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THE MICHIGAN PAVEMENT PERFORMANCE STUDY
FOR DESIGN CONTROL AND SERVICEABILITY RATING

William S, Housel®

INTRODUCTION

The Michigen Pavement Performance Study
is a cooperative research program conducted
by the Univexsity of Michigan under a research
contract sponsored by the Michligan State High-
way Department in cooperation with the U. S.
Bureau of Public Roads., This atudy had its
beginning in 1946, immedlately after the sece
ond World War, when the interest in highway
design and performance was atimulated by the
greatly increased demand on the highway transe
portation system agnd s nation~wide accelera-
tion in highway construction. The program
was formulated and has since been conducted
on the propositlon that pavement performance
and adequacy could best be weasured by care-
ful observation of the response of existing
pavements to the physicsl conditions and
forces to which they are subjected in acgual
sexrvicea

Many have asked the question, the ansver
to which iz atill the subject of vigorous dew
bate, how do you know when a pavement is
styucturally adequate? How thick must a
pavement be to carry a specified axle load?
Should a pavement be rléid to bridge over a
weak subgrade, designed as an elastic beam on
an elastic support (Westergaard theory)}? Or,
should it be flexlble in order to develop full
subgrade support, relying on the time-honored
statement of MacAdam that it is the subgrade
which really carries the pavement and the
loade also. How is subgrade suppori incorpor-

ated in a design foxmuila? How sbout drainage,

% Professor of Civil Engineering - University of Michlgan
Research Consultant - Michigan State Highway Department

frost action, and soil type? These are the
uncontrolled factors of environment -- how do
they affect service behavior and how are they
recognized in pavement design? What is the
relative effect of volume and charactexr of
traffic?

Pavement Londition Surveys in Michigan

Michigan believes thet the ultimate anse
wers to these questions can be found in the
behavior of roads that have been subjected to
these conditlons over many years. Well organ=
ized pavement conditlon surveys in Michigan
date back to the middle twenties, when the
late V. R. Burton organized a group of re-
search workers who started a series of state-
wide pavement condition surveys, including
comprehensive data on so0il conditions and clie

1,2,3 This work has been

matic environment.
carvied on over the years by s number of indi-
viduals, including Kellogg, Benkelman, Stoke
stad, and Olmstead, whose names have become
well known among highway engineers and soil
sclentists.

These investigators early found a sige
nificant correlation between pavement per-
formance and environment, iuncluding soil type,
drainage, and climatic factors -- a viewpolnt
vhich has continced to exert a dominant influe
ence on pavement design in Michigan. Improve-
ments in this approach to pavement design have
led te more accurate evaluation of soil condi-
tions, dreinage, and climatic environment, the
utilization of local soil materials of Favor-

able characteristics, and the selection of




pavement structures which more fully utilize
available subgrade support. While it is racs
ognized that many of these factors are uncon-
trolled variables difficult to measure and
perhaps impossible to express in a mathematil-
cal formula, current pavement performance
studies in Michigan have been predicated on
the belief that these uncontrolled variables
could be reliably evaluated by wmore accurate
field surveys and objective analysis of the
results,

Even though many of these factors are
not susceptible to design control, these same
uncontrolied variables are those for which
successful pavement design must provide. Two
factors were introduced in pavement performe
ance studies in Michigan in recent years to
serve as a quantitative measure of pavement
performance, It was felt that the integrated
result of these uncontrolled variables could
be measured by changes in the pavement pro-
£ile (roughness index) and structural com-
tinuity (cracking pattern). These two factors
in pavement performance are the quantitative
counterparts of riding quality and durability,
the two most important attvibutes of the highe
way pavement,

While it may appear to be only stating
the obvious, highway builders from the very

first have focused their attention on pave-

ment roughness and cracking as direct evidence

of the success of their pavement design and
construction, What has been lacking, however,
is a practical yet sufficiently accurate
method of measuring these indexes of pavement
capacity and durability in quantitative teyms.
As once stated by Lord Kelvin, "When you can
measure that of which you speak, and express
i1t in numbers, you know something about ig."
These accurate, quantitative measures of pavee
ment performance are also necessary in order
toe ldentify physical changes in the pavement
assoclated with {ts design and its ability to
endure the physical conditions of service.
Corollary to this is the fairly obvious
fact that such measurements can only be made

under actual service conditions on pavements

subjected to real traffic in the natural en-
virooment in which they must serve over a
period of years that may mark the useful life
of each pavement., That there are others who
share this view is indicated by the following
quotation from a report by the Committee on
Rigid Pavement Design of the Highway Research
Board in stating the objective of a high pri-
oxiky project on the "Investigation of Existe
ing Pavements". Tn discussing a number of
recent changes in the design of rigid pavement
and their effect on pavement perforwance, it
was stated, "It ig also believed that, in
many respects, the pavements which are pres-
ently in existence constitute the only de-
pendable sources of information on which to

base future designs."”

Pavement Performance - Willow Run Airfield

The first opportunity to test this con-
cept in practice ceme in 1946, immediately
after World War II. At that time, the Univer-
gley acquirved title to Willow Run Airfield as
war surplus, with the primary objective of de-
veloping the facility as a research center,
Acquisition of the alrfield property involved
a definite and somewhat perplexing responsi-
bility on the part of the University of Michi-
gan and the Airlines National Terminal Sexvice
Company, Inc. (ANTSCO), the agency operating
the field. As stated in the deed, it was re-
quired ", . , that the entire landing avea
« + v and all improvements, facilities, and
equipment of the airport property shall be
maintained at all times in a good and service.
able condition to insure its efficlent opera-
tion." The major investment in the airfield
property was in the airport pavements; the
quéstion immediately arose as to how service-
ability was to be measured and how it could
be demonstrated that the pavements were maine
tained at all times in a "good and servicesble
condition®,

In addition to the normal maintenance ree
quired for operation of the field, it was de-
cided that a periodic pavement condition sure

vey would be made to keep an accurate inventoxy




of the physical condition of the paving over
the period of years that the fleld was in op-
eration. . Starting in 1946, and at intervals
of approximately £ive years, aerial photoe
graphs of all paved areas have been taken to
determine the cracking pattern and the changes
in structural contimuity of the pavement uader
its actual service conditions. More recently,
since substantial portions of the original
concrete pavement have been resurfaced with
asphaitic concrete, procedures for making the
pavement condition surveys have been altexed
o correspond with those more applicable to
flexible pavements. Pavement roughness, rew
flected cracking, and the general condition of
the pavement surface have taken the place of
the continuity ratio computed from the crack-
ing pattern, which can no longer be precisely
determined.

it should be here noted that many of the
procedures developed in connection with the
Michigan Pavement Performance Study have first
been used in evaluating the condition of rigid
pavements of Portlend Cement concrete, and
later applied to flexible or asphaltic pave-
ments, which are the particular subject of
this conference. This sequence of events is
entirely consistent with experience in this
country on many miles of concrete pavements.
When these concrete pavements have ervacked
enough to become flexible, théy deflecg until
they have mobilized sufficient subgrade sup-
port to sustain them without continued de-
formation. In the meantime, they may have
become rough and lost thelr riding quality;
it has become common practice in this country
to resurface these pavements with asphaltic
concrete to recover their riding quality and
to protect the subgrade from further exposure
to the elements., Assuming that the ultimate
supporting capaclity of the stress-conditioned
subgrade is sufficieat to sustain the applied
loads, such pavements may have many more years
of useful life. Such resurfaced pavements are
generally classified as "asphaltic™ or “bitu=
minous" pavements; the broken concrete slab

may serve as a very effective base course for

distributing the loads to the supporting sube
grade., The structural behavior of such a come
pesite pavement has wany things in common with
asphaltic concrete pavements in geaeral, and
may be very appropriately used to demonstrate
certain basic principles involved in the dee-
slgn of asphaltic pavements. This statement
certainly applies to pavement condition sur-
veys and procedures used to evaluate pavement
performance.

