
4’P.N. Sonneburg, Determination of Runway Roughness Cri-
teria, Interim Report to AFWI1 (1974),

e ae saa
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Figure 15. Serviceability rating form used at the
AASHO Road Test.

computer program foi calculating absorbed power
as a function of time has also been written at the
Waterways Experiment Station (WES). The plan is
to use the TAXI code (previously desceribed) along
with a given pavement profile to estimate airerafi
acecleration, and then caleulate absorhed power
experienced by aireraft passengers.

Although considerable work remains in develop-
ment of the absorbed power method, it appears to be
a very promising technique.

Human Evaluation

A pavement’s “ride quality” can be evaluated sub-
jectively by the users—the automobile and aircraft
occupants. The human response approach basically
involves pavement users riding over a pavement in a
vchicle at a specified speed and rating the ride
quality according to their opinion of the vibrating
environment. This subjective response, or psycho-
logical impression, can be rated according to a scale
such as "very poor,” “poor,” “fair,” *‘good.” or
“very good.”” The mean subjective rating given to the
pavement by all users is termed the present service-
ability rating (PSR).

The pavement serviceability concefat was devel-
oped for highway pavements at the AASHO Road
Test and first reported by Carey and Irick.“® A
similar concept was developed concurrently by the

“OW.N. Carcey and P.E. Irick, The Pavement Serviceability—
Performance Concept, Bulletin 250 (Highway Research Board,
196n)).
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Figure 16. Performance rating {oim used by the
Canadian Good Roads Association.

Canadian Good Roads Association (CGRA;, 99505182
The rating form used by an individual rater at the
AASHO Road Test is shown in Figure 15; the rating
form developed by CGRA is showa in Figure 16. At
the Road Test, the individual raters were allowed not
only to ride over the pavement, but also to walk the

“Canadian Good Roads Association, *"Manual on Pavement
Investigations,” Technical Publication No. 11 (CGRA, 1959).

Canadian Good Roads Association, Paveinent Design and
Evaluation Committee, “Pavement  Evalnation  Studies  in
Canada.” Proceedings, International Conference on Structural
Design of Asphalt Pavements (Umversity of Michigan, 1962),

$iCanadian Good Roads Association, Pavement Design and
Evaluation Committee. A Guide to the Structural Design oy Flexi-
ble and Rigid Pavements in Canadu (CGRA, 1965).

SCanadian Good Roads Association, Pavement Design and
Evaluation Committee, “Field Performance Studices of Flexible
Pavements in Canada,” Proceedings, Second International Con-

Serence on Structural Design of Asphalt Pavements (University of

Michigan, 1967).



length of the pavement and visually examine its
surface. This procedure led Hutchinson to conclude:

. that rating cftorty at the Road Test were direeted
toward obtaining subjective estinites ! the pavaioent dis-
tortion and deterionation, and ool o obraming estinates of

e A
ihe sulgeciing eapainns o b Gaoling !

However, the regression equations developed to pre-
dict the subjective user rating showed mcasured
longitudinal roughness as by far the most significant
parameter affecting subjective user evalnation,

Hutchinson deseribes some specific characteristics
of subjective pavement roughness evaluation:

Hie Tiding \||nu;!. alford st by @ Paiticann Paveniet
section is a subjective experience and must be measured as
such, The absolute riding quality is not & unigue subjective
characteristic but depends on the interrelationship of the
pavement roughness, vehicle, and vehicle occuponts, An
absolute scale of viding quality would require the establish-
ment of absolute levels of subjective expericnee that result
from particular vibrational environments,®

Therefore, a user's subjective rating of pavement
ride quality (or relative index of roughness) depends
on many factors other than individuai rater differ-
ences. While individual ditterences can be somewhat
diminished by using the mean rating of a iarge group
of raters. vehicle characteristics and speed are also
very important factors. A pavement may have rough-
ness characteristics such that its quality is rated rela-
tively high at 20 mph but relatively low at 70 mph.

Three major systematic rating errors have been
recognized in subjective rating:

I. ‘The error of leniency which refers to the constant
tendency of a rater to rate too high or too low for whatever
Teasons.

2. The hato effect w hich refers to the tendency of raters 10
force The rating of 4 paraculab aiibuie v the ditecaon of
the overall impression of the object rated.

3. The error of central tendeney which refers to the fact
ot Faters Rstate 4o give oxremie frigmemts of sbimel
and tend to displace individual ratings toward the mean of
the group.’

$18.G. Hutchinson. Principles of Subjective Rating Scale Con-
struction. HRR 46 (Highway Research Board, 1964), p 62,

“B.G. Hutchinson, Principles of Subjective Rating Scale Con-
struction, oY

B.G. Hutchinaon, Principles of Subjective Rating Scale Con-
struction, pp bh3-64

These problems tend 10 diminish the reliability of
subjective evaluation if the rating system is not prop-
erly designed. Also, the subjective evaluation does
not give information on structural dasmage or com-
ponent failure of the vehicle. Tts value is, of course,
that it is a direet assessment of the usory” waluation
of the Jevel of service provided by ihie pavemend,
Also, it may be that the miost eritical Bimuation iy
human tolerance. Vehicle struchal or componem
failures may be insigniticant as iong as pavement
ride quality is aceeptable to a majority of veers,

The subjective evaluation of highwiay pavements
has been correlated with quantitative roughness
measurements. Prediciive regression equations for
fedble and Hg‘l‘ﬂ PAVEIRENTE wWLIT JOy IO e
AASHO Road Test (0 esiimate the users’ subjective
present serviceability rating {vom chjeciive measured
pavement surface data. The estiniced veting s
called a present serviceability index (2Si) to distin-
guish it from the actual, subjectivcly estimawa PSR,
However. it must be remembered ths 257 i an eti-
mate of the true PSR vaiue. The AASHT aicacl is as
follows:

PSI=C+AR.+-E,D,+ B,D, IEq +
where C = coetticient (5.00 tor fexikic povemen
and 5.41 for rigic povemoitt,

A, =coefficient (-1.91 and - .30 jor derible
and rigid pavements, tespectively)

R, =function oi profii: rougwness  (log
[1439), where SV = mean slojie variance
from CHLCE profilomeier)

B, = coefficient (-1.38 for ficxible aad U for
rigid, respectively)

D, =function of surlace ruiting (D% where
RD = mean rut depih slong pevement;

B, =coefficient (-0.01 for {lex:nie and -C.09
for rigid)

D, = tunction of suriace deterior: ion iy TP,
where C+P =amout o cracking (in
lineur teei for rigid cnd square 1201 for
Hexible: anG patchingg = me: are oo mer
i.000 (12 of pavemeny).

The accuracy of these modeis car o2 judged by the
following statistics:

Flexible: R? = 84% (multiple corrciation cooiti-
cient)



Se = 0.38 (standard error of estimate of
PSR)
Rigid: R? =92"%
S =0.32.

Further work by Yader and Milhous$® provided
extensive correlations between various equipment
measurements and subjective panel ratings.  Their
results showed that the standard error in predicting
panel ratings from cquipment measurement alone
was only Mightly larger than when pavement condi-
tion factors were included (uch as eracking, patch-
ing, ele.).

Similar regression equations to predict the subjec-
tive present serviceability rating from measured
pavement data were developed by the Texas High-
way Department in 1968.57 Similar R? and standard
error of estimates were obtained. It was also deter-
mined that a model! containing only slope variance or
roughness index explains about 67 percent of the
mean rating panel’s opinion (R? =67 percent).5*

Walker and Hudson developed a regression model
using profile wavelength/amplitude characteris-
tics. 59 The basis for this model can be seen in Figure
9, which shows the relationships between power,
wavelength, and PSR. The form of the equation is as
tollows:

PSR = By + B,X, + B,X, + B)X,+ .. B\XN [Eq 5|

where B; = the linear model coefficients determined
trom regression, and
X; =the average amplitude for ith wave-
length.

For this regression model the R? was 0.89 and the
standard error of estimate was 0.33, which indicates

885, Yoder and R.T. Milhous. Comparison of Different
Methads of Measuring Pavement Condition. NCHRP Report No.
7 {Highway Rescarch Board, 1964).

YEreddy 1. Roberts and W. Ronald Hudson. Pavement
Serviceability Equations Using the Surfuce Dynamics Profilom-
cter, Research Report 73:-3 (Center for Ylighway Research, The
University of Texas at Austin, 19705,

SR.S. Walker and W.R. Hudson, The Use of Spectral Esti-
mates for Pavement Characterization, Rescarch Report 156-2
tCenter for Highway Rescareh, University of Texas al Austin,
1973).

PR.S. Walker and W.R. Hudson, The Use of Spectral Esti-
mates for Pavement Characterization
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that it can be used 10 estimate the users’ subjective
PSR with about the sume accuriacy as the models
that include the pavement surfuce deterioration
characteristics of rutting, cracking, and patching.
This modet has been used extensively—and success-
fully-—by the “Texas Highway Department to esti-
mate PSR. This work shows that it is possible to
accurately estimate the subjective user rating or serv-
iccability of a highway pavement it the wavelength
amplitude characteristies ol the longitudinal prolile
of the pavemient are determined by the power spee-
tral density techmque. Prediction of PSR using only
slope variance or roughness index is fess aveurate,

The devetopment of subjective evaluation tech-
niques tor runway pavements has not paralleled tha
for highways. Subjective evaluaiion techniques are
available only from a limited study conducted by
Steitle,® which developed rating forms for obtaining
pilots® evaluations of runway pavements (Figures 17
and 18). Actual ratings of two runways at Dallas
Love Field were obtained from about ) airline
pilots. As can be seen in Figures 17 and 18, the basic
AASHO rating scheme of five categories was used
for cach evaluation criterion. Typical rating results
obtained for takeoffs on Runway 31R are shown in
Figure 19. Profile measurements were made on both
Love Field runways using the Surface Dynamics
Profilometer.

Steitle suggests two methods for analyzing the
pilots’ subjective ratings and the measured runway
profiles. One approach is to determine the effect of
cockpit accelerations on the pilots” ratings. Cockpit
accelerations along the runway ciun be determined
for cach aircraft using the TAXI Code computer
program and the runway profile. A possible tech-
nique would be to determine a single summary
roughness indicator, such as average absorbed
power, to correlate with the pilot rating. A regression
cquation might thus be developed which would
relate absorbed power to the pilots’ subjective evalu-
ation of a runway.

Another approach is ‘0 determine the profile
amplitude/wavelength characteristics of the pave-
ment through power spectral analysis and develop a

8 avid C. Stentle, Development of Criteria for Airport Runway
Roughnesy Evaluation, MS Thesis (Phe University of Texas at
Austin, 1972).
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TAKE - OFF

PILOT'S NAME AIRPORT NAME
AIRLINE NAME TYPE OF AIRCRAFT
SURVEY USED TIME

LOCAL CONDITIONS
pay [J wNeHT (O wer [OJ omry [J wino

DIR. 7 VEL.
VE I ALLTY
ACCEPTABLE [] uNDECIDED [J UNACCEPTABLE [

v L T
VERY VERY
GOOD G000 FAIR POOR POOR

|
| 2 3 4 s

PREMATURE LIFT - OFF
vo O possey O vesO

LONGITUDINAL LOCATION OF PREMATURE LIFT-OFF OR T/0 ROTATION
(INDICATE ON A SKETCH IN SPACE BELOW)

PORPOISING

VERY VERY

I urne| SOME AVERAGEl MUCH MUCH

0 ] 2 3 4 5

ROLL 3
VERY VERY =
LITTLE, SOME , AVERAGE, MUCH MUCH g
MMMMM (@]
(o) i 2 3 4 L e
OBJECTIONABLE COCKPIT ACCELERATIONS §
NUMBER OF S
ALL VERY VERY ®
UNOBJECT, FEW SOME | MANY I MANY l z
o) ] 2 3 4 5 g
MAGNITUDE OF £
ALL MOSTLY MOSTLY MOSTLY MOSTLY @

UNOBJECT | MILD MODERATE, STRONG ; SEVERE

(o] ! 2 3 4 5
Figure 17. Pilot’s subjective roughness rating form. (From David C. Steitle, Development of Criteria for Air-
port Runway Roughness Evaluation, MS Thesis [The University of Texas at Austin, 1972).)
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P

INSTRUCTIONS

The rating form provides one side for take-off information and one side
for landing information, as indicated on the form. The initial infor-
mation to be filled in at the top of eifther side is self-explanatorv.
However, for "Type of Aircraft", the specific model is desired, such as
R727-200 Stretch or DC-9-30. (heck marks should be placed in appropriate
boxes. And, where a lonpitudinal location is requested, a sketch such

as the ones below 1s appropriate.

LONGITUDINAL LOCATION OF TOUCHDOWN (Indicate of a sketch in space helow)

3 = =%

LONGITUDINAL LOCATION OF PREMATURE LIFE-OFF OR T/0 ROTATION
(Indicate on a sketch in space below)

X X
3LR > X \\

4-8-5000 \ \

The information desired from the sketch is the portion of the runway
used in the maneuver. Also, feel free to indicate on the sketch areas
of roughness, waviness, etc. For the items which have a scale from
zero to five and the "LATERAL LOCATION OF TOUCHDOWN' scale, a vertical
line through the appropriate value i1s desired such as is indicated bv

the arrows below.
VERY / VERY
IlJTTLE I SOME |AVERAGE|| MUCH i MUCH l
PROPOISING 0 | 2 3 4 5
LATERAL LOCATION LEFRJFDGE CENTER, RT FDGE
. ) S S 3 1 . i L4 i i 1
O "IONEHNOHN 75 60 40 20 0] 20 40 60 75

Finally, space is provided on the right of the sheet for any remarks
which you think mav be appropriate.

