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

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

@ THE RELATIVE PERFORMANCE of various pavements is their relative ability to
serve trallic over a perfod of time. There have been no widely accepted definitions
of performance that could be used in the evaluation of various pavements or that could
be considered in the design of pavements. In fact, design systems in general use in
highway departments do not include consideration of the level of performance desired.
Design engineers vary widely in their concepts of desirable performaace. By way of
example, suppose that two designers were given the task of designing a pavement of
certain materials for certain traffic and environment for 20 years. The first might
consider his job to be properly done if not a single crack occurred in 20 years, where-
as the second might be satisfied if the last truck that was able to get over the pavement
made its trip 20 years from the date of construction. There is nothing in existing de-
sign manuals to suggest that either man was wrong. This is simply to demonstrate
that'any design system should include consideration of the level of serviceability to
treﬁic that must be maintained over the life of the road. How long must it remain
smooth and how smooth? .

One popular design system involves determination of the thickness of slab required
to hold certain computed stresses below a ¢.:7tain level. It is clear that cracks will
occur {f a pavement is overstressed, but nowhere can be found any reference to the
effect of such cracks on the serviceabllxty of the pavement. Engineers will agree that
cracks are undesirable, and that they require maintenance, but the degree of undesir-
ability seems to have been left dimensionless. It may be appurent that one pavement
has performed its function of serving traffic better than anoiner, but a I‘dllOnD.l answer
to the question, “How much better?" has i.ct been avzilable.

- To provide dimensions for the term ''periormince” o systemhas been devised that
is rational and free from the likelihood of bias due to the strong personal opinions of
groups or individuals. It is easily conceivable that s1:ch a system could be adopted by
all departments, thus providing for the first time a u:tional standard system for rating
highways and pavements.

Before discussing the derivation and a particular upplication of the pavement serv-
iceability -performance system, it is neceéssary t5 se! down some fundamental assump-
tions upon which the system is based.
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1. There is a statement attributed to D.C. Greer, State dighway Engineer of Texas, .

that "highwiays are for the comfort and convenience of the traveling public." A rea-
sonable inference from this simgle statement is that the culy valid reason for any road
or highway is to serve the highway users. Aaother definitiv-, opinion is that "a good
highway is one that is safe and smenth, "

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

‘an objective measure.

3. There are, however, character( tics of highways that can be measured objec«
tively which, when properly weighted and corabined, ure in fact related to the users
subjective evaluatlon of the ability of :he highway to serve him. . -

4. The serviceability of a given highway may be expressad by the mean evaluation
given it by all highway users. There ar2 honest differences of opinion, even among .

. experts making subjective evaluations of almost anything. Thus, there are d}fferences

of opinion as to which automobile in a given price range {s b2st; differences among

judges of a beauty contest; differences as to which bank, broker, grocery store, or bar
to patronize; etc. Opinion as to the serviceability of highw'.ys is no exception. Eco-.
nom!: considerations alone cannot explaln these differenc:¢ . e

Tlats, in order for normal differences of opinion to be a:lowed with the smallest
average error for each individual highway user, serviceabiiity, as previously stated
may be expressed in terms of the mean evaluation of all us<rs.

5. Performance is assumed to be an over-all appraisal of the serviceabmty hlstory
of a pavement. Thus it is assumed that the performance of a pavement can be describ~
ed if one can observe its serviceability from the time it wz5 built up to the time its
performance evaluation is desired.

AN EXAMPLE OF THE USE OF
THE SERVICEABILITY-PERFORMANCE 3YSTEM

In' this section is described a typical example of the syst»m which has been in actual:

field use at the AASHO Rnad Test. Definitions and detailei steps in the development
and use of a Performance Indes: for evaluaticn of the Road est pavements are included.
It is emphasized that the case berzin described is only one ~f many possible applica- -

tio'ss of the principles involved. . It happened. to relate to ths performance of the pave< -

menris only, yet it would have been easy to ertend the sysiem to provide a measure of
the sufficiency of the entire higuway, including grade, alignment, access, condition ot
shoulders, drainage, etc., as well as charaateristics of thz pavement itself,

’

Purp(,se

The principle objective for the AASHO Road Test calis {or slgnlﬂca,nt relationships
between performance under specified traffic and the design of the structure of certain;
pavements. To fulfill this objective, an adequate and unambiguous definition of pave-
ment performance was required. Fo: reasons previously 'sientioned none was avail-.
able,

Special Considerations

In addition to the primary assumglions listed in the earl/ pa.ragraphs of this report
certain special considerations relating to the specific reqt.~ements of the R.oad Test
were included.