From this viewpoint, Willow Rur Airfield
provided an unusual opportunity to serve as a
field laboratory for studying pavewment design
and performance; it was in this preogram that
basic principles and techniques now used in
the Michigan Pavement Performance Study had
their beginning. Complete details of the
airfield pavement at Willow Run have been
published elsew%xere,4 and will not be repeated
here except where these detalls refer particu-
larly to deficiencies having 2 significant ine
fluence on pavement performance.

There are approximately 1,300,000 square
yards of pavement on the airfield, rvoughly
equivalent to 115 miles of 22 foot highway
pavement, which provides an adequate sample
on which te study pavement performance. This
pavement was constructed in three contracts,
in 1941, 1942, and 1943. There werxe signifi=-
cant variations between the 1941 and the 1943
construction, which developed some sharp cons
trasts in performance and served to illustrate
design or construction defects.

Figure 1 is an aerial photograph taken at
the south end of the main west apron, showing
typical sections of the apron, constructed in
194i, and additlons to the apron and the
curved taxiway, constructed in 1943, This
photograph was taken in 1946, when the Univer=
slty of Michigan acquired title to the air-
field, and shows the condition of the paving
at the beginning of the 15 year sevvice period
under University operation., Although the
pavement at this time had been subjected to
almost negligible service in terms of load ree
petition, the 1943 additions are beginning to

show 3 considerable amount of transverse



cracking, with virtually no c¢racks having de-
veloped in the 1941 construction,

Figure 2 is an aerlal photograph of the
same general area, taken in November, 1930,
after four years of sexvice under commercial
alrline operation. The 1943 construction al-
ready showed serious crack development, with
transverse ¢racks in the center of a large
percentage of the 25 foot slabs and unusual
pattern cracking developing in certain lanes,
with some slabs already having been replaced
as shown by the. light colored areas. The
1941 construction, on the other hand, shows
very limited development of single transverse
cracks subdividing the 25 foot slabs into twe
slab lengths.

One of the most interesting developments
shown in Figure 2 is this pattern cracklng,
developing along the edge of every fourth
lane in the 1943 apron. The cause of this in-
cipient cracking was traced to the faet that
this section of the apron was poured In alter-
nate 20 foot widths, and the concrete mixer
was permitted to travel on the recently com=
pieted slab while adjacent lanes were being
poured, This weakness was also associated
with the fact that the paving was done during
the fall of the year under unfavorable weather
conditions. The concrete on which the mixer
traveled was not completely cured, and its
strength was not sufficient to carry the cone
centrated load of the mixer at the edge of the
slab witheut damage. As a result, these fre-
quently accepted compromises in paving prac-
tice contributed more to the deterioration of
this badly cracked pavement than any other

factors in design or constryuction.

PAVEMENT PERFCRMANCE CRITERLA

Using the pavement at Willow Run to il=
lustrate the development and application of
performance criteria, it is desired first to
emphasize that the primary objectives in evala
uvating pavement performance are to check de-

sign procedures by determining those factors

responsible for good performance, and to iso0-
late design or construction deficlencies in
order to identify the physical conditions or
factors respensible fur these deficiencies,

A secondary objective, as previously mentioned
in the case of Willow Run Airfield, was to es=
tablish a quantitative basis for measuring
pavement condition or serviceability and a
reliable procedure by which to measure changes
in serviceability and determine the cause of
these changes. From a study of pavement cone
dition surveys and general observation of
highways in service, it had been concluded
that pavement performance ov serviceability
could be measured in its major practical as-
pect by twe factors which may be referred to

in genersl terms as structural continuity and

riding quality or its antithesis, roughness.

The Continuity Ratio and Cracking Index

The first of these, structural coatinu-
ity, derived from the cracking pattern, re-
flects the structural adequacy of the pavement.
The changes in structural comtinuity or the
rate at which a pavement breaks up may serve
83 a means of anticipating the fugture life of
the pavement. A definite measure of struce
tural continuity was formulated in terms of
two welated quantities which have been defined

as the gontinulty ratio and the gracking index,

The continuity ratic (CR) is the ratio
of the gverage existing slab length,

ox unbzroken slab area, of the pavement
divided by 2 selected standard length
or area representing normal subdivision
of a concrete pavement, which does not
substantially impair its serviceability.

Teller and Sutherland found,5 for example,
that the normal subdivision of a concrete pave-
ment due to warping and shrinkage stresses and
other environmental effects over a period of
years resulted in a normal crack interval
which, in general, varied from 10 to 20 feet,
On this basis, 15 feet was selected as a
standard slab length or reference for trans-
lating the continuity ratio into numerical
terms., Thus, the continuity ratio would be
computed as the average length of uncracked

slab divided by 15 or, in the case of longi-




tudinal cracking or pattern cracking, an
equivalent area for any piven slab width.
While varicus aspects of the continuity ratio
will be discussed in considerable detail
throughout this report, it is now desired
only to point out that, as a matter of defi-
nition, average siab lengths greater than 15
feet will result in continuity ratios greater
than unity, while the subdivision of a cone
crete pavement into slab lengths of less than
i5 feet will produce continuity ratios less
than unity. Accepting a siab length of 15
feet as representative of normail subdivision
of a concrete pavement, regardliess of load
repetition, it would follow that comtinulty
rvatios greater than unity indicate that the
structural integrity of the pavement or abile
ity to carry load has not been impaired.

On the cther hand, it is presumed that
vhen the subdivision of the slab results in
an average length of less than 13 feet, it
must be accepted that such a pavement is in
the stage of progressive failure under load
application, with a probable useful life
which may be reduced quite vapidly as the
continuity ratio decreases. To give this
stage of more rapid deterioration added sige
nificance, the gracking index was introduced
and becomes the principal measure of struce
tural contlauity, or rather the lack of struec-
tural contlnulty, during this stage of pro-
gressive fallure.

The gracking index (CI) was defined

as the ratio of uncracked slab length

or equivalent area to the selected

standard length or area expressed as

a percentage and subtracted from 100

per cent; thus, the cracking index

iz the compliement of the continuity

ratio, expressed as a percentage.

The cracking pattern and other evidences
of surface deterioration that may vreflect
pavement condition have been obtained from
aerial photographs, sometimes supplemented by
a field survey, Having in mind asphaltic
pavements in which cracking is much more dif-
ficult to photograph, cracking and surface
conditions indicative of deterioration may be

determined by field surveys and visual inspec-

tion. More recently, a great deal of atten-
tion has been given to strip photography of
pavement surfaces, which has reached a stage
of development that 1s quite satisfactory in
revealing pavement condition. {Losts have also
been reduced to a polnt that makes such strip
photographs feasible to use in pavement condiw
tion surveys. In a great many projects in
which the crackling has not progressed to an
advanced stage, very satisfactory mapping and
racording of the crack interval can be carrled
gut in conpnection with pavement profile sur-
veys which will be discussed later in some
degail.

Riding Quality Defined by & Roughness Index

Attention may now be directed to the sec=-
omnd measure of pavement performance, which re=
flects riding qualiety and may be defined by a
roughness index. 7To the highway user who
drives over the pavement without stopping to
look for cracks or surface imperfections, rid-
ing quality or lts antithesis, roughness, is
the ultimate measure of pavement performance,
Vertical displacements at joints or cracks, or
other pavement displacements sufficlent to
produce a reaction from the motoriast, repre-
sent poor pavemenf performance, aside from the
faet that such roughness may also be an indi-
cator of advancing structural failure due to
tack of continuity. Such structural deteri.
oration not only affects load carvying capa-
city =~ such discontinuities become the foval
points of faulting, which ultimately reduces
the riding gualiey of the pavement below ac-
cepiable standards. looking bevond the cow-
plex interactieon of uncontrolled variahles and
other aspects of pavement voughness, it may be
said that the ultimate objective of any pave=
ment is to provide riding quality, a commodicy
which is5 purchased at a cost.

