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The Pavement Scrviceabil_ity-

Performance Concept Bulletin No.

W.N. CAREY, JR., Chief Engineer for Reseirch, and
P.E. IRICK, Chief, Daia Analysis Branch, "'ghway
Research Board, AASHO Road Test

A system is described wherein the ser 7iceabiiity of pavements is
rated subjectively by a panel made up of men selected to represent
many important groups of highway users, Through multiple re-
gresslon analysis a mathematical {ndex is d2rlved and validated
through which pavement ratings can be satisfactorily estimated
from objective measurements taken on the cavements. 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 higivway flield, particularly in suf-
ficiency rating, evaluation of design systems, and evaiuation of
paving materials and construction techniques through the provi-
sion of an objective means for evaluation of pertormance.

® THE RELATIVE PERFORMANCE of various pavements is their relative ability to
serve trallic over a period of time. There have been no widely accepted del!nitions
of performance that couid be used in the evaluation of varlous 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 ot the level of performance desired.
Design engineers vary widely In thelr concepts of desirable performaace. By way of
example, suppose that two designers were glven the task of designlng 2 pavement of
certaln materials for certain traffic and environment for 20 years. 7% first might
consider his job to be properly done If not a single crack occurred in 20 years, where-
ag the second might be satislled if the fast truck that was abie to get over the pavement
made its trip 20 years from the date of constructlon., 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 conslderation of the level of serviceability to
traffic that must be malintained over the life of the road. How fong must it remam
smooth and how smooth?

One popular design system Involves determination of the thickness of slab required
to hold certain computed stresses below a csutain level. It is clear that cracks wili
occur if a pavement is overstressed, but nowhere can be found any reference 1o the
effect of such cracks on the serviceabillty of the pavement. Engineers wili agree that
cracks are undesirable, and that they require maintenance, but the degree of undesir-
. ability seems to have been left dimenslonless. It may be appurent that one pavement
has performed its function of serving traffic better thin anoviner, but a rational answer
to the question, “How much better?' has i.c! been aviailable.

- To provide dimensions for the term “'periormi.nce” » 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 concelvable that s.ch a system could be adopted by
all departments, thus providing fo the first time a uitional standard system for rating
highways and pavements.

Before discussing the derivation and a particular application of the pavement serv-
1ccability-performance system, it Is necessary t> se! down some fundamental assump-
tions upon which the system Is based.
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1. Thére is a statement attributed to D.C. Greer, State Highway Engineer of Texas,
that “highways are for the comfort and conveunience of the traveling public." A rea-
sonable inference from this simgle statement {s that the Guly valid reason [or any road
or highway is to serve the highway users., Aunother def|n|tlv- opinion is that "'a good
highway is one that Is safe and smcath. "

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

‘an objective measure. AR

3. There are, however, characterl'tlcs of highways that can be measured objec«
tively which, when properly welghted and comblned, ure in fact related to the users
subjective evaluauon of the ability of :he highway to serve him, . :

4. The serviceability of a given highway may be expressad by the mean eva]uatlon
given it by all highway users. There ai12 honest differences of opinion, evenamong :

. experts making subjective evaluatlons of almost anything. Thus, there are dmerences

of opinion as to which automobile in a given price range is b2st; differences among
judges of a beauty contest; dilferences as to which bank, broker, grocery store, or bar
to patronize; etc. Oplnlon as to the serviceability of hlghw' y8 18 no except(on. Ecos .
nom!: considerations aione cannot explain these differencct . .

Tli:s, in order for normal differences of opinion to be a:lowed with the smallest
average error for each Individual highway user, serviceabliity, as previously stated,
may be expressed in terms of the mean evaluatlon of all us<rs.

5. Performance is assumed to be an over-ail appraisal of the serviceabllity Mstory
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 w3 built up to the time ita
performance evaluation is desired.

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

In this section is described a typlcal example of the syst:m which has been in actual:
field use at the AASHO Road Test. Definitions and detailes steps in the development
and use of a Performance Inder: for evaluaticn of the Road Jest pavements are included,
It is emphasized that the case Fersin described s only one ~f many posaible applica- -
tioss of the principles involved, It happened to relate to ths performance of the pave- .
meris only, yet it would have Luen nasy to ertend the system to provide a measure of
the sufficiency of the entire hlgnwa), Including grade, alignment, access, condition o[
shoulders, drainage, etc., as well us characteristics of the pavement itself, '

[

Purpose ST

The principle objective for the AASHO Road Test calis {or slgnmcant relationships
between performance under specified t-affic 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 ~nentioned none was avail-:
able,

Speciai Conslderatlons

In additlon to the primary assumgtions listed in the earl/ paragraphs of this report,
certain speclal considerations relatlny to the speciflc reqr.-ements of. the Rpad Test
were included. ”

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

Test sections at the Road Test wcice as thort as 100 ft, oo short for a satisfactory



subjective evaluation of their ubility to serve traffic (most highway users consider a
high-speed ride over a paven.:nt necessary bafore they will rate it). Thus, objective
measurements that could be mz.de on the short sections had to be selected and used In
such & way that pavements only 100 (t fong could be evaluated as though they were much
longer. -

Delinitlons

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

‘' Present Serviceablility —thz ablllty of a spacilic section of pavement to serve high-
speed, high-volume, mixed (truck and automobile) traffic in its existing condition,
(Note that the definition applies to the existing condition—that is, on the date of rating—
not to the assumed conditlon ’.:a next day or at any future or pasi date.) Although thie
delinition applies to the Road Yest and may apply to any primary highway system, the
system could easily be modifiad for use with city streets, farm roads, etc. Obvlously,
#érviceability must be define’ 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. i). 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 iustructed to exclude from conslderation all features not
T _ related to the pavement itself, such as
! right-of-way width, grade, ailgnment,
shoulder and ditch condition, etc.

Present Serviceabllity Rating (hereafter
PSR)~—the mean of the Indlvidual ratings
made by the members of a speclfic panel
of men selected for the purpose by the
Highway Research Board. This panel was In-
tended to represent ali highway users. It
included experienced men, long assoclated
with highways, representing a wide varlety
of inte-ests, such as highway administra-
tion, i‘ghway maintenance, a federal high-
way agency, highway materials supply (ce-
ment a2ad asphalt), trucking, highway educa-
tlon, automotive manufacture, highway de-
sign, and highway research.

Pregent Serviceabllity Index (hereafter
. : - PSI)—a mathematical comblnation of values
obtained 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 perlod of time.
There are many possible ways in which the ‘summary value can be computed. Perhaps
the simplest summary consists of the mean ordinate of the curve of PSI agalnst time.

Unéechied

Section Identitication Ratlng’

Rater Date Time____ Vehicle

-Figure 1, Individual present aerviceabil-
ity rating fomm.

Steps in Formulation of a Present Serviceability Index

_ The following represents 2 minimum prog-am for the astablishment, derivatlon and
validation of a PSI (or any sir.ilar fndex that may be considered for another purpose).

"1, Establishment of Definit’ons—There must be clear understanding and agreement
among all those Involved in ra:ing and In forrulation and use of the index as to the pre -
cise meanings of the terms us>d (see preceding deflnitions for Road Test case). Exact-
ly what 18 to be rated, what stculd be fncluded, and what excluded from consideration ?

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

)
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fined to be the mean opinlon of this group, it is important that the raters represent
highway users. They should be selected (rorp'va'rious_ segments of the users with di-
vergent views and attitudes. :

3, Orlentation 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 definitlons and the rules of the game. It has been found
worthwhile to conduct practice rating sessions where the raters can discuss their rat-
fngs among themselves. Note that when they make their official ratings they must work
fndependently, with no opportunity for discusslon of the ratings until the entire session
has been completed. .

4, Selection of Pavements for Rating—Ratings are to be made of the serviceabllity
of pavements; therefore, a wide range of serviceabllity shouid be represented among
the pavements that are selected for rating. Moreover, represented among the sections
selected should bz pavements containing all of the various types and degrees of pave-
ment distress that are likely to infiuence the serviceability of highways. Prlortoa
fleld rating session, engineers study the highway network in the area under consider-
ation (say 200 mi or less in dlameter) and pick sections-of roadway such that a reason-
able balance is obtained among sections, of which some are obviously in very good con-
ditlon, some are good, some falr, 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 studled. About one-half were flexible pavement and one-half .
rigid. - The Road Test Panel members agreed among theimselves that the minimum de-
sirable length of a pavement to be rated was 1,200 {t; however, in a few cases shorter
sections were Included. This length was sufficlent so that the raters could ride over
the sectlon at high speed and not be influenced by the condition of pavement at elther end
of the section.

5. Fleld 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 i8 no discussion among the raters.
When each 18 satisfied as to his ratiag, he marks his rating card and turns it in to a
staff representative. The group then moves on to the next section. Each group takes

- a diferent route In order to reduce the possibllity 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 metropollitan areas,

sectlons with satlsfactorlly different characteristics can be found near enough together
so that the raters can travel routes contalning about 20 sections per day. When rating
present serviceabllity of a pavement, raters have found it helpful to ask themseives:
"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 course, serviceability is related to the intended
use of the road (primary highway, clty street, farm road, etc.).

6. Replication—It 18 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 extraneous influences on the raters would be in
effect. In general It might be expected that replicate ratings wouid differ more when
separated by several months than when separated by only one day. For thls reason It
may be supposed that the replication differences observed in the Road Test Rating
sessions are to some degree an underestimate of replication differenceg in a larger
time reference frame. The difference between repeated ratings on the same section
is a criterion for the adequacy of a present serviceabllity index derived from measure-
ments.

7. Valldation of Rating Panel—Because the Panel is intended to represent all high-
way users, it 15 necessary to test Its abllity to do so. To a limlited extent such vali-
datlon was obtalned for the Road Test Panel by selecting other groups of users and
having them rate some of the same sectlons that had been rated by the Panel. One such
group consisted »f two professionzl commercial truck drivers who made thelr ratings



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 quite 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 Panc! repre-
sents the universe of all users,

8. Physical Measurements—If It is practlcable 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 itsell. Since It was not possible for the Panel to rate the Road Test sectlons
(ratings were desired every two weeks), it was necessary to establish a PS! or fndex
that would predict the Panel's ratings. To accomplish This, measuremcnls ol cerlain
physical characteristics of the pavements were necessary. In order to determine which
measurements mlght 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 serviceabliily was a function’primarily of longi-
tudinal and transverse profile, with some likellhood that cracking, patching, and faulling
would contribute. Thus, ail 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 1ist 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 condltions, etc.

Measurements fall rather naturally Into tvo categories: those that describe surface

" deformation and those that describe surface deterforation. 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 2s laulting, will ordinarily
be measured. Present and past surface deterioration will be reflected through meas-
ures of cracking, spalling, potholing, patchi:g, etc., and may Include phenomena
whose influence on present serviceabllity ratings ranqe from negligible to appreciablie.

9. Summaries of Measurements—There are raany different ways to summarize
longltudinal and transverse profiies. For example, 'ongitudinal profile may be express-
ed as total deviation of the record from some baselin¢ 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 speclral den-
sity analysis, etc. Transverse profile may be fummarized by mean rut depth, variance
of transverse profile, etc. The variance of rut depth 1long 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 Serviceabllity Index—After having obtained PSR's and
measurement suimmaries for a selection of pavements, the final step is lo combine the
measurement vartables into a formula that "yives back™ or predicts the PSR's to a sat-
Isfaclory approximation. Part of this procedure should consist in determ!ning 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 muitiple lincar
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 serviceabillty 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 closeness ot {it—
such as the Panel's repiication error (see previous discussion, item 5). 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 glve the same ratings to the same
pavements twice. Thus the multiple linear regression analysis will yleld a formula that
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will cembine certainobjective measurementsto producc estimatesof the Panel's ratings.
to an average accuracy no greater than the Panels's average abillty 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,contalining terms relatl.ed'
to objective measurements that may be made on any section of highway at any time,

Al the AASHO Road Test these measurements are made and the index’computed for each
test section cvery two weeks. Thus a serviceabllity -time h!story is availabie for each
test section beginning with the time test traffic operation was started, As can be seen
from Figure |, the present serviceability values range in numerlcal value [rom zero

to live. . . . -

In order to fulfill the first Road Test objective, to find ri.lationships between per-
formance and pavement structure design, some summarization of the serviceability-’
time history is implied. Performance may lj',e said to be related to the gbility of the
pavement to serve tralfic over a period of tirie. A pavement with a low serviceability
during much of its life would not have performed its function of serving tralfic as well
as one that had high serviceability during most of its 1ife, €/en If both ultimately reach-
ed the same slate of repair. ' .

The Road Test staff studied many alternate techniques for summarizing the service-
abiiity-time history into an index of performance. The performance index chosen con-
sisted of the mean ordinate of the serviceability-time history record. The choice of
mean ordinate of serviceabllity-time record was largely due to its simplicity and the
ease with which it can be understood by those Interested In the Road Test findings.

ROAD TEST INDEXES

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

iven. ’ o
s The matter of precision required ol an iidex and precision attained in the Road Test
indexes s discussed, Alternate measurement systems are mentioned for the benelit of
agencles not able to equip themselves with elaborate instruments,

Ratings for Selected Pavements

After the establishment of concepts, ground rules, and rating forms for present
serviceabllity ratings, the AASHO Road Test Performance Rating Panel rated 19 pave-
ment sectlons near Ottawa, Ill., on April 15-18, 1958; 40 v.ections near 8t. Paul-
Minn:apolis on August 14-16, 1858; 40 sections near Indiarapoiis on May 21-23, 1959;
and 39 sections on and near the Road Test in Iilinols on Janu:ary 20-22, 1860. Ten
Illinois sectlons, 20 Minnesota sections, .20 Indlana sections and 24 sectlons on and )
near the Road Test were {lexible pavements, whereas all remaining sections were rigid
pavements. Each section was 1,200 {t 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 segsion, Road Test crews and instruments were used to
obtaln condition surveys and profile measurements for each section. Summaries for
all evaluations of the 74 flexible pavement sections are shown in Table 1; corresponding
evaluations for the first 49 rigld pavements are given in Table 2.