Inasmuch as the project was desigl ed tc provide inform. ition relating to the pave~
ment structure only, certain aspects of novmal pavement serviceability were excluded
from consideration, including surfacy fric’!on, condition «f shoulders, etc.

Test sections at the Road Test wei'e as short as 100 ft, .o short for a satisfactory

eder.
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subjective evaluation of their -ibility to serve traffic (most highway users consider a
high-speed ride over a paven.»nt necessary before they will rate it). Thus, objective
measurements that could be mzze on the short sections had to be selected and used in
such a way that pavements only 100 (t long could be evaluated as though they were much
longer., -

Defini.tions

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

Present Serviceability—th. 2bility of a spicific section of pavement to serve high-
speed, high-volume, mixed (‘ruck and automobile) traffic in its existing condition,
(Note that the definition applies to the existirg condition-~that is, on the date of rating—
not to the assumed condition *.:e next day or at any future or pasi date.) Although this
definition applies-to the Road est and may apply to any primary highway system, the
system could easily be modified for use with city streets, farm roads, etc. Obviously,
serviceability must be definer relative to the intended use of the road.

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

Present Serviceability Rating (hereafter
PSR)~the mean of the individual ratings
made by the members of a specific panel
of men selected for the purpose by the
Highway Research Board. This panel was in-
tended to represent all highway users. It
included experienced men, long associated
with highways, representing a wide variety
of inte:ests, such as highway administra-
tion, i.ighway malintenance, a federal high-
way agency, highway materials supply (ce-
ment aad asphalt), trucking, highway educa-
tion, austomotive manufacture, highway de-
sign, and highway research.

Pregvent Serviceability Index (hereafter

: - PSI)—a mathematical combination of values
obtajned from certain physicai measurements of a large number of pavements so form-
ulated as to predict the PSR for those pavements within prescribed limits,

Performance Index (hereaf-er PI)—a summary of PSI values over a period of time.
There are many possible ways ir which the ‘summary value can be computed., Perhaps
the simplest summary consists of the mean ordinate of the curve of PSI against time.

Acceptadle ?
Yay .
No

“Undecidad

Section Identitication Ratlng’

Rater Dote Time___ Vehicle

"Figure 1. Individual present serviceabil-
ity rating form.

Steps in Formulation of a Pregent Serviceability Index

_ The following represents » minimum program for the 2stablishment, derivation and
validation of a PSI (or any siz.iler index that may be considered for another purpose).

1. Establishment of Definjt’ons—There must be clear understanding and agreement
among all those involved in rs:ing and in forrulation and use of the index as to the pre -
cise meanings of the terms usxd (see preceding definitions for Road Test case)., Exsact-
ly what is to be rated, what stould be included, and what excluded from consideratioa?

2, Establishment of Ratir.g Group or Panel—Because the systom depends primarily-
on the subjective ratings of in ‘ividuals, great care should be taken in the selection of
the persons who will make up the rating group. Inasmuch as serviceability is here de-

)
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fined to be the mean opinion of this group, it 1s important that the raters reprgsent
highway users. They should be selected from various segments of the users with di-
vergent views and attitudes. '

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

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

5. Field Rating—The members of the Panel are taken in small groups to the sections
to be rated. They are permitted to ride over each section in a vehicle of their choice
(usually one with which they are familiar), to walk the pavement and to examine it as
they wish. Each rater works independently —there is no discussion among the raters.
When each is satisfied as to his rating, he marks his rating card and turns it into a
staff representative. The group then moves on to the next section. Each group takes
a different route in order to reduce the possibility of bias over the day (raters may rate
differently in the afternoon than in the mcrning; therefore, the groups are scheduled so
that some sections are rated by one or two groups in the morning and the same sections

by the other groups in the afternoon). It has been found that, near metropolitan areas,

sections with satisfactorily different characteristics can be found near enough together
80 that the raters can travel routes containing about 20 sections per day. When rating
present serviceability of a pavement, raters have found it helpful to ask themselves:
"How well would this road serve me if I were to drive .my own car over roads just like
it all day long today ?** Here again, of courss, serviceability is related to the intended
use of the road (primary highway, city street, farm road, etc.).