It seems reasonable to say that from the
veyy beginning pavements have been bullt sime
ply to provide durable surfaces with improved
riding quality for the safety, comfore, and
convenience of the highway user. It has al-

ready been pointed out that pavemen: rouphness



as an index of pavement performance is cer-
tainly aot new; the same thing applies to
structural continulty as, in general, pave-
ment builders have found no belter way to
gauge the success of their endeavors than be
direct observation of their pavements under
the sexvice conditions te which they are sube
jected. Consequently, they have used crack-
ing and roughness as the primary bases for
pavement evaluation. While a more detailed
discussion of equipment and procedures will
be included later in this paper, it is necese
sary at this point In the discussion only to
define the roughnegs index as it has been
used in the Michigan Pavement Performance
Study.

The Michigan roughness index (RL)} is
defined as the cumulative verkical
displacement of the pavement suxface
in inches per mile.

Progressive Changes in the Continuity Ratic

As previously noted, in the early years
of the operation of Willow Run Airfield,
cracking or changes in structural continuity
served as the primary basis of measuring
pavement{ performance and maintaining a satise
factory level of serviceability. Aerial pho=
tographs, similar to those shown in Figures 1
and 2, wexe taken of all paved areas at in-
tervals of approximately five years. Proce-
dures were established for computing the cone
tinutty ratios of all runways, taxiways, and
parking aprons, following the definition that
has been given. The pavement was laid in
widths of 20 feet, with a longitudinal keyed
constyuction joint at both sides and a dummy
joint at the center of the 20 foot widths,
subdividing the pavement into 10 foot lanes.
There were transverse expansion joints at a
spacing of 125 feet, with 3/4 inch premolded
filler and 3/4 inch round steel dowels at 12
inch centers, and dummy contraction jolnts at
a spacing of 23 feet, With a spacing bgtween
joints of 25 feet, the initial comtinuity
ratic of the pavement was 1.67 (25 + 15 =
1.67). 1In the early years, the most preva-

lent type of c¢racking in the major portions

of this field, consisting of runways, taxie
ways, and aprons built in 1941, was a single
transverse crack subdividing the slab length
of 25 feet into two parts. Tablz 1 is a sum-
mary of the cracking at the time of the 1950
survey, four years after the field was placed
in operation, It also shows the marked con-
trast In detertoration in the form of cracking
between the 1941 and 1943 construction, which
ts directly related to poor construction praca
tice.

In Figure 3 is shown the change in the
continuity ratio in the centrally located
Tagiway B at Willow Run over a peviod from its
original construction in 1941 until it was re-
surfaced in 1953, A portion of this center
taxiwvay has been selected as a typical paved
area from the 1941 construction to illustrate
both computation of the continuley ratio and
procedures developed to correlate performance
with design, to maintain a given level of sep=
viceability. This area has been selected for
twe reasonst: flrst, it is subjected to the
maximum load application on the field; and
second, there was a known deficiency in rela-
tion ko pavement design.

With respect to load repetition, a brief
summary of loading conditions is in order.

The U. S. Army Corps of Engineers rated the
field in 1944, under *Capacity Operation®, at
maximum loads of 52,000 pounds gross plane
weight for the runways and 41,600 pounds for
the field, as limited by the 1943 coastruc=
tion} “capacity operation™, as then defined,
was based on a 20 year life and 100 scheduled
operations per day. When a traffic analysis
was wade in 1954, commercial planes supplied
80 per cent of the traffic, the remaining 20
per cent being wilitary and eivil aircraft.
The airline traffic alone amounted to 135
scheduled operations per day, with the gross
weight of planes varyving from 26,200 to
132,000 pounds. An analysis indicated that 5
per cent of the traffic exceeded the rated
maximum loading by 200 per cent, 20 per gent
of the trafftc exceeded that leading by 100

per cent, while only approximately 15 per cent




of the traffic was equal to or less than the
rated maximum loading. Since 1954, gross
plane loads have increased rather than dee
ereased; and, even with some recent reduction
in commercial traffic, scheduled operations
during these years exceeded the established
Heapacity operatioa®.

With cespect to design considerations,
rveference has already been made to peor cone
structlon practices which accounted for a
sharp contrast in performance between the
1941 pavement construction and that which was
placed in 1943. There were other structural
deficiencies in the pavement construction
which are pertinent to the present discus-
sion. Willow Run Airfield was built in 1941
by the Ford Motor Company under a Defense
Plant Corporation contract. A$ a consultant
te the Ford Motor Company and their architects
and engineers, the writer had an opportunity
from the beginning of the projeet to become
familiar with the construction of the field
in considerable detail.

The entire field is located on an ocutwash
plain of sand and gravel which, over most of
the field, provided an 1deal subgrade with
practically unlimited subgrade support in con=
junction with excellent subsurface drainage.
However, in the north-central portion of the
airfield was a lowlying area of virgln hdrd-
vood with a heavy accumulation of forest dee
bris and organic material, and a water table
close to the surface. Subdrainage was pro-
vided to lower the water table beyond the
normal depth of frost penetration, but it
proved difficult under the emergency construcge
tion conditions then in effect to enforce efe
fective control of the grading operation and
selective placement of subgrade soil, {onse-
quently, in several of the runways and the
center taxlway, there were areas where fallure
to remove the topsoll and organic matter and
to make more adequate provision for surface
drainage affected the pavement behavioy in
later years.

One of these areas was in the central

portion of the central taxiway; it is this

area to which particular attention is directed
in the present discussion. As shown in Figure
3, serviceabilicy in terms of the continuity
ratio decreased more rapidly after airline op-
grations started in 1946. By 1950, it became
necessary to start some slab replacement in
the eritical area, an operation which contin-
uved periodically for the next five years, un-
til the taxiway was resurfaced with asphailtic
concrete in 1955, Continulgy ratios for the
paved area in question are shown as computed
before and after slab replacement, with a
dashed line showing what the continuity ratio
of the original pavement would have been had
there been no slab replacement.

Continuity ratios shown in Figure 3 ave
the averages for the entlre paved avea in
question, and there is significant information
obscured by these averages which must be given
consideration in any objective corzelation be-
tween pavement performance and design. This
is one of the weaknesses of statistics resulta
ing from the use of averages of one type or
another to obtain a broad correlation betwsen
design factors. In such averages, the ex=
tremes of behavior or sbnormal results are
averaged out or discarded, when actually
these radical departures from the norm fre-
quently provide the most significant and use-
ful information on design, In_other Cases,
relatively small differences in large numbers
carry the full import of basic design factors;
these, too, are lost in statistical manipula-
tion.

Further analysis of the continuity ratios
shown in Figure 3 provides an exceilent exam-
pie of the necesslty for developing a proces
dure which goes beyond the statistics and can
be followed., step by step, back to the behav-
ior of individual slabs, if necessary to
identify the basic design deficiency.

In Figure 4 are shown the continulty ra-
tios computed for each lane in the critical
area of the center taxiway for each survey
from the time of construction to the time it
was resurfaced. It is significant that the

four middle lanes, two on either side of the



center line, as shown in Figure 4, carried
practically all of the channelized traffic
down the center taxiway. As a resulg, the
continuity ratios of these lanes decrease
most rapidily during the period of airline op-
eration, until they reach minimum values be-
tween 0.1 and 0.2, which would correspond to
cracking indexes of 90 per cent and B0 per
cent, respectively. At this stage, the pave-
ment has been reduced to a block pavement in
which a cracking index of 90 per cent, or a
continuity ratio of Q.l, would correspond to
an unbroken slab area or block measuring ap-
proximately 3 feet by 5 feet., Continuity ra=
tios in the outside lanes with no load appli-
cation remain high.

Computation of the continulty ratios in
each lane vrequires detailed analysis of the
cracking pattern from the aerial photographs,
carrying back to the individual siab, As
ahown in Table 1, cracks were rclassified as
gransverse, longitudinal, or diagonal, A
slab was considered to have developed pattern
ceracking when it had three transverse cracks
and one longitudinal crack, glving a comntinue
ity vatio of 0.2 and a cracking index of 80
per ceat. A slab vhich had failed or had
been rempved was considered as the equivalent
of one having four gransverse cracks and two
longitudinal cracks, giving it s continuity
rasio of approximately 0.1 and a cracking in-
dex of 90 per cent. As shown in Flgure 4, a
large percentage of the slabs in the four
middle lanes of the critical area of the cen-
ter taxiway had either, by 1955, been reduced
to pattern cracking or the slabs had been re-
placed.