. The principal objective of the fourth rating session was to rate flexible pavement
secliins that included rzther severe degrees of rutting—a v*enomenon not included in
the previous sets of flexible pavement. - A second objective of the fourth session was to
rate 2 small number of rigid pavements only for the purpogz of checking preseat serv-
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DATA FOR 74 SELECTED FLEXIBLE PAYEMENTS
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Hg\u'e [ lf'nacceptabmty vs present serv-
fceadility rating; 7h flexible pavements.

The symbol BV is used for the summa-
ry statisti¢ 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 polnts
9 in. apart. Fora particula; wheelpath
the slopes are sampled, gencrally at 1-ft
intervals, over the length of the record,
A variance' is calculated for the sample
slopes in each wheelpath, thén the two

. wheelpath slope variances are averaged
- to give 3V

A Bureau of Pubiic Roadv road rough-
ness indicator, or roughometer, has been
adapted for use at the AASHO Road Test,
but this development was not made until

* Just prior to the Indiana rating session
and still more developmenta: work has
been done on the AASHO roughometer
since the Indiana 8ession. The AASHO
roughometer has a modified output and is
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Figure S5, Unacceptability ve present serv-
iceability rating; 49 rigid pavements.
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Figure 6, Slope variance vs AASHO rough-
ometer displacement; b flexible pave-
ments.

run at 10 mph, so roughometer values shown in Tables { and 2 are not those that would
be obtained with the BPR rorghometer 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 wheelpaths, AR, are cerrelated with the corresponding mean -
slope variances. Figures 6-and 7 show the extent of this correlation for the last two

rating sessions.

One other instryment, a -ut depth gage, was used to obtain profile characteristics
of the flexible pavement sec*lons. This gage 18 used to determine the differentlal ele-
vatlor_‘ between the wheelpat). 2nd a line connecting two points each 2 ft away (trans-

- 'The variance of a set of N rarapie values, Yy, Ya,..., Y, is defined to be the sum of

N

all N squared deviations {ré.n the mean divided by N-1. Thus the varlance of Y is ;7
(Y-V)"/(N-1), where ¥ = ¥, Y/N is the sampls mean,

versely) from the center of the wheelpath.

100 Rut depth measurements were obtained
[ T 11 at 20-ft intervals in both wheelpiths, Av-
- erage rut depth values, TID, for the flexi-
—~ 80 * ble sectlons are given In Table 1, where
° it may be noted that the values range from
2 0 to nearly 1 In. Variances were calcu-
g s lated for the rut depths in each wheelpath,
5 s then the two wheelpath varlances were av-
: I eraged to glve the %EV’valuea givenin
3 40 Table 1. Figure 8 indicates the correla-
< < tion between SV and RDV for the 74 flex-
% . : ible sections.
* 20 , Profile information for rigld pavements
e T ) included a measure of faulting in the wheel-
% 2’ ] paths, These meagurements are given in
% 80 160 240 320 400
Mean AASHO roughometer displacement (in,/mi.) €0 . .
Figure 7. Slope variance ve AASHO rough-
ometer displacement; 20 rigid pavements. ) .

o
o

Table 2, expressed in total inches of fault-
ing (In wheelpaths only) per 1, 000 ft of
wheelpath.

The remaining measurements for flex-
ible pavement sections are given in Table
1 under the headings of-area affected by .
class 2 and class 3 cracking, length of
transverse and longitudinal cracks, and
patched area, where areas and lengths ..
are expressed per 1,000 sq ft of pave- 10 3
ment area. Corresponding measurements
for rigid pavements are shown in Table 2
in terms of length of class 2 and sealed o
cracks, spalled area, and patched area.
Lengths for rigid pavement cracks were
determined by projecting the cracks both
transversely and longitudinally, choosing
the larger projection, then expressing the
accumulated result in feet per 1,000 sq {t of pavement area. Only spalled areas havlng
diameters greater than 3 in. were considered, and both spalling and patching are ex-
pressed in square feet per 1,000 8q {t of pavement aréa, Virtually any palr of meas-

3

Meon slope vorionce (2 10%)
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o
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Meon rut depth vorionce {in* 2 100}

Figure 8. Rut depth varisnce vs slope
variance; T4 flexible pavements.

" urements are intercorrelated 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 perfect, 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 Present Servicéability Index

1t 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 corresponding 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,



Guided by the discussion of the AASHO Rating Panel as well as by results from early

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

PSI=C + (AiR1 + AaRa + ...) + (BiD1 + BaDa + .. .) . ()

in which R‘, R’, . are functions of

. are functions of profile roughnessand D, D,
surface deterioration. The coefficients C, Al, A', caey Bl, ;3’, .’. . may then be deter-
mined by a least squares regression analysis. It i{s expected, of course, that A, A,

, Bl, B’, ... wlll have negative slgns. To perform the analysis, the PSR forlthe’
jth of a set of sections is represented by

PSR] = PSl’ + El @

where E] is a residual not explained by the functions used in the fadex. Minimizing the

sum of squared residuals for all sections
{ f in the analysis leads to a set of simultane-

0o

ous equations whose solutions are the re-

% quired coefficients. The respective effect
= ) of adding or deleting terms in Eq. 1 will
I“ s T be to decrease or increase the sum of
I

l

squared reslduals. The change in resldual

sum of squares can be used to deduce the
LL ] significance of adding or dropping terms
o . J— from thé index formula.
RS A The miadel for PSI ig linear in that tf all
° aog '“ - funcilons save one are glven a numerical
Tt et v & value, then PSI versus the remaining func-
tion représents a stralght line relationship.

|

Figure 9. Mean slope vuriance ve cracking 100
end patching; 74 flexible pavements. i T
1

for thls reason it is deslrable to choose
functions Ry, Ra,..., Dy, Da, ..., that
have linear graphs when plotted with PSR
values. Forexample, logarithms, powers,
etc., of the origlnal measurements may
be used as llnearizing transformations.

It is important to note that a present
serviceabllity index developed from ob- W1 .
served ratings and measurements can o € - e L
only reflect the characteristics that were e iy o e e
actually present in the observed pave-
ments. And that for any particular char-
acteristic, the index can only reflect the
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 serviceabliity ratings, and the Index cannot contain a function of potholing.
As another example, {f faulting in the sclected pavemeats ranged {rom 0 to 10, there
would be no way to infer the effect on PSR of pavements whose faulting was in the range

L

]
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|
t
i
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Figure 10. Hean uldpe variance vs creck-
and patching; 49 rigid paverments.

50 to 100. This same argument applies to the present serviceabillty ratings themselves.

U PSIU's {or the selected pavements range only from 2.0 to 4.0, there is no way to inler

N m—— s moia

BT

33

whal Havement 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 Iinearity holds over the lull
range of pavement characteristics.

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

Thus pavement selection amounts to the assumption that all interesting phenomena
and ranges have been encompassed by the selections. Extripolations 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 extrapolauon.

Choice of Functions for the Present Serviceability Index

Measurements from the Iilinois and Mlnnesota sections were plotted in succession '
against corresponding PSR values to determine which measurements were essentially
uncorrelated with PSR and to deduce the need for linearizing translormations. It was -
indicated that the mean wheelpath slope varlince, 8V, was highly éorrelated with PSR,
though curvilinearly. Figures 11 and 12 show the nalure of this correlation for all se-
lected pavements. From severzl allernatives, the transformation

R, = log (1 + 3V)

was selected as the {irst functlon of profile roughness to abpear in the PSI model for
both flexible 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 rlgld pavements, :
respecuvely. ot

For the flexible pavements, mean wheelpath rut depth, RD, was included as a second
profile measurement to appear in the PSI equation, The selacted function of rut depth
was [

.R‘::m’

The scatter dlagram of PSR ve RD? is_shown In Figure 15.

Although preliminary analyses cons!dered the possibllity of several functions of sur-
face deterioration (say one function for each of the measured manifestations), it was
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Figure 12. Present servicesbility rating
ve slope vurisnce; 74 flexible pavements.

va slope va.ance; 49 rigid pavements.
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‘apparent that no loss would:be incurred
by lumping all major cracking and patch-
ing into a single number to represent sur-
face deteriorations, Valuer for this sum,
C + P, are not ghown in Ta%les 1 and 2,
but mny be obtained from cracking and
patching measurements given in the
tables.

Scatter dlagrams for PSP versus C +
P are shown in Figures 18 a2nd 17. For
whatever reasons, it 18 appzrent that
there is little correlation brtween PSR
and C + P for the flexible pavements, but
that a fair degree of correlzilon exists
between these variables for the rigid
pavements, For both flexi%le and rigid
pavements the lransformation

Di= VT + P

was selected ags a lnearizingz trans(orma-
tion for C + P,
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Tigure 1k, Present serviceability rating
s log (1 + mean slope varfance); 49 rigid
: pavements.
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Figure 15. Present serviceability rating
vs mean rut depth squared; 7h flexible
pavements.

Thus the present servlceablllty index models to be used are

PSI=Ao+ AR + AqRy ¢ BiDi = Ao+ A, log (1 +3V) + ARD'+ By vVC+P  (3)

for flexible pavements, and

PSI=Ao+ A\Ry + BiDy = Ac 2 A log (1 +8V) + By vC+ P (4)

for the rigid pavements. I' 18 not expected that the coeflicients As, Ax, and B, have

the same values for both Ecs. 3 and 4.

There are many other possibilities for Eqs. }and 4,

Not only might other instru-

ments be used to detect def>rmation and deterioration, but other summary values than

~

SV, C+P and RD might be used. More-
over, one may choose different functions
of SV C+P and RD than appear in Eqs.
: 3 and 4, or perhaps Include still more
I B - tunctldna of pavement measurements.

-1 ) It is cledr that one of the most impor-
tant elements of pavement gserviceability
is its longitudinal profile in the wheelpaths.
The proflle of the road coupled with the
appropriate characleristics of the vehicle

5

Procanst ooy 4 ety sptuag
B
:,.—-—.—

4 ';z‘

i

[E
4
)
v |
Ty
i
i

EEESEAN RN

fry N —~ 1. (mass, tlres, springs, shock absorbers,
+H | 5
o 1 | 10 [
° . [] [} " ro e 2 ]
Sawers ret of crscSing 0ad prteheg [aar 1000 111)
19
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vs square root cracking and patching; T i, !
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i R
speed, etc.) produce the ''ride’ attained I" ot O A
in that vehicle over that road. The actu- 1
al profile of the wheel patt as though © I !
taken with rod and level at very close | |-
spacing may be-called the displacement o« 1 & % ®© w n
profile, p. The {irst derivative of the . Sevsie et ot wecking ond perchby (per 000 11
displacement profile is the profile of the Figure 17. Present servicesbility rating

slope, p'. A plot of the slope profile
would have the same absclssa 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 represents
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 oplnion of hig 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 variances of various prolile derivatives with the present serviceabllity
ratings, but there was no evidence that elevation variance, acceleration variance, or
jerk varlance 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 asgociated with the wavelength spectrum, there
wag some Indication that slope variance in certain regions of the wavelength spectrum
18 more highly correlated with PSR than is the total slope variance. More study of

this question is still under way at the Road Test.

ve square root cracking and patching; 49
rigid pavements.

Coefficients for the Present Serviceabllity Index
Substitution of Eq. 3 in Eq. 2 glves

PSRj = Ao + Alle + AsRy, + B,D;, + E

} |

in which R,\1 = log {1 +§Vj), R‘j e 'Rﬁj‘ and D‘j = \’W for the jth pavement,

Least squares estimates for A, Ay, A, and R, are-found by minimizing the sum of
squared reslduals, Ej’ through solving the following four simultaneous equations for
Ao, A:i, A and B,
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A L (Ri-Ri)* + Ay T(Ri-Ri)(Re-Ra) + Bi T (R-TG)(D,-D)) =
2 (Ri-Th)(PSR-PSR _ (5a)
2Z(Re-Ra)(Ri-Ry) + As I (Re-3) + B, E(n.-'ﬁ.)(o.-ﬁ) =
2. (Ra-Ry)(PSR-PSR) (5b)
A, E(Dl Dl)(Rl‘E) + Ay E(DI‘DI)(RC Ra) + Bl Z(Dl b_l =
__-2>(Dy-Du)(PSR-P3R) ‘ (5¢)
PSR = Ao + AIR-I + AaRa + B.U: . (Sd)

Summations in Eqs. ‘5 are over ail pavemen‘h in Ihe analysis, and bars over symbols
denote arithmetic means. Sums like x> (Ri-Th)* aré called sums of squares, while
sums like 3 (Ri-Tu)}{Di-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 only three undetermined coefficients,
only three simultaneous equations need be solved.

These equations are

As R)* + B, L(RR)(D,-Ty) = E(R.-Ti.)(Psn-PSTu (6a)
Ay gégn. R} (Di-Dy) + By 3 (Dy-D,) = 3 (D,-D1)(PSR-P3R) (6b)
PSR = Ao + AIR, + B,D, (6c)

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

13.27 A, - 0.166 A; + 171,63 B, ~ - 26,69 (7a)
~0.166 A1 +1.34 Ay~ 3,90B, =- 1,51 (7b)
171.638 A, - 3,90 A, +5255 B, =-369.3 (7¢c)
2.91 = Ap +1.02 A, + 0.076 Ay + 7.64 B, (7d)
and the solution turns out to give
PSI =5.,03-1.9110g (1 +3V)-1.38 RD' -0,01VC + P (8)
For the 49 rigid pavements the least squares equations are:

7.55 A, +71.71 B, =~ 19.70 (9a)
71.71 Ay + 905.7 B; = -206.5 (9b)
2.83 = Ao+ 1,19 A, - 0,087 B, P (9¢c)

whose soiution leads to the index RS

- g e .. H .