Figure 18. Pilot’s subjective roughness rating instruction sheet. (From David C. Steitle. Development of
Criteria for Airport Runway Roughness Evaluation, MS ‘Thesis | The University of Texas at Austin, 1972].)
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OVERALL RIDING
AMRPELANI OVERALL RATING QUALLTY
IX 910 o Acceptable
I st 13 Aceeprable
H = o0 1. Aceeptable
K727 LIRS Umicee plabie
W27 45 Undeduded
[ I SRy Uniceeptable
B 72 o 38 Aveeptihle
B0 RE1) l\k'\'l'l)'.]hl('
B 2T 20 LR Unicceprabice
B =27 N Ui pabic
LI/} ] 4.5 Unacceprabie
B 727 0 So Unacerprable
B 07 MK 2t Aceeptable
B."07 ns Aceeptable
B 707201 3.5 L accepabie
B-707- 201 18 L naceeprabic
(U 4.0 Unacieptable

Figure 19. Pilot’s rating data tor take-oft on Runway
MR, Love Field, Dallas. (From David C. Steitle,
Development of Criteria for Airport Runway Rough-
ness Evaluation, MS ‘Thesis [ The University of Texas
at Austin, 1972}

predictive maodel similarly to the way in which Equa-
tion § was developed. to relate pilot subjective re-
sponse to pavement profile characteristics. Even
from an examination of the limited data obtained by
Steitle, it seems probable that to achieve an accept-
able level of accuracy a difterent model would be
needed for cach aircraft type.

The subjective evaluation of a pavement's ride
quality, and therefore its index of roughness, has
definite advantages and disadvantages. Possibly its
greatest advantage is that it gives a direct user-
evaluation of the functional serviceability of a pave-
ment. Tts greatest disadvantage is that human re-
sponse to vibrational environment is highly variable
and, therefore, the rating panels must be large if
reasonable serviceability ratings are to be obtained.

Roughness Measurement Equipment

Several types of equipment systems presently
available are capable of measuring roughness
and/or processing the datz to provide roughness
indicators previously described. The equipment can
be classitied into systems that measure (1) pavement
surface profile, (2) axle/vehicle body displacement,
(3) acceleration and absorbed power, and (4) slope
variance. Table 1 lists the equipment described in
this section.
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Table |

Summary ol Major *Roughness* Measurement Equipment

FPAMVEMENT PROBILE MEPASUREMENT
(PROE T ONMETERS)

a0 Preciss Feselne
B Sutbace Dvannes Profilometes
AR WH et thalilomcrer
dOANEWIE Lo deotilomere
”U“IH;,' Staghtedy
t Bosh Road Reseaach Laberatary Prohitogriph

ANLT BODY DISPEACENENT
NaEASEREMENT sROLGHOME T RN

A0S Buveau o Pubtie Roads Roaphometer
b ¢\ Roadome et
N de Mo

POACCEEERATTON ABNOREED POWER MEASURFMENT

o Kentucks DO Vvecaeromater
b Absorbed Powet N

VARIANCE N A UREMENT

a4 CHEOE Problomcter
Progile Measuriag Equipmeni

1. Precise Leveling (ll:V L) The actual pave-
ment surface profile can be obtained by using precise
feveling techmques, o method that has been used
often in airport runway rescarch. Before nertial-type
profilometers were developed, this was the only
method for obtaining wectrate profile dawa. The
accuracy of measurenent depends upon the type of
level and rod and the sievevinge technigues. Probably
the most satistiactory procedure consists of setting
bench marks along the cdge of the runway with pie-
cise leveling instruments (to an accuracy of =0.001
f0. and thea obtaining the actual profile elevations
with normal leveiing instruments. This provides pro-
file accuracy of better than » 0.01 1.9

The profile daia must usually be adjusied by
removing the natural grade belore the data can be
used to determine such indicators as power spectral
density. This tecanique obviously requires much
time and manpower, but can result in accurate
profiles.

2. Surface Dynamics Profiiometer (SDP): This
incrtial-type profilometer, initially developed by

SW.H. Rayner and M.O. Schimidt. Surveving Elementary and
Advanced (D. Van Nostrand Co., 1960),
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Figure 20. Surtace Dyvnamics Profilometer measurement system used by Texas Highway Departmient. (From
R.W. Walker and W.R. Hudson, A Roud Progile Data Gathering and Analvsis System. paper presented at the
$9th Annual Meeting of the Highway Research Board, Washington, D.C. [1970].)

General Motors Corporation in the carly 1960°s, was
originally named the GMR Road Profilometer, $2.63.84
The initial version was evaluated by the Michigan
Department of Transportation;®s another evaluation
was by Spangler ¢t al.% The first commercial SDP
was manufactured in 1967 and has since undergone
further development by the Texas Highway Depart-
mient. 87886970

S Spangler and W1 Kelles, Servo-Sensmic: Method of
Measuning the Rowd Progile, Butletin 328 (Highwiy Research
Board. 14n2)

UF B Spangler and W.J Kelley. GMR Roud Progilometer: A
Method tor Measunng Roud Profile \General Motors: Corp.,
1964).

iR Spangler and WL Kelley, GMR Roud Protilometer—A
Method tor Measuring Road Profile, HRR 121 (Highway Re-
scarch Roard. 1908), pp 27-54,

B} R Darhngror . Evaluation and Application Study of the
General Motors Corporation Rapid  Travel Profilometer. Re-
search Report Number R-73 (State of Michigan Department of
State Highwas, 1970),

61 K. Spangler et al.. Evaluation of the Surtace Dynamics
Protilometer for Runway Profile Measurement, ‘Technical Report
Noo AFWIE TR 0BT AFWL, 196K).

YW R, Hudson, High-Speed Roud Profile Equipment Evalu-
ation. Research Report No. 731 {Center for Highway Research,
The University of Fesas at Austin, 1968),

ARoger 5. Walker, Freddy L. Roberts, and W. Ronald
Hudson. A Profile Measuring,  Recording.  and  Processing
Svatem, Rescarch Report 73-2 (Center for Highw ay Research, The
Unisersity of Texas at Austin, 1970).

O Roger . Walker and W. Ronald Hudson, Analog-to-Digital
Siarem. Rescarch Report 73-4 (Center for Highway Research, The
University of Texas at Austin, 1970),

"Roger S. Walker, W. Ronald Hudson. and Freddy L.
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The complete road profile data system geveloped
in Texas consists of a Surface Dynamics Profilom-
cter and an analog-to-digital (A-D) subsystem (sec
Figure 20). The actual road profile is measured by
the SDP profile-sensing subsystem and recorded in
analog form on magnetic tape. Then tie analog
record of the profile is converted to a digital vecord
of road profile. This digital record can then be used
to calculate several roughness statistics such as
power spectral density, roughness index, and slope
variance,

The measurement process is shown in Figure 21
and described by Walker and Hudson as follows:

The $SD Profilometer contains all the necessary sencors and
equipment to obtain an analog signal directly proportional
to 4 roadway profile: two road-following wheels. cach
maounted to the vehicle and held tirmly in contact with the
road by a 300-pound spring force exerted by a torsion bar
and u linear potentiometer, an accelerometer, and a small
analog (profile) computer sense and record data. A lincar
potentiometer is mounted between a sensor wheel and
vehicle bady, and the difderence i sensor wheel and
vehiele bady displacements (W-Z) is obtained by the
potentiometer. The acceleronmeter, mounted directhy above
the potentiometer, induces o soltage proportional (o the
svertical vehicle body accelerstion 7 and the anatop com-
puter double integrates the vertical body acceleration to

Roberts, Development of @ System jor High-Speed Measurement
of Pavement Roughness, Final Report, Research Report 73-5F
(Center for Highway Rescarch, The University of Texas at Austin,
1971).
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abtain the sertical bady displacement 7. A voltage directly
proportional 10 the vertica! wheel movement (the road pro-
file) s then obtained by the analog summing of the vertical
body displacement /. and the sensor wheel and body dis.
placement difference W Z. An actise high-pass tiltering
network is emplosed i the integrator and  summing
vireuitry for filtering low frequency or long wavelength
orotiies, such s hills, Two independent measuring sub-
svstemy are used tor mcasuring profiles, one right and one
et (wheet paths).”?

Some specifie advantages of the SDP are:

(1) 1t provide. a sufticiently accurate profile at a
relatively high operating speed of about 20 mph,
compared to other devices.

{2) 1t provides an accurate pavement surface pro-
file in analog and digital form that may be used to
detcrmine various roughness statistics such as
roughness index and slope variance, or used for
power spectral analysis. The system can handle large
amounts of data by automated means.

{3) It can measure fairly long pavement surface
wavelengths (up to about 200 ft). Longer wave-
lengths may be required for high-speed runway
pavement evaluation, however.

(4) 1t ha~ excellent repeatability.
The SDF also has several disadvantages:

(1) Wheel bounce at operating speeds above 34
mph distorts the profile.

(2) Initial equipment cost is high; operating cost
is also relatively high because skilled operators are
required. In addition, there are significant data
processing costs.

(3) The equipment and comguter facilities neces-
sary for obtaining digital data are complex.

(4) Operational traffic hazard problems occur
because the SDP cannot obtain accurate profile data
at normal traffic speed.

Despite these disadvantages, many pavement

NR.W, Walker and W.R. Hudsen, A Roud Profile Data
Gathering and Analysis System. paper presented at the 49th
Annual Meeting of the Highway Research Board, Washington,
D.C. (1970),
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engineers consider the SDP to be one of tae best
systems available for measuring pavement wirface
roughness.

3. AFWL Inertial Profilometer: This profilometer
way recently developed by the Dynasciences Corpo-
ration under contract with the Air Force Weapons
Laborator « (AFWL) and is being used extensively
AFWL's pavement roughness studies, The ineriul
profilometer shown in Figures 22 and 23 s similar in
concept to the SDP. I has only one voad-toliowang
wheel, which is located approximately ai the centen
of the vehicle.

The measurement system consists of a serucal
gyro erecting an accelerometer in a two-axis gimouai
system with a LVD'T attached to the spring-loaded
road-following wheel. The gyro and acceleromeici
are served through the gimbals to keep the plattorm
in a horizontal plane. The outpats from the acccier-
ometer are doubly integrated to give the instantanc-
ous position of the platform in the vehicle. This dis-
placement, added to the displacement output trom
the LVDT, gives the actual instantaneous reiative
altitude of the pavement surface from an imaginary
inertial datum line. A filter screens out long-term
accelerations which represent wavelengths longer
than 400 ft. enabling (he system to establish a tloat
ing datur - which is the average over about 400 it or
pavement. Hence, the system is capable of
accurately measuring pavement surface wavelengths
up to approximately 400 tt.

A lasar beam system provided with the protilo-
graph can be used to facilitate accurate horizontal
alignment. This control allows the profile to be run
along a specific alignment on a runway. The inertial
profilometer is run at a speed of 20 mph.

The relative pavement profile is recorded and con-
verted from analog form to digital form within the
profilometer for further use in pavement rougines:
analyses. The advantages and disadvantages listed
for the SDP apply to the inertial profilometer: how-
ever, the AFWL inertial profilometer is capable of
measuring longer surface wavelengths, an advantage
on runway pavements.

The AFWL inertial profilometer has been com-
pared to rod and level surveys that have had compar
able filtering techniques applied. A standard devia-
tion of the difference between the inertial profiiom-
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Figure 22. View of profilometer vehicle and lasar setup for horizontal control.
{(From M. Womack, Private Communication, AFWL [1974].)

Figure 23. View of profilometer road-following wheel. (From M. Womack,
Private Communication, AFWL [1974].)
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eter and the rod and level survey profile was com-
puted 1o be + 0107 in.7?

4. AFWE Lasar Profilometer (LASAR): The
Lasar - Profilometer was  developed by General
Applicd Scienee Laboratories under contract with
AFWL. The system consists of two separate compo-
nents: the Lasar, which is mounted in a small vehicle
as shown in Figure 24; and a light-sensing target
conneeted directly to a road-following wheel, which
is supported by another small vehicle as shown in
Figure 25. Figure 26 shows the vehicles containing
the lasar and the light-sensing target. The vehicle in
which the lasar is located remains stationary, while
the vehicle containing the light-sensing target moves
along the pavement being measured at a rate of
approximately 3 mph. As the road-following wheel
moves along pavement surface, the light-sensing

e

Figure 24, Lasar and lasar-leveling assembly in lasar
vehicle. (From M. Womack, Private Communica-
tion, AFWL {1974}.)

M. Womack, Private Communication, AFWL (1974).

target remains locked onto the lasar beam by moving
up and down automatically, to keep the lasar beam
on the target. A recording device connected to the
target provides a sampling interval of 6 in. This
record is converted to digital form on magnetic tape
and used for pavement roughness analysis. Although
the equipment is currently capable of operating only
at night, it could be modified for daylight operation.
This profilometer is capable of giving accurate pro-
file measurements. A standard deviation of the
difference between the lasar profile and a rod and
level profile was determined to be +0.12 in.”3 A
single 9000-ft line of survey (18,000 data points) can
be accomplished in approxin.ately one hour. The
equipment necessary for this system is also relatively
expensive and generally requires a threc-man crew.

S. Rolling Straightedge (RSE): Several varieties
of this type of profilometer exist. Both the California
Division of Highways and the University of Michigan
have Aeveloped truck-mounted versions.’*’s An
excellent review of the development of various RSE
profilometers is given by Hveem.”®

The RSE profilometer used in Utah Highway
Department research (Figure 27) is described here to
illustrate the characteristics of this type of profilom-
tter. The recording wheel in the center of the pro-
filometer is connected to a recorder chart mounted
on the profilometer frame, which plots the change in
displacement between the recording wheel and the
frame support wheels located about 25 fi apart.
Several support wheels are used to minimize or
average out the relative errors involved with this
device. A vertical ciisplacement integrator is used to
sum one-direction deviation of the recording wheel.
The relative profile is plotted continuously on the
chart at a scale of 1 in. =1 in. vertically and 1 in. =
25 ft horizontally. Thuese profilometers operate at a
relatively slow speed (usually less than 3 mph).

The RSE can provide a roughness index automati-
cally. The relative profile can also be scaled from the
chart, but with questionable accuracy. Because of
the limited wheel base of the profilometer frame,

7M. Womack, Private Communication, AFWL. (1974).

ME N. Hveem, Devices for Recording and Evaluating Puvement
Roughness, Bulletin 264 (Highway Research Board, 1960).

W.R. Hudson, W.E. Teske, H. Karl Dunn, and E.B.
Spangler, State of the Art of Pavement Condition. Special Report
95 (Highway Research Board, 1968).

"E.N. Hveem.
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Figure 25. Lasar system tacking vehicle tnote the light-sensing target at right end
of vehicle mounted on road-foilowing wheels . (From M. Womack, Private Com-
munication, AFWL [1974].)