However, as shown in Figure 3, the aver-
age continuity ratio in the paved area underx
conslderation had been maintained between ap-
proximately 0.7 and 0.8, or at a cracking in-
dex of fyxom 20 to 30 per cent. This was con-
sidered to be an acceptable pavement condie
tion, and was selected as the serviceability
level to be waintained for the critical area
chosen for this study., While this is in it=

self a useful objective, it is important to

recegnize that this seyviceability average,
or index if it may be called that, will vary
through wide limits depending upon the size of
the paved area to which it is applied, ranging
from the individual slab to perhaps several
miles of pavement. This may be illustrated
graphically by Figure 5, in which the continu-
ity ratics have been computed for large sec=
tions of the pavement at Willow Rum Airfield;
therefore, the figures which will be desig-
nated as the field average must be viewed in
quite a different perspective, The two run-
ways shown in Figure 5 represent the average
continuity ratio for the equivalent of approx-
imately 10 miles of 22 foot highway pavement.
Taniway B 1s a paved area roughly the equivae
lent of 3 miles of highway pavement; other
paved areas evaluated are of comparable size,
Continuity ratios for runways, aprons, and
taxiways were reported in teems of field aver-
ages in 195506

A comparative analysis of the duta glven
in Flgures 3, 4, and 3 is enlightening and §l-
lustrates the significance of avevage continue
ity ratios as an index of serviceability, as
governed by the size of the paved area for
which the average has been computed. Coutinue
ity ratios in Figure 5, for paved arcas repre-
senting the equivalent of from 3 to 10 miles
of pavement, provide an average vhich s rea-
sonably representative of the airfield pave-
ments at Willow Rup, Seil conditions, climate,
pavement type, and loading are all involved in
samples large enough to provide a valid meas.
ure of pavement perfopmance as an average for
the field as a whole, In tarms of such large
samples, there are significant d¢ifferences
which relate to design or construction defi-
ciencies and variations in the number of load
repetitions on different sections of the field,
Runway 4L-22R shows an almost aegligible
change in continuity ratio in twelve years of
service under runway loading, which is consid.
erably less severe than in the case of taxi-
ways and aprons, This good parformance also
reflects ideal subgrade conditions in which

there was no known deficiency introduced during



construction, Runway 9L=27R has been sub-
jected to the same loading and is comparable
in all other respects, except that there is a

known subgrade deficiency over the westerly

portion of the runway, which led £o more rapid

deterioration of the pavement in that area.
Taxiway B is compavable to Runway 91L-27R, ex-
cept that the load concentvation is greater,
which accounts for the more rapid decrease

in continuity ratio over wost of the service
period, On the other hand, at the last obsey-
vation in 1953, Taxiway B had been improved by
more extensive slab replacement than in Runway
9L-27R, which narrowed the differential in
performance. The 1941 apron ts still in rea-
sonably good condition, being rated as ade-
quate, with a continuity ratio greater than
unity. However, this pavement, with no known
design or construction deficiencies, reflects
the influence of more severe loading condi-
tions than on Runway 4L-22R, with which it

may be ¢-mparad. The contrast between the
1941 and 1943 apron construction has alveady
been commented upon, and the factors which
produced the poor performance of the 1943
construction have been ldentified.

From the standpoint of pavement performe
ance and design, perhaps the most important
comparisons to be made are those betwsen the
average continulty vatios for large areas in
Figure 3 and those which have been computed
for critical areas of known deficlencies in
Figures 3 and 4, In November, 1933, the ave
erage continuity ratio for the entire Taxiway
B is approximately l.l, taken from Figure 5,
as compaved to 0.78 for the partially rebuilt
pavement in the critical area shown in Figure
3. The corresponding continuity ratio for
the original pavement before slab replacement
was 0,61 in November, 1933, which was an aver-
age for the full width of the taxiway in the
critical area. This may be compared with a
continuity ratio varying from (.13 to 0.2, as
shown in Figure &4, for the four central lanas,
which represents the effect of heavy concen-
tration of load application on a pavement

whose lack of supporting capacity has led to

its reduction to a block pavement. The ¢an-
trolling factors were exvessive subgrade de.
flection in combination with a weak unreln-
forced concrete pavement, which was still roa
rigid to mobilkize the available subgrade sup-
port until both it and the subgrade had be-

come stresseconditioned in service,

Regsurfaced Pavements - Willow Run Airfield

The perfofmance of this pavement after
being resurfaced in 1955 is quite a different
story and illustrates the advantages of flexi-
bility combined with adequate subgrade sup=
port. The results of a pavement condition
survey made in October, 1961, have been re=
ported in considerable de‘tai}..“4 and may be
summarized briefly for the present discussion,
The resurfaced pavements are in good condition
after sixz vears of serzvice under heavy airport
loading. Reflected cracking has not been a
serious problem and has been readily con-
trolled by timely maintenance, consisting
mainly of resealing in 1960, In 1957, after
two years of service, the reflected cracking
varied from 253 to 40 per cewt and averapged 30
per cent. ©One area of badly cracked pavement
in the 1943 apron had not been resealed and
showed a reflected cracking of approximately
50 per cent in 196l. There has been no pere
ceptible rutting or displacement of the bitu-
minous surface course.

As previously indtcated,-the continuity
ratio can no longer be used to evaluate pers
formance of the resurfaced pavement; there-
fore, changes in the pavement profile, in
terms of vertical displacement or roughness,
have been adopted as a basic measure, supple-
mented by observations of the surface condia
tion described im the previous paragraph,

Test runs in 1961, with the Michigan Trucke
Mounted Profilometer, on Runway 9L-27R show
that the roughness index in the two outside
lanes, which had not beer resurfaced, ranped
from 234 to 315, with an average of 267 inches
per mile, which is rated as extremely rough.
These outside lanes have had practically no

wheel load applications; thus, this roughhess



was caused by frost displacement and temperas
ture differentials in the annual cycles of
freezing and thawing. Lack of adequate sup=
face drainage at the edge of the runways was
one of the deficlencies in the original cone
struction, with the zresult that the edge lane
was subjected to more severe frost action.

The extreme roughness which has resulted is
consistent with highway roughness values for
comparable conditions.

The four center lanes of this runway,
which were resurfaced inm 1959, had roughnegs
indexes in 1961 varying frow 74 to B0, with
an average of 77 inches per mile, which would
be rated as Ygood¥ In terms of xlding quality.
The two middle lanes of the center taxiway,
reaurfaced in 1955, have also been profiled
and had roughness indexes in 1961 varying
from 78 to 83, with en avevage of 83 lnches
per mile, which would alsp be rated as Ygood!,
The center lansa of the runway and, particue
laxly, the center taxiway are subject to heavy
load repetition; while the traffic volume can=
not be comwpared o highway teaffle, the maegnl-
tude of the loads is considerably grester.