PSL =5.41 - 1.78 log (1 +SV)-0.09‘ vC+ P (10)

it is noted in Tables 1 and 2 that the total variation in PSR is given by the suins of
squares

2. (PSR-PSR)? = 66.85 for the 74 flexible pavements, and ° (11a)
2.(PSR-PSR)® = 57.92 for the 49 rigid pavements. (ub)

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,

Y (PSI-FBR)* = T (PSI-FSR) + X(PSR-PSI)! (12)

when the {irst term on the right side of Eq. 12 is g¢nerally cailed the sum n of squares
for regression, or the explained sum of squares, ‘i'o obtain the sum of squares for
regression for the flexible pavements,

2 (PSI-BSR)* = A, E(Rl-n.)(rxn PO + Ay ) (Ra-To)(PSR-PSRY) +
1, (D;- l).)(PSR R) (13)
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Is calculated, then the residuzl sum ol squares is found b;subtractlon. For the rigid
pavements, the term containing A; is omll‘ed from Eq. 13! Sums of squares for re-
gression are

(-1.91)(-26.69) + (-1.38)(-1.51) + (-0.01)(-339, 3) = 56,42 for
the flexible pavements, and )
(-1.78)(~19.70) + (-0.037)(-206. 5) = 53.08 (cr the

rigid pavements,
Dividing regression sums of squares by the total varlaqlon given in Eq, 11 gives

-g—g:—g—g = 0.844 for the flexible pavements, and

53.08 b
3753 =0.916 for the rigid pavements, i

Thus, the PSl formulas account for 84.4 percent and 91. 6 percent of the variation
in PSR for flexible and rigid pavements, respectively. Dy subtractions, the respective
sums of squared residuais are 10.43 and 4.84, so that th-: root mean square reslduals
are about 0,38 and 0. 32, respectively.

‘Che last columns of Tables 1 and 2 show calculated vaiues for the present servlce-
ability indexes, as well as for residuals. At the bottom of the 1ast 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 repiicate 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 [ormulas span ratings made more than a year apart,
whereas all repiicate ratings were made on successlve days, As previously stated, it
1s 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 fourth rating session were
compared with PSI values given by Eq. 10, the sum of the algebraic deviations was
practically zero while the mean dlscrepancy 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 whlch it was derived.

i okl — Voo q Case Historles of Present Serviceability
w - - et Index '

- b N \I'& -1 C— .
e R H— ] Figure 18 shows the present service-
ST T oo T T, abliity index history of three selected test .

w [—- B A s sections at the AASHO Road Test. Sections

° LEI0) : A and B have:been replaced since the be-
e Bre e e A e e e R den ginning of the test; Section C was still in
the test in October 1959, Abscissa values
o Saciom 8 — represent twé-week intervals for which
" - / 1 index values are computed by PSI 111 and
r "\ H - PSI211, respectively, ’

The performance Indexes computed for
four dates from these serviceabllity-time
history curves_ are given in Table 3.
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!, SUMMARY

The fundamental purpose of this paper
has been to 'atroduce concepts of present
serviceabllity and performance that can be

Figure 18. Preoent serviceability hL'!story
¢l three selected test sections oa the
AASHO rosd test.
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icecability indexes derived from the [irst 49 gections. ‘For these reasons, [lexible pave-
ments from all four sesslons appear in Table 1, but Table 2 includes qnly rigid paveﬁ-v" _
TABLE 3 - ment sections from the first three scesions, : :
DATA FOR 48 SELECTED RIGID PAVEMEKTS - - Present serviceability ratings given in Col. 3, Tables 1 and 2‘1 are m:an ?sl::tss I:r
) : d epr -
Servicoabiti et A i Londitudinal  [Crock-Spaii-JPetch] ) Ps1 . individual ratings given by the Road Test Panel. In genera’, each mean
Sect, |t S« Y Rotings N s | T lboass J’LF;?/_ lng_ | Tromtormations |7} |Resit bout ten iIndividual ratings. It may te noted that for both p;vem‘ent t{lpes t‘heuI:eSl;o\:;l-
| 5V FlEn/f P |Lon fLog sarca]pres |oOut the same number of sectlons in )
AASHO Ponal | Truck |Conca |ARSHO Penel o § ues range from about 1.0 to 4.5, with nearsly
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Pavement Research

Chapter 1

General Information

1.1 BACKGROUND AND OBJECTIVES

1.1.1 History

The events leading to the three most recent
‘arge-scale highway vesearch projects, Road
Test 1--MD, the WASHO Road Test and the
AASHD Road Test, are described in detail in

ASHO Road Test Report 1, “History and De-

.iption of the Project” (HRB Special Report
6la). The following is a summary of these
evBnts and the activities of the- AASHQO Road
Test.

For many years the member states of the
American Association of State Highway Offi-
cials had been confronted with the duai problem
of constructing pavements to carry a growing
rrafiic load and establishing an equitable policy
for vehicle sizes and weights. The Association
recognized the common need for factual data
for use in resolving the problem. Therefore, in
September 1948, it set up a procedure for initi-
ating and administering research projects to
be jointly financed by two or more states.

In December of the following year a meeting
was held at Columbus, at the request of the
Governor of Ohio, to consider the problem of
vehicle weight and its effect upon existing and
future pavements. The conference was attended
by representatives of the Council of State Gov-
ernments and highway cfficials of 14 eastern
and midwestern states. The need for more
factual data concerning the effect of axle loads
of various magnitudes on pavements was con-
firmed.
~ As a result, Road Test 1-MD was conducted
in 1950. An existing concrete pavement in

'tyland was tested under repeated applica-

.n of two single- and two tandem-axle loads.
‘The Highway Research Board administered the

test and published the results as HRB Special’

" Report 4.

Concurrently, the Comimittee on Highway
Transport of the American Association of State
Highway Officials recommended that additional
road tests be initiated by the regional members
of the Association. As a result, the Western
Association of State Highway Officials spon-
sored the WASHO Road Test, consisting of a
number of specially-built flexible pavements in
Idaho tested in 1953-54 under the same loads
usad in the Maryland test. The results of this
tes:, also conducted by the Highway Research
Board, were published as Special Reports 18
and 22.

In March 1951, the Mississippi Valley Con-
ference of State Highway Engineers had
started planning a third regional project. How-
ever, the idea of another regional project of
limited extent was abandoned in favor of a
more comprehensive road test to be sponsored
by the entire Association. In October, comply-
ing with a request by the Association, a High-
way Research Board task committee submitted
a report, “Proposal for Road Tests,” after
which the Association appointed a working
committee to prepare a prospectus on.the proj-
ect. By December it had been decided to in-
clude bridges in the research.

In June 1952, the Working Committee pro-
duced a report, “AASHO Road Test Project
Statement.” In July it selected a site for the
project near Ottawa, Ill. In January 1953, it
submitted a second report, “AASHO Road Test
Project Program,” and in August 1954, a third
entitled “Project Program Supplement.” In
May 1955, this committee produced its fourth
and final report ‘‘Statement of Fundamental
Principles, Project Elements and Specific Di-
rections.”
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Meanwhile, in March 1953, AASHO had
formulated a plan for prorating the cost of the
project among its member departments and,
later, had received assurances of participation
from the States, the Automobile Manufacturers
Association, the Bureau of Public Roads and
the American Petroleum Institute, while the
Department of Defense had agreed -to furnish
military personnel for driving the vehicles.

On February 22, 1955, the Highway Re-
search Board with the approval of its parent
organization, the National Academy of Sciences
—National Research Council, accepted from
the Association the responsibility to administer
and direct the new project, The Board opened
a field office at Ottawa, Ill,, in July 1955; and
in August a task force of the Illinois Division
of Highways moved to the site to undertake the
preparation of plans and to prepare for the
construction of the test facilities.

In March 1956, the Board appointed the Na-
tional Advisory Committee as its senior ad-
visory group and in April selected a project
director.

In June 1956, the National Advisory Com-
mittee passed a resolution recommending that
the Executive Committee of the Highway Re-
search Board consider the inclusion in the
facility of a fifth test loop to be subjected to
light axle loads, This resolution, recommended
by the Bureau of Public Roads, was based on
the pending enactment of the Federal Aid
Highway Act of 1956. In July, the Executive
Committee of the Board approved this change
and made additional changes involving special
studies areas. The final layout of the test facili-
ties is described in Section 1.2.2.

Construction of the test facilities began in
August 1956, and test traffic was inaugurated
on October 15, 1958. Test traffic was operated
until November 30, 1960, at which time 1,114,-
000 axle loads had been applied to the pave-
ment and the bridges.

A special studies program was conducted in
the spring and early summer of 1961 over some
of the remaining test sections. Strains, deflec-
tions and pressures were measured in these
studies under a wide-variety of vehicle types,
load suspensions, tires and tire pressures.
Special military vehicles, included at the re-
~quest of the Army, as well as highway con-
struction equipment, were included in these
tests. The results of the studies are presented
in Road Test Report 6.

During 1961, the research staff concentrated
on analysis of the test data and the preparation
of reports. Each of the major reports was ap-
proved by a review subcommittee of the Na-
tional Advisory Committee and later submitted
to the entire National Advisory Committee and
the Regional Advisory Committees prior to its
publication by the Highway Research Board.
All reports were completed by the project staff,
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reviewed by the various committees, and sub-
mitted to the Board.

The field office for the project was closed in
January 1962. However, the Highway Re-
search Board agreed to continue certain studies
associated with the Road Test pavement per-
formance analyses in-its Washington office. The
results of these studies will be reported by the
Highway Research Board,

1.1.2 Intent of the AASHO Road Test

The following formal statement of the intent
of the Road Test was approved by the Execu-
tive Committee of the Highway Research Board
January 13, 1961 :

The AASHO Road Test plays a role in the
total engineering and economic process of provid-
ing highways for the nation. It is important that
this role be understood.

The Road Test is composed of separate major
experiments, one relating to asphalt concrete
pavement, one relating to portland cement con-
crete pavement, and one to short span bridges.
There are numerous secondary experiments. In
each of the major experiments, the objective is
to relate design to performance under controlled
loading conditions.

In the asphalt concrete and portland cement
concrete experiments some of the pavement test
sections are underdesigned and others overde-
signed. Each experiment requires separate
analysis. Eventually the collection and analysis
of additional engineering and economic data for
a local environment are necessary in order to
develop final and meaningful relations between
pavement types.

All of the short span bridges are underde-
signed. Each is a separate case study.

Failures and distress of the pavement test
sections and the beams of the short span bridges
are important to the success of each of the ex-
periments.

The Highway Research Board of the National
Academy of Sciences—National Research Council
has the responsibility of administering the proj-
ect for the sponsor, the American Association
of State Highway Officials, within the bounds of
the objectives of the test. The Board is also
responsible for collecting engineering data, de-
veloping methods of analysis and presentation of
data, preparing comprehensive reports describ-
ing the tests, and drawing valid findings and con-
clusions. It is here that the role of the Highway
Research Board ends. )

As the total engineering and economic process
of providing highways for the nation is developed,
engineering data from the AASHO Road Test
and engineering and economic data from many
other sources will flow to the sponsor and its
member departments. It is heére that studies will
be made and final conclusions drawn that will be
helpful to the executive and legislative branches
of our several levels of government and to the

., highway administrator and engineer.
1

.1.3 Objectives

The objectives of the AASHO Road Test as
stated by the National Advisory Committee
were as follows:

1. To determine the significant relationships
between the number of repetitions of specified
axle loads of different magnitude and arrange-
ment and the performance of different thick-
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nesses of uniformly designed and. constructed
asphaltic concrete, plain portland cement con-
crete, and reinforced portiand cement concrete
surfuces on different thicknesses of bases and
subbases when on a basement soil of known
characteristics.

2. To determine the significant effects of speci-
fied vehicle axle loads and gross vehicle loads
when applied at known frequency on bridges of
known design and characteristics.

3. To make special studies dealing with such
subjects as paved shoulders, base types, pave-
ment fatigue, tire size and pressures, and heavy
military vehicles, and to correlate the findings of
these special studies with the results of the basic
research.

4. To provide a record of the type and extent
of effort and materials required to keep each of
the test sections or portions thereof in a satis-
factory condition unti] discontinued for test pur-
poses.

5. To develop instrumentation, test procedures,
data, charts, graphs, and formulas, which will
reflect the capabilities of the various test sec-
tions; and which will be helpful in future high-
way design, in the evaluation of the load-carrying
capabilities of existing highways and in deter-
mining the most promising areas for further
highway research.

This report deals primarily with work done
in connection with Objectives 1 and 5 and with
some of the special studies mentioned in Objec-
tive 3. Material relating to Objective 2 will be

found in Road Test Report 4 and Objective 4

is discussed in Report 3. Other special studies

suggested in Objective 3 are discussed in Re-’

port 6.

1.1.4 Objectivity of Findings

Discussion of the results given in this report
has generally been limited to specific relation-
ships derived from the data. Restraint has
been exercised in expressing opinions, conjec-
tures, and speculations. Conclusions have been
drawn only when supported by data acquired
during the tests.