Figure 26. General view of AFWL lasar system profilometer.,
(From M. Womack, Private Communication, AFWL [1974].)
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Figure 27. Rolling straightedge-type profilometer. (From W.J. Liddle et al., Evaluation of Puvanent Serviee-
ability on Utah Highways, Interim Report 1969 [Utah Highway Department, 1969].)

wavelengths longer than 251t (needed for runways or The RRL profilometer is further described by

high-speed highways) cannot be obtained trom the Chong and Phang as follows:

relative profile.

The RSF profilometers are used primarily for
rescarch studies and for checking the roughness of
newly constructed pavement surtaces.

6. British Road Research Laboratory Profilom-
cter (RRL): The RRL profilometer was originally
developed at the Road Research Laboratory in Great
Britain and has been used extensively by several
Canadian agencies (Figure 28). This profilometer
provides: (1) a continuous profile of the pavement
surface (profile drum), (2) a roughness index in
inches per distance (integrator), and (3) the number
and size of surface irregularities. an increment of 0.1
in. from 0.1 to 1.5 in. (classifier).””

TR.W. Culley. Roughness Index Standards tor Suskatchewan
Pavements, Technical Repr rt 1 (Saskatchewan Departrient of

The profilometer is basically a fo-wheeled articulated
carriage that supports a detecting and recording device at
a constant height above the main level of the road surtace.
The 16 wheels and their axles support four 4-whecled
bogics that cover a total width of 4 tt and provide a 21-foot
long wheel base. The design of the unit is such that only ¥,
of the vertical movement of any single wheel is transmitted
10 the mounting of the detector wheels. The tires of the
wheels are made of soft rubber and are inflated to a Jow
pressure to ensure that very small irregularities in the road '
surface are not introduced into the measurement.

The detector assembly is Tocated at the center of the chassis
and consists of a detector wheel mounted centrally on a
vertical detector shaft positioned in vertical guides. Two
trailing (flanking) wheels, mounted on elbows and pivoted
on the detector shaft, ensure that the detector wheel

Highways, 1966).
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Figure 28. Ontario’s RRL-type profilometer. (From G.J. Chong, Measurement of Road Rideability in Onturio,
Report IR 29 [Department of Transportation and Communications of Ontario, 1969].)

“tracks' the lime of travel properly. This results in a com-
pensating forward movement of the profile pen, which
keeps the plot of cach vertical drop vertical.”

The device is towed by a small tractor at approxi-
mately T mph. The RRL profilograph gives good
repeatability and could be used for long-term rough-
ness measurements on special test sections, or for

construction control.” However, it is not capable of

measuring wavelengths longer than about 25 ft,
which greatly limits its usefulness.

Vehicle Axle/Body Displacement Measuring
Fquipment

1. U.S. Burcau of Public Roads Roughometer
(BPR): Several highway agencies have used the BPR
roughometer over the past years. The basic device

8G). Chong and W.A. Phang, PCA Roud Mcter Measuring
Road Roughness at 50 mph. Special Report No. 133 (Highway
Rescarch Board 1973), p S3.

9.5, Chong, Measurement of Roud Rideability in Ontario,
Report IR 29 tDepartment of ‘Transportation and Communica-
tions of Ontario, 1909).
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commonly used today is shown in Figure 29 and
described as follows:

The roughometer is a single-wheeled trader having a
recording wheel located centrally in a frame that repre-
sents the top of a suspension system; it is comprised of 2
standard leaf-springs and 2 standard hydraulic dashpot
dampers. An integrator capable of moving in both direc-
tions (but which is arranged 1o integrate only in one direc-
tion) is coupled to an electric counter that is calibrated to
record inches of vertical movement. The integrator that is
tived to the framework attached to the suspension system
is connected to the axle of the recording wheel by a steel
cable.

The recording system thus measures the inches of vertical
movement of the axle refative to the top of the suspension
ssstenm. A second counter records the revolutions of the
recording wheel so that between the 2 counters the rough-
ness of any length of road may be recorded. ¥

The BPR roughometer outputs a roughness index
in inches/longitudinal distance and operates at a

8.3, Chong and W.A. Phang. PCA Road Meter Measuring
Road Roughness at 50 mph
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Figure 29. Burcau of Public Roads roughometer.

speed of 20 mph. Its most significant limitation is
that the roughness index measured at 20 mph by a
trailer device may not adequately represent the
roughness experienced by an automobile traveling at
much higher rates of speed. According to Hudson et
al..® the roughometer amplifies shorter wavelengths
that cause automobile shake but attenuates the
longer waselengths, distorting the roughness charac-
teristics. The 20 mph operating speed is also signifi-
cantly below that of other roughometers mounted in
actual automobiles.

2. Portiand Cement  Association  Roadometer
(PCA): The Portiand Cement Roadometer was
developed by M. P. Brokaw in 1965 and many
agencies have since constructed versions of it.82.8 A
simple electromechanical device installed in a pas-
senger automobile, it measures the number and
magnitude of vertical displacements between the
automobile body and the rear axle. Figure 30 is a
schematice illustration of the device. Its measuring
system is described by Phillips and Swift:

Tts cable tronms the rear axde is attached to @ switeh or com-
mutator so arranged tiat cach suceessive Y-in. departure
trom a presclected Czero” or midposition results in
cnergizing a dilerent contact of the switch. A series of
clectromagnetic counters regisiers the number of times

SW R, Hudwon, W.F leske, Karl Ho Dunn, and E.B.
Spangler. State of the Art of Pavement Condition Evaluation,
Special Report 95 (Highway Research Board, 1968).

YM.P. Brokaw. Development of an Automatic  Electro-
mechanical Null-Secking Device jor the PCA Road Meter. Special
Report 133 (Highway Research Board, 1973).

B[, Wagner and B.P. Shiclds, Development of a Modified
PCA Road Meter jor Pavement Roughness Testing (Research
Council of Alberta, Highway Research Division, 1969).
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that the moving arm encounters each particular vontact,
Thus. in the course of driving over a given seetion, contacls
near the midposition will gencerally be 1eached frequently
and those tarther away will be seldom escountered.
because there are ordinarily many small surlace ir, gulari-
ties and only a few large vnes. Aceordinghy, ac the end of
any traverse, the several counters indicate the number of
times their respective contacts have been enerpized. The
indication of surface roughness is obtained by multiplying
the readings of the individual counters cach v an appro.
priate constant, then summing the sesuiting nuntbers 84

Brokaw showed that this procedure in etfect gives
greater weight to the larger deviations in proportion
to their magnitudes. and has a square law effect
which renders the summed ronghiess count similar
to a slope variance measuremcnt, although the
instrument does not actuaily measure slope variance.
The summed PCA roadometer count (divided by 64
times the section length) provides a voughness index
in square inches per miie of pavement iraversed.

Researchers have discovered several factors which
significantly affect the PCA roughonieter output: 8647

(1) Ditferent automobiles usually do ne: provide
the same numerical roughness count.

“M_B. Phillips and G. Swilt, & Comparson of Four Roughiess
Measuring Systems, HRR 291 (Highway Research Board, 1969).

SM.B. Phillips and G. Swilt

®parrick C. Hughes, Evaluation of the PCA Road Meter,
Special Report 133 (Highway Research Board, 1973).

¥G.H. Argue, A Canadian Evaluation Saudv of Roud Meters,
HRB Special Report 133 (Highway Research Board, 197.0),

['d_i"d 000 0 0ty



(2) The roughomevn will eorrelate  reasonably

well with sabjective nand evilaaion §f tihe panel is
farge.
(B Roaghpess counts viny signilicantty  with
speed ol the velied, Joad tn automobile, dow ar
femperatures (< 151 wing veloeity (25 mph), and
mechanical condition of tne 1ost vehicle.

Perhaps the major Hieteiion of the roadometer is
that its roughness sciovement will change with
time because of test vebicle aear-out, (hus i cocmol
be used as astandard ‘o dewrmine change in roughi-
ness with iime. uniess extensive calibration vro-
cedures are tolloved  These procedures include
direct correiation with 2 rating panel or o non-
changing profilograph acvice ws deseribed later. The
major advantages ot che POC veadometer are i low
cost, efficiency. and case in oo.uining data at mgh
speed.

3. M’ Bide Moty A8 The Mays' Ride
Meter was initially deveioed by Ivan Mays (o pro-
vide a simple mcthod o obtaining roughness daia.
Various agencies have aeterimined this device to ne
very useful and somehat preicrable to otiier 1ough-
ometers. 88899 Mupufucured by the Rainhan
Company of Austin, ! czas.* the MRM is a simple
electromechanical deviee mounted in a standard
automobile.

The basic measuring Cechmgne iy similar to the
PCA and BRP cquipmuent as described by ¥Walker
and Hudson:

Roughtiess negsurements e propottionad to the veraeal
changes between the vehitele body and 1y rear asle as e
vehiete trasel over o pavers e There vertica! motions e
accunbated and are recorasd on an cavancing paper tepe
ar strip chart by aorecording peasenaltan sk meving at
i rate proportional fo the taomvemests of the cehicle body
and its differentid, Veliele distapee traveled v nso indi-
RIS

cated on the roughnes chare by e

MR Phillipsond G S Crmgenasens o § one Houg e
Measuring Svstems, HRR 290 thchway Roscaren Boast 2Un49),

BRoger 5. Walker and W Renald Hudvon, 4 Correlation
Study of the Mays' Road Metes vl the Surtace Dynamics Pro-
filometer, Rescarch Report 156§ ¢ enter tor Highwae Rescarch,
The University of Texas at Ausiin, 19731

NS M. Law and W.T. Bure L Road Raughnesy Correlation
Studv. Research Report Moo sb (Lorusianse Department of High-
wins, 1970).

MMavs' Ride Meter Bookler (Raenhar Co., 19720,

marker connected o the speedomeier drive system. By
meosuring the amount of chart moving per unil of road
length trneled, o roughness mcasorement diveetly propor:
tionnas (o the totad body-differenial movement, ininches
pet mitle ¢ be ablaaned %

A typical MRM aieasarement record is shown in
Figure 31,

1he MRM systery nas dintiations sendor o those
aesceribed for the PCA device., althotgh ot has been
found 1o correfie well with o, vatings, 9% e
raughness  index  value, aith  vehieie
wear-out. The “Fexas dlignwa, Depmunent  ases
several MRM's in exiensive dati-gathering activi-
ties. put calibrates the devices with the SDP at
regular intervals (o avoid the problewn associated
with test vehicle wear-out, ¥5:9%

vivnge

An excellent coniparison petween the 3P, PCA,
MRM. and CHLOE rougniness <.2asurcment devices
was made bv hillips anu Swit. ¥ who doveloped
forrmation whiicl i Jadpticl i e
various operational characteristics o ihese devices
tsee Table 2).

SRt TP TRECE

Acceleration: A hsorbed Fowve, v csureimen

b Kentucky DOV Acceieronie s Fue Kenoseky
Department of Tramsporiation has used vanous
instrumentation sysiems in the past, such as a (ri-
axial arrangemeni o aceeleromefers mounied o e
chest of a passenger riding in a svandavd-sive auio-
mobile.%® fistrumentation Las amw seei descloped
toavtomatically sues the vertical ocew.aticas nicus-
ured in the same positior over & wingh of Jovemeni.
The automatic sysiem ¢ Guagrommed in Fieure 32

WRoper S Walher ang W Hueson o Coerciatron
Study of e Mavs” Racd Metercith dhe Sertece Dy s Pro-
filomerer, Rescarcle Rejuai 190 (Cente for Hishway Receareh,
Fire Unisersity oo Toxas at custing 1970, 5 5

“MLBL Philhps and G Swan

MRy Walker and W R, Hadson, Micthnd joo Megsaring Sore

wccahiluy Tndex with che vy Kodd Meres wpeaad Report 033

Tonaic

tHighway Rescarch Board, 1975

BRoger S, Watker and W, Ronald Teoson,
Study of the Mays™ Foad deter

RS, Walker ana W.R. Hudson. Acerhont jor Moasuring
Serviceabidity fndea.

LB Pailiips aad G Sw h

SW ok Yans, Human Vibwoerion Ko prase Mewsasement, icdh-
nical Report Noo 3550 (U8 Avy
mand, 1972,

A Cwerelation

tanih = emoine Come
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Table 2

Comparison of Road Roughness Devices®

Description CHLOE Profllometer BPR Roughometer PCA Roadmeter Mays Road Meter
1. Apparatus Lrailer wnd car Trailer and car Car only Caronly
Y Hasie response Sope Height Height Height
Lo Praportionahiy Square-faw Lincar Syuare-law Linca
4. Aceepted designation  Slope-virpanee Roughness 2UP), sumoof road car Roughiess indea
ol mcasurement deviations squared
5. Speed while 1o Smph 20 mph 40 or O mph 400r Mrmph

ncasuring
t. Speed while tranveling
toand frons sections
. In-tickd setup time
8. In-ficld ser-up
reqguirements

9, Maximum section
length

1 Mininaim section
length

1. Data presentation
form

12, Location ot
presentition

13, Determination of
section length

14, In-field data require-
ments twhen meas-
uring sections of
known lengths)

15, In-ficld adjustments

16, At-home data proc:
essing to determine
roughness

17. Additional data
abtainable from
record

th. Maintenanee
reqguirements

1 egal limit

1S minutes

t'nload CHLOE from
teansport trailer, hook
up cables, calibrate

Less than 0.5 mile

Not recommended for
less than 0.1 mile

Number of 6-in. units
trasersed, counts and
counts squared

Adjacent to driver

Counter

Record three readings

Nove required

Caleulating V'SV from
three readings
None

Frequent maltunction
requiring repairs

Legal limit

Sminutes

Lower wheel, hook up
roughness integrator
and counters

Limited only by rough-
ness exceeding counter
capacity

Not recommended for
less than 0.1 mile

Single numerical counter

Adjacent to driver

Counter

One reading at end of
each section

Frequent check of dash
pot fluid level

Tabulating (may be done
in-field)

None
Frequent servicing of

grease fittings and dash
pots

Legal limit

I minute
Stop sehicle to set to 2ero

Limited only by rough-
ness exceeding counter
capacity

Not recommended for
less than 0.1 mile

Plurality of numerical
counters

Adjacent todriver

Car odometer or road-
side marker

Eight counter readings
at end of each section
2nd reset counters

Frequent zero adjust-
ment recommended—
requires vehicle halt

Summing and tabulating

Frequencey distribution
of roughness heights

Frequent polishing of
commutator to ensure
contact

Legal limt

None
None

Unlimited

Not recommended for
less than Q.1 mule
Length of chart record

Adjacent todriver or in
trunk

Car odometer or roadside
marker

Merely keep track ol the
sequence in which the
sections are traversed

None required

Measuring chart lengths
and tabulating

Approximate location and
heights of roughness with-
in sections

Minimal

*M.B. Phillips and Gi. Switt, A Comparisan uf Four Roughness Measuring Systems. HRR 291 (Highway Rescarch Board, [909).

and the complete system is described by Rizenbergs
et al.%

Many parameters—such as the test vehicle
dynamic characteristics, test passenger weight,
vehicle load, and vehicle speed—atffect the accelera-

YR, L. Rizenbergs et ol Pavement Roughness: Measurement
and Evaluation. HRR 471 (Highway Rescarch Board, 1973),
pp 46-61.
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tion readings. Although some of these parameters
have been standardized. the accelerometer pro-
cedure has some of the limitations of the PCA and
MRM roadmeters. To accurately measure pavement
roughness changes over several years, Kentucky has
attempted to correlate cach new vehicle with the
existing vehicle and also to use reference surfaces for
day-to-day calibration.