6. Replication—It i3 necessary to determine the ability of the Panel to be consistent
in its ratings. The Road Test Panel rated many sections twice, first on one day and
again on another day near enough to the first so that the section did not change physi-
cally, yet remote enough so that all extraneors influences on the raters would be in
effect. In general it might be expected that replicate ratings would differ more when
separated by several months than when separated by only one day. For this reason it
.may be supposed that the replication differences observed in the Road Test Rating
sessions are to some degree an underestimate of replication differences in a larger
time reference frame. The difference between repeated ratings on the same section
is a criterion for the adequacy of a present serviceability index derived from measure-
ments. :

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

8. Physical Measurements—If it is practicable for the Panel to rate all roads in the
area of interest often enough, no measurements need be taken. Analyses may be based
on the PSR itself. Since it was not possible for the Panel to rate the Road Test sections
(ratings were desired every two weeks), it was necessary to establish a PSI or Index
that would predict the Panel's ratings. To accomplish This, measuremenis ol certain
physical characteristics of the pavements were necessary. In order fo determine which
measurements might be most useful, the members of the Panel were-asked to indicate
on their rating cards which measureable features of the roadway influenced their ratings,
This study made it apparent that present serviceability was a function'primarily of longi-
tudinal and transverse profile, with some likelihood that cracking, patching, and faulting

_ would contribute. Thus, all of these characteristics were measured at each of the 138
sections in three states that were rated by the Panel, It should be noted that several
other objective measurements could have been added to the list if other phenomena were
permitted consideration by the established rules of the game. In this category might be
skid resistance, noise under tires, shoulder and ditch conditions, ete.

Measurements fall rather naturally into tvio categories: those that describe surface

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

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

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

The decisions as to which terms should be in the serviceability formula and which
terms should be neglected may be made by comparing the lack of success with which
the formula "'gives back" the ratings with a preselected criterion for rloseness o1 fit—
such as the Panel's replication error (see previous discussion, item $). That is, there
is no justification for a formula that can predict a particular set of ratings with greater
precision than the demonstrated ability of the Panel to give the same vatings to the same
pavements twice. Thus the multiple linear regression analysls will yield a formula that
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will combine certainobjective measurementsto produce estimstesof the Panel's ratings.

‘to an average accuracy no greater than the Panels's average ability to repeat itself.

Performance

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

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

to five. 3 . .

In order to fulfill the first Road Test objective, to find rviationships between per-
formance and pavement structure design, some summarization of the serviceability -

" time history is implied, Performance may Fe said to be related to the ability of the

paveinent to serve traffic over a period of tirie. A pavemeni with a low serviceability
during much of its life would not have performed its function of serving traffic as well
as one that had high serviceabilily during most of its life, &ven if both ultimately reach-
ed the same state of repair. ; ' )

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

ROAD TEST INDEXES

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

iven, : ' i _ E
& The matter of precision required of an index and precision attained in the Road Test
indexes is discussed. Alternate measurement systems are mentioned for the benefit of
agencies not able to equip themselves with elaborate Instruments.

2

Ratings for Selected Pavements .

After the establishment of concepts, ground rules, and rating forms for present
serviceability ratings, the AASHO Road Test Performance "tating Panel rated 19 pave-
ment sections near Ottawa, Ill., on April 15-18, 1958; 40 vections near St. Paul-

Mian :apolis on August 14-16, 1958; 40 sections near Indiarapolis on May 21-23, 1859;
and 33 sections on and near the Road Test in Illinois on Jantary 20-22, 1960. Ten
Illinois sections, 20 Minnesota sections, .20 Indiana sections and 24 sections on and )
near the Road Test were flexible pavements, whereas all remaining sections were rigid
pavements. Each sectfon was 1,200 ft long except those or. the Road Test, which aver-
aged 215 ft. With the generous cooperation of the respective state highway departments,
sections at each location were selected to represent a wide range of pavement conditions,

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

. The principal objective of the fourth rating session was to rate f{lexible pavement
sections that included rafher severe degrees of rutting—a u%enomenon not included in
the previous sets of flexible pavement. - A second objective of the. fourth session was to
rate a small number of rigid pavements only for the purposr of checking present serv-
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Present serviceabdility r: ting " Present serviceability rating

figur.e 4, Unacceptability vs present serv- Figure 5. Unacceptability vs present serv-
_dceability rating; T4 flexible pavements. icesbility rating; 49 rigid pavements.