At the request of the National Academy of
Sciences a panel of statisticians was appointed
in 1955 so that professional advice was avail-
gwle for both the designs of the Road Test ex-
periments and for the procedures by which the
experimental data would be analyzed. It was
not the function of this group to select vari-
ables nor levels for variables to be included in
the Road Test. This was the responsibility of
the National Advisory Committee, acting upon
the recommendations of the original AASHO
Transport Committee’s Working Committee.
The Statistical Panel played an important role
in influencing the experimental layout through

its recommendations for complete factorial de- -

signs, randomization, and replication. Its rec-
ommendations, accepted by the Advisory
Committee, made possible effective studies of
the relationships sought by the objectives.
Within the space, time and funds avail-
able, only a few variables could be studied
thoroughly. The experiment was designed and
the test facilities built specifically for the study

of these variables. In general, mathematical
models were used to represent associations
among experimental variables, then statistical
methods were employed to determine constants
for the models as well as to describe the relia-
bility of the evaluated models. Thus experi-
mental designs and analytical procedures were
developed in order to obtain unbiased estimates
of the effects (and the statistical significance
of many of the effects) of controlled experi-
mental factors. The designs and procedures
did not, however, make it possible to obtain.
effects for other factors that were either held
constant or that varied in an uncontrolled
fashion, for example, embankment soil,
strength of materials, and environmental con-
ditions. Although estimates were obtained for
the effects of axle load and axle configuration,
it was not possible to determine the statistical
significance of these effects because replication
of load or configuration was not provided.
Nevertheless, particularily in the cases of load
effect on both pavement types and axle con-
figuration effect on rigid pavement the differ-
ences ohserved were so great as to leave
practically no doubt that the effects were sig-
nificantly greater than zero.

Basic data will be made available to other
groups equipped to perform independent anal-
vses. Further analyses are to be encouraged by
the Highway Research Board in the expecta-

(

tion that the over-all usefulness of the projec{

will be enhanced.

1.1.5 Applicability of Findings

The findings of the AASHO Road Test, as
stated in the relationships shown by formulas,
graphs, and tables throughout this report, re-
late specifically to the physical environment of
the project. to the materials used in the pave-
ments, to the range of thicknesses and loads
and number of load applications included in
the experiments, to the construction techniques
employed, to the specific times and rates of
application of test traffic. and to the climatic
cycles that occurred during construction and
testing of the experimental pavements. More
specific limitations on certain of the findings
are given in the discussion of results in various
sections of this report. Generalizations and
extrapolations of these findings to conditions
other than those that existed at the Road Test
should be based upon experimental or other
evidence of the effects. on pavement perform-
ance of wariations in climate, soil type, ma-
terials, construction practices and traffic.

1.2 FACILITIES AND OPERATIONS

1.2.1 Site Location (

The location of the AASHO Road Test wa
near Ottawa, 1ll., in LaSalle County, about 8C
mi southwest of Chicago (Fig. 1). The tes:
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facility was constructed along the alignment of
Interstate Route 80. The site was chosen be-
cause the soil within the area was uniform and
of a type representative of that found in large
areas of the country, because the clim was
typical of that found throughout much of the
ngTF’ELS\' thern United States, and because much of
the earthwork and pavement construction could
ultimately be utilized in the construction of a

section of the National System of Interstate
and Defense Highways.

1.2.2 Test Facilittes

The test facilities consisted of four large
loops, numbered 3 through 6, and two smaller
lc_)ops,_l and 2. Test bridges were at four loca-
tions in two of the large loops. The layout of
the six test loops, the administration area and
the Army barracks is shown in Figure 2.

_Each loop was a segment of a four-lane
divided highway whose parallel roadways, or
tangents, were connected by a turnaround at
each end. Tangent lengths were 6,800 ft in
Loops 3 through 6, 4,400 ft in Loop 2 and 2,000
ft in Loop 1. Turnarounds in the major loops
had 200-ft radii and were superelevated so that
the traffic could operate over them at 25 mph
with little or no side thrust. Loop 2 had super-
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Site location.

elevated turnarounds with 42-ft radii. Center-
lines divided the pavements into inner and
outer lanes, called lane 1 and lane 2 respec-
tively.

All vehicles assigned to any one traffic lane
of Loops 2 through 6 had the same axle
arrangement-axle load combinations. No traffic
operated over Loop 1.. In all loops, the north
tangents were surfaced with asphaltic concrete
and south tangents with portland ce=. -2t con-
crete. All variables for pavement studies were
concerned with pavement designs and loads
within each of the 12 tangents. Each tangent
was constructed as a succession of pavement
sections called structural sections. Pavement
designs, as a rule, varied from section to sec-
tion. The minimum length of a section was
100 ft in Loops 2 through 6, and 15 ft in Loop
1. Sections were separated by short transition
pavements. Each structural section was sepa-
rated into two pavement test sections by the
centerline of the pavement. Figure 3 shows
the layout of two typical test loops and loca-
tions of the test bridges.

Details of the experiment designs are given
in Report 1 and are summarized in Sections
2.1.1 and 3.1.1 of this report. Details concern-
ing all features of bridge research are given in
Road Test Report 4.
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Figure 4. Administration building.

Figure 5. Vehicle maintenance garage.

Figure 6. Army driver quarters (Wallace Barracks).
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An administrative area was located at the
center of the project. Laboratories and offices
were located in the building shown in Figure 4.
Shop facilities for vehicle maintenance were
provided in the building shown in Figure 3. A
military installation called Wallace Barracks
(Fig. 6) was provided by the National Acad-
emy of Sciences to house the Army Transpor-
tation Corps Road Test Support Activity.

1.2.83 Construction

A comprehensive description of the construc-
tion of the AASHO Road Test facilities is given
in Road Test Report 2. Construction was super-
vised by the task force of the Illinois Division
of Highways. On-site materials control and
testing were provided by the Highway Research
Board Staff on the project. Conventional tech-
niques for construction were used except that
extraordinary effort was put forth to insure
uniformity of all pavement components. For
example, no construction equipment other than
that necessary for compaction was permitted to
operate in the center 24-ft width of the road-
way, and all turning operations on the grade
were limited to specially designated transition
areas. Specifications for density of compacted
embankment soil, subbase and base materials
included stipulations of maximum densities as
well as the conventional minimums.

Construction was performed under contracts
negotiated through normal Illinois contractual
channels. It was started in late summer 1956
and completed in time for test traffic to begin
in the fall of 1958. S. J. Groves and Sons was
the principal contractor in a joint venture with
Arcole Midwest, Inc., in the embankment con-
struction and with Rock Roads, Inc., as a sub-
contractor for asphaltic concrete surfacing.
Valley Builders, Inc., built the bridges.

1.2.4 Test Traffic

A detailed description of the operation of the
test traffic is presented in Road Test Report 3.
As previously stated, Loop 1 was not subjected
to test traffic. One lane of this loop was used
for subsurface and special load studies, the
other for observing the effect of environment
on pavements not subjected to traffic. The re-
maining five loops, 2 through 6, were subjected
to traffic for slightly more than two years.
Every vehicle in any one of the ten traffic lanes
had the same axle load and axle configuration.
The assignment of axle loads and vehicle types
to the various lanes is shown in Figure 7.

The vehicles were loaded with concrete blocks
that were anchored down with steel bands and
chains. Although the traffic phase was inaugu-
rated on October 15, 1958, early operation
indicated the need to readjust the test ivads.
This delayed full-scale traffic until November
5, 1958. From November 1958 to January 1960
controlled test traffic consisted of six vehicles
in each lane of Loops 8 through 6, four vehicles
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in lane 1 of Loop 2 and eight vehicles in lane 2
of Loop 2. In January 1960, the traffic was
increased to ten vehicles in each lane of Loops
3 through 6, six in lane 1 and 12 in lane 2 of
Loop 2. These vehicle distributions were se-
lected in order that axle load applications could
be accumulated at the same rate in eath of the
ten traffic lanes.

All lanes had identical specifications for
transverse placement, speed, and rate of axle
load accumulation. Tire pressure and steering
axle loads were representative of normal prac-
tice. Some of the vehicles were gasoline and
others diesel powered. Furtner information
concerning the vehicles is contained in Road
Test Reports 1 and 3.

Whenever possible, traffic was operated at
35 mph on the test tangents. Traffic was sched-
uled to operate over an 18-hr, 40-min period
each day, 6 days a week, except that during the
first 6 months of 1960 the schedule was ex-
tended to 7 days a week. The schedule was
maintained except when pavement distress,
truck breakdowns, bad weather and certain
other causes made it impossible. A total accu-
mulation of 1,114,000 axle load applications was
attained during the 25-month traffic testing
period. To accomplish this, soldiers of the U. S.
Army Transportation Corps Road Test Support
Activity drove more than 17 million miles.



8 THE AASHO ROAD TEST, REPORT 35

1.2.5 Measurement Programs

Each measurement program was designed to
accomplish one or more of the following pur-
poses: (1) to furnish information at regular
and frequent intervals concerning the rough-
ness and visible deterioration of the surfacing
of each section; (2) to record early in the life
of each section transient load effects that might
be directly correlated with the ultimate per-
formance of the section; and (3) to furnish a
limited amount of additional information which
might contribute to a better understanding of
pavement mechanics.

Programs falling in the first category were
concerned with measurements of permanent
changes in the pavement profile along and
across the wheelpaths, as well as the extent of
cracking and patching of the surfacing. These
measurements were given major emphasis since
they were used to define the performance of
each section as required by the first Road Test
objective.

Programs falling in the second category in-
cluded the measurement of strains and deflec-
tions which became the basis for estimating
pavement capability, as required by the fifth
objective.

Finally, programs of the third category en-
compassed such measurements as the severity
of pumping of rigid pavements, changes in
layer thickness in flexible pavements, pavement
temperatures, subsurface conditions, and nu-
merous other measurements.

In general, measurements were restricted to
those variables that had been demonstrated by
previous research to be related significantly to
pavement performance. A further restriction,
applying especially to subsurface studies, was
imposed by the overriding necessity to keep the
test traffic moving.

In spite of these restrictions, a formidable
amount of data was accumulated, and special
electronic systems were evolved to facilitate the
storage and initial processing of the data. For
example, in the case of some programs, means
were provided to record automatically in the
field the desired information directly on per-
forated paper tape, thus eliminating the task
of the manual reading of analog records. In
another case, an electronic device was used to
read field analog records and to punch the in-
formation on paper tape for immediate trans-
ference to an electronic computer. In general,
automatic data handling was used wherever
possible and the majority of the data were
stored on IBM cards. ,

Data from the various measurement systems
were classified into data systems, and a particu-
lar system was identified by a four digit code.
Appendix I lists major Road Test data systems
concerned with pavement research and notes
how the systems may be obtained from the
Highway Research Board. Major data systems

from the bridge research are listed in Appendix
A, Road Test Report 4.

The text of this report contains many refer-
ences to data systems whose contents are per-
tinent to the discussion. These references are
explained in Appendix I. For example, a refer-
ence to Data System 5121, or simply DS 5121,
is explained in Appendix I as containing all
routine Benkelman beam deflection data for
flexible pavement sections on the traffic loops
with an IBM printout of the data available on
request.

Specific measurement programs are de-
scribed in the appropriate sections of Parts 2
and 3.

1.2.6 Pavement Maintenance

Detailed descriptions of maintenance criteria
and procedures are given in Road Test Report
3. Complete maintenance histories of each test
section are available in DS 6300.

The objectives of the Road Test were con-
cerned with the performance of the test
sections as constructed. Consequently, mainte-
nance operations were held to a minimum in
any section that was still considered under
study. When the “present serviceability” (see
Section 1.3) of any section dropped to.a speci-
fied level the section was considered to be out
of test and maintenance or reconstruction was
performed as needed.

Since the prime objective of the maintenance
work was to keep test traffic operating as much
as possible, minor repairs were made when re-
quired regardless of weather or time of day.
The use of pierced steel landing mats permitted
traffic to operate through a complete driving
period so that more conventional repairs could
be made during the daily 5-hr, 20-min traffic
break.

All repairs were made with flexible-tvpe
pavement material. Deep patches and recon-
struction consisted of compacted crushed stone
base material surfaced with hot-mixed as-
phaltic concrete. Overlays consisted of asphal-
tic concrete. Thin patches were made either
with hot-mix or cold-mix materials. Crushed
stone base material and cold-mix surfacing
were stockpiled at several locations on the proj-
ect, and hot-mix asphaltic concrete was gen-
erally purchased from a nearby contractor.

As a general rule, pavement maintenance
was done by project forces with project-owned
equipment. However, in the critical spring
periods of 1959 and 1960, it was necessary to
augment the project maintenance forces with
additional men and equipment.

1 27 Environmental Conditions

The topography of the Road Test area is
level to gently undulating with elevations vary-
ing from 605 to 635 ft. Drainage is provided
by several small creeks which are tributaries
of the Illinois River. Surface drainage, how-
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ever, is. generallv slow. Geologic information
indicates that the area was covered by ice
during several glacial periods and that the
subsurface soils were deposited or modified
during these periods. Surface soils were sub-
sequently derived from a thin mantle of loess
deposited during a post-glacial period and were
reasonably uniform in the area of the project.
Soil drainage is generally poor. Bed rock is
found 10 to 30 ft below the surface.

The upper laver of soil was from 1 to 2 ft
thick and consisted generally of A-6 or A-7-6
soil with similar characteristics. The adjacent
underlying stratum was usually from 1 to 2 ft
thick and most of this material was fairly
plastic A-7-6 soil. Substratum lavers were

! 1958 | 1959
TRAFFIC PERIOD

Average monthly air temperature at project.

1960

usually represented by samples exhibiting A-6
characteristics.