2. Absorbed Power Meter: The power that a
person absorbs {or the rate of flow of energy into a
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Roughness: Measurement and Evaluation, HRR 471 [Highway Rescarch Board, 1973]. pp 46-61.)



person) when subjected to vibrations in an automo-
bile or aireraft can be determined by one of two
methods: (1) direet measurement of the absorbed
power with an absorbed power meter, or (2) caleula-
tion of absorbed power from acecleration/frequency
intormativn.

Lhe FACOM Absorbed Power Meter is a portable
clectrunic instrument comsisting of the meter, which
contains the electronies and input/output connec-
tions, a power supply, and an accelerometer which
can be placed beneath the test passenger or in any
position desired. Lins describes this instrument in
detail 19 Other absorbed power meters, developed
by Switzer of WES,*® include the ability to measure
absorbed power from three axes. WES is currently
studving the usage and measurement of absorbed
l)()\\'(‘r.

The method of computing absorbed power from
acceleration/frequency records for a pavement pro-
file is also described by Lins. Agreement between the
two methods is excellent according to Switzer.

Slope Variunce Measuren ent

Slope varianee can be determined from actual
profile elevation data, or measured directly with the
CHLOE profilometer. This profilometer was devel-
oped by the AASHO Road Test staft to enable slope
variance o be obtained more casily than was
possible with the AASHO longitudinal profilom-
eter 192 Protile slope is measured by the change in
dhgdle Betweun iwe relerence Lnes  Two wade
lollowing wheels about 9 in. apart form one refer-
enee line. The other line is determined by a 20-ft
long membcer supported by a trailer hitch on the
back of a towing vehicle and a wheel which supports
the rear end of the member.?9 Slope variance is
determined from the measured slopes along a
specific pavement section.

Wb s Haman Vibration Response Measurement. Tech
ol Report Mo TR0 S0 Army Tank— Automotive Com:
il 1972

FGL Swatzer, Private Communication, WES (1974),

Filhe AASHO Road Test Report S—Pavement Research,
Speceel Report €1 F tHishiv v Rescarch Board, 1962).

19W . R. Hudson, Wk, Teske, Kari H. Dunn, and E.B.
Spangicr. State of the Art of Pavement Condition Evaluation,
Special Report 95 (Highway Rescarch Board. 1968).

The CHLOE profilometer has pood repeatabiliny
and correlates  fairly well with  subjective pancel
ratings. % However, the device has serious limita-
tions: it will not measure wavelengths longer than
the space between the two road-following wheels; it
st speed i only 35 mph it reguites Freguent
repaiirs: and it is sensitive (o surtace texture, reguie.
g adjustments of seeviccability equations when
paviments with large surfuce lestures are ecan-
tered. 1% "Table 2 compares the operational charac-
teristics of the CHLOE profilograph and three other
devices.

Roughness Suramary

Several indicators are available to characterize
pavement roughness: roughness index, slope vari-
ance, profile wavelength amplitude characteristics,
acceeleration, absorbed power, iand human subjeciive
evaluation have been defined here.

Several types of equipment and methods are avaii-
able to measure these indicators. The question which
must be answered is which roughness indicators and
cquipment systems provide the most usetul infor-
mation for a specific purpose,

There arve several important reasons for charaeter-
izing roughness of a pavement:

l. Tocontrol initial pavement smonthness during
construction.

2. To gather historical pavement roughness data
for exe fir verifiing of Jdeveloping dosign procederes
or developing pavement deterioration models.

3. Todetermine priority rehabilitation and main-
tenance needs relative to pavement roughness, for
inventory purposes.

4. To determine it the imitng Jusctemal ronch
ness condition of a pavement has been reached and
locate arcas of excessive ronghness for possible
repair.

1ML B. Phillips and G. Swift. A Comparison of Four Rough
ness Measuring Systems, HRR 291 (Highway Research Board,
1969},

WSEH. Scrivier, A Modification of the AASHO Koad 1o
Serviceability Index Formula, Technical Report Noo 1 (Tevas
‘Transportation Institute, 1963).



The type of pavement being considered is also
important in determining the appropriate roughness
indicator and measurement equipment. A highway
pavement might be a local road or street with rela-
tively low speeds, or a primary highway with rela-
tively high speeds. An airfield pavement might be a
runwiay where very high speeds must be considered,
or o taxiway with lower speeds. The selection of
specific roughness indicitors should therefore con-
sider (1) the purpose of the measurement, (2) the
function and (ype ol pavement, and (3) availability
of funds and the cost of the equipment system.
Although it is bevond the seope of this report to
make detailed recommendations for cach of these
conditions, Tables 3 and 4 summarize tentative
recommendations tor various pavement types and
measurement objectives.

Table 3

Tentative Recommendations for Use of Roughness Indicators

Objective of Measurement
Long-Term  Inventory and
Roughness Construction  Monltoring  Malntenance
Indicator Control of Pavement Needs
I, Roughness *Q NA Q/NA A/NA
Indes
Y Slope Varanee NA NA Q NA Q/NA
VoWanelengih AA AA AA
Amplitude
4 Aceclesanon 00 AA AA
S Absorbed Power Q0 A A** A/A**
O Subjedtne NA NA Q00 A/Q

Faaluation

Ratrg Svanhols

A Acceprable
Q--Questionable
NA—Not Aceeptable
*Highwavs Airticlds
*#Has not vet been completely developed. but appears promis-
ing,

SKID RESISTANCE EVALUATION AND
MEASUREMENT STATE OF THE ART

introduction

Skid resistance is the foree that resists the sliding
ol tires on a pavement when they are prevented from
rotating. This foree depeads on many variables such
das:

1. Pavement surface texture condition

46

. Tire tread (pattern and amount of wear)
. Speed at which stiding occurs

. Water depth on surface

. Tire inflation pressure

6. Load

7. Temperature

NN

Dynamic bydroplaning is o phenomenon  that
occurs with high water depth and/or speed on the
pavement. Although water depth is the most signifi-
ant variable, the speed at which  hydroplaning
oceurs for a given water depth is dependent on the
rest of the variables mentioned above,

Viscous hydroplaning occurs when the surface is
contaminated with a thin tilm of water, oil, or other
slippery material.  This  phenomenon  does  not
depend on the water depth and can be minimized by
keeping the surface clean.

The problem of skidding is becoming increasingly
important on runways, because of the improved
performance and higher landing speeds of aircraft,
Figure 33 shows the annual increase in accidents due
to hydroplaning experienced by the U.S. Air Force.
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Figure 33. Reported U.S.A.F. hydroplaning acci-
dents (by permission of U.S.A.F.).

Although pavement surface condition is only one
of the variables that contribute to skidding. it is
significant and should be maintained at acceptable
levels. In a study of skidding resistance of wet run-
way surtaces. Lander et al. conclude the following:

A study of the effects of surface texture, load, inflation
pressure and tire wear of aireraft tires under wet conditions
has shown that it is the surface texture of the runway which



Table 4

‘Tentative Recommendatlons of Roughness Indicators snd Equipment (or Determining Maintenance Needs

Highways Alrflelds
Local Rouds Primary
Roughness indicator Equipment & Streets Highway Runways Taxlways

1. Roughness Indey BPR p P NA NA
PCA HA HA NA NA
MRM HA HA NA NA
sbp P P P P
LEVEL NA NA P P
RSE p P NA NA
RIRI. P I p P

2oSlope Varnanee CHLOY p P NA NA
PROFILE P P NA NA

LoWaselength Amphiude SDp P HA A A
AlP p A HA HA
LASAR P P A A
LEVEL P p A P

4 Acceleranon KAC A A NA NA
ACC A LA A A

3 Absorbed Power APM Q* Q* o* o*

6, Subjective PANEL A A Q Q

Ruting Svinholy

HA  Highly acceptable usage
A=~ Acceptable usage
I~ Possible but not desirable usage thigh cost is generally the reason)
Q- Quostionable usape

NA - Notaceeptable usage

Lgrpment Codie

BI'K RBureau of Public Rogds Roughonieter

PCA Porthonl Cement Association Roughometer
MEM - Mavs” Rude Meter

shr Surbi.e Dyvnamies Profifometer (Texas)
1EVEL Precise Level

RSE - Rolhing Straghiedge Profilograph

RRI. — Road Research Liboratory Profilog. aph

CHIOE  --Slope Variance Profilograph
PROFILE--Slope Variance Calealated From Profile

AP  AFWI Inertial Profilometer

F ASAR - AFWIL Lasar Profilometer

KA( -Kentucky Aceelerometer Equipment v
APM - Absorbed Power Meter

ACC — Accelerometers

PANFL  —-Rating Panel

*Hus nat vet been completely developed, but appears promising.
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oone of the i Lactoes that snfluences braking pertorm-
e e adso determines the degree of ifluence of other

Poctors st b s waker depthoand tread pattern on braking
1iH

[ERY I ITRT TR

A cvucial gaestion for the pavement engineer is
the skid devel at which the curface should be main.
fained to provide a safe skid resistance. In order to
devetep a relatioaship between surface condition and
Rid resistance, iis necessary o standardize the
atner vartables, The next sections deal with methods
ror maisdaring skid resistance of pavements, the
eteet of some of the variables on skid resistance, and
the correlations between various  skid-resistance
measuring methods,

Methods for Measuring Skid Resistance

Friction is i lerce which always opposes motion.
The coctficient of friction w defined as the ratio
between the frictional foree inthe plane of interface
At the Joree pormial to the plane. In the field of
pravenmients the cocthicient of friction is reterred to as
e Ctriction tactor,” 1 = F oL, where F is the fric-
tonal toree and Bis the normal load. The friction
factor depends on muny variables other than the
pavement itsell=—such as tire pressure. thickness of
water it speed. ete. To determine a friction value
associated with the pavement surface, it is necessary
to standardize these variables,

Boetore any of the mcthods of measuring skid
resistance are deseribed, it s important to under-
stand the two Basie cuaracteristics of the pavement
surtace which influence its frictional capabilities:
reature and drainage. Surface texture can be detined
inermis ol imierotexture and macrotexture. A micro-
tenture s what makes an aggregate smooth or rough
to tiwe touch. Tis contribution to triction is through
adheston with the tire. The macrotexture is the result
ol the shape. sizel and wrvangement of the aggre-
vintes (o texible pavement), or the surface finish
Car conerete surfaces). Macrotexture's contribution
toskid resistance is through developed hysteresis due
to the tive deformation: the hysteresis retlects a loss
m the moving vehivle Kinetic energy and thus helps
the vehicle tastop. Figure 34 is a schematic diagram

U LW Lander ad Lo Williams, The Skidding Resistance of

Wt Rumvay Surfaces with Keference to Surface Texture and
Ivie Conditions. Road Rescarch Laboratory, RRL Report LR 184
sMuinstry of Transport, Fngland, 1968),
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Figure 34. Generalized vepresentation of coefticient
of friction between a stecl sphere and rubber as a
iunction of sliding speed. (From Skid Resistance,
NCHRP Synthesis of Highway Practice No. 14
11972].)

of the contribution of microtexture and macro-
texture 1o the friction factor. At low speea friction is
due mainty 10 adhesion (microtexture) At high
speed, the contribution of hysteresis becomes more
significant. A pavement that is covered with a thin
tilm of lubricant would provide only hystercsis.

Drainage is another significant characteristic of
the pavement suriace. 2 a dry pavements the avail-
able skid resistance 's usually sufficient to meet any
requirement. On wet pavements, a good drainage
system provides channels for the water to escape,
allowing contact hetween the tire and the pavement.
The eftectiveness of a drainage system can be evalu-
ated by applying water to the pavement and measur-
ing the friction facior immediately afier the applica-
tion and at intervals afterward to study the increase
in friction.

There are several methods tor measuring the
friction factor of a pavement.

Trailer Methods

. Locked-Wheei Mode: Trailers with one or two
wheels are towed at a given speed. The test wheel is
then locked and water is applied in front of it. After
the test wieel has been sliding on the pavement for a
certain distance to stabilize the temperature, the
friction force in the tire contact patch is recorded for
a ~pecitied period of time. The results are reported
as Skid Number (SN) where:

SN = 100 x triction lactor.



Figure 35. Typical road friction testers. (From Skid Resistance, NCHRP Synthesis of Highway Practice No. 14
11972].)

In order to minimize the variability of the results, a
standard tire specified in ASTM Method E274 is
used. Figure 35 is a photograph of typical locked-
wheel skid trailers.

2. SIip Mode: Slip is defined as
Wo-W

S=100 "‘W’;—-

where W, = angular wheel speed at free rolling
W = angular wheel speed at the time of
measurement.

It the brake is applied on a straight-moving wheel,
the slip increases until it reaches 100 percent when
the wheel is locked. The friction factor increases with
increasing slip until it reaches a maximum value,
fmax. at the “critical slip,” and starts to decrease
until the wheels are locked (Figure 36). The critical
slip and the ratio fi,,44/flock are functions of the
surface texture and temperature;!®’ therefore they
can be obtained only by appropriate measurement.
Figure 37 shows the effect of surface texture on the

ratio fiax/flock:

The critical slip phenomenon is very important
since it indicates that the maximum friction does not
occur when the wheels are locked, but rather in the
range of 10 to 15 percent slip. This has brought
about the automatic brake control systems which are
used on most aircraft.