The symbol SV is used for the samma- 100 .
ry statistic of wheelpath roughness as
measured by the Road Test longitudinal
profilometer. For each wheelpath the
profilometer produces a continuous rec-
ord of the pavement slope beween points
9 in. apart. For a particula ® wheelpath,
the slopes are sampled, generally at 1-ft
intervals, over the length of *he record.
A variance' ia calculated for the sample
slopes In each wheelpath, then the two
wheelpath slope variances are averaged
to give SV, A

A Bureau of Public Road: road rough- l 03 Sl N T
ness indicator, or roughomerer, has been i N —‘
adapted for use at the AASHO Road Test, ‘o 80 60 240 320 400
: ?::tt;ﬁo(:-e::l&%n;:;}a‘::s r:g'r Zl:g:sl;gtil Mean AASHO roughometer displocement (in./mi)
; in n

- 3
=]

3

»
[<]

.
o

Mean slope vorionce (x 10°%)
.

2

and still more developmenta: work has Pigure 6. Slope variance vs AASEO rough-
been done on the AASHO roughometer cmeter displacement; 44 flexible pave-
since the Indiana session, The AASHO _ ments.

roughometer has a modified cutput and is
run at 10 mph, 8o roughometer values shown in Tables 1 and 2 are not those that would
be obtained with the BPR rorglometer at 20 mph. Nevertheless, roughometer values
in inches per mile are given in the tables sc that it may be noted that the roughometer
values averaged for both wheeipaths, AR, are correlatec with the corresponding mean .
slope variances., Figures 6:and 7 show the extent of this correlation for the last two
rating sessions. )
One other instrument, a »ut depth gage, was used to obtain profile characteristics
of the flexible pavement secilons. This gage is used to determine the differential ele-
vatioh between the wheelpatl. 211d a line connecting two p‘olnts each 2 ft away (trans-

1The variance of a set of N 'ampre values, Y1, Ya,..., Y is defined to be the sum of
all N squared deviations rro.n the mean divided by N-1. Thus the variance of Y 18 5
(Y-¥)*/(N-1), where ¥ = T, Y/N is the sample mean,

ot
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versely) from the center-of the wheelpath.

100 Rut depth measurements were obtained
J | | | _ at 20-ft intervals in both wheelpiths. Av-
~erage rut depth values, RD, for the flexi-
~ 80 = ole sections are given in Table 1, where
° it may be noted that the values range from
= 0 to nearly 1 in. Variances were calcu-
% 60 lated for the rut depths in each wheelpath,
g g then the two wheelpath variances were av-
2 . eraged to give the RDV values given in ‘
2 40 Table 1. Figure 8 indicates the correla- .
< S tion between SV and RDV for the 74 flex-
$ . - ible sections.
=20 5 Profile information for rigid pavements
. L . included a measure of faulting in the wheel-~
oty paths. These measurements are given in
—t
) 80 160 240 320 400
Mean AASHO roughomater displacement (in./mi) 60 . _
Figure 7. Slope variance vs AASHO rough- N
ameter displacement; 20 rigid pavements. 0 ) .
Table 2, expressed in total inches of fault- & . . .
ing (in wheelpaths only) per 1, 000 t of = 40 4
wheelpath. s .
The remaining measurements for flex- ] 0 )
ible pavement sectlons are given in Table 2 v B
1.under the headings of area affected by - 4
class 2 and class 3 cracking, length of ‘2 . N e
transverse and longitudinal cracks, and H . "
patched area, where areas and lengths * ..
are expressed per 1,000 sq ft of pave- 10 e >
ment area. Corresponding measurements C
for rigid pavements are shown in Table 2 _'k#
in terms of length of class 2 and sealed °= 2 . ‘ . Y

cracks, spalled area, and patched area.
Lengths for rigid pavement cracks were .
determined by projecting the cracks both Figure 8. Rut depth variance va slope
transversely and longitudinally, choostig varience; T4 flexible pavements.

the larger projection, then expressing the

accumulated result in feet per 1,000 sq ft of pavement area. Only spalled areas having
diameters greater than 3 in. were considered, and both spalling and patching are ex-
pressed jn square feet per 1,000 sq {t of pavement area. Virtually any pair of meas-

Meon rut depth vorionce (in.? x 100)

" urements are 1ntercorrelated to some degree, some more highly than others. Figures

9 and 10 indicate the degree to which SV is correlated with the sum of cracking and
patching values. It is obvious that a stronger correlation exists in Figure 10 than in
Figure 9. If either correlation were perfec., one or the other of the plotted variables
would be redundant in an index of present serviceability.