In the interest of uniformity, soil making up
the top 3 ft of embankment directly under the
test pavements was taken from borrow areas
near the project. This soil, underlying the sur-
face stratum, was shown by tests to have a
plasticity index from 11 to 15, a liquid limit
from 27 to 32, and a grain size distribution of
80 to 85 percent finer than the 200 mesh sieve,
58-70 percent finer than 0.02 mm and 34-40
percent finer than 0.005 mm. Maximum dryv
densities were in the range 114 to 118 Ib per
cu ft and optimum moisture contents in the
range of 14 to 16 percent when compacted in
accordance with standard procedure, .AASHO
T99-49.
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The climate of the Road Test area is temper- -

ate with an average annual precipitation of
about 34 in. of which about 2.5 in. occurs as
25 in. of snow. The average mean. summer
temperature is 76 F and the average mean
winter temperature is 27 F. The soil usually
remains frozen during the winter with alter-
nate thawing and freezing of the immediate
surface. Normally the average depth of frost
penetration in the area is about 28 in.

Summaries of climatological data observed at
weather stations on the project are given in
Figures 8 through 10.and frost depth informa-
tion in Figure 11. Depth of frost under the
test pavements was obtained by means of
special instrumentation involving the measure-
ment of electrical resistance of the soil as de-
scribed in Highway Research Abstracts, Vol.
27, No. 4. More detailed climatological and frost
information 1s available in the form of IBM
listings in Data Systems 3300, 3301, 3140 and
3240. Figure 12 summarizes the observations
made at the project on the elevation of the
watelr table under the test pavements and adja-
cent natural ground.

1.3 PAVEMENT SERVICEABILITY AND
PERFORMANCE

1.2.1 Relation to OQbjectives

The first objective of the Road Test (see
Section 1.1.3) asks for relationships between
the performance of the pavement and the pave-
ment design variables for various loads. In
order to define performance, a new concept was
evolved founded on the principle that the prime
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function of a pavement is to serve the traveling
public. Briefly, it was considered that a pave-
ment which maintained a high level of ability
to serve traffic over a period of time was
superior in performance to one svhose riding
qualities and general condition deteriorated at
a more rapid rate under the same traffic. The
term “present serviceability” was adopted to
represent the momentary ability of a pavement
to serve traffic, and the performance of the
pavement was represented by its serviceability
history in conjunction with its load application
history.

Though the serviceability of a pavement is
patently a matter to be determined subjectively,
a ‘method for converting it to a quantity based
on objective measurements is given in the next
two sections. Since the Road Test was con-
cerned only with the structural features of the
pavement, such items as grade, alignment, ac-
cess, condition of shoulders, slipperiness and
glare were excluded from consideration in
arriving at a value for pavement serviceability.

The serviceability of each test section was
determined every two weeks during the trafiic
testing phase, and performance analyses were
based on the trend of serviceability with in-
creasing number of load applications. The
serviceability-performance concept is described
in detail in Appendix F.

3.2 Rating of Pavements in Service

Serviceability was found to be influenced by
longitudinal and transverse profile as well as
the extent of cracking and patching. The
amount of weight to assign to each element in
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Figure 12. Water table data.

the determination of the over-all serviceability
is a matter of subjective opinion. Furthermore,
the degree of serviceability loss to be associated
with a given change in any one of these ele-
ments depends on subjective judgment. To ob-
tain a good estimate of the opinion of the
traveling public in these subjective matters a
Pavement Serviceability Rating Panel was ap-
pointed. This panel included highway designers,
highway maintenance men, highway adminis-
trators, men with materials interests, trucking
interests, automobile manufacturing interests
and others. These men made independent rat-
ings of the ability of 138 sections of pavement,
located in three states, to serve high speed,
mixed truck and passenger traffic. Both rigid
and flexible pavements were included, and cer-
tain sections were selected for rating in each of
five categories ranging from very poor to very
good. The members were instructed to use
whatever system they wished in rating each
pavement and to indicate their opinions of the
ability of the pavement to serve traffic at the
time of rating on a scale ranging from 0 to 5
with adjective designations of very poor (0-1),
poor (1-2), fair (2-3), good (3—4), and very
good (4-5). For each section the mean of the
independent ratings of the individual panel

B-17

members was taken as the section’s present
serviceability rating. Some of the sections were
rated more than once in order to determine the
ability of the panel to repeat itself. Road Test
field crews then measured variations in longi-
tudinal and transverse profiles, as well as the
amount of cracking and patching of each sec-
tion.

1.3.3 Present Serviceability Index

Through a conventional statistical procedure
(multiple regression analysis) it was possible
to correlate the present serviceability rating
with the objective measurements of longitudi-
nal profile variations, the amount of cracking
and patching and, in the case of flexible pave-
ments, transverse profile variations (rutting).
For either type of pavement this analysis re-
sulted in a formula that wused pavement
measurements to compute a “present service-
ability index’ which closely approximated the
mean rating of the panel.* The necessary
measurements and serviceability index compu-

* A detailed discussion of the work of the Rating
Panel, including the ratings, the data obtained in the
measurements of the sections that were rated, and the
dervivation of the present serviceability indexes is pre-
sented in Appendix F.
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Figure 13. Longitudinal proﬁloxﬁeter.

tations were made for each Road Test section
at two-week intervals throughout the traffic
phase.

Formulas for the present serviceability in-
dex, together with descriptions of the measure-
ments entering into them, will be found in
Chapters 2 and 3 for flexible and rigid pave-
ment, respectively. The method of measuring
longitudinal profile variations was the same for
both pavement types and is described below.

The instrument used for recording longitudi-
nal profile variations was the longitudinal pro-
filometer pictured in Figure 13 and shown
schematically in Figure 14. This instrument,
moving at a speed of 5 mph, recorded continu-
ously the angle, A, formed by the line of the
support wheels G and H, and the line CD that
connects the centers of two small (8-in. diam-
eter) hard-rubber tired wheels, E, arranged in
tandem. One pair of these wheels traveled in
the center of each wheelpath.

Since the distance between the centers of the
wheels, E, was small (9 in.) the line, CD, was
assumed to be approximately parailel to the
tangent to the road surface at the point, F,
midway between the wheels.

The distance between the supports, G and H,
of the tongue being relatively large (25.5 ft),
the line GH was regarded as being approxi-
mately parallel to the pavement surface had it
been perfectly smooth. Thus, the angle, A, be-
tween CD and GH represents a departure from
a smooth pavement surface and variations in A
represent variations in the longitudinal profile.
It was this angle that the instrument was de-
signed to measure. The effect of vibration of
the tires and springs at G and H was held to a
low level by restricting the operating speed and
by electrically filtering out high frequencies so
that they did not appear on the record.

It was recognized that line GH was not a
stable reference and that as a consequence the

DIRECTION OF TRAVEL ——e—

r 2%.%'

PAVEMENT
SURFACE

Figure 14. Schematic of longitudinal profilometer.

instrument could not respond correctly to
gradual changes in the true pavement slope oc-
curring over relatively long distances. There-
fore, considerable effort was expended to
develop a means to detect and correct for rota-
tions of the line GH with respect to a hori-
zontal reference. An inertial reference system
was devised that would accomplish this purpose
for short runs (that is, 2,000 ft). But tests of
the effectiveness of the instrument with and
without the reference indicated that the incon-
venience of operation with the reference far
outweighed the small increases in the over-all
system effectiveness. ‘Consequently, the inertial
reference was abandoned.

The angle A rarely exceeded 3 deg even on
rough pavements. Within the range of 3 deg,
the tangent of an angle is virtually equal to the
radian measure of the angle, and thus the
record of angle A could be interpreted as the
slope of the pavement. In this report the pro-
filometer output will be referred to as the pave-
ment slope.

The instrument output on paper tape was a
continuous analog of the slope of the pavement
in each wheelpath, together with 1-ft distance
marks along the margin of the tape (Fig. 15).
The tapes were fed into an automatic electronic
chart reader (Fig. 16) which measured the
ordinate of the chart at intervals equivalent to
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Figure 15. Typical longitudinal profilometer recocd.

1 ft on the pavement, digitized this information
and punched it on perforated paper tape suit-
able for use as an input to the project's digital
computer. ,

To correlate profile variation with service-
ability ratings made by the panel the hundreds
of slope measurements taken in each section
were reduced to a single statistic intended to
represent the roughness of the section. Investi-
gation of several alternative statistics led to the
choice of the variance of the slope measure-
ments computed from:

2

n

2 X,-’—--;LT i X;
1=1 1=1

(1)

SV =

n—1
in which

SV = slope variance;
X: = the 1'* slope measurement: and
n = total number of measurements.

The slope variance for each section was cal-
culated by the digital computer directly from
the tape output of the chart reader. For use by
other agencies, the Road Test staff has devel-
oped a simplified profilometer (Fig. 17),
designated the CHLOE Profilometer, whose

B-18,
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output is slope variance. Thus, neither a chart
reader nor a digital computer is required when
the CHLOE Profilometer is used.

It was found that of the several types of
measurements used in the serviceability index
formulas, longitudinal profile variation of a
section of pavement when represented by the
logarithm of the slope variance correlated most
highly with the rating of that section by the
panel.

1.3.4 Pavement Performance Data

As stated in Section 1.3.1, pavement per-
formance analvses were based on the trend of
the serviceability index (determined at inter-
vals of two weeks, or more often when re-
quired) with increasing axle applications.
Prior to use in the analyses, performance data
were identified and processed.

Each 2-week period was termed an “index
period”, and the last day of each period was
called an “index day”. Index days were num-
bereg.'l sequentially from 1 to 55, the first oc-
curring on November 3, 1958, and the fifty-fifth
on November 30, 1960. Because all sections had
been subjected to almost the same number of
apphcz_xt_lons of axle loads on any given date,
the pairing of an index value with an index day
was equivalent to specifying the serviceability
index corresponding to a given number of axle
applications. The symbol p,” was used to repre-
sent the serviceability index of any section as
determined by measurements made on the ¢
index day, and the plot of p,” versus time was
termed the “serviceability history’ of a section.
(Usually the last three days of an index period

CHLOE profilometer.

were required to make the measurements on all
sections for determining p.’.)

The serviceability history of each section was
converted to a ‘““smoothed serviceability his-
tory” by a moving average that included at
least three (generally five) successive index
values except that the end values for the
histor:y were sometimes taken as end values for
the smoothed history. Typical serviceability
data and smoothed serviceability histories are
shown in Figure 18.

The number of axle applications. applied
during the #* index period, averaged over the
ten traffic lanes, was represented by 7., and the
total number accumulated through that period
by N, thus, :

Ni=n+mn+...+n (2)

It was observed early in the traffic phase of
the Road Test, confirming experience -else-
where, that for sections of insufficient design
relative to load, the rate at which pavement
damage accumulated with applications of load
was affected by seasonal changes, especially in
the case of flexible pavements. The design of
the Road Test experiment did not permit a
clearcut comparison of the damage rate in the
various seasons since sections which failed in
one season were not available for observation
during subsequent seasons. Nevertheless Table
1, giving the percentage of failures occurring in
each season for each type of pavement, sug-
gests that the damage rate was relatively low
in winter for both types of pavement and
relatively high in spring for flexible pavements.

Changes in the effect of load with seasons

PN
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Figure 18, Typical serviceability histories.
TABLE 1 suggested the use of a ‘‘seasonal weighting
PAvEMENT FAILURE, BY SEASONS function,” g, to be multiplied by the number 0
load applications made during each index
Seasonal period, with the value of ¢, depending on some
Axle Load Distribution measurement designed to reflect the general
Season Applications  Section ;‘)‘”“"e variation above and below a “normal” value in
(x 109 (%) the strength of the test sections. The function
Rigid Flexible q: presumably would take on values greater
Fall than unity during periods when the pavement
195 . ) was weaker than normal, and between 0 and 1
58 Qct., Nov. 9 0 3 .
1959 Sept. Oct when stronger than normal. The product, g/,
Nov, oo 109 0g ) would then yield ‘“weighted applications,” w,
1960 Sept., Oct., corresponding to the actual application, =,
Nov. 173 12 1 made on each test section during an index
All 291 40 5 period. The total number of weighted ap-
Winter plications, W, would be given by
1958-59 Dec., Jan., )
Feb. 64 0 4 W.=qmn + qn, + ... + qn: (3)
1959-60 Dec., Jan., . . X
Feb. 167 11 5 Weighted application, W,, could then be sub-
All 231 11 9 stituted for actual applications, N, in the per-
Spring . formance analyses. (Hereafter W will be used
195\?3*“3"Chv April, 59 0 57 to represent either weighted or unweighted
19:50 lb;farch April axle applications, the meaning of the symbol
" May » APTLL 215 09 23 being specified v.rher?.ver used..)
All 274 29 80 - A seasonal weighting function, dependent on
Summer the periodic measurement of flexible pavement
1959 June, July, deflections in Loop 1, was developed and used
Aug. 109 3 3 in an analysis of flexible pavement performance
19i°uJ““ev July, 209 04 2 described in Section 2.2. In the case of rigid
Al & 318 o7 . pavements, although all rigid pavement distress
Total L114 100 100 was associated with pumping and although

'A section was considered to have failed when its
serviceability index dropped to 1.5. Table includes only
factorial sections (first replicates) in Design 1.

pumping must be associated with periods of
high rainfall, the seasonal variations in damage
rate were less pronounced, and no effective
function was developed.
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For the analyses of pavement performance it
was assumed that the trend of serviceability, »,
with increasing axle application, W, could be
satisfactorily represented by five pairs of co-
ordinates. For sections that failed during the
test period, simultaneous values of p and W
were taken at p =3.5, 3.0, 2.5, 2.0 and 1.5. For
sections that survived the traffic testing period,
the coordinates were chosen from the smoothed
serviceability history at 11, 22, 33, 44 and 55
index days. Sets of coordinates from the serv-
iceability trend, that is, performance data, for
each Road Test section are given in Appendix
Al

1.3.5 Procedures for Analysis

The analyses of performance resulted in
empirical formulas wherein performance was
associated with load and pavement design vari-
ables. To use mathematical procedures for the
analvses it was necessary to assume some
analytical form or model for these associations.
In addition to the experimental variables the
models include constants whose values were
either to be specified or to be estimated from
the data. Thus the analytical procedures were
for the estimation of constants whose values
were unspecified in the model—constants that
indicate the effects of design and load variables
upon performance. The procedures also in-
cluded methods for estimating the precision
with which the data fit the assumed model. The
procedures used in the Road Test analyses are
set forth in detail in Appendix G.