The pzrformance of the resurfaced pave-
menta3 at Willow Run provides evidemee to supe
port several important comclusions concerning
povement design., In the first place, the
original concrete pavement would have o be
rvated as a structural £allure In texrms of
rigid pavement, having been reduced to a block
pavement without structural continuity and de=
pending entirely upon subgrade support to
carry the heavy wheel loads of modern alzline
traffic. Ia the second place, the ultimate
supporting capacity of the granular type aub-
grade has proved to be sufficient to carry the
heavy load concentrations applied without dame
aging deflections, once the knowm deficiencles
in subgrade support had been corrected by vhat
may be termed stress-conditioning in service,
A chipd factor, which should not be minimized,
i8 the faet that after the coanczete pavemsnt
had been reduced to a block pavement, it
gatned sufficient flexibility to fully mobil-

ize the available subgrade support. Finally,
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it should be said that the favorable condition
uhich has been produced is the result of a
fortuitous combination of favorable natural
conaitions which have produced a serviceable
pavement in aspite of the complete failure of
that povement to function as it had been de-
gigned,

WIRE REINFORCEMENT INSTITUTE PROJECT

The next opportunity be test the continue
ity ratio and roughness index as measures of
pavemént performance c¢ame on a cooperative
research project sponsored by the Wire Rein-
forcement Institute. This study was conducted
by the University of Michigan in cooperation
with the Michigan State Highway Department,
with the objective of evaluating che effect of
steel reinforcement on the performance of ¢on-
crete pavements under actual servige condi-
tions. Pavement performance surveys were conw
ducted on selected projects in southern Michi-
gan which had been in service for periods
varying from 10 to 25 years. BEach project in-
cluded comparable reinforced and unreinforced
sections which were observed over a period of
approximately five years, from 1952 to 1955,
Aerial photographs, supplemented by field sur-
veys, were uged to yecord the cracking pattern
from which the continuity ratio was computed.
Roughness was measured by the U. 3. Bureau of
Public Roads? single wheel profilometer, The
results of this project were reported in
1954,%7

This investigation added to the evidence
showing that the behavior of existing pave-
mente in actual service could be measured in
rgalistic texms by carefully conducted pave«
ment condicion surveys. Characteristics of
pavement performance wezre again expressed
quantitatively by the continuity ratio, which
characterized the structural condition of the
pavement, and 2 roughness index, which gauged
significant varistions in riding quality. It
was found from an analysis of pavement condie

tion in these selected projecks that pavements



with steel reinforcement were measurably
smogpther and that cracking was wmeasurably
less than in unreinforced pavements. Experi-
ence on this project, in combination with
studies made at Willow Run Airfield; encoure
aged the continuation of this approach; when
the opportunity arose, a state-wide survey of
the Michigan trunkline system was undertaken.
This project, which was designated as the
Michigan Pavement Performance Study, was inie-
giated in 1957 and has continued to date.

MICHIGAN PAVEMENT PERFORMANCE STUDY

The Michigan Pavement Performance Study,
as organized in 1937, was conducted by the
University of Michigan through the Office of
Research Administration. From early 1957 to
July 1, 1959, the project was sponsored by a
group of agencies associated with the trucke
ing industry, with the ceoperation and assiste
ance of the Michigan State Highway Department.
the Michigan
Trucking Association; the American Trucking

The sponsoring agencies were:

Agsociations, Inc.; and the Metor Truck Divie
sion of the Automobile Manufacturers Assocla-
Since July 1, 1959, the project has

been sponsored by the Michigan State Highway

tiotie

Department in cooperation with the Bureau of
Public Roads,
project ia a part of the Michigan Highway

Under this sponsorship, the

Planning Survey Program financed by HPS funds
under the supervision of the U. 5. Department
of {ommerce Bureau of Public Roads. Results
from several phases of this investigation
have been presented in various forms includ-
ing unpublished departmental reports, other
unpublished papers, and several published
papers listed as references in this report.
Results of this investigation will be summar-
ized briefly in this paper to illustrate the
type of information obtalned from field suye
veys and its value in pavement design, cone
struction, and maintenance. Reference may be
made to the listed publications for a more dee

tailed study. In summarizing these results,
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it is pertinent to take some note of the mage
nitude of the investigation and the coverage
that it affords of the Michigan trunkline ayg~
tem as a whole,

During the four years, from 1958 up to
the present time, that the Michigan Trucke
Mounted Profilometer has been in operation,
more than 9300 lane miles of pavement profile
have been vecorded, All but a neglipible pare
of this mileage is on the Michigan trunkline
system of some 2435 miles, which include 8030
miles of twe lane pavement, 133 miles of three
lane pavement, and 1230 miles of divided four
lane pavement. The trunkline system thus
awounts to gome 21,500 lane miles of pavement:
in the four years of profile surveys, the
total mileage of pavement profiles available
amounts to approximately 40 per cent of the
trunkline mileage, after allowing some 900
miles for duplication of profiles on special
projects. These pavement profiles provide
state-wide coverage and some mileage ot every
claseification and type of paved road in the
trunkline system. In presenting these data,
it has already been noted that the primary
objectives of the Michlgan Pavement Performe
ance Study were to check Michigan design pro-
cedures, determine these factors controlling
pavement performance, and identify physical
conditions which contribute €o poor perform=
ance. Another objective, which has been added
wore recently because of current interest in
the AASHO Road Test, has been to explore the
possibilities of using pavement performance
criteria developed in connection with surveys
of existing pavements in correlating pavement
design and performance in Michigan with the
AASHO Road Test and the procedures that hawve

been recomnended as a result of that test,

The Michigan Truck-Mounted Profilometer

In the earlier Michigan pavement condle
tion surveys that have been discussed in this
paper, emphasis was placed on structural con-
tinuity, as measured by the continuity ratio,
as an index to pavement performance. It was

recognized, however, that pavement roughness



as a measure of riding quality was also a very
important factor which, in itself, wmay be an
excellent index to pavement performance. It
was felt, however, that pavement roughness
should be measured from an accurate surface
profile which, aside from supplying a roughe
ness index, could provide a valuable record of
the configuration of the pavement surface at
any one time and serve as a wore accurate and
reliable basis for determining changes in the
pavement profile over a period of time, In
this regard, changes in the pavement profile,
such as faulting at jolnts and cracks, may be
identified with gpecific conditions and loca-
tions which may be more closely welated to de-
sign in terms of pavement deficiencies.

The equipment selected for weasuring and
recording accurate pavement proflles is the
truck-mounted profilometer shown in Figure 6.
This truck is equipped to trace and record an
accurate profile in each wheel trxack of the
pavement. Two sets of so-called bogie
vheels” located in front and back of the
truck, 30 feet apart, provide reference
points on the pavement surface from which
vertical displacement is measured by the ve-
cording wheel midway between the two sets of
bagie wheels, Pavement profiles are vecorded
on a continuous chart and may be retraced
after any designated period of service to
measure changes that may have taken place.
The tracing and recording mechanism is cone
nected to electronic integrators which meas-
ure the cumulative vertical displacement of
the pavement in inches for any selected
length of pavement. This cumulative vertieal
digplacement, when expressed in terms of
inches per wile, is used as a roughness index
the
curmilative displacement is stamped on the

in subsequent pavement classification.

profile chart for each quavter mile to aid in
selecting critical sections vhich may be iso-
lated for further ilnvestigation of possible
defects in design or construction,

The University of Michigan equipment is
modeled after that designed and used by the

Californla State Highway Depavtment. Theirx

1z

design was made available to Michigan by
Francis N. Hveem, Materials and Research Engi-
neer for the California State Highway Departe
ment. In addition to vecording the cumulative
vertical displacement, equipment is provided
for measuring and vecording the location of
joints and cracks to provide a measure of the
structural continuity of the pavement surface.

When progressive changes in the profile
are to be used as a basls for measuring pave=
ment performance, it is obvious thav this
trace must be very accurately measured and ree
corded, One of the Tirst questions asked
about the Michigan profllometer is, just what
is the profile truck measuring and how accure
ately will it veproduce the actual pavement
profile? The answer to this gquestion depends
upon the selection of a datum or reference
from which the recoxrded vertical displacement
is measured, TFor the purpose of explanation,
two pavement profiles taken on the test course
at Willow Run Airfield have been plotted for
comparison in Figure 7. The profile shown as
a heavy line is the tface recorded by the proe-
filometer tyuck., The profile shown as a thin
line has been plotted by computing the vertical
displacement from elevations taken by levels
at intervals of 2,5 feet aleng the test course,
The latter profile represents the difference
between the elevation at the recording wheel
at the center of the truck and the average ele-
vation of the bogie wheels at the front and
back of the truck. In cther words, the referw
ence plane for vertical displacement is repres
sented by a straight line trsce drawn from the
average elevation of the twe sets of bogie
wheels.a

This computed profile is considered to be
most represertative of the vertical displace-
ments recorded by the profile truck, which is
actually measuring the deflection at the cene
ter of the floating base line 30 feet in
length. By visual ingpection, there is rea-
sonably good agreement between the recorded
profile and that constructed from the level
survey. There are several other problems of

measurement and instrumentation involved in



this simulated pavement profile which have
been the subject of much additlonal investie
gation that cannot be presented in this paper.
However, several examples will be glven which
will indicate that the equipment is capable
of reproducing pavement profiles with suffis
cient acquracy ¢o reflect significant differ-
entials in the pavement surface, and still
keep the equipment and its operation within
practicable limits.