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

Hypothesis and Assumptions for Preéent Serviceability Index

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

rating sessions, the general mathematical form of the present serviceability index was
assumed to be

PSI=C+ (AiRi+ AaRa+ ...} + (BiD1 + B2Da2 +...) - (1),

in which R:’ Rz, ++. are functions of profile roughness and Dl, Dz, ... are functions of
surface deterioration. The coefficients C, Al, A., ooy Bl, B’, ... may then be deter-
mined by a least squares regression analysis. It is expected, of course, that Al, A’,
feey B B ... will have negative signs. To perform the analysis, the PSR for the
jth of a set of sections is represented by

H

Swea toot verissce {n 0%)

PSR] = PSIj + Ej @)
where E. is a residual not explained by the functions used {n the index. Minimizing the
) sum of squared residuals for all sections
b ] in the analysis leads to a set of simultane-
J . ous equations whose solutions are the re-
‘quired coefficients. The respective effect
of adding or deleting terms in Eq. 1 will
. T - be to decrease or increase the sum of
. squared residuals. The change in residual
sum of squares can be used to deduce the
significance of adding or dropping terms
o o e [ e | e —a from the index formula,
The model for PSI is linear in that if all
- funciions save one are given a numerical
20 mlu:m“*:' i oy value, then PSI versus the remaining func-
tion represents a stralght line relationship.

3
o ;%.',:?r—v—r

Figure 9. Mean slope variance va cracking

and patching; Tk flexible pavements. o I — [
~ 0 ‘ !

for this reason it is desirable to choose ® l } j
functions Ri, Ra,..., Dy, Da,..., that e B
have linear graphs when plotted with PSR § R |
values. Forexample, logarithms, powers, t if ol |
etc., of the original measurements may  §* o
be used as linearizing transformations. $ . v ] . i

It {s important to note that a present T — i
serviceabilily index developed from ob- E‘,‘. i e g l
served ratings and measurements can ° ‘ - L L -
only reflect the characteristics that were 0o % & @0 160 200 240 280

! Teai craching ond pelching (per 1000 11 %)
actually present in the observed pave-

ments, And that for any particular char- Figure 10. Mean slope variance vs crack-
acteristic, the index can only reflect the and patching; 49 rigid pavements.
observed range of values for the charac-

teristic, .For example, if the selected

pavements had no potholes, there is no objective way to infer how potholing would affect
the present serviceability ratings, and the index cannot contain a function of potholing.
As another example, if faulting in the selected pavemeants ranged from O to 10, there
would be no way to infer the effect on PSR of pavements whose faulting was in the range
50 to 100. This same argument applies to the present serviceability ratings themselves,
I PSR's for the selected pavements range only from 2.0 to 4.0, there {s no way to inler

C mmpee ey
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what pavement characteristics must be like in order to produce a value of 1.0 or 5.0,
say, except to extrapolate the index on the assumption that Mnearity holds over the Iull
range of pavement characteristics,

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

Thus pavement selection amounts to the assumption that 21l interesting phenomena
and ranges have been encompassed by the selections. Extr:polations of the index to
measured values outside the range of those found in the.selected pavements amounts to
the assumption that the index formula remains linear in the region of extrapolation.

Choice of Functions for the Present Serviceability Index

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

Ri =log (1 +3V)

was selected as the first function of profile roughness to aﬁpear in the PSI model for
both {lexible and rigid pavements. The result of this transformation is shown in Figures
13 and 14, where PSR values are plotted agalnst R, for flexible and rigid pavements,
respective ly. ‘

For the flexible pavements, mean wheelpath rut depth, RD, was lncluded asa aecond
profile measurement to appear in the PSI equation. The aelected function of rut depth
was :

Ra-=ﬁb'

~

The scatter diagram of PSR vs RD* 1s shown in Figure 15,
Although preliminary analyses considered the possibility: of several functions of sur-
face deterioration (say one function for each of the measured manifestations), it was
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1

“apparent that no loss would be incurred 8.0
by lumping all major cracking and patch- L
ing into a single number to represent sur- P
face deteriorations. Valuez for this sum,
C + P, are not shown in Ta%les 1 and 2,
but may be obtained from cracking and
patching measurements given in the
tables.