W Skid Resistance, NCHRP Synthesis of Highway Practice No.
14 (1972).

MAXIMUM FRICTION FACTOR

| "LOCKED WHEEL FRICTION
! FACTOR

I

w~CRITICAL SLIP

'

WHEEL LOCKED

FRICTION FACTOR
el

100%
SLIP

Figure 36. Friction factor as function of slip (wheel
moving in direction of wheel plane while being
braked). (From Skid Resistance, NC!*RP Synthesis
of Highway Practice No. 14 [1972].;

More than one type of equipment is available for
measuring skid resistance in the slip mode. Figure
38 is a photograph of the equipment used by the
Federal Aviation Administration, which features an
adjustable slip so that the friction test can be
performed at the critical slip for a given surface.

3. Yaw Mode: The yaw mode is a method of
measuring the sideway friction factor by turning the
test wheel (unbraked) to an angle with the direction
of motion (yaw angle). Since the sideway friction
factor varies with the magnitude of the yaw angle as
shown in Figure 39, it is a.sirable to perform tae
testing at a yaw angle at which the friction factor
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friction factors at 40 mph on various wet surfaces. angle relationships for two wet pavements (A and B).
{From Skid Resistance, NCHRP Synthesis of High- (From Skid Resistance. NCHRP Synthesis of High-
way Practice No. 14 [1972].) way Practice No. 14 [1972].)

Figure 38. Runway friction tester with adjustable slip. (From Skid Resistance, NCHRP Synthesis of Highway
Practice No. 14 [1972].)



becomes insensitive to small changes. A commer-
cially available trailer for that purpose is the Mu-
Meter, which was developed in England and uses
two smooth tires yawed at equal and opposite angles
(7%2 degrees) (Figure 40a). The U.S. Air Force is
currently using it to make mieasurements at 40 mph
{Figure 40b).

A more sophisticated machine for measuring side-
way friction is the SCRIM (Sideways-Force Coefti-
cient Routine Investigation Machine), which was
developed by Britain’s Transport and Road Re-
search Laboratory and manufactured under license
by W.D.M., Ltd!® (Figure 41). The vehicle carries
the necessary water supply. which is spread in
advance of the test wheel. The test wheel is mounted
20 degrees to the direction of motion of the vehicle
(Figure 41b), and can be lifted clear of the road
when not in use. The machine measures the sideway-
force coeflicient (SFC), which is expressed as
follows:

o L ———

vertical reaction between tire and road surface
SCRIM has the capability of continuous recording
and allows for high operating speeds (more than
40 mph).

18W.D.M. Limited. SCRIM. Information Brochure (Western
Works. Staple Hill, Bristol BS16, 4NX, Great Britain, 1972).
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$iDE FORCE

a4rLast
ENTRE OF GRaviTY |

) VAT
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Figure 40a. Diagrammatic layout of Mu-Meter.
(From Measurement of Runway Friction Character-
istics on Wet, Icy, or Snow-Covered Runways, Re-
port No. FS-160-65-68-1 Federal Aviation Adminis-
tration [Department of Transportation, 1971].)

Figure 40b. Mu-Meter used by U.S.A F.
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Figure 41. Sideways-Force Coefficient Routine Investigation Machine. (From W.D.M. Limited, SCRIM,
Information Brochure [Western Works, Staple Hill, Bristol BS16, 4NX. Great Britain, 1972].)
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Automobile Methods

One of the problems with using automobiles for
skid measurements is the possibility of accidents
during testing. Since the braking of all four wheels
increases likelihood of a spin-out, it is best to brake
only the front wheels or a diagonal pair of wheels,
Figure 42 shows the braking system for the Diagonal-
Braked Test Vehicle (DBV) developed by NASA.
Figure 43 is a photograph of the DBV used by the
U.S. Air Force. Its diagonally braked wheels are
equipped with ASTM bald-tread tires (ASTM-E249)
and the unbraked wheels are equipped with conven-
tional tires. The skid resistance indicator used with
this vehicle is the ratio between wet and dry stopping
distance when the diagonal wheels are braked at
60 mph.

DIRECTION
MOTION

LOCKED

. VALVE CLOSED, BRAKES CANNOT BE ACTUATED

(O vavve open, BRAKES CAN BE AcCTUATED

Figure 42. Praking system for NASA diagonal-
braked test vehicle,

Figure 43. Diagonally braked vehicle (DBV) used by U.S.A.F.




Another automobile method, which was used by
the Air Foree on snow- or ice-covered pavements, is
the  Runway Condition Reading (RCR). RCR
numbers are obtained by making maximum braking
measurements on the runway at 20 to 30 mph, with
an airport ground vehicle employing a James brake
decelerometer, 100

There are several other testing methods which use
vehicles, one of which is ASTM Method E44S-71T.

Portable Field and Laboratory Methods

Portable ficld machines can be moved casily to
difterent focations. One of the available devices is
the Kevstone Tester developed by Pennsylvania State
University, which employs a rubber shoe that slides
along the pavement as the operator “walks™ the
tester {Figure 44).

‘Another example of a portable field tester is the
California Skid Tester (Figure 45), which operates
on the prineipie of “spinning up a rubber-tired wheel
while it is off the ground. lowering it to the pave-
ment, and noting the distance it travels against the
resistance of a spring betore it stops.”139 The towing
vehicle is stationary during the test and glycerine,
rather than water, is the pavement lubricant.

Although there are numierous devices for measur-
ing friction in the laboratory, their applicability for
measuring runway skid resisiance is rather limited.
One of the most commion laboratory devices is the
British Portable Tester developed by the British
Road Research Laboratory (Figure 46). It consists of
a rubber shoe attached to a pendulum, which slides
over a sample of the surface under stndy. The
method of testing is described under ASTM Met1od
E303. The results are reported as British Pendulum
Numbers +BPN).

Texture Identification Methods

There are several methods available for measuring
the texture of a pavement surface, ! but no success-

0L Comparison of Aircraft and Ground Vehiele Stopping
Pevtormance on Dry, Wer, Flooded. Slush, Snow. and lce
Covered Runways, NASA ‘Technical Note D-0098 (1970).

HONAid Resistance, NCHRP Synthesis of Highway Practice No.
140197

WSkad Resistunce

tul correlation has been developed between any of
these individual measurements and skid resistance.
However, Schonfeld, using stereophotographic tech-
niques, developed a texture code which he showed to
be correlated with skid resistance measured by the
ASTM skid trailer.*2? To do this, he obtained color
stereophotographs of approximately 6 X6in.  sce-
tions of the pavement surface and identified seven
texture features: the height, width, angularity,
density and fine texture of the projections; and the
fine texture and percent of cavities of the back-
ground (Figure 47). He then assigned a scale and
weighting function to cach feature in order to corre-
late the results with measured skid resistance.

Eftect of Individual Variables
on Skid Resistance

As mentioned earlier, skid resistance evaluation is
complicated by the many variables that contribute to
the friction value. The proper way to determine the
relative significance and possible interactions of each
variable is through a factorial experiment. However
there is at present no one experiment that includes
all the variables. The following sections summarize
studies on the effects on skid resistance of tratfic and
seasonal variations. vehicle factors (speed. tire pres-
sure, wheel load, and tire tread), and pavement
factors (surface characteristics and drainage).

Traffic and Seasonal Variations

Two pavement sections built at the same time may
have different friction coefticients because they have
been subjected to different traftic. As the traftic rolls
over the pavement, polishing of the surface micro-
texture takes place. Wear. dislocation, and/or re-
orientation of aggregates may also occur—especially
under heavy traffic. In general, skid resistance
deteriorates with increasing traffic until it reaches a
level of equilibrium. There is no one specific value at
which it levels off. Due to seasonal variations of skid
resistance (see Figure 48) there can be only a mean
equilibrium value, which is a function of traltic and
surface characteristics. Figure 49 illustrates the
ettect of traffic on skid resistance, showing the side-
way friction factor for six difierent locations. Al-
though all six pavement sections had the same type
of surface course and were installed at the same

mR Schonteld. Photo Interpretation of Skid Resistance, HRR
311 (Highway Research Board. 1970).



Figure 44. Keystone MARK 1V skid resistance tester. (From Skid Resistance,
NCHRP Synthesis of Highway Practice No. 14 [1972]).)

Figure 45. California Portable Skid Tester. (From Skid Resistance, NCHRP Synthesis of Highway Practice No.
14 [1972].)
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Figure 46. British Road Research Laboratory’s pendulum friction tester (British Portable Tester). (From Skid
Resistance, NCHRP Synthesis of Highway Practice No. 14 [1972].)
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Figure 47. Components of surface texture as identified by Schonfeld. (From R. Schonfeld, Photo Inter-
pretation of Skid Resistance, HRR 311 {Highway Rescarch Board, 1970).)
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Figure 48. Seasonal change of skid resistance. (After
Skid Resistance, NCHRP Synthesis of Highway
Practice No. 14 [1972].)
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Figure 49. Deterioration of skid resistance with
exposure to traffic. (After Skid Resistunce. NCHRP
Synthesis of Highway Practice No. 14 [1972].)
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time, they were subjected to different traffic
volumes. The daily traffic shown for each location is
the average over a 3-year period. 1t is reported from
the study??? that the skid resistance had stabilized at
all locations after 2 years. The figure indicates there
is a better corrclation with the number of trucks
(heavy traffic) than with the total number of vehicles.
Figure 50, from a different study reported in the
same reference, illustrates the fact that skid resist-
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Figure 50. Loss of skid resistance of two pavements
as a function of traftic exposure. (From Skid Resist-
ance, NCHRP Synthesis of Highway Practice No. 14
11972].)

ance reaches a mean equilibrium value after many
applications of traffic.

Vehicle Factors

l. Speed: In general. the friction coefficient
decreases with increase in speed. It has been found
that on dry pavement surfaces, the friction factor
changes very little with change in speed; however. on
wet surfaces the decrease is significant.’™ In the

Wskid Resistance, NCHRP Synthesis of Highway Practice No.
14 (1972).

WM. Tomita, Friction Coefficients Between Tires and Pave-
ment Surfaces, Technical Report R303 (U.S. Naval Civil Engi-
neering Laboratory, 1964).



samme reference. it was reported thaat studies in 1960
by the Ministry of Asviation, using an instrumented
aireratt, “showed that the friction coetticients on wet
conerete pavement deereased rapidly with increasing
specd fram zero o about SO or 60 knots (57.5 to 69
mph). However, at speeds above 80 1o 100 knots (42
o LIS mplo, e friction coetficients tended to in-
crease shightly with mercase in speed. 3 The stight
inereasce in the tricton coetlicients at high speed was
attributed o the ereation of wing lift, which caused
difterences in the vertical loads and tire pressures in
the measuring technique employed. Figures S1oand
32 show the change in friction with speed tor con-
crete and asphalt pavements under dry and wet con-
ditions. As mentioned carlier, on dry surfaces the
triction factor changes only slightly with speed.
However, this may not be the case for asphalt
surfaces it bleeding oceurs (Figure 53).136

2. Tire Pressure: Experiments have shown that
for i given wheel load, an increase in tire pressure
will catese # deerease i eten coefliciens Figure
34). 87 This can be atteibuted to the increased area of
contact at low intflation pressure-—the heat created
by skidding or deceleration is distributed over a large
area, which results in i cooler tire and a high triction
coetficient.

3. Wheel Load: Studies using varying wheel loads
have shown that the triction coetficient decreases as
the wheel load increases (Figure 55).1% One of the
explunations tor such a phenomenon is that the in-
crease in wheel load causes a decrease in the tire con-
tact area per unit foad and theretore a decrease in
the friction coefficient. In contrast, it was also
reported that on ice. a slight increase in friction
coetticient occurred as the rear axle static load was
increased 119

4. Tire Tread: Tread design has a signiticant
influence on braking etfectiveness. Tire grooves pro-
vide channels through which water at the tire-
pavement interface can be displaced. At high speeds
or in the presence of thick water films, there is not
enough time for the water to be displaced and hydro-

UM fomiita, Fricion Coetpicients Between Tires and Pave-
mient Surfuces, Techmeal Report RIOY (ULS. Naval Civil Engi-
neering Laboraors, 1964) p 25,

HEM. Lomita

WML fomata

BEM. L omitu

I Toniita

planing may oceur. Figure 56 shows a comparison
between braking effectiveness of smooth and five-
groove tires for the Y90A aircraft. NASA  has
reported that caleulations using the results of this
experiment showed that the stopping distance of the
990A aircraft with the smooth tires on the wet, un-
prooved conerete runway was approximately 1,500 ft
more than that required tor the aireraft with unworn
five-groove tire, 129

Pavement Factors

Essentially two pavement tactors affecet skid resist-
ance: surface characteristics and drainage.

1. Surface Characteristics: This facior includes
the type of surface binder (asphalt or concrete),
surface finish (teature), and aggregate (more signifi-
cant if asphalt binder is used)  Yager et al. 2 experi
mented with three groups of aireraft (C-141A, 9904,
and F-4D) on the landing research runway at NASA,
The rumway iv composed o level test seetions wig)
differing surtace and compuosition  characteristics
tFigure 87). Re-ulis for the 990A aircraft, shown in
Figure S8, indicate that grooved pavement surfaces
are superior to the ungrooved surfaces,

Figure 89 shows a comparison of the etfect of two
different surface-grooving  configurations on the
braking efticieney of the C-141A aircraft on a con-
crete surface. One of the configurations is a con-
tinuous "« in. X Y4 in. x | in. pitch. The other con-
sists of Ve in. X 4 in. X 2 in. pitch grooves for 2 fi,
followed by 2 1 of ungrooved surtace.