Before presenting several typical pro-
files fer further discussien, it is desiragble
to provide a rating scale in terms of pavement
roughness to serve as a basis of referenmce in
comparing differvent pavement profiles and
judging the significance of the roughness as
Such
a rating scale is shown in Flgure 8; and,
while it is still considered tentative, it

an indication of pavement performance.

has compared favorably with other procedures
for rating pavement roughness with which it
has been ceorrelated. While the range of vere
tical displacement In inches per mile as tabe
ulated is self-explanatory, it may be well to
emphasize a few fyplcal ranges of riding quale
ity from exceptionally smooth to extremely
roughs Cumulative vertical displacement of
less than 50 inches pex wile le considered to
indicate an exceptionally smooth pavement;
however, experience has shown that it repre
sents a riding quallty that is not at all iue
practicable to obtaln under ordinary couastrucs
tien conditions. The riding quality of a
pavement with a cumulative vertical dizplace-
ment of 50 to 100 inches per mile would bhe
considered good; between 100 and 130, accepte
able; and, between 130 and 200, peor. A
roughness index in excess of 200 inches pex
mile is cunsidered to indicate exkremely rough
or unacceptable pavement, slthough there are

many examples of such roads in serviee.

Typical Pavemernt Profiles

Several typical pavement profiles have
been selected to illustrate pavement performe
ance under the various conditions of service

for which Michigan deslgn standards have been
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formulated. In this connection, 1t is naces-
sary ©o supply for the record the vating syse
tem now being used by the Michigan State Highe
way Department to clasaify Michigan highways
from the standpoint of adequacy to carry legal
axle loads. Four levels of adequacy wexe see
lected and defined as follows:
Class 1

No seasconal vestrictions. Pavement
and subgrade adequate for yaar-round
service, as vepresented by natural
sand and gravel subgrades with su-
perior natural drainage,

Clags 2

No seasonal restrictions, Pavement
designs which c~pensate for sea=
sonal loss of stremgth, as repre=
sented by subgrades of fineegrained
soils and generally inferioxr draine
age corrected by the use of free
draining sand and gravel subbases,
ralglng grade lime to improve drain-
age;, removal of frost-heave soils.

Class 3

Spring load restrictions requived.
Pavement designs which do nct come
pensate for seasonal loss of
strength, as represented by fine-
grained =soils susceptible to froste
hesving and pumping and with inade
quate drainage provisions.

Class &

Spring load pestrictions requived.

Pavement designs inadequate for

legal axle loads at all times, as

represented by older roads com=

pletely deficient anrd requiring

continuous maintenance to provide

year-round service for legal axle

loads. :

The real test of the value of pavement
profiles and the validity of criteria that
have been selected €0 measure pavement per-
formance is in the practical application of
this approach to actual roads in service, In
the next seven figures there are examples of
pavement profiles which have been previously
reported in more detail,a but may be used here
te illustrate significant variations in pavea
ment performance and the general range of rid=
ing quality that is found on Michigan highways
under Mirhigan service conditions. Pavement
profiles, as presented in these figures, fol-
low a definite format which will be explained

at the outset with no further references being



required. Each graph presents approximately
450 feet of profile in the outer and inner
wheel paths of the traffic lane. The profile
of the outer wheel path, on the rvight=hand
side of the lane at the edge of the pavement,
is at the top of the sheet. The direction of
the survey, as shown on the figures, is from
right te left, In multiple lane highways with
s traffic lane and passing lane, the passing
lane is profiled in the same direction as the
traffic lane; thus, the outer wheel path re-
corder is on the right-hand side of the pass-
ing lane or near the center line of the pave-
ment, and the inner wheel path recorder is
actually at the outer edge of the pavement,
next to the median strip., Cut and £ill is
indicated at the top of the chart; the roughe
ness index in inches per mile tsken from the
rvecorded profile is shown in the center of
the sheet below each of the two profiles. In
the visual examination of these profiles, it
should be noted that vertical dispiacements
are recorded full scale (1 inch = 1 inch),
whereas horizontal distances are to a scale
of 1 inch = 25 feet, This results in a }:300
magnification of vertical displacewments, thus
exaggerating the roughness in terms of the
pavement grade or slope.

In concrece pavements, joints and cracks
are shown along the horizontal line at the
bottom of the sheet above which the continulty
ratio is given, the first figure being for the
pavement as originally constructed and the
second figure, on the right, being computed
for the combination of cracks and joints, In
evaluating data shown on the chart, it may be
recalled that the continuity ratio has been
defined in terms of a standard slab lemgth of
15 feet vepresenting a continuity ratio of
unity; thus, an uncracked slab between 100
foot joints would have a contimuity ratic of
6.67. From the results of previous studies,
it has been assumed that the structural integ-
rity of a concrete pavement has not been ime
paired until the slab length has been reduced
by cracking below the standard length of 15
feet.

In the case of flexible pavements, it has
been the practice in fleld surveys to record
cracks and patching as the most visible evie
dence of atructural discontinuities and sur-
face deterioration that can be readily observed
from the truck profilometer as the profiles are
being recorded. In the case of resurfaced cone-
crete slabs; reflected c¢racking is alsc re=
corded but it is recognized that it is not an
accurate weasure of the structural continwisy
of tne burted slab. The major use made of
surh data in the case of bituminous pavements
is £o have & record of areas in which surface
deterioration is somewhat advanced and shows
the need for a field survey to move accurately
record the pavement condition,

Under each of the profiles in the subse-
quent flgures, seetinent data are given on the
pavement section, including the type and thick-
ness of varlous cemponents, the subgrade classe
ification, drainage condlitions, vroad classifi-
cation from the standpoink of adequacy, proje
ect idenktfication, traffic rount based on the
1937 surveys, vhich were the latest available
at che time these data ware recorded, and the

date of the profile survey.

Figure 9 - Clags 1| Flexible Pavements:
In Figure 9 are shown two examples of Class }
tiexible pavements, vepresgntative of high

type bltuminous construction and present Michi-
gan design standards for this gvpe of pavement,
The pavement In Fixure 9-A has had anly three
years in service, hut the subhgrade, navement
components, and construction derails are so
clasely simiiar to those of the pavement bn
Figure 9.B, with 22 years of ssrvice, that thev
should give cowmparable performance over loaper
periods of time, Both are on a superior type
of subgrade, of sand nutwash with expellent
drainage characteristics, In both cases, tha
gravel bases were constructed first and sub=
jected to traffic for a sufficient period of
time to be thoroughly compasnted before adding

the bitumincus wearing course, In tewms of

riding guality, both pavements woald bo rvaled

as exceptionaltly smooth, indicatine oxcellont



construction practice as well as completely
adequate load carrying capaclity. It may also
be pointed out that subgrade stabilization, in
one case with earth fill and in the other case
with stabilized gravel, was employed to asslist
in thorough compaction of the rather lcose in-
coherent sand before adding the gravel bases,
Aslde from the superior physical conditions
invelved in the construction of these two
roadg, the steps taken to obtain good compage
tion in all portions of the supporting foundsg-
tiong sre ilmportant factors in the superior
riding quality that has been produced and its
permanence.