Scatter diagrams for P“P versus C +
P are shown in Figures 16 2nd 17. For
whatever reasons, it i8 app=rent that
there is little correlation beiween PSR
and C + P for the flexible pavements, but
that a fair degree of correlztion exists
between these variables for the rigid °
pavements. For both flext!le and rigid o 20 A0 £0 80 100
pavements the transformation Meon rut depth squared lin®)
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Figure 15. Present serviceability rating
vs mean rut depth squared; 7h flexible
pavements.

Dl= vC+P

was selected as a linearlzim transforma-
tion for C + P,
Thus the present servlc#abllity index models to be used are

‘PSI=Ao+A;R1+Aan + BiDy = Ao + Ay log (1 +SV)+ ARD'+B, vVC+P (3)
~ for flexible pavements, and '

PSI = Ao+ AiRy + BiD, = Ac + A, log (145V) +Bi vT+ P (4)
for the rigid pavements. | I* is not expected that ihe coefficients Ay, Ay, and B, have
the same values for both Ecs. 3 and 4.

There are many other pcssibilities for !:,qs. 3 and 4, Not only might other instru-
ments be used to detect def >rmation and deterioration, but other summary values than
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SV, C+P and RD might be used. More-

over, one may choose different functions
ol o Sl e Pt el I I of SV C+P and RD than appear in Egs.

Ty - 3 and 4, or perhaps include still more
.:s“‘L!. T .(unctidns of pavement measurements.
s It is cledr that one of the most impor-
§ el = st tant elements of pavement serviceability
} — - .. 5 is its longitudinal profile in the wheelpaths.

20 . . The profile of the road coupled with the
2 : . + e appropriate characteristics of the vehicle
rys= o (mass, tires, springs, shock absorbers,
aN -
o { ! 10
o 4 [ L3 L3 0 24 .
Sevars ot of craching and peichng (per 1000 1tT) _r_," N
feola— -
Figure 16. Present serviceability rating L i
vs square root cracking and patching; '{1& few ! i
flexible pavements. E ‘m R ';
speed, etc.) produce the "'ride'" attained !m RE _
in that vehicle over that road. The actu- .
al profile of the wheel patlk as though © |
taken with rod and level at very close . | BN

spacing may be-called the displacement - o O . ® w 2 14w
profile, p. The first derivative of the Seotie cont of ractiog e patchiog Lpar 1000 11)
displacement profile is the profile of the
slope, p'. A plot of the slope profile
would have the same abscissa as the dis-
placement profile, distance along the
road, -and its ordinate would represent
the rate of change of displacement, or slope of the road at any point. The second de-
rivative of the displacement profile is the "acceleration' profile, p'', and represeats
the rate of change of slope, and the third derivative has been called the "jerk' profile,.
p''', the rate of change of acceleration. It has been suggested that jerk may be more
highly correlated with a rider's opinion of his ride than any of the other representations.
Perhaps this is true when oneis seeking to define *'ride" but the efforts at the Road

Test were directed toward a definition of the “'smoothness of a road" independent of

the vehicle that might use it. No small amount of effort was spent in studying corre-
lations of the variuances of various profile derivatives with the present serviceability
ratings, but there was no evidence that elevation variance, acceleration variance, or
jerk variance has higher correlation with PSR than the slope variance. On the other
hand, when a number of the slope profiles were subjected to generalized harmonic
analysis to determine how variance was associated with the wavelength spectrum, there
was some indication that slope variance in certain regions of the wavelength spectrum
is more highly correlated with PSR than is the total slope variance. More study of

this question is still under way at the Road Test.

.Figure-17. Present serviceability rating
vs square root cracking and patching; 49
rigid pavements.