There are many different mathematical
forms that could be used as models for service-
ability trends, and several of these may fit the
data with more or less the same precision.
Different models were tested for goodness of
fit to the Road Test performance data. Pref-
erence for one model over another was gov-
erned mainly by relative goodness of fit, but
consideration was also given to relative agree-
ment with highway design practice and experi-
%nce for traffic conditions beyond the Road

est.

The mathematical model ultimately chosen
for both the flexible and rigid pavement anal-
vses is of the form

w
p:cg—(co—co(—;)ﬁ 4)
in which
GEDEC;
» = the serviceability trend value;

¢, = the initial serviceability trend value
(for the Road Test ¢, = 4.5 for rigid
pavements, and 4.2 for flexible pave-
ments—these values were the means
of the initial serviceability of test
sections) ;

¢, = the serviceability level at which a
test section was considered out of
test and no longer observed (for the
Road Test ¢, = 1.5);

W = the accumulated axle load applica-
tions at the time when p is to be ob-
served and may represent either
weighted or unweighted applications.

p and g8 are functions of design and load to be
discussed later. Rearranging Eq. 4 in loga-
rithmic form, and defining G, a function of
serviceability loss, as log (¢ — p)/(ce— C1)
gives

G = B (log W — log p) (3)

Plotting G against log W for Eq. 5 gives a
straight line whose slope is # and whose inter-
cept on the log W axis is log p. For each Road
Test section the performance data given in
Appendix A were converted into values for G
and log W and a straight line was fitted to the
G. log W points. From these straight lines,
estimates of g and log p were obtained for each
test section. For the cases where the service-
ability loss was very small over the traffic test-
ing period B may be nearly zero and log
extremely large. Special rules were applied for
these cases in order to obtain logical values of
B8 and log p (see Appendix G).

The assumed relationship between 8 and the
design and load variables was

8 = B - B, (L, + L.)*%
—Ffe T (aD, + &D: + a;D; + a,)8 L.®

(6)
in which
B, = a minimum value assigned
to B;
L, = the nominal lodd axle

weight in kips (e.g., for
18,000-1b single axle load,
L, = 18; for 32,000-Ib tan-
dem axle load, L, = 32);

L. = 1 for single axle vehicles,
2 for tandem axle vehicles;

D,, D. and D, = the three pavement design
factors surfacing, base
and subbase thickness for
flexible pavement and re-
inforcement, slab thick-
ness and subbase thickness
for rigid pavement.

The remaining symbols of Eq. 6 are positive
constants whose values were either to be as-
signed as was done for 8, or to be estimated by
means of the analysis.

Equations in this same form were deter-
mined from analysis of the rigid pavement data
and the flexible pavement data, respectively.
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The analysis rationale assumes that estimates

for 8 from the equation are better than esti-
mates based only on the individual section per-
formance data. Consequently, the values of 8
estimated from the equation were used in con-
junction with the data to obtain new estimates
of log p for every test section.

The algebraic form assumed for the associa-
tion of p with the design and load variables is

_ Au(D + a) Ly
= (L1 + L:)'h

where D (=a,D, + a.D. + a.D.) represents a
“thickness index’ of the pavement, L, and L.
are as defined for Eq. 6, and the remaining
symbols are constants whose values are either
to be assumed or to be estimated from the
analysis.

Evaluation of the constants in Egs. 6 and 7
is reported in Section 2.2.2 for flexible and 3.2.2
for rigid pavements.

Egs. 6 and 7 when evaluated and used in
conjunction with Eq. 5 thus represent the first
goal of the Road Test—to associate perform-
ance with design and load variables.

At various stages in the development of the
equations, tests were made for the significance
of pavement design factors, and statistics were
computed to express the degree of correlation
between observations and corresponding pre-
dictions from the equations. Finally, average
residuals were used to indicate the extent to
which observations were scattered from the
corresponding calculated values of p and log TV.
Average residuals, correlation indexes, and in-
ferences from the significance tests are sum-
mar lzed after presentation of derived equations

(7)

Many dlfferent models and fitting procedures
were studied and one selected from which the
performance equations fit the Road Test data
with satisfactory precision. In time, other
models may be found that also fit the data satis-
factorily and which may prove equally or more
useful.

1.4 NEEDED RESEARCH—GENERAL

1.4.1 Modification of Pe'rformance Relation-
ships

Any further effort by the Highway Research
Board to fit a mathematical model to the Road
Test performance data will likely involve modi-
fications either in the basic models for p, 8, and
p, or in the fitting procedures, or in both. It is
the purpose of this section to mention several
possibilities for both types of modification that
are contemplated in further work with the per-
formance data.

Even if no changes are made in Eq. 4, it is
possible to modify the formulas for 8 and p.

R-20)

For example, it might be assumed that g is a
constant,

B = b, (8)
or that g is a simple function of p, for example,
B8 = b, + b, (9)

P b,

The concept of a thickness index for flexible
pavements might be generalized after further
research to a “structural index,” S, where S
would account for all pavement layers (their
thicknesses and strengths) as well as the em-
bankment soil. A single index for vehicle load,
L, might be introduced so that L could account
for all axle loads (including steering axles) and
their spacing. Then it might be assumed that

S A
F (vr)

so that the structural index is squared relative
to the load index. It may be noted that the ratio
of A, to A, in Eqgs. 18 and 21 (see Section 2.2)
is already of the order two to one, so that Eq
10 appears to be a reasonable assumption at
least for flexible pavements.

As is explained in Appendix G, performance
equations developed for the present report re-
sult from a step-by-step fitting procedure where
the results of one step are used as input for the
next step. Modification of the fitting procedures
will likely take the form of an over-all pro-
cedure that determines all unassigned constants
simultaneously as a particular residual cri-
terion is minimized. Once the over-all fitting
procedure is developed, the residual criterion
can include both residuals from log W estimates
and residuals from p estimates. Moreover, per-
formance data from experiments "that have
been analyzed separately in this report may be
combined in an effort to obtain a more general
analysis.

Although it was not possible to investigate
modifications of the type just described in time
for inclusion in this report, the Highway Re-
search Board will undertake these studies. It
is hoped that further effort will produce modi-
fied equations that can represent all the Road
Test performance data with at least the same
precision as given in this report and that
simplifications can be introduced with little
sacrifice in precision over the equations re-
ported herein.

(10)

1.5.2 Generalization and Eztension of Rela--
tionships

Discussion in the preceding subsection re-
lates to the need for additional study of the
data obtained in the Road Test. A larger area
for future research involves the extension of
the performance equations to include para-
meters that were not varied in the project. It
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is important to know, for example, the effects
on pavement performance of variations in the
characteristics of the soil and the materials
used in the pavement structure. The effects
of environment need study. Not only the dif-
ferences in performance associated with the
existence of heavy rainfall, desert conditions,
frost, etc., must be considered, but also the
differences that may be associated with dif-
ferent rates of traffic application and distribu-
tion of axlie Joads in the traffic stream. (For
example, at the Road Test a million axle loads
of one weight were applied in two years to
each section. What would have been the situa-
tion had these loads, accompanied by several
million lighter loads, been applied in 20 years?)

Studies designed to fill these gaps may fall
in four categories: (1) theoretical studies, (2)
major satellite studies, (3) field tests, and (4)
laboratory tests.

There should be continuing encouragement
of research into the mechanical and physical
laws involved in pavement performance. Only

through such theoretical work will there be

developed rational mathematical models by
which performance can be related to the funda-
mental properties of materials and to the
dvnamic characteristics of the loading.

Since the completion of such theoretical work
appears to be yvears away, immediate attention
should also be given to means for extending the
empirical models developed at the Road Test
to include additional important parameters. A
most effective device for this purpose is the
so-called satellite study. These studies have
been described* as relatively small road tests
in different parts of the country (and other
countries) involving consideration of variables
most of which were not included in the AASHO
Road Test. A very important finding of the
Road Test was that, within the range of pre-
cision of measurements systems and estimation
techniques available, no significant interactions
were found among the design variables. There-
fore, in the design of satellite experiments
where the variables are like those in the Road
Test (structure thickness, base type, etc.)
balance in the experiment can be attained
through the use of partial rather than full
factorials.** This means that to test a given
number of variables any satellite experiment
will require only a small fraction of the test
sections that would have been required had
the AASHO Road Test shown that significant
Interactions existed.

Such satellite experiments are also different
from the Road Test in that traffic is not a vari-
able. The test sections would be constructed as
part of the regular highway system and their

* “Extending the Findings of the AASHO Road Test”
before the Design Committee, AASHO, at the AASHO
meeting in Denver, Colo., October 1961.

** See Hain, R. C,, and Irick, P. E., “Fractional Fac-
torial Analysis,” HRB Road Test Conference, May 1962.

serviceability Lrends vuser ved under the normal
traffic using the facility. A careful record of
the number and magnitudes of axle loads over
the test sections would be required.

These experiments would provide for verifica-
tion of the coefficients. in the Road Test per-
formance equations and for the inclusion of
terms in the equations relating to variables that
were not under study in the AASHO Road Test.
More specific areas for study in the satellite ex-
periments are discussed at the ends ¢f Chapters
2 and 3.

Field tests would be simple pavement per-
formance experiments, with 2 or 3 test secticns
each, constructed as part of normal highway
construction in a large number of locations
where only one or two variations from normal
pavement design would be observed along with
the normal design. These studies would prove
very useful to engineers who must use judg-
ment in the application of Road Test findings
and in their attempts to evaluate new designs
and new materials. However, the field tests
would not be designed in such a way as to per-
mit analyses that would result in important
modification of the Road Test equations them-
selves. Many states have constructed test pave-
ments in-the field test category in the past. If
traffic records are available, further study of
these pavements would be extremely useful.

Laboratorv tests are those needed in the

-study of materials characteristics-as they might

affect pavement performance. Here again more

. detailed recommendations are given at the ends

of Chapters 2 and 3.

1.4.8 Serviceabtlity of Pavements

It is believed that the serviceability-perform-
ance concept developed at the Road Test has
added a new technique of valuz in the design
and maintenance of highway pavement. It is
emphasized, however, that the specific service-
ability indexes developed for the Road Test,
were based on very small samples of the Ameri-
can highway network by a very small group of
highway engineers. There is no reason to think
that more extensive sampling will result in
major modification of these indexes, but if the
system is to receive widespread use, it is im-
perative that other groups, working under the
same rules as the Road Test Rating Panel,
make subjective ratings of many sections of
pavement over the entire country containing
many types of distress leading to loss of serv-
iceability. Accompanying these rating sessions
should be objective measurements of those ele-
ments that may be involved in serviceability
such as, slope variance (roughness), rut depth,
cracking, faulting, patching, and slipperiness.
Regression analyses of the ratings in terms of
the objective measurement data will produce
new more generally applicable serviceability
indexes.

0w
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section. Figures 19, 20 and 21 are examples of
these charts as they may be found for cach
section in DS 4199,

Basic data relative to the performance of the
factorial secctions for both weighted and un-
weighted application are given in Appendix A.
Data for a present serviceability level of 1.5
and 2.5, are also given in Tables 5, 6, 7 and &.
Load applications for cach design of pavement
are given for those sections that were removed
from the test and p values for those sections
that survived the test.

Load

This subsection gives relationships between
flexible pavement performance and variables
that describe load and pavement design. Per-
formance data, models, and analytical proce-
dures described in Seetion 1.3 are used to obtain
specific performance-design-load equations for
the factorial experiments. This section also in-
cludes associations of performance with design
and load variables {or the paved shoulder
studies and for the special base type studies.

2.2.2.1 Main Factorial Experiments (Design
1).—This subsection contains the results of the
major Road Test flexible pavement analysis, the
pavement performance analysis, and develops
the relationships for flexible pavement sought
in the first objective. These relationships have
been reduced to four equations containing terms
for the variables included in the test. Egs. 13,
17, 18, and 19 are for the case where load appli-
cations have been adjusted by the seasonal
weighting function; similar equations are given
for unweighted applications.

Graphs and tables were constructed from the
cquations for use in the study of performance
over the wide range of .designs and loads in-
cluded in the Road Test.

A convenient presentation of the relation-
ships for the axle loadings of the Road Test is
shown in IFigure 22. TFor example, to deter-
mine what pavement structure would have sur-
vived a million 22.4-kip single axle loads at the
Road Test before its serviceability level dropped
to 2.5, the chart is entered at 1,000,000 applica-
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Tigure 22. Main factorial experiment, relationship between design and axle applicatlon
at p = 2.5 (from Road Test equations).
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tions on the abscissa and the thickness index
(4.5) is read on the ordinate scale. Asphaltic
concrete surfacing, base and subbase may be
combined in any combination for an index of
4.5, provided it meets the conditions for use of
the thickness index equation stated on the
chart. Many combinations of structural layers

will meet these conditions. One, for example,

is 4 in. of surfacing, 10 in. of base and 12 in. of
subbase.

_ Since these equations represent serviceability
< trend data observed in the test, some Road Test
* sections failed sooner and some later than indi-
. caled by the smooth curves. Thus, some allow-
ance should be made for the scatter of the data
as shown, for example, in Figure 25. Through
a residual analysis it was found that the scatter
corresponds to approximately ==14 percent of
the thickness index values given by the curves.
I{f comparisons are made with observed per-
formance of actual highways in service, addi-
tional allowance should be made to account for
differences between the Road Test and the ac-
tual highway in materials, environment, and
loading history.