One other special condition should be
noted in connection with the pavement in Fige
ure 9=-B, which is reported as having a service
period of 22 years, even though it was resur-
faced in 1956, Thia pavement had still re-
tained its superior riding quality after a
service period of 20 years and gave no evie
dence of any deficiency in load carrying capa-
city. However, surface abrasien and havdening
of the bituminous matevrial had produced a
fragile surface which had to be either sealed
or pesurfaced. This, combined with the necess
asity for widening the road from 20 to 22 feet,
ied to the use of the blituminous concrete ree

tread,

Figure 10 = Class 4 Flexible Pavements:

In Figure 10 are shown two sections of an old
road built up over s period of years by county
forees and later taken over by the State High=
vay Department and added to the trunkilme sys-
tem. The predominant soil type in this area
is a sandy silty clay with inferior ko poor
drainage, a general condltion which has not
been compensated for by design. Consequently,
the road has been rated as Class 4, inadequate
for legal axle loads gt all times of the year,
a classification that is generally borne out
by its poor performance record. However,
there are exceptions; the data in Figure 10
show a sharp contrast in pavement performance
on two sections of the same road just a few

miles apart. The sectlion in Figure 10-A is a
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cut through an old beach ridge, on & good sand
After 19

years of service, the roughness indexes of 84

subgrade with excellent drainage.

in the outer wheel path and 77 in the inner
The
section in Figuce 10-B, over a sandy clay sube

wheel path would still be rated good.

grade with poor dralnsge, has roughness in-
dexes of 363 in the outer wheel path and 282
in the inner wheel path, outside the selected
The

compariscon between these two sections of voad

limits of the tentative rating scale.

provides an excellent example of the direct
correlatlon between pavement performance and a
controlling design condition, and the value of
an accurately recorded pavement profile in
differentiating between those sections which
are giving adequate service and those which

would have to be rebuilt in order to do s0.

Figure 1l = The Effect of Trapped Peat:

In Figure 11, two sections of pavement have
been selected which illustrate a sharp cone
trast In performante arising from another
source. The old gravel xoad over a pooriy
drained sandy clay had always been badly af-
fected during the spring breshup and required
When it

was rebuilt, in accordance with present day

heavy maintenance the year around,

standards, there were still some weak zeg-
tions which led to its belng rated as a Class
3 road, inadequate for legal axle loads during
the spring breakup. Most of fhis contract, as
indicated in Figure ll-A, gave excellent per-
formance; after a service period of five years,
it would still be rated as exceptionally
smooth, with rvoughness indexes of 34 th the
outer wheel path and 40 in the inner wheel
path, In Figure 1l«B is shown one of the weak
sections, which had become extremely rough,
with roughness indexes of 219 in the outer
wheel path and 204 in the inner wheel path.
The reason for this poor performance is obvie
ous, as this section was built over an oid
peat deposlt which had never been removed.
Continued surface subsidence has heen compen-
sated for by extensive bituminous patching, a

maintenance procedure which, as usual, falls



far short of providing satisfactory riding
quality. The basic difflculty is permanent;
as long as the unstable peat is not removed,
no amount of strengthening of the pavement
will correct the defect. Except for the weak
gections, it would seem that this pavement
should be rated as Class 2, adequate for legal
axle loads the year around, because the sub-
grade deficiencies and poor drainage had been
compensated for in the design of the rebullt
pavement. -

Figure 12 - Pavement Roughness Before and

After Resurfacings In Figure 12 are shown two

sections of pavement selected from US-112, one
of the most heavily travelled roads in the
state, in order to illustrate several aspects
of pavement performance inecluding 2 sharp con-
trast in performance, again related to soil
conditions and drainage. The old road of upe
reinforced concrete, built in 1926, is shown
as having a sevrvice pericd of 32 years when
profiled in 1958,

is over a fairly adequate subgrade of sandy

The section in Figure 124

clay loam with fair drainage, and shows zela-
tively good performance. 1Lt was vesurfaced in
1948 and, after anm additlonal service period
of 10 yvears, has retained its riding quality,
as represented by roughness indexes of 72 in
the outer wheel path and 75 in the inner wheel
path. It may also be deduced that it has re~
tained a fairly high continuity ratio, as few
refiected cracks have been logged in this sec-
ctlon. '

In Figure 12-B is a weak section over a
sandy clay loam subgrade, but wlth poor draine
age, 1t was resurfaced in 1943 and was being

resurfaced again in 1938. Before resurfacing,
it had become extremely wvough, with roughness
indexes of 291 in the outer wheel path and 395
in the inner wheel patho.’ This sbnormal relae

tionship between the roughness indexes of the
outer and inner wheel paths was felt to be due
to pumping at the center joint. Thia section
was also profiled after the resurfacing; a new
profile has been superimposed on the old one

to indicate the degree of improvement results

16

ing from the resurfacing. The roughness ine
dexes of the resurfaced pavement are 86 in the
wvheel path and 65 in the inner wheel

which would be rated very good,

outer
path, How=
ever, it is felt that this section will not
retain its riding quality, but within a rela-
tively short period of yesrs will revert back
to an extremely rough pavement, teflect{ng the
basic weakness of the section which will conn
trol pavement performance until this section

is rebuilt,

The Unique Yalue of Pavement Profiles

In the preceding examples, emphasis has
been placed on the quantitative measure of
riding guality by the roughness index ané its
correlation with contrelling factors in de=
sign. The real value of an accurately re-
corded pavement profile goes beyond the roughe
ness index derived from 1t. Such a profile is
a realistic picture of the pavement itself and
its physical condition resulting from a vari-
ety of influences which may'have‘affected te,
Such a profile is as individualistic as & sige
nature, veflecting characteristics that can be
fully appreciated only by examining the pro-
file itself in whatever detail may be required
to read the pavement®s past history,

In Figure 13 are shoun the profiles of
two sections of pavement o ifllusktrate this
point. The pavement in Figure 13-A is of par-
ticular iuterest because it rébresents the efe
fect of short, 20 foot slabs without load
transfer’ at the joints, in what turns out to
be a rather ineffective attempt to control
structural continulty in terms of Eréck!ng; A
The subgrade was a heavy lakeebed clay, with a
£fill of several feet produced by side»casking
from the ditches, This €111 was allowed to
weather for two years befdre the pavemeﬁ: wis
constructed, at which time an 18 to 24 inch
sand subbase was added on top of fhe grade-tb
proteet the 9 inch plain conerete pavement
from quite certain pumping. The small reduc
tion in the continuity ratio indicates that -
the crack control was excellenz, bit the rid-

ing quality producéd was still outside the



tentative roughness scale. The most intereste
ing feature of this pavement iz the character-
istic sawtooth pattern that has been produced
by the tilting and faulting of the short
slabs, illustrating another type of valuable
information to be obtained from pavement pro-
filess

profile is fairly distinetive, and it seems

The sawtooth pattern in this pavement

hard to imagine how 1t could be produced by
anything other than the tilting of the short
slabs, However, there is nothing unique or
individualistic about the roughness indexes
of 233 in the cuter wheel path and 225 in the
inner wheel path.