Coefficients for the Present Serviceability index
Substitution of Eq. 3 in Eq. 2 gives

+ BDy, + E

PSR] = Ao + A].le + AsRa y - §

i

in which ij = log (1 +§Vj), R.j = RD'j‘ and ij= VW for the jth pavement,

Least squares estimates for A,, A;, Az and B, are found by minimizing the sum of
squared residuals, Ej’ through solving the following four simultaneous equations for
AO, Al; Az and B;. X
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A J(R-R) + A, Z(Rx Rl)(Ra Ra) + B L(R-R)(D:-Dy) =
2 (Ri-TRi)(PSR-PSR) (5a)
Al L(Re-Ro)(Ri-Ri) + Aa 3 (Re-Fa) + Bi 3 (Re-T)( Dl-u.) =
3 (Re- Ra) (PSR- PSR) (5b)
Ay E(D, D)(Ri-R) + A 3(0,-Bi)(Ra:Fy) + B, 3 (D,-D)* =
__2(D:-D1)(PSR-PSR) , (5c)
PSR = Ao + ARy + AjRa + B,D; (5d)

Summations in Egs, '5 are over all pavemen‘*s in the analysis, and bars over symbols
denote arithmetic means. Sums like 3 (Ra- “R,)® ars called sums of squares, while
sums like ), (Ri-Ri)(D;-D;) are called sums of products. Eqs. 5 may be expanded to
more terms and more equations if the index model contains more than three functions.

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

‘These equations are

A E(Lm-zi_,)’ + B L(R-R)0,;-By) = L (RFy)(PSR-BSTY) (6a)
Ri-Ri)(D:-Di) + B, 35 (Dy-5)* = 3 (D,-D:)(PSR-PSR) (6b)
PSR = Ao + AJR, + B,D; (6c)

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

13.27 A, -0.166 Az + 171,63 B, = - 26,69 (7a)
-0.166 Ay +1.34 Ay~ 3.90B; =~ 1,51 ’ (7b)
171,638 Ay - 3.90 A; + 5255 B, =-369.3 (7¢)
2.91 = As+1.02 A, + 0,076 Ay + 7.64 B, . (7d)
and the solution turns out to give
PSI =5.03 - 1,91 log (1 + SV) - 1,38 AD* -0.01VC P ®)
For the 49 rigid pavements the least squares equations are:

7.55 Ay + T1.71 B, = - 19.70 ' (9a)

71.71 Ay + 905.7 B, = -206.5 (9b)

2.83=Acr 1,19 A, - 0,087 B, & o (9c)

whose solution 1eads to the index LT

L .. | S . .
PSX-541-1'1810g(1+§V)-009 vC+ P (10)

It is noted in Tables 1 and 2 that the total variation in PSR s glven by the sems of
squares '

3 (PSR-PSR)® = 66.85 for the 74 flexible pavements, and K (11a)
> (PSR-PSR)* = 57.92 for the. 49 rigid pavements, (llb)

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

E(PSI BSR)* = X (PSI-PSR)* + X (PSR-PsI)? (12)

when the {irst term on the right side of Eq. 12 1s génerally called the sum of squares
for regression, or the explained sum of squares. ‘To obtain the sum of squares for
regression for the flexible pavements,

T(PSL-BER)® = A, D(Ri-F)(PER-TPEID) + Ay X (Re-Ta)(PSR-PSR) +
I3 (D\‘Dx)(PSR-PSR' (13)

g
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is calculated, then the residual sum of squares is found by! subtraction. For the rigid
pavements, the term containiny Az is om1t°ed from Eq. 13! Sums of squares for re-

" gression are

(-1.91)(-26.69) + (~1.38)(-1, 51) + (-0.01)(- 3;9 3) = 56.42 for
the flexible pavements, and
(-1.78)(-19.70) + (-0.037)(4206.5) = 53.08 for the

rigid pavements.
Dividing regression sums of squagres by the total vanaqlon given in Eq. 11 glves

.

56.4
3%73% = 0.844 for the flexible pavements, and

53.08 .o
3753 =0.916 for the rigid pavements. :

Thus, the PSI formulas account for 84,4 percent and 91, 6 percent of the variation
in PSR for {lexible and rigid pavements, respectively. .- By subtractions, the respective
sums of squared residuals are 10,43 and 4.84, so that th: root mean square reslduals
are about 0,38 and 0. 32, respectively.

‘The last columns of Tables 1 and 2 show calculated vawues for the present service-
ability indexes, as well as for residuals. At the bottom of the last column of the tables
it may be noted that the mean residual was 0.30 for flexible pavements and 0,26 for
rigid pavements. In both cases, the mean residual is abopt twice the mean difference
between replicate ratings given by the AASHO Rating Panel.