It would be misleading to conclude from Figure 58
thut asphalt binders ofter better skid resistance than
conerete. Studies by other investigators did not show
the same trend. Tomita reported a study performed
in Michigan to determine the effect of the pavement
type on friction coefficient.??? The study covered
Portland cement concrete, bituminous concrete/
crushed gravdd, and bituminous concrete/crushed

Y04 Compurvson of Atrcraft and Growad Veluele Stoppang
Pertormance an Dy Wer Flooded. Slush, Snow. and  Ice
Covered Runways, NASA Technical Note D-0095 (197,

LA Comparson of Aircraft and Ground Vehicle Stopping
Performance on Dy, Wet, Flooded.  Slush. Snow, and Ice
Covered Rumways

M, Tomita
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Figure 51. Friction values on new Portland cement
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IMoyer, 1959A). (After M. Tomita, Friction Coeffi-
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Figure 52. Friction values on a dense-graded plant-
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Figure 53. Friction values on asphalt scal-coat surface with excess asphalt contributing to bleeding
in hot weather (Moyer, 1959). (From M. Tomita, Friction Coefficients Between Tires and Pavement
Surfuaces, Technical Report R 303 [U.S. Naval Civil Engincering Laboratory, 1964].)
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limestone (Figure 60), The wear factor shown in the
fgure wis computed as the product of average daily
traftic volume per trallic lane sinee constenetion,
weighted tor percent of commercial trallic, divided
by 1,000, and multiplicd by the age of the project in
years. Based on the results shown in Figures 58-60,
no definite conclusion can be drawn about the effect
ol the type of binder on skid resistanee,

2. Drainage: Good drainage conditions allow the
pavement surface to recover its dry skid resistance
characteristics shortly after wetting. In its runway
skid resistance survey, the U.S. Air Force examined
drainage conditions using the above concept.}?? A
water truck applied water to the surface in two
passes, with the truck calibrated so that each pass
placed 0.1 in. of water on each 2,000 ft of the test
strip. The "zero™ water time was the time the water
truck passed the midpoint of the test section during
the second water pass. Figure 61 shows the effect of
time-after-wetting o changes in sideway friction as
measured by the Mu-Meter. and on the stopping
distance ratio as measured by the DBV, These
graphs demonstrate the natural drainage character-
istics of the runway surtace and the time required for
the skid resistance to return to a dry pavement con-
dition.

Correlation Between Friction Measurements

From the previous discussion, it is clear that a
one-to-one  correlation should not be expected
hetween two ditferent skid testers. Each tester meas-
ures a ditferent aspect ot the developed friction
based on mode of operation. speed, water applica-
tion, and so forth. For example, performing the
measurement at a low speed will give a friction factor
which is caused mainly by the microtexture compo-
nent of the surtace (Figure 34). In order to compare
testers, measurements must be made under compa-
rable conditions.

Mu-Meter vs Skid Trailer
Field tests using the Soiltest ML-400 Mu-Meter
friction recorder and the Texas Highway Depart-

ment research skid trailer showed that the instru-
ments compared favorably when test conditions were

DG Balientne and P L Compton, Procedures for Con:
ducting the Air Force Weapons Laboratory Stundurd Skid Resist-
anee Fest (AAFWL, 1973),
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the siame (Figure 02).24 The data were obtained by
operating both instruments with smooth tires at 24
pai tire pressure, and having the pavement wetted by
aowater track. The graph shows a good coreelation
between the instruments, although it is not 1:1, The
Mu-Meier shows higher values than the skid trailer,
which s to be eapected sinee the Mu-Meter operates
in the cornering-slip mode and the skid trailer oper-
ates in the skid mode. Another factor that might
have caused the higher results from the Mu-Meter is
that, because of its relatively narrow track width,
only one of its test wheels can be made to run in the
maost-traveled wheel path.

Automobhile Method vs Skid Trailers

While trailers are used to measure the friction
coctficient at a given speed, friction coefficients
determined by automobile methods correspond to a
range of speeds—trom the speed at which the brakes
are apphied down to zero as the car stops. Figure 63
shows thie results of a study by Mahone et al. 38 (o
correlate  Virginia's  skid  trailer and  stopping
distance car. The results cannot be generalized since
ditferent  correlation may be obtained under
different testing conditions.

Automobile Method vs Mu-Meter

1t is 10 be emphasized that each of these methods
measures a difterent indicator of friction. In addi-
tion, ditferent testing conditions (e.g.. tire-tread
design. wheel Joad. ete)) make comparison of the
methods rather ditficult. Figure 64 shows a compari-
son between the triction factor measured by the Mu-
Meter at 40 mph and the wet/dry stopping distance
ratio measured by the NASA Diagonal-Braked
Vehicle (DBV) by locking a diagonal pair of wheels
ato mph. The data are from the results of the U.S.
Air Force runway skid resistance survey at difterent
bases. 16 For the survey, the surface was wet by a
water truck each time measurements were taken.
The results indicate poor correlation up to a Mu
value ol 0,68,

Burns ¢t al. renorted a good correlation between

AR M. Gallaway and J.Go Rese, Compartson of Highway
Pavement Friction Measurements Taken in the Comermg-Slip
and Sked Modes, HRR 3760 «Highwiy Research Board, 1971).

BDLC Mahone and SN Runkle, Pavement Friction Needs,
HRR 396 (Highway Research Board, 1972),

R unway Skid Resistance Survey Reports (Air Force Civil
Engimeerimg Conter. Dyndalt AFB, 1974),
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MU-METER VS. SKID TRAILER
95% CONFIDENCE LIMITS
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Figure 62. Corrclation between Mu-Meter and Texas Highway Department locked-wheel trailer. (Data
obtained from B.M. Gallaway and J.G. Rose, Comparison of Highway Pavement Friction Measurements
Taken in the Cornering-Slip and Skid Modes. HRR 376 [Highway Research Board, 1971], p 113.)
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AUTOMOBILE VS. SKID TRAILER
95% CONFIDENCE LIMITS
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Figure 63. Correlation between skid number obtained trom car stopping distance tfrom 40 mph and Virginia
skid trailer at 40 mph. (Data obtained from D.C. Mahone and S.N. Runkie, Pavement Friction Needs, HRR
396 |Highway Research Board. 1972], p 3.)
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AUTOMOBILE VS. MU-METER
95% CONFIDENCE LIMITS
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Figure 64. Sideway friction measured by Mu-Meter vs wet/dry stopping distance ratio measured by the
Diagonal-Braked Vehicle.* (From Runway Skid Resistance Survey Reports [Air Foree Civil Engineering Center,
Tyndall AFB, 1974].)

*Measurements were tiaken at the folowing bases:

(1) Scott AFB. Mlinois ) Zqeibracken AB, Germam
12) Roval AF Wondbridge, Fngland ) Kincheloe AFB. Michigan (S) Minot AFB, North Dakota
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Arizona’s Mu-Meter and a stopping distance car.}?’
Their results do not contradict the results obtained
from the Air Force data, but rather emphasize the
importance of testing conditions.

Trailers and Automobiles vs Portable Field
und Laboratory Methods

Little correlation has been found between these
methods beeause of the different modes of operation
and, particularly, because of the fow speeds of most
of the portable ficld and laboratory methods. Even
corrclation  between  portable  tield  equipment
operating al different speeds is unlikely. Zube et al.,
in comparing the Penn State Drag Tester and
California Skid Tester, conclude the following:

A suitable correlation was not obtained between the
Penn State Drag Tester and the California Skid Tester
when difterent types of surfaces were compared. A signifi-
cant correlation was obtained when only PCC surtaces
were used inthe analysis, 1t is apparent that the speed
ctieet mentioned in the papers by Kummer is of consider-
able importanee in attempting to correlate low speed skid
testers with those based on much higher speeds. This is
especially true when there are definite  ditferences 1n
surface teature, '

Figure 65 shows the results of the correlation study
performed by Zube et al,

Auwtomahile vs Actual Aircraft

A joint USAF-NASA rescarch program studied
the stopping  performance of an  instrumented
C-141A four-cngine jet transport and several instru-
mented ground vehicles under dry, wet, flooded,
slush, snow, and ice conditions.?® Tests were per-
formed on concrete and asphalt runway surfaces.
The concrete finishes included conventional, wire
combed, and a variety of grooving patterns. The
asphalt surfaces included slurry seal, plant mix,
porous friction course, grooved, and others. .

FHC B and R Peters, Surtace Friction Study of

Ve enna Highwavs, HRR 47T (Highway Rescarch Board, 1973),

FRE Zube and FoSkop, A Study of the Pennsylvania State Drag
Foter o Measurnng the Skid Resistanee of Pavement Surfaces,
Roport MAR 635 (Material and Researeh Departiment,
Catfornne Division of Highwine 1967),

Y94 Comparnon of Awrcraft and Ground Vehiele Stopping
Performance on Drv Wer, Flooded,  Slush,  Snow.  and  lce
Covered Rumwavs, NASA Technical Note D-6098 (1970).
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Figure 65. Correlation of California skid tester and
Pennsylvania State drag skid tester. (From E. Zube
and J. Skog, A Study of the Pennsylvania State Drag
Tester for Measuring the Skid Resistance of Pave-
ment Surfaces. Report M&R 633251 [Material and
Rescarch Department, California Division of High-
ways, 1967}.)

Results showed that the NASA diagonal-braked
ground vehicle (DBV) permits accurate prediction of
the stopping distance of an aircraft under varied
runway slipperiness conditions. Figure 66 shows the
good correlation between the NASA DBV and the
C-141A aircraft. Similar good correlations were
obtained with the 990A and F-4D aircraft.?® Figure
67 shows the correlation between the RCR vehicle
and the C-141A aircraft. The correlation is particu-
larly poor on wet surfaces because of the low speed
(20-30 mph) at which brakes are applied on the RCR
vehicle as compared to the high speed of the aircraft
when it starts to brake.

WA Comparison of Aircratt and Ground Vehicle Stopping
Performance on Dree Wer, Flooded.  Slush. Suow. and  Iee
Covered Runways



WET RUNWAYS
95% CONFIDENCE LIMITS
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Figure 66. Correlation between the wet/dry stopping distance ratio obtained by the C-141A aircraft and NASA
Diagonal-Braked Vehicle (DBV) with vehicle brakes applied at 60 mph.
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WET RUNWAYS
95% CONFIDENCE LIMITS
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Figure 67. Correlation between the wet/dry stopping distance ratio obtained by C-141A aircraft and runway
condition reading (RCR) vehicle with vehicle brakes applied at 20 mph.

73



5.00 6.00 T.00 8.00
L J

WET/DRY SDR AIRCRAFT
4.00
1

3.00
1

2.00
1

SNOW-SLUSH-AND ICE-COVERED R/W
95 % CONFIDENCE LIMITS

Y X
MEANS 2.7 3.8
Sy .79 1.4
N =7
R = .915
Rz : .837
Y = 0.8i2 + 0.5034 X

0.351

N

1.00

.00

L] 1 | ] ¥
2.00 3.00 4.00 5.00 6.00 T00
WET/DRY SDR-RCR VEHICLE

(b) SNOW, SLUSH AND ICE-COVERED RUNWAYS

Figure 67. (cont'd).

74

8.00



Skid Resistance Summary

The previous sectiony Tinve discussed (riction
measuring methods, variables atfecting the meas-
ured  values, and  correlation between  ditferent
methods. A review of the state of the art revealed the
following shid resistance and hvdroplaning ndi-
CiHors:

1. Friction coefticient measured with trailers with
locked wheels

2. Friction coetticient measured with trailers with
unlocked wheels making a yaw angle with the direc-
tion of travel

3. Friction coefficient measured with trailers with
rolling wheels in the slip mode

4. Reading obtained from a decelerometer in-
stalled in a vehicle

S. The ratio between wet and dry stopping dis-
tance for an automobile applying brakes at a given
speed

6. Friction coefficient measured by portable tield
instruments

Fricton coetticient measured by laboratory
Cquipmicnt

8oA cade tor the surtace testure,

As mientionad, cach ot these indicators measures
ditlerentaspect of the friction Lictor, 1 he degree of
corrckition between two indicators depends on (est-
ing conditions such as speed adre-tread  design,
wheel loud,and so torth, Therefore, when using one
or more ol the indicators to evaluate the skid resist-
ance ond hydroplaning potential of o pavement
surface, test conditions should be selected specifi-
cally to satisty the purpose of the evaluation. For
example, insclecting indicators to evaluate runways,
one should first eliminate those that are unlikely to
correlate with actual aircraft stopping distance—
such as stopping distance measured by automobiles
braking at low speeds (20 mph), and friction coeffi-
cients measured by laboratory methods, some port-
able field equipment, or traifers with locked wheels,
‘This will nurrow the choice to trailers operating in
the ship or vaw modes, stopping distance measured
by automobiles braking at high speeds (60 mph),
and perhaps some type of a texture code and water
depth measure. FTable S summarizes  tentative
recommendations for various pavement types.

Table §

Tentative Recommendations for Skid Measurement of Difterent Pavement Types

Highways Airfields
Measurement Mode of Testing Local Roads Primary
Method or Equipment & Streets Highways Runways Taxiways

1. Trailers Locked wheel HA A P p

Yaw mode A HA A A
Shp mode P P HA HA

2. Automobiles Locking 4 wheels p Q Q Q

Diagonal-Braked K P A A

Vehicle

3. Portable & Calitornia A r Q Q
Lab. Method Penn State Q NA NA NA
British Pendulum Q NA NA NA
4. Texture o* 0* o+ Q*

HA- Highly acceptable usage
A-— Acceeptable usage
P Possible but not desirable usage

*Pepends on the technique used for the analysis.,

O—Quustionable usage
NA—Nuot acceptable usage



The U.S. Air Force is employing two indicators for
its runway skid resistance survey: the wet/dry stop-
ping distance ratio measured by the NASA DBV,
and the sideway friction factor measured by the Mu-
Meter (yaw mode). Figure 64 shows the correlation
between DBV and Mu-Meter measurements. Figure
006 shows the correlation between DBV and C-141A
measurements. After taking measurements, the Air
Force uses Tables 6 and 7 to rate the skid resistance
and hydroplaning potential of the runways. These
tables and Figures 64 and 66, show that the meas-
urements taken by the DBV alone are probably a
sufficient indicator. However, the use of both the
Mu-Mcter and the DBV provides a check of the
values obtained and is a measure of safety in the
event of equipment malfunction.

Table 6
Mu-Meter Aircraft Pavement Rating*

Expected Aircraft
Mu Braking Response Response
Greater than 0.50 Good No hydroplaning problems

are expected

0.42 - 0.50 Fair Transitional

0.25-0.41 Potential for hydroplaning
tfor some A/ C exists under

certain wet conditions

Marginal

Very high probability of
hydroplaning

Less than 0.25 Unaceeptable

*A.D. Brickiman ¢t al.. Analvsis of Pavement Profile (Pennsyl-
vania Department of ‘Transportation, 1969).