These relationships are not intended to be
design cquations., IHowever, they can serve as a
basis for design procedures in which variables
not included in the Road Test, such as soil type,
are considered.

Tables and discussion arc included to show
the basis for determining the significance or
nonsignificance of the various effects. Correla-
Lion indexes show the degree of correlation
found in the relationships; mean residuals, the
degree of scatter of the obscrved performance
data from the predictions of the performance
cquations.

The thickness index found to apply to Road
Test flexible pavements is of interest in itself.
For the weighted applications case the thick-
ness index cquation (Eq. 19) indicates that an
inch of surfacing was about three times as
effective as an inch of base and four times as
effective as an inch of subbase in improving
pavement performance within the range of de-
sign studied.

The use of the seasonal weighting function
on axle Joad applications was found to increase
the correlation index from 0.48 to 0.70 and to
reduce the mean residuals by 15 percent.
~ The genecral model used to represent pave-
ment performance was Eq. 4. For flexible pave-
ment test sections in the factorial experiments
the average initial serviceability trend value
was ¢, = 4.2, and since ¢, = 1.5, ¢, — ¢, = 2.7,
and the trend curves are represented by

/WoAB

peiz2r (LY oo
P

Both B and p arc positive functions of the de-

sign variables, D, (surfacing thickness, in.),

D. (basc thickness, in.), and D, (subbase thick-
ness, in.), and of the load variables, L, (nomi-
nal axle load, kips*) and L. (1 for single axles
or 2 for tamdem axles).

The function 8 determines the general shape
of the serviceability trend with increasing axle
load applications, W. If B = 1, the trend is

. a straight line; if g > 1, the serviceability

loss rate increases with applications; and if
B < 1, the loss rate decrcases with axle load
repetitions. Graphs of the performance data
for flexible pavements in Appendix A indicated
that designs failing carly in the Road Test
tended to have an increasing rate of service-
ability loss {8 > 1), while more adequate de-
signs as a rule had a decreasing loss rate
(8 < 1). Lstimates of g were obtained from
the performance data of a number of sections
that experienced relatively little serviceability
loss in the Road Test. The average of these
values was approximately 0.4, and this value
was assigned to g, the assumed minimum value
for g in Eq. 6.

The function p is equal to the number of load
applications at which » = 1.5, and is assumed
to inercase as design increases and to decrease
as load increases. The over-all aim of the per-
formance analysis i1s to arrive at formulas for
£ and p in terms of Dy, D., D,, L, and L. so that
I2q. 12 may be used to predict the value of p
after a specified number of applications, W. Or
if Eq. 12 is solved for log W,

4.2 —1p
log (-—2'7 >

/3
then Eq. 13 may be used to predict the numbc_r
of applications required to reduce p to a speci-
fied value.
FFor the flexible pavements, 8 and p are given
by particular cases of Egs. 6 and 7 of Section
1.3.5, as {ollows::

log W = log p -+ (13)

. BO(L\ + L:)n’

B =0.44 '
(D 4+ 1)”1 L.._n, (14)
Ay (D + )4 LA
= (15)
(Ly + L)%
in which D is a thickness index given by
D == (L|D| + (L-_-D-_‘ + (L.'lDJ (16)

If the coefficients a,, a. and a, in Eq. 16 are

cach assigned a value of one, D is the total
structure thickness. In the Road Test analyses,

* For cxample, for single axle loads of 18 or 22.4
kips, L, = 18 or 22.4; for tandem axle loads of 32 or
40 kips, Ly = 32 or 40.
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Figure 23.

significant effects. Thus this and similar
analyses of variance all pointed to the use of
a thickness index as given by Eq. 16.

The third part of Tables 9 and 10 shows
within loop estimates f{or a,, a., and a, that
were obtained from the variance analyses.
Weighted averages of these estimates gave the
values shown in Egs. 19 and 22, The last part
shows the results of within lane regression
analyses that were used to determine values
for A, in Eq. 15. In the logarithmic form, 4,
is the coefficient of log (a,.D, + a.D. + a,D,
4 1), and estimates for this coefficient are
shown for each lane at the bottom of the table.
Weighted average values for A, are 9.36 and
8.94 for the two cases represented by Lgs. 18
and 21. The remaining constants in Egs. 14
and 15 were determined by applying procedures
described in Appendix G to the performance
data of Appendix A.

If W represents weighted applications ob-
tained through the use of seasonal weighting

B-24

Main factorial experiment, relationship between design and axle load
applications at p = 1.5 (from Road Test equations).
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Figure 24. Main factorial experiment, relationsh
between design and load at p = 2.5,
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function described in Section 2.2.2.1.1, then the
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analysis gives the following equations:

If the applications are unweighted, then the

0.081(L, + L.)>=*

b= (D + 1)sm L=
_1098(D 4 1)03 L
P (Ly + L)

D = 0.44D, + 0.14D, + 0.11D,

performance equations are as follows:

THICKNESS WODEX

THICKSESS INDEX

THICKNESS INOCX

0.083(L, + Lj)*«*

(D + 1)5.7: L:(.B7

(17)

(18)

(19)

(20)

, = lou.lc(D + 1)8.04 in.xr (21\
(L‘ + L:) 4.54
D = 037D, + 0.14D. + 0.10D,  (22)

Thus for a particular pavement design and
axle load, either Eqgs. 17, 18 and 19 or Egs. 20,
21 and 22 give values for B and p that may be
substituted in Eq. 12 if p is to be estimated
from W, or in Eq. 13 if W is to be estimated
when p is given. Figures 22 and 23 show how
W varies with D in Eq. 13 when 9 is fixed at
2.5 and 1.5, respectively. Iach figure has ten
curves, one curve for ecach test load used in
the Road Test.
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applications at p = 2.5
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WEIGHTED AXLE LOAD APPLICATIONS AT p. 2.5, 1000s
Main factorial experiment, relationship between design and single axle load
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load applications at p = 2.5.

Figure 24 shows design requirements when
the final serviceability value is p = 2.5 for a
range of single and tandem axle loads at three
levels of load applications. In this and the re-
maining graphs for flexible pavement perform-
ance (Figs. 24, 25 and 26), the final service-
ability level is p = 2.5. The choice of 2.5 for
final serviceability was arbitrary. The level of
serviceability at which states actually perform
major maintenance will be established by a
survey of pavements scheduled for overlay or
reconstruction..

Figures 25 and 26 show the correspondence
between the individual curves of Figure 22 and
performance data from Appendix A for each
of the ten traffic lanes. Each point represents
the observed number of weighted applications
at which the serviceability of a test section was
© 2.5. Horizontal deviations of the points from
the curves represent prediction errors or resid-
uals when Eqgs. 13, 14, 15, and 16 are uscd to
predict the life of a section (to p = 2.5) whose
design and load values are specified.

Points shown (Figs. 25 and 26) represent
only those sections whose serviceability fell to
2.5 by the end of the test. All remaining sec-
tions would be represented by points whose
abscissas are to the right of 1,114,000 applica-
tions. The number of such sections for any
lane can be found by subtracting the number
of points shown from 22 in Loop 2 and from
30 in all remaining loops. Although these scc-

tions do not appear in the graphs, their per-
formance data were used in the development
of the performance equations.

The performance data in Appendix A, De-
sign 1, give a minimum of 5 and a maximum
of 10 (p, log W) pairs for cach test scction.
When p is fixed at 3.5, 3.0, 2.5, 2.0 and 1.5
there can be as many as 5 log W observations,
and when log W is fixed at ¢ = 11, 22, 33, 44 and
556 index days there can be as many as 5 ob-
served values for p. Corresponding to cach
observation, log W or p, is a calculated value,
log™W o1 #. obtained from the performance
cquations. DifTerences between calculated and
observed values are the residuals A log W =
log”™W —log W and A p = $#—p. Absolute
values of these residuals are summarized i
the first part of Table 11 which shows for eacl
lane the number of residuals of cach type a:
well as mean absolute residuals. Mean absolut
vilues for A log W in Loop 2, lane 1 were foun:
to be extreme relative to the other lanes an
were omitted from the grand means. Table 1
thus shows that mean values for A p and A lo
W were 0.53 and 0.27 for unweighted applic:
tions, and 0.46 and 0.23 for weighted applic:
tions.

Log W residuals are horizontal deviatio
{rom the performance equation curves and a
thus of special interest in the use of the
curves. The second part of Table 11 shows
further summary of log W residuals. The c
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Figure 6. AASHTO Load Equivalency Factors for Flexi_ble Pavement (2).

B-27



Huang (1968b) compared the ESWL based on equal contact radius with that
based on equal contact pressure for a variety of cases. He found that unless the
pavement is extremely thin and the modulus ratio close to unity, the differences
between the two methods are not very significant.

Two-layer interface deflections based on equal contact pressure were alsg
used by the Asphalt Institute to compute the ESWL for full-depth asphalt pave.

ments. This procedure is applicable to aircraft having less than 60,000 1b (267 kN)
gross wgigh[, By the use of F‘wurp 2.19, s-mnl-ﬁml charte wora davalamad

......... SRRV U G ST S S ) uvvvnup‘-u lUl“
determining the ESWL for dual wheels based on the CBR of the subgrade (Al,
1973).

6.3 EQUIVALENT AXLE LOAD FACTOR

An equivalent axle load factor (EALF) defines the damage per pass to a pavement
by the axle in question relative to the damage per pass of a standard axle load,
usually the 18-kip (80-kN) single-axle load. The design is based on the total
number of passes of the standard axle load during the design period, defined as the
equivalent single-axle load (ESAL) and computed by

ESAL = 2 Fin 6.19)

in which m is the number of axle load groups, F; is the EALF for the ith-axle load
group, and #; is the number of passes of the ith-axle load group during the design
period.

The EALF depends on the type of pavements, thickness or structural
capacity, and the terminal conditions at which the pavement is considered failed.
Most of the EALFs in use today are based on experience. One of the most widely
used methods is based on the empirical equations developed from the AASHO
Road Test (AASHTO, 1972). The EALF can also be determined theoretically
based on the critical stresses and strains in the pavement and the failure criteria.
In this section, the equivalent factors for flexible and ngld pavements are dlS-
cussed separately. :

6.3.1 VFIexible Pavements

The AASHTO équations for computing EALF are described first, followed by a .
.discussion of eqmvalent factor based on the results obtained from KENLAYER

AASHTO Equivalent Factors

The following regression equations based on the results of road tests can be
used for determining EALF:

log(x,i:)'— 4. 791og(18 + l) —~ 4.79 log(L, + Lz)
_ G

3: Bue (6.20a)

+ 433 log L, +

- Traffic Loading and Volume  Chap. 6
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G = |og(4i_'22%%) | (6.20)
3.23
Be = 0.40 + LBNUL. + Lo) (6.20¢)

. (SN + 1)5.19L§.23

in which W, is the number of x-axle load applications at the end of time ¢; W,, is
the number of 18-kip (80-kN) single-axle load applications to time ¢; L, is the load
in Kip on one single axle, one sei of tandem axles, or one set of tridem axies; L, is
- the axle code, 1 for single axle, 2 for tandem axles, and 3 for tridem axles; SN is
the structural number, which is a function of the thickness and modulus of each
layer and the drainage conditions of base and subbase; p, is the terminal ser-
viceability, which indicates the pavement conditions to be considered as failures;
G, is a function of P,; and B,s is the value of B, when L, is equal to 18 and L, is
equal to one. The method for determining SN is presented in Section 11.3.4. Note
that :
W.is
EALF = W, ; 6.21)
Equation 6.20 can be used to solve EALF. The effect of p, and SN on EALF is
erratic and is not completely consistent with theory. However, under heavy axle
loads with an equivalent factor much greater than unity, the EALF increases as p,
or SN decreases. This is as expected because heavy axle loads are more destruc-
tive to poor and weaker pavements than to good and stronger ones. A disadvan-
tage of using the above equations is that the EALF varies with the structural
number, which is a function of layer thicknesses. Theoretically, a method of
successive approximations should be used because the EALF depends on the
structural number and the structual number depends on the EALF. Practically,
EALF is not very sensitive to pavement thickness and a SN of 5 may be used for
most cases. Unless the design thickness is significantly different, no iterations will
be needed. The AASHTO equivalent factors with p, = 2.5 and SN = § are used
by the Asphalt Institute, as shown in Table 6.4. The original table has single and
tandem axles only but the tridem axles are added based on the AASHTO design
guide (AASHTO, 1986). Tables of equivalent factors for SN values of 1,2, 3, 4,5,
and 6 and p, values of 2, 2.5, and 3 can be found in the AASHTO design guide.

' Example 6.7:

Given p, = 2.5 and SN = 5, determine ihe EALF for a 32-kip (151-kN) tandem-axle
load and a 48-kip (214-kN) tridem-axle load. :

Solution: For the tandem axles, L, = 32 and L, = 2, from Eq. 6.20, G, = log
(1.7/2.7) = -0.201, B, = 0.4 + 0.081 (32 + 235 + 1> = 0.470, Big =
0.4 + 0.081 (18 + 1)*3/(5 + 1)*" = 0.5, and log(W./Wos) = 4.79 log 19 — 4.79 log
(32 + 2) + 4.33 log 2 — 0.201/0.47 + 0.201/0.5 = 0.067, or W../W, 3 = 1.167. From
‘Eq. 6.21, EALF = 0.857, which-is exactly the same as that shown in Table 6.4.