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

When the fifteen rigid pavement PSR values from the iwrth rating session were
compared with PSI values given by Eq. 10, the sum of the algebraic deviations was
practically zero while the mean dxscrepancy was 0.3. Inasmuch as only two of the
deviations exceeded 0.5, it was inferred that Eq. 10 served to fit the new PSR values
to about the same degree as it predicted those from wluch it was derived,

30 - -

o Socten ¢ . Case Historles of Present Serviceabxllty
0 s /N.‘I.—x-- sH  Index
s R (AN . B Figure 18 shows the present service-
& 2c T - ability incex history of three selected test .

sections at the AASHO Road Test. Sections
A and B kave:been replaced since the be-
ginning of the test; Section C was still in
the test in Cstober 1959, Abscissa values
represent two-week intervals for which
index values are computed by PSI 111 and

38 | 193y : :
Nox Dec. Jen Feb. Mor Apr, Moy we dulp  Aug Set

sl T T TTF - pstai1, respectively.
o # Sactans mariorad wan P31 €13 \ i The performance indexes computed.for
ST T34~ - IS0, four dates fram these serviceability-time

10 - e

history curves_are given in Table 3.
1938 | 1959 . -
Nov. Dec  Jan Feb Mor Apr. Moy s July Au, Sepl.

!, SUMMARY

The fundamental purpose of this paper
has been to ‘ntroduce concepts of present
servlceablllgy and performance that can be

Figure 18. Present servicesbility l_.'.stor)
¢f three selected test sections on the
AASHO road test.
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iceability indexes derived from the first 49 sections. -For tliese reasons, flexible pave-
ments from all four sessions appear in Table 1, but Table 2includes only rigld pave-
ment sections from the first three sessions }

Present serviceability ratings given in Col 3, Tables 1 znd 2, are mean values for
individual ratings given by the Road Test Panel. In genera!, each mean represents a-
bout ten individual ratings. It may Le noted that for both pavement types the PSR val-
ues range from about 1.0 to 4.5, with nearly the same number of sections in the poor,
fair, good, and very good categones‘ Tt grand mean PSR for all rated pavements
was slightly less than 3,0 for both pavement types. - ’

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

As mentioned earlier, certain of the Illinois sections were rated by two truck driv-
ers, whose mean ratings are given in Col. 8. Col. 7 gives mean ratings given to se-
lected Illinois sections by a group of about 20 Canadian raters. It can be seen that there
is general agreement among the various rating groups.

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

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

Measurements for Selected Pavements

Following the acceptability opinion, Tables 1 and 2 give summary values for meas-
urerments made on the selected pavements. Measurements are shown In three cate-
gories—those that describe longitudinal and transverse roughness, those that summa-
rize surface cracking and, finally, a measurement of th2 gatched area found in the
section, ’
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Figure 2. Acceptability vs present serv- Figure 3. .w:ceptability vs present serv-
iceability rating; T4 flexible pavewents. iceability rating; 49 rigid pavements.
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clearly defined. Although the examples

TABLES and :llistrations are specific instances of
m:i Sect. Beet. s';'r . ior Serviceof  the concepts, it has not been supposed
v zose “‘ ‘B: " —-P:”"":f’—l’- that the procedures and indexes discussed
Yoe Tete 42 <2 42 § montha herein represent any final-goal. In fact,
June 1958 . 3.4 4.1 41 8 months the derails have been given only to iliustrate
Oct. 1959 2.3 3.4 63 1 year

the concepts, )
. If any tighway department were irter-
ested in applying these principles to its own highwsy svstem with evaluation of pave-

.ment serviceability and/os parformance in mind, the following steps should be taken:

1. Establish a rating prazl or commitiee.

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

3. Rate a large number of roadway se:tions that include among them a wide range
of each of the selected fea's.res (thatis, veryrough to very smoaoth, deep ruts to no
ruts, etc.)

. 4. Make objective meassurements of the features considered.

5. Derive a serviceabiiity index.

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

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

. In this system, then, muy be found the "dimension’ for serviceability and perform-
ance that has-been missing !n design equations. The designer can be told to design
for a specified performance level for a specified number of years and the means is
provided to measure hig sugcess. ’
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