An interesting comparison is provided in
Figure 13-B, which demonstrates not only the
necessity for detailed study of the profile
but ite intimate relation to the pavement 1te
gelf which must also be taken into cousidera-
tion. In this section, the profile in the
outer wheel path again shows a sawtooth pag-
cern, almost identical to that caused by the
tilting of short slabs, and a roughness index
of 236, as compared with 233 in the previous
example. One might be tempted to conciude
that this pattern of dlsplacement would cer-
tainly be due to the tilting of short slabs,
except that the inner wheel path does net fol-
low the pattern. Furthermore, the pavement is
a 9 inch reinforced concrete pavement, 99 feet
between contraction joints, and there ate no
cracks coinciding with pesks of displacement
in the profile, Further investigation indie
cated that this was "bullt-in" roughness re-
sulting from careless form setting, with d;s-
placement at the junction between 10 foot
forms and sagging of the forms between points
of support. This type of bulle-in roughness
was most apparent im the outer wheel path, but
also showed in the inner wheel path which has

a roughness index of 103,

Frost Displacement

One of the envirxonmental factors uhich is
a dominant factor in pavement performance in
Michigan comes under the general heading of

frost action, but is related to the annual
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climatic cycle, which includes much more than
just the effect of freezing. This is particu-
larly true in the case of concrete pavements,
which warp, curl, and shrink under fluctua=
tions of temperature and motsture. An invese
tigation of the changes in the pavement pro-
file, due to all of these factors, was given
gpecial attentlon in the Michigan Pavement
Performance Study. For aeveral years, re-
peated pavement profiles have been run on spe-
cially selected sections of all pavement
clasges in both southern and northern Michigan.
Some of the details of these observations have
been publiished and will only be summarized in
this discussion as an example of these importe
ant factoxs in pavement perfofmanee.g‘lﬂ
In Figure 14 are shown two sections of
pavement which have been selected to illuse
trate frost displacement. In Figure l4-A ts
shown a Class 2 flexible pavement, adequate
for legal axle loads at all times as subgrade
deficiencies have been compensated for in dee
sign, Three preflles and the dates on which
they were taken have heen shown on each chart.
The first is a profile taken in the late fall
aof the year, before frost penetration, when
the pavement 1s presumably in its most stable
condition. The roughness indexes are 38 in
the outer wheel path snd 44 in the inner wheel
path, which would be vated exceptionally
smooth. The second profile was taken in late
winter, when frost actlion would be close to
its manimum, This profile has been superim=
posed on the fall profile by matc%ing low
points, which is presumably as closely as the
two profiles might be combined to indicate the
location and magnitude of frost displacement,
vhich is considerable. The roughness index in
the outér wheel path is 108; that in the inner
wheel path is 95,

in the late spring, when the subgrade and

The third profile was taken

pavement structure are presumed to be ap=
proaching stability, although there may be
some improvement during the succeeding summer.
At any rate, the lmportant point to note is
that there is some residual roughness, as the

pavement did not recover completely from the



winter's frost displacement. The term “frost
displacement™ is used to differentiate this
phenomenon from deep-seated heaving, as the
roughness occurring in these observations is
felt to be due te moisture accumulating in the
The

source of this moisture is considered to be

free-draining granular base and subbase.

infiltration at the edge and moisture condense
ing under the cold pavement surface after have
ing moved to that surface in the vapor phase,
Finally, it may be noted that the cumulative
voughness or logss of riding quality was obe
served in Class 1 and Class 2 roads, which are
adequate for legal axle loads at all seasons
of the year, so is not a function of load re-
petition but an environmental phenomenon over
which design procedures may have little in=
fluenee.

In Figure l4-B are shown three similar
profiles on a Class 4 flexible pavement wvhich
is deficlent in load carvyirg capacity and for
that veason has become extremely rough. This
is the same section of pavement discussed in
Figure 13, so with respect ¢o frost displace-
ment it is necessary only to note that it be-
came somewhat rougher during the period of
maximum frost action but the differential was
much less significant. Furthermore, the re-
sidual roughness in the spring profile was
also less significant and, as a mattexr of
fact, in the inner wheel path the recorded
roughness in the spring was actually less than
in the fall.
ences might have actually smoothed out some of

Possibly traffic or other influ~

the peaks of the displacement, resulting in a
While the differ-

entials in the roughness index were small,

decreased roughness index.

this and similar evidence from other profiles
indicates that there may be some justification
in concluding that after a flexible pavement
has become extremely rough, it may reach a
limit not likely to be exceeded.

Cumulative Chanpges in the Pavement Profile

The next two figures will be used to il.
lustrate cumulagive changes in the pavementg

profile, showing significant trends vhich may
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prove useful in evaluating the performance af
different pavement desipgns over fonger periods
of service. The first example shown in Figure
15, from US=31, the Muskegon = Orand Haven exe
pressway, has been selected as typical of
heavy duty bituminous pavement, This road is
a four lane divided highway. The representa-
tive section selected for study was buile
under two contracts which, combined, are ape
proximately six miles long, providing about
24 lane miles of pavement on which a series
of profiles have been run over a period of
almost four years,

Special attention was given tc the oone
struction of this pavement to insure superior
riding quality, and the design anticipated
that this riding quality would be preserved
over s considerable period of years. The
first profiles, run in the £all of 1938, were
exceptionally smooth, with roughness indexes
varying from 20 to 40 inches per mile. In
March, 1959, at the peak of the frost action
period, there were ¢ertain sections, as shown
in Figure 153, that developed a roughness in=-
crease that had not been anticipated. Special
study revealed that these sections weve near
culverts or at points of high water tabls
which, during this winter of unusually deep
frost penetration, were subjected to some
deep-seated heaving. This condition did not
occur in March of 19860 or 1961, but was re- -
peated in 1942, a winter when there was ane
other severe frost penetration.

Examination of the series of profiles in
Figure 15 indicates the reproducibility of
such pavement profiles by the truckemounted
profilometer and gives some tndication of the
reliabiitty of this equipment within practical
limits. At the right-hand side of the figure
are shown survey dates and the roughness index
in inches per mile for the particular section
shown in Figure 13, which is considered reprew
sentative of the entire mileage irvelved in
this special study. TIn additicn to the cecte
of roughness changes, particularily during so-
vere winters, there is a slow wpward trend in

the roughness index, indicating mome restdoal




displacement accumulating from either frosg
action or load vepetition.

In order to obtain a clearer idea of the
cumdlative change in roughness on these two
contracts, the daka have been presenfed in
Figure 16 in terms of the average roughness
index for the total mileage in each of the
two contracts, showing also the differential
between the traffic lane and the passing lane.
The annual cycie in roughness can be seen in
all lanes, with the high points generally bee
ing in March, at the peak of the frost period,
and the low points during the summer and fall.
Inasmuch as the low points represent a stable
profile and the points of maximum frost action
are not a constant reference, the rates of
cumulative increase in roughness have been
taken as the slopes of these curves through
the low points. These slopes are summarized
in Table 2, in which maximum and miniwum rates
of change have been determined. The maximum
rates have been determined by two low points
which may be questioned. The first is the low
peint in September, 1958, before the pavement
had been opened to traffic or was exposed ¢o
ite first winter eycle; this first cycle has
been found to produce an abnormal increase in
roughness as compared to subsequent years.

The second low peint which is questioned is

in March, 1960, when a& normal winter would
have produced z hkigh point rather than & low
point. During the spring of 1960, there was
gome difficulty with calibration of the equips
ment; also, that winter was one in which there
was very litkle frost penetration until after
the first of March.

The minimum rates are based on low points
in the summer and fall of 1959 and low points
in the fall of 1961, which also correlate well
with the reading obtained in the spring of
1962,
vary from 3 to 4.5 inches per mile per year;

Maximum vates of increasing roughness

minimum rates vary from 1 to 2.5 inches per
wile per year. In terms of averages, the
rates of increase in roughness vary from ap-
proximately 2 to 3.5 inches per mile per year.

It is also i{nteresting to note, in connection
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with these data, that thexre is a measurable
differential in rates of increase in roughmess
between the traffic and the passing lanes,
which would indicate that there is some re=
sponse to the fairly heavy traffic carried on
this route, a deduction which is not incone
sistent with some changes in the condition of
the pavement surface which have been observed,
In concluding the discusgion of the data shown
in Figures 15 and 16, 1t should be noted that
the period of time involved is very short and
that this is only one pavement design although
it does cover some 24 lane miles of pavement.
The trends shown nver this period of time must
be considered only indications and not a suffi-
clent basta from which to draw any final cone

clusions.

CUMULATIVE CHANGES IN ROUGENESS
WITH AGE IN SERVICE

One of the major questions o be answered
in pavemeni design is the long range performe
anee of pavements and the anticlpsted useful
1ife before a pavement must be veplaced, 1In
the more thean 9000 miles of pavement profile,
there iz a considerable mileage of older roads
which have been in service up to a maximum of
35 years. In the surveys to date, more attenw
tglon has been given to concrete pavements than
to the flexible bituminous