For the tridem axles, L, = 48, L, = 3, from Eq. 6.20, B, = 0.4- + 0.081(48 +
3B + 1)*P(3)*?] = 0.470, and log (W./W.s) = 4.79log 19 — 4.79 log (48 + 3)
+ 4.33 log 3 — 0.201/0.47 + 0.201/0.5 = —0.0139, or W,/W,s = 0.968. From Eq.
6.21, EALF = 1.033, as shown in Table 6.4. '

Sec. 6.3 Equivalent Axle Load Factor - 295
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Axle-load/axle-num

ERAEEEHHEESR
The Standard EAL of Trucks

®

éer survey

E] = 5 By it ?ETI‘ET £ A= & P (1§ 5
Date Hsichih Houli Yuanlin Kangshan = s
Average
RE(E A H 4t M| B = |k ISR A | 4k M| @ |k IR =
No  (YY/MM/DD) | N-bound | S=bound-{ N-bound | S-bound | N-bound | S-bound | N-bound | S-bound
01 70.10.13 1.330 3.304 1.993 1.063 * * 1.422 0.581 1.616
02 71.05.12 0.403 1.367 0.091 0.976 0.051 0.586 1.088 0.389 0.619
03 71.11.17 0.580 1.074 0.643 1.197 0.056 0.531 1.062 0.716 17 0.732
c4 72.05.10 1.501 3.553 0.761 0.803 0.056 0.658 1.048 0.435 1.102
05 72.11.16 1.214 1.344 0.619 0.886 * * 1.728 0.716 1.085
06 73.05.16 0.044 1.320 0.513 0.020 1.428 0.013 1.470 0.432 0.6355
07 73.11.14 0.643 1.599 0.500 0.521 0.931 0.737 1.500 0.670 0.888
08 74.05.14 0.300 2.090 0.612 0.747 0.990 0.650 0.920 0.810 0.890
09 74.11.17 0.593 1.126 0.504 0.657 0.905 0.615 1.360 0.560 0.790
10 75.05.14 0.296 1.246 0.658 0.677 0.973 0.5G4 1.036 0.774 0.771
11 . 75.11.14 0.413 1.386 0.059 1.102 1.053 0.773 1.120 0.554 0.808
12 76.05.13 0.529 1.700 0.994 0.007 1.125 0.915 1.301 0.907 0.935
12 76.11.18 0.897 1.025 0.759 0.770 0.980 0.840 1.398 0.777 0.931
14 77.05.10 0.570 1.037 1.007 0.672 0.799 0.698 1.091 1.376 0.906
15 77.11.16 0.190 1.080 0.790 1.140 1.050 0.967 0.801 0.714 0.842
16 78.05.17 0.449 1.606 0.694 0.972 1.167 1.031 1.452 1.250 1.055
| 17 78.11.15 0.448 1.253 | 1.0;?,0 0.860 1.037 0.905 2.697 1.151 1.171
18 79.05.16 0.322 0.860 0.585 0.343 % 1.181 0.990 0.861 0.735
19 79.11.13 0.830 0.778 0.763 0.878 0.850 0.847 1.403 1.110 0.932
20 80.05.15 0.764 1.020 0.358 1.017 0.672 0.750 1.285 0..717 0.860
21 80.11.25 0.370 1.136 * * E S %* 1.081 1.007 0.899
22 81.05.13 0.290 0.970 1.230 1.320 1.318 1.328 1.581 1.088 1.014
23 81.11.10 0.460 0.410 1.110 1.480 1.128 0.878 1.642 0.945 1.007
T 5]
Average 0.584 1.404 0.737 0.81'3 0.881 0.765 1.325 0.8p6 0.914
* RPBEERNFERGIE T » TR E s
* No data ' < 'Z //: _T\; J >
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EWB S EREREER
The Standard EAL of Trailers

(:‘3 E E #H\|\v ik S | B * 5 | A
Date Hsichih. N Houli Yuanlin Kangshan 7 5
I Average
x®A(E A g)H)dE = | & = |k = | & A | 4k | B = | dk | &8 &
No (YY/MM/DD) | N-bound | S-botnd | N-bound | S-bound N-bound | S-bound | N-bound | S-bound
01 70.10.13 1.806 4.660 3.450 3.450 * * 4.331 1.768 3.244
~2 71.05.12 3.066 4.016 4.907 2.672 5.348 2.940 5.581 2.940 3.934
—-.;J3 71.11.17 2.106 7.170 4.568 3.951 5.529 1.566 3.691 1.274 3.732
04 72.05.10 7.322 8.757 3.881 1.757 5.033 2.427 5.165 1.525 4.483
05 72.11.16 2.716 4.782 3.337 3.402 * * 6.419 1.277 3.656
06 73.05.16 1.796 5.801 3.435 2.830 6.389 2.126 6.470 1.951 3.850
o7 73.11.14 8.467 6.462 5.877 9.832 7.889 4.135 7.230 2.848 6.593
;8 74.05.14 2.350 4.440 5.307 3.375 8.472 3.514 7.150 3.820 4.804
09 74.11.17 4.038 5.530 6.319 3.557 7.232 2.729 8.220 2.170 4.974
10 75.05.14 4,350 5.386 7.104 4,720 6.772 3.756 7.262 3.694 5.381
11 75.11.14 4.190 4.222 9.676 7.645 7.313 3.505 7.278 3.647 5.935
12 76.05.13 3.761 8.527 6.573 6.827 6.962 4.182 9.079 1.890 5.975
13 76.11.18 4.503 8.941 6.958 4.993 7.798 6.093 8.587 4.414 6.536
14 77.05.10 3.358 9.067 8.812 3.021 7.796 4.826 9.060 7.346 6.661
15 77.11.16 4.240 9.230 7.010 8.230 7.970 5.460 9.680 2.920 6.843
16 78.05.17 7.229 8.918 6.069 5.598 8.922 4.371 12.952 7.590 7.706
17 78.11.15 5.529 10.084 6.210 5.620 8.525 11.752 15.549 6.308 8.697
i3 79.05.16 3.370 8.540 5.180 9.400 * 6.750 11.047 6.530 7.260
19 79.11.13 5.430 4.050 7| 8.097 7.030 7.704 4.826 9.806 6.033 6.622
20 80.05.15 6.320 5.731 3.731 5.014 7.740 5.188 10.107 13.280 7.139
21 80.11.25 5.670 7.930 * * * * 10.630 7.698 7.982
22 81.05.13 3.680 7.770 9.680 15.270 9.903 6.992 11.276 11.657 9.529
IS 81.11.10 7.710 10.280 10.000 9.090 4.785 6.878 12.299 7.922 8.621
= 5] :
Average 4.479 6.970 6.174 5.758 7.265 4.668 8.647 4.805 6.096
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% 3-3  PLERRBILELE LSO HEE

Bi2:%
g Al o8 A # xR A g B8 A
%] 24| QRS | RS | BEE | e | KR FHe | Ae | ke | BEe
% ik 3k | 50.68 | 50.66 | 51.83 | 52.38 | 52.02 |53.83 |51.95 | 51.50 | 52.73
(77 1) Gery | by | eyl Gy | Qx| Gt | (&HT) | &mT) | Bkr)
£ 0y $& | 51.06 |54.22 | 51.21 | 53.22 | 56.78 | 53.00 |51.08 | 58.77 | 56.31
(F&) BT | Gery | Gr) | (&) | Gkl | el | &BT) | BkL) | BtL)
#% 4 35 | 50.23 | 51.36 |51.04 | 56.10 | 53.16 | 53.93 | 54.57 | 52.54 | 50.75
(F&) T | GET) | @T) | &T) | kb)) ! Gty | Gge) | @T) | @T)
# #% $b | 50.29 | 50.59 | 52.16 | 52.80 | 51.02 | 51.07 | 56.97 | 52.41 | 50.22
(Ffr) &T)| @F)| T @) (&TF)| Gbr) | Gtx) | (&T) | BbX)
A~ ¥ 35 | 50.60 | 50.75 [51.94 | 51.73 | 56.03 | 53.44 | 51.89 | 54.43 | 50.96
(F ) Ger) | Ger) | BTF) | Gh) | ghb) | Ghx) | (B TF) | Bk | GkL)
§ 4 2t | 50.20 | 50.50 | 51.00 |55.43 | 51.68 | 52.75 | 54.74 | 51.59 | 52.54
(77 61) Gty | T @) | ET) | &T) | &TF) | okk) | Gtk) | GtL)
3 i 5 | 50.24 | 50.09 | 50.92 | 52.66 | 50.20 | 50.17 | 52.05 | 52.92 | 53.81
(F&) (BFTF) | Gtr) | GEL) | (H5T) | Gy GEX) | (kLX) | GkL) | (kL)
# A& 35 | 50.63 | 51.47 | 52.13 | 50.10 | 52.33 | 51.83 | 50.50 | 55.75 | 52.98
(ﬁ@)'(ﬁT)(ﬁT)(ﬁT)(%L)(ﬁT)(ﬁT)(%L)(%T)(@T)
3 8% | 50.75 | 50.84 | 50.66 | 51.80 | 52.22 | 50.65 | 51.65 | 52.25 | 55.28
(F &) GT) | @) | @&T) |G @) | @T) &T) | &T) ! &T)
B o #b | 50.93 | 52.78 | 55.39 |51.40 | 50.94 | 53.10 | 50.80 | 60.57 | 50.95
(7 &) GeL) | &GT) @&F) | Gkl) @) | T | &T) &T)| &T)
(33) : 28 ARAReFH 54T ¢
1) P¥FH :79.11.27 » 79.12.17 » 79.12.27 ©
(2) L K :79. 4.2879.11.17 ° '
3) f& H :79.11. 4 79.12. 20
<M <HMT 45 T3 />
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2 3-4 ¥ 4L F R 0K £ %8 T o@ o K
gad - B ﬂ 3 8 B
/J\ﬁﬂkk'mzﬁmJ’-»‘-.‘EXH!@B&EIJ\Q!W#:&EEWE
Pt T
& Bttt & itk = Btk & Bkt & Bt & Bttt & Bttt & ‘it % P13
ik | 56456 | 77.80% | 7730|10.65%| 2379 11.55% | 62788 | 76.27% | 8230 | 10.08%x| 10658 | 13.05%x [ 73083 ) 83.13%| 3674| 4.48%| 5239| 6.3
Zxudy | 136447 | 82,305 | 16077 | 9.47% | 14322 3.43% | 146371 |21.83% ) 17235 | G.62%| 15300 ) &£.55% | 144203 | 85.35% | 10026 | 6.00%| 12775 7.65%
SES ] B8133 | 74.12% ] 12834 | 14.43% | 10221 ] 11.45% | 75921 | 76.12% | 13160 | 13.20% | 10653 | 10.68% | 92914 | 85.82% 6390 | 5.90% 8958 | 8.27%
W2 ] 45707 ) 68.31% ] 11984 ]17.91% €216 | 13.77% | 56849 | 74.63% | 10251 | 13.46% 075 [ 11.91% | 67561 | 77.78% 9656 | 11.12% 9642 | 11.10%
EE | 43758 )67.88% ] 11333 18.39% 8754 | 13.62% ) 64268 75.78% 9506 ) 11.43% | 10850 | 12.76% | 58904 | 75.65% 9590 | 12.32% 9371 | 12.03%
Btk | 36156 [66.79% | 10445 119.20% [ 7534 )13.62% | 43775 )66.82%) 10629 | 16.95%| 8205 |13.23%| 57031 ) 76.98%| 7630)10.30% [ 9427 | 12.72x
IiEE ) 284551 51.55% 7 121.59% 7795 | 16.855 ) 35349 | 66.08% 9828 1 18.37% 8321} 15.55% | 46700 | 79.52% 5503 | 8.81% 7295 | 11.67%
FEE | 283553 62.94X 0452 [ 20.84% ] 7360 16.22% | 35682 | 67.56% 9194 | 17.41% 7939 ] 15.03% | 43334 81.18% 498G ) 8.2%8% 63321 10.52%
AT | 37494 ( 656.79% | 10455 | 18.63% 8186 | 14.58%5 | 44513170.33% 1 10311/ 16.25% 8509 ] 13.41% | 58874 | 77.77% 8993 | 12.31% 7257 9.92%
flr | 44010 70.14% 8855 15.71% 8378 | 14.15% ! 52317 ) 76.35% 3838 | 12.61% 7738 111.04% | 71407 | 87.03% 4322 | 5.38% 6170 | 7.52%
#3-5 PILERABKBISH PEREE £3-6 BIERARKEISD AR ERE
N OB OBk B 2l B = v | M | WESME | miEmE
554
w (B =5 | =8| @\ | Eskl Wik | 75642 | 75500 | 0.19%
ZZ(y | 170628 | 170797 | 0.10%
i | 60497 | 79.98% 7034 | 9.30% 8110 | 10.72% Bis 84363 1 93883 ) 0.50%
Z | 141361 | 82.85% | 15098 | 8.85% | 14170 | 8.30% EE 71899 74233 3.01%
28| 72624 | 76.96% | 11696 | 12.39% 10044 | 10.64% BE 639827 | 72902 | 4.22%
EIE ( 51426 1 71.43% ) 11297 | 15.69% 9276 | 12.88% J=§ 58127 | 60652} 2.51%
BE | 495431 70.95% | 111081 15.91% 8176 | 13.14% 2Eg 50353 | 52848 (| 4.72%
B#k | 41188 | 69.66% 9333 | 18.81% 8000 | 13.53% = 492221 507541 3.02%
JEE | 33460 | 66.45% 91171 18.11% 7776 | 15.44% 5w 60388 1 61857 | 2.37%
e | 33403 | 67.86% 8572 | 17.41% 7248 | 14.72% | @ 67430 682751 2.66%
Fmy | 42172 )1 69.84% ] 10160 | 16.82% 8056 | 13.34% : c
@il 50544 | 74.96% 8683 { 12.88% 8204 g.lﬁ ¥ 9 R = E: 2.33
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