Table 7
Stopping Distance Ratio/Airfield Pavement Rating*

SDR Hydroplaning Potential
1.0-2.0 No hydroplaning anticipated
2.0-2.5 Potential not well defined
25-35 Potential tor hydroplaning

Greater than 3.5 Very high hydroplaning potential

*G.D. Ballentine and P.V. Compton, Evaluation of Runway

Skid Resistance Characteristics of Royal Air Force Bentwaters
(AFWL, 1973).
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FUNCTIONAL PERFORMANCE AS PART
OF PAVEMENT LIFE-CYCLE ANALYSIS

S

introduction

Ficld experience has shown that pavement design
based on traific load structural considerations alone
does not provide for all functional conditions. thus
unexpected maintenance and repair expenditures
may occur. Such observations, in part, led to devel-
opment and appiication of the systems life-cycle
approach to pavement design.?3 This approach was
emphasized when the Texas Highway Department in
1908 initiated a ccoperative research project entitled
“A Systemis Approach Applied to Pavement Design
and Research.™ The Texas cooperative research pro-
gram has produced several important findings, and
has demonstrated the importance of life-cycle
systems analysis, 132.133,134,135,136,137

Pavemeni Managemani

The term pavemeni management includes more
than pavement design; it encompasses the manage-
ment of a pavement network from the time it is
planned until it is salvaged. Such a process consists
of pavement design. construction, maintenance,
repair, and continuous performance monitoring to
provide data for feedback information.

BIW.R. Hudson. F N Finn, B.F. McCullough, K. Nair. and
B.A. Vallerga, Svstems Approach 1o Pavement Design, Svstems
Formulation, Performance Detinition. and Materials Characteri-
zation. Final Report. NCHRP Project 1-10 (Materials Research
and Development. Ine., 1968).

WIR.C.G Haas, Developing a Pavement Feedback Data
Svstem. Research Report No. 1234 (Texas Highway Department:
The University of Texas at Austin: Texas A&M University; 1971).

PIW.R. Hudson. B. Frank McCuliough. F.H. Scrivner. and
James Lo Brown, 4 Svstems Approach Applied 10 Pavement
Design and Research, Rescarch Report 123-1 (Texas Highway
Departmeni, 1472)

OGO Stom. WKL Hudson, and 1L, Brown, A Pavement
Feedback DATA Svsiem, Research Report 123-12 (Texas High
way Deparoment, 19700,

ML Daster and W.R. Hudson, Application of Probabilistic
Concepis v iflextble Pavenrent Syscem Design. Rescarch Report
12318 (Texas Highway Department. 1973).

PEMLY. Shahin and B.F. McCullough. Prediction of Low-
Lemperature and Thermal Fatigue Cracking in Flexible Pave-
menis. Research Report 123-14 (Texas Highway Department).

WR.K. Kher, W.R. Hudson. and B.F. McCullough. A System
Analysis of Rigid Pavement Desipn,  Research Report 123-5
(Texas Highway Department. 1970).




Before further discussion, it is important to define
the terms maintenance and repair as used here.
Pavement maintenance is the activity necessary to
keep the pavement operating at its present capa-
bility. Maintenance can be minor or major. Minor
maintenance consists of routine activities such as
crack filling. patching of small arcas. filling poi-
holes. and joint filling. Major maintenance usually
requires special consideration by the management
staff and includes activities such as concrete slab-
jacking and patching of larger areas.

Pavement repair is the activity necessary to restore
the pavement to its initial operating capability rather
than increasing its strength to meet new traffic
demand (which is classified as construction). Typical
repair processes include overlay and slab replace-
ment. It is useful to further detine the term based on
the main reason for the repair. Structural repair is
performed to restore the pavement’s load-carrying
capacity. while functional repair is performed to re-
store the skid and/or smoothness properties. It
should be emphasized that a structural repair may
also improve the functional condition of the pave-
ment and similarly, functional repair may improve
the pavement's load-carrying capacity.

Both maintenance and repair activities should be
well-coordinated in order for the pavement manage-
ment system to be successful in minimizing total
expenditures. This coordination can be achieved
only by continuous monitoring of traftic and the
structural and functional conditions of the pave-
ment, and storage of the observations in a data base
in order to update the original design strategies for
use in planning future maintenance and repair.
Figure 68 shows how the coordination of mainte-
nance and repair activities can be achieved within a

pavement management system. Following is a briel

description of the components of the figure.

1. Monitor Performance and Evaluate Needs:
After the pavement has been constructed, its struc-
tural and functional performance should be con-
tinuously monitored and its maintenance and repair
needs should be evaluated.

2. Minor Maintenance: The day-to-day routine
maintenance work such as filling cracks and joints.

3. Major Maintenance: Before performing major
maintenance such as patching of large areas, the

-

future need for functional or structural repair must
be evaluated to optimize cost and traffic delay.

4. Functionai or Structural Repair: Because of
the ineraction between structural and functional
repair, the type of repair should be selected to opti-
mize cost and minimize tratfic delay.

S. Updated Functional and Structural Records:
Atter major maintenance or repair, functional and
structural records should be updated and stored in
the data base for future reference.

Present Siatus of Nianagement System
Being Developed by CERL

CERL is developing several computer programs in
response  to the requirements of the systems
approach (o pavement analysis and design. At
present, these programs are applicable to certain
classes of problems.

LIFE1 is a program for life-cycle costing of pave-
ment design alternatives. It generates a set of designs
based on the material properties of the subgrade and
other available materials for construction of rigid
and flexibie pavements, and on the mission of the
pavement as defined in terms of its function and
expected traffic. In addition, it considers mainte-
nance and repair strategies input by the user. At
present, a maintenance or repair strategy is defined
by a schedule for structural overlays and a budget
level for routine maintenance. Costs based on infor-
mation input by the user are computed for initial
construction, overlay construction, routine mainte-
nance, and delay of vehicle operations, as well as for
aircraft maintenance related to pavement condition.
The current version of LIFEL1 is based largely on the
design method for pavements developed and used by
the Corps of Engineers. Current work includes the
addition of a frost design procedure, and earthwork
cost-estimation routine.

PAVER is a Management Information System for
pavement facilities. It has a data base keyed to a grid
system which contains information describing a set
of pavements in a geographical area. This includes
geometrical, condition, traffic, and environmental
data; and material properties and unit costs for each
section of paverent. The data base is organized in a
hierarchical structure, and retrieval is facilitated by
a generalized data management system called
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Figure 68. Coordination of maintenance and repair activities in pavement management system.

Svstem 2000. A set of instructions, programmed in
FORTRAN, interfaces with the data base and
creates reports of interest to a variety of users. It is
anticipated that the major users would be the facility
engineer and his staff. Higher levels of command
may desire summary information for use in compar-
ing costs and performance at several bases or for
entire commands.

LIFE1 and PAVER have been sponsored by the
Corps of Engineers (the major sponsor) and the Air
Force Weapons Laboratory. In response to the Air
Foree requirement to aid in evaluation and mainte-

nance planaing for existing pavements, the PRE-
PICT progrem is being developed to encompass the
maintenance opion of LIFEL. At present, LIFEI
dovs nog consider functional performance as part of
paveinent itfe-cvele analysis.

Preliminary Corncepts for Incorporating
Functional Performance into Pavement
Life-Cycie Analysis

As mentivned carlier, functional requirements are
primariiy those of comforr and safery. The comtort
of a pavemient user is primarily a function of pave-



ment roughness. The level of roughness is usualiy
low initially after construction and then increases
with time and trattic until a limiting value is reached
at which user comtort requirements are not satistied.

The safety of a pasement user s affected by both
the slipperiness and the roughness of the pavement,
Skid resistance is usually high immediately after
comtruction and then decreases with tme and
traffic until a limiting value is reached at which the
probability of vehicle loss of control is higher than
can be tolerated.

Corrective measures for slipperiness and rough-
ness can vary considerably based on their abjectives
and on the structial condition of the pavement. For
example. it the functional requirements of the users
are exceeded by pavement slipperiness, the surface
can be grooved or a surface treatment placed. How-
ever, if it is also determined that the pavement witl
soon need a structural repair, it may be more eco-
nomical to apply a heavy overlay. Figure 69 shows an
example of how the coordination between corrective
measures for pavement slipperiness and structural
deterioration can be achieved. Curve (a) shows that
the skid index reached its limiting value at a time
when the pavement had o high structural index:
therefore only a seal coat or surtace grooving would
be needed 1o rectore the surtace skid resistance.
Such a corrective measure may or may not attect the
structural index, Curve (b) shows that the skid indey
reached ity limiting value at a time when the struc-
tural index was close to reaching its limiting value.
‘The most cconomical corrective measure in that
case. as indicated in Figure 69, would be an overlay,

Similarly, it the functional requirements of the
users are exceeded by pavement roughness, onh
major maintenance such as slabjacking could bring
the roughness to an acceptable level. However, if it is
also determined that the pavement needs a strue-
tural repair in the near future, it may be more eco
nonmical to apply an overlay. Figure 70 is an examplie
of how the corrective measures for pavement rough-
ness and structural deterioration can be coordimated.
Curve (¢) shows that the roughness mdes reached s
limiting value at a time when the structural index
was significantly high; therefore major maintenance
might be sutticient 1o lower the roughness index to
an acceptable level, Such a corrective measure may
or may not atfect the structural index. Cunve (d)
shows the roughness indea to reach i limiting value
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Figure 69. Coordination of corrective measures for
pavement skid resistance and structural deteriora-
tien.

at the same time as the structural index was close to
reaching its limiting value. The most economical
corrective measure in that case, as indicated in
Figure 70, would be an overlay.

~ e

. wa

-~

LT B Y

ROWr vty S

SR—

AN ENVIRONMENT

DESUN AT

CME TRAFE (|

Figure 70. Coordination of corrective measures for
pavement roughness and structural deterioration.

The examples presented in Figures 69 and 70 are
extremely simplitied since. in reality. optimization of




design, maintenance. and  rehabilitation requires
coordination among structural deterioration. slip-
periness, and roughness at the same time, This co-
ordination should be planned and optimized in the

initial design stage, and also during evaluation of

existing  pavements for major maintenance or
rehabilitation, The optimized coordinated design
can be obtained only by comparing the available
alternatives that can last for the desired design life in
terms of time, traftic, and environment. Figure 71
shows a few of the possible alternatives that may be
considered. Alternative 1 (Figure 71a) shows a pave-
ment that is structurally designed to last about one
third of the desired design lite, with two overlays
scheduled in the tuture. Alternative 2 (Figure 71b)
shows a pavement that is structurally designed 1o last
about half the design life, with an overlay and seal
coat scheduled in the future. Alternative 3 (Figure
71¢) shows a pavement that is structurally designed
1o last the entire design life. with two seal coats
scheduled to keep the roughness and skid indexes
from reaching their limiting values. It is (o be
emphasized that only a few of the possible alterna-
tives are presented here. The number of possible
alternatives will depend on the constraints specified
by the designer. such as maximum number of over-
kavs and seal coats during the design life, initial cost,
and the limiting values for the structural and func-
tional indexes.

The selection of an optimum alternative can be
based on the present worth of the total cost and the
average rideability during the design life of the pave:
ment. An average rideability factor (ARF) is devel-
oped herein as follows:

ARF; = (Ai/A)

where ARF;

average rideability factor for design
alternative i.

area  between roughness  index
curve(s) and roughness index limit-
ing value for alternative i.

A = design life in years times roughness
index limiting value.

Ai

From the detinition one can determine that the ARF
has a minimum value of zero and a maximum value
ol one.

Figure 72 is a simplitied example showing the
calculation of the average rideability factor for two
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Figure 71a,. Coordination of structural deterioration
roughness, ana slipperiness during pavement life-
evdle, design alternavive 1.

design adternatives. The following values were used
in the example: Design Lite =20 vears, Maximum
Scale Value of Roughness Index =10, Roughness
Index Limtting V alue = 6.

The ARF has tiwe tollowing merits:

1. b deserives e rideability  history in - one
number.

2. luprovides the designer with a guide for sclect-
ing from design aiternatives that have the same cost.

LI adiows tne designer to specify a minimum
average rideabihitv value as a constraint to reduce the
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number of available design alternatives.

4. It can be used to compare the rideability
history of ditferent classes of pavements regardless of
the roughness index limiting values assigned to them
tFigure 7).

S. Ity value does not vary when the roughnesy
index scale is changed.

Functional performance requirements of pave-
ments and development of models to predict their
variation with trattic, time, and environment must
be viewed in a system framework. Functional
performance of pavements is generally related to
their structuzal performance. Occurrence of strue-
tural distress such as cracking does not necessarily
mean a functional failure; however. roughness
usually occurs some time after the initial structural
distress. Similarly, rutting or permanent deforma-
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Figure 7ie. Design alternative 3.

tion can inerease hydroplaning potential by allowing
greater water accumulation during heavy rains.
Therefore, it is evident that structural distress.
satety, and comfort are all related and that any
adequate pavement life-cycle design system should
account for all factors and their interactions.

Figure 74 summarizes the concepts mentioned
above. showing only the structural/functional sub-
system portion ol ian entire pavement system. A brief
description of cach component of the figure is given
below.,

1. Inputs: All necessary data on materials, loads,
environment, maintenance, costs, etc.

2. Structural Models: Models based on theory or
empirically derived to predict pavement structural
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Figure 72. Example calculation of average ride-
ability factor (ARF) for two design alternatives.
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the same rideab.lity factor (ARF) but different
roughness index limiting values.
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Figure 74. Consideration of functional performance in pavement life-cycle analysis.
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distress as a function of traffic environment and
time.

3. Structural Distress: Distress such as tracture,
distortion, and disintegration.

4. Roughness Models: Maodels 1o predicet the in-

crease in roughness indicators as a function of

traffic, covironment, and time.

S. Skid, Hydroptaning Maodels: Maodels to predict
the increase -t o f hydroplaning potential as
function of .- L. Lwonment, and time.

6. Coordinate and Optimize: Based on pre-set
limiting levels for structural and functional inds-
cators, develop and optimize strategies for major

maintenance, structural, and/or functional repair.

7. Outputs: Recommended materials and thick-
nesses 1o he used, strategies for maintenance and
repair, average rideability factor, and total costs over
the entire lite of the pavement (including users’” costs
due to structural dimage of vehicles or delay time),
tor cach life-cycle design considered.

The development and implementation of accurate
predictive models to incorporate functional perform-
ance  considerations  into life-cyele  design and
analysis, as shown in Figure 74, requires extensive
rescarch and Dng-term performance data from in-
service pavements Fhese are not currently available.
Empirical relationships, 1.owever, can be developed
at present for first-order approximation. The devel-
opment can be based upon available data, limited
rescarch, and engineering judgment. Methodology
must be developed concurrently, to coordinate and
optimize the structural and functional considera-
tions. Once developed, these approximate predictive
models and optimization techniques could be imple-
mented into the pavement management system. The
resulting feedback performance information col-
lected from in-service pavements could be used for
development of more accurate models.

SUMMARY, CONCLUSIONS,
AND RECOMMENDATIONS

Summary

Chapters 1 and 2 defined pavement functional
performance and identified tunctional condition
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mdicators. b unctional performance was defined as
the trend ot iite des et of service provided to the pave-
ment users woughout the initial life of the pave-
ment and detween repars. Chapters 3 ani 4
deseribed tne staie o the art of measuring and ¢ aln-
ating thic neost signihicant funetional condition indi-
cators: rougnness od skid resistance. Following is
the state-oi the-art summary of indicators that can
be used tocmeasuring roughness and skid resistance.

Roughuess Indicators

L. Roughness tndexs

2. Slope Varianee

A0 Waveiengt!, Amplitude
4. Accaieridon

S. Absorbed Power

6. Subjecove BEvaluation

Skid Resiswance Indicators

Foovricte coetticient measured with trailers with
focked wlievis,

2. rriction coetticient i asured with trailers with
uniocked whearns making a vaw angle with the diree-
tton o tranvel.

3. Froeonon coetiicient measured with trailers with
rolfing wieels 1 ihe ship mode.

4. Reading ob ained from a deeclerometer in-
stablea i o vehie e,

S. The vano setween wet and dry stopping dis-
tanee tar an aeiemobiie applying brakes at a given
speed.

6. Fhction coetficient measured by portable field
instruments.

Fricton cocfticient measured by laboratory
cyipment

N, A coae for the surface texture,

Tentatne recoramendations relative to appropri-
ate cougliness and skid iesistance indicators for
vinous Avadaiion purposes and types of pavements
were preseraed i Tabies 30 4 (Chapter 3) and S
(Chianter 4.

Chaptes & presented coneepts for incorporating
functona corspeieration of roughness and  skid
resistance o pavement lire-cyele analysis. Included
were examples of how to coordinate maintenance
and repair aciivities for structural deterioration,
roughiiess, and slippertness. It was suggested that
selection of te optimum design alternative be based



on the present worth of the total cost and the average
rideability  factor {(which was introduced and
defined). Finally. a chart showing the structural/
functional subsystem portion of an entire pavement
system was presented.

Conclusions

1. The consideration of only structural integrity in
pavement lite-cycle design does not adequately
account for the users’ functional requirements.
Therefore, direet consideration of user-related func-
tional indicators such as roughness and slipperiness
is necessary for complete analysis of pavement life-
evele design.

2. Important indicators of pavement functional
condition are roughness. skid resistance and hydro-
planing, appearance. foreign objects on pavement
surfaces, and maintenance and repair activities
which cause delay or increased cost to users.

3. It is possible to measure several roughness
indicators, Each of these indicators will serve some
objectives better than others. One significant indi-
cator, ahsorbed power, has not yet been developed
sufticiently but is under investigation at Waterways
Experiment Station and Air Force Weapons Lahora-
tory Other indicators are certainly needed to give
more adequate information on vehicle structural
damage and electronic equipment damage due to
roughness.

4. ‘The state of the art tor measuring and evaluat-
ing skid and hydroplaning shows that while several
methods are available tor measuring skid resistance,
there are no direct methods for measuring hydro-
planing potential. Furthermore, selection of the
appropriate skid resistance indicators depends pri-
marily on the characteristics—especially speed—of
vehicles using the pavement facility.
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S. Although the state of the art for evaluating
roughness and skid resistance does not provide
adequate data to develop accurate models for pre-
dicting the variation of roughness and skid indi-
cators with time, trattic, and environment, it does
provide information for development of approximate
models.

Recommendations

Functional considerations should be included in
pavement life-cycle analysis (design, maintenance,
and rehabilitation). To achieve this, the following
work is reccommended:

1. Madels should be developed to predict the vari-
ation of significant functional indicators (such as
roughness and skid resistance) with time, traffic,
and environment. Complete development and verifi-
cation of these models requires extensive research
over several years. However, approximate models
can be developed from existing state-of-the-art tech-
nology and limited research. These approximate
models can then be refined as more information
becomes available.

2. Limiting criteria should be developed for each
functional condition indicator and specific class of
pavement.

3. A deciston-making methodology should be
developed for selecting appropriate maintenance
and repair.

4. Work items 1, 2, and 3 should be implemented
into pavement lite-cycle analysis (design, mainte-
nance, and repair). This will require development of
a coordination and optimization technique in order
to select the optimum design alternative.




APPENDIX:
INTRODUCTION TO POWER
SPECTRAL DENSITY

Definition of Sample Function
and Stationary Process

A sample tunction of a random process is o func-
tion whose record does not have an obvious pattern:
for example, the profile of @ pavement surtace for
given distance. A random process is aninfinite
ensemble of sample functions (Figure A,

Figure Al. Schematic representation of a random
process as an ensemble of sample tunctions y(jx).

A random process is said to be stationary it ity
probability distributions are invariant from one
section of a given pavement (o another seetion of the
same pavement. In particular, the tirst-order prob-
ability density ply) becomes a universal distribution
for a given pavement, independent of the examined
section. The assumption of stationary  trends s
significant in the analysis of highway protfiles, since
only a few sections of a given highway can bhe
examined practicallv. This is not necessarily true for
runways. since curreirt technology allows an entire
runway profile to be examined.

Statistical Definitions
The following detinitions of statistical parameters
are presented to illustrate the power spectral density

concept.

(1) The “*mean” or* . xpected value” of a function

85

v.Ely |Locan be caleulated it the first-order probability
density of v iy known:

[0 o]
Fist = f v py) dy

-0

[Eq Al

Fora sample tunction of length X, the mean of v can
be estimated as follows:

X

[
Miy| = X f 2 y(x)dx
X

2
Notice thae Mlyj will equal Efy] it the process is
stationary,

[Eq A2

(2) Similarly. the “mean square™ of a function y is
defined as follows:

[o e}

By = 5[ y2P(y)dy [Eq A3

For a sample tunction of length X, the mean square
of v can be estimated as tollows:
X
2
Miy?) =

yix)dx  [Eq A4]

XJ x

2

(3) The “root mean square™ of a function vy is
durined as the square root of the mean square of 'y,
rms |v] =V Ey

=/ M[VI[ If the process is stationary . . .
[Eq AS|

(4 The “variance’ of a function y, o§,. is defined
as the expected value of {y - E[v])?

ol =Elly Ely)?
o0
[ & Ewppuay
- 00

Ely2l (Ely)?

1

[Eq A6]

Equation Ab shows that the variance of y is equal to
ils “mcan square” minus the square of its “mean.”




(8) The “standard deviation™ of a function y, oy,

is defined as the square root of its variance:

oy = VA n\’. IEqg A7|

() The “amtocorrelation”™ of wo Tunctions y*®

and V2 B 2 s the expected vadue of their
products:

[¢ ol o]
EI_\““ ym‘ - f f ).(1) ).m p(:'.u). ym) d)‘“ dy‘“

o0 00

In the analysis of a sample function y(x) of length X,
an autocorrelation tunction  between  v(x) and
another function (x+1), where tis a specified inere-
ment on the x scale, is referred to as Rir); where

X
I A
Rin=Lim yixIvix+ 1) da
X
X-*m
2

However, il the function is stationary, R{r) can be
rewritten as follows:
X
2

vix) vix+1) dx [Eq A8
X
2

1
Rt} = X

It should be noted that when =0 in Equation AS,
the autocorrelation R(o) becomes:

X
5

r'4

R(o) = y3(x)dx
X
2

[Eq A9

which is the mean square of'y,

Figure A2 is o schematic diagram of the variation
of the normalized autocorrelation function R(9/R(»)
with 1 value. Note that R(1) is maximum at =0,
which represents the state of perfect correlation.

Fourier Integrals

From the Fou: ier integral theorem, a function y(x)
defined from x= o to x =0, can be represented by
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superposition of sinusoids as follows:

o0
] o 3
s = fl-'(w)c'“"dw {Eq A10]

o)

where Fiw) as the Pourier transform of via) and is
expressed oy tollows:

oo
Fiw) = /}'(X)L‘ WXdx {EqALl]

o0

where w = a8 the radian frequency of the sinusoids
tradian selected unit®)
w = 2nd
Po= the frequencey in cycles/selected unit.*

Equations ATO and Ad1 show that F(w) is a repre-
sentative of vix), but in the trequency domain,

Fguation ATl can be rewritten as follows:

Qo
Biw) = f_\'(x)(coswx isinwx) dx

o

In the case where vix) is an even function, i.e., y(x) =
vt x). the compiex component y{x)(-isinwx) is zero;
therefore,

oo
Fiw) = fy(x)coswx dx [EqAI12]

oo
it y(x) is an even funciion.
The Power Specirai Density Theorem

‘The previous section demonstrated that a function
can be represented i terms of sinusoids of con-
tinuousiy virving frequencies. Fhie same concept can
be applicd 1w the attocorrelation function R(1) of a
sample function v(x). The resulting Fourier trans-
torm of R{7) is also the power spectral density of y(x):

[o o]

| :
R = 5 fp(\s)e WTdw [EqAl3al

o0}

Ehe unit selecied m the analvsis of highway profile is usaally
Cleet.”



o

L=]

NORMALIZED AUTOCORRELATION FUNCTION, R(T) /R(G)

Figure A2. A schematic diagram of the normalized autocorrelation function for ditterent tvalues.

o0
and P(w)¥ = ﬁ(r) coswrdr [EqA13b]

o0

where P(w) s the Fourier transform of R(1) and the
power spectral density of y(x).

To illustrate the physical meaning of the power
spectral density, consider the limiting case where
=0

X
2
yHx)dx
X from Eq A9
2

R(o) = mean square of y(x) = )](f

l o0
= Zr-_/‘ Piw)dw
00

trom Eq A13

*Nate that R(1) is an even junction. i.c., R(r) = R(-1).

This may be interpreted such that Piw)dw represeants
the contribution o the mean square of y(x) from
frequencies between w and w+dw. From this inter-
pretation one may find that the units of the power
spectral density are the mean square of tunction con-
sidered/unit frequency.

Since the type frequency often used is cyeles
sclected unit, f, rather than radians. selected unit, w,
Equations A13 and A14 for calculation of the power
spectral density can be rewriiten in terms of { as
follows:

o0
R(1) = / P(hei2mTdf |Eq Al4a)

o o]

and

o0
P(h = fR(T)c 2T Eq A4b)

[+ o]

Equations Al4a and Al4b can be written as «
summation over the positive frequency and lag



values respectively:

[¢ o]
Rm=2f P2 (Eq AlSa)
[}]
and
[s o]
Py =2 /Rh)c i2M14y kg A1SH]
O

he power spectral density P of a sample tune-
tion vix) can be determined experimentally or com-
puted digitatly. Both methods are briefly presented
m the next two sections.

Experimental Determination

The power speetral density of a sample function
vix) can be determined experimentally by using the
special case when the lag value 1=0 in Equation
AlSa.

(oo}

R(0) = mean square value of y = 2/ P(dt|Eq Alo]

0

From Equation Alb it is clear that the power spec-
tral density describes the trequency composition of
the sample tunction in terms of its mean square
vilue.

It the sample ecord 1s passed through a bandpass filter
amd then the average of the squared value of the filter out-
put s comiputed, an estimate s obtined of the mean
squate value of the sample record’s content in the tre

quency band tor which the filter s set 2

The output of the filter is then the mean square of

all sinusoidal constituents of the original sample
function. v(x). having frequencies between f and
(f+ AD. The power spectral density can be estimated
as "2 (means square value/unit trequency):

PI) = U3 (R, . ,(0)/ Af} [Eq A7)

VEAD. Brickman ot al.  Analysis of Pavement Profile (Pennsyl-
vania Fransportation and Frattic Satety Center, 1969,
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Figure A3 shows a summary of the experimental
procedure for estimating P(). It should be noted
that this method s only accurate when At ap-
proaches zero.

Digital Computation

The power spectral density PU) of o sample tune-
tion ¥(x) can be computed dignally by tirst comput-
ing the autocorrelation function R(1) of v(xj using
the tollowing equations:

X
2
R*(1) = X vix)via+ 1idx from Eg A8
X
) 2
| X
= —X- / vix) yix + dx [tiq A18]
[}
b .
P*() =2 Re-ne 2A7d¢ from Eq A15b

o

e o
=2 / Rit) cos 2mtrdr  [Ey A19]

O
The algorthims and computer program for caleu-
lating R(z) and P() trom the above equations are
given in Hutchinson 139

Average Amplitude Corresponding
to Each Power Value

As shown in Equation A6, the mean square value
of a sample tunction y(x) can be expressed in termy
of the power spectral density as tollows:

oo
mean square value of'y = R{o) =2 / PiHdr

Y

¥y is assumed tobe stationary and R{1) is an even tunction.

DIB.G. Hutchinson, Analvats of Road Roughness Records by
Power Spectral Density Technigues. Final Report No. 101
(Department of Highways. Ontario, Canada. 1965),
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Figure A3, Experimental determination of power speetral density ol a sample function y(x).
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Figure A4, A schematic diagram of power spectral density vs frequency.

This relationship is ecxpressed graphically in
Figure A4, which indicates that the mean square
value of the sinusoidal constituents of y having frc-
quencies between (f  At72) and (f + Af/2) is equal to
twice the hatched area, i.c.:

mean square value of y

between (f - gt )+ l;*) =2P(D) - Af [Eq A20]

By assuming a sine function whose amplitude is A,
one can shew that the mean square of the function is
equal to A%/2 (Figure AS).

Substituting this relationship into Equation A20:

2
A =wpa

or

A =2V PO AT [Eq A21]
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It should be emphasized that A is the average
amplitude of the sinusoidal constituents of y(x) in
the tfrequency range (f - At/2) and (f + Af/2). There-
fore, it will be more appropriate to write Equation
A21 as follows:

A=2yPMA [Eq A22]
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Figure AS. Mcan square of a sine function y(x) in
terms of its amplitude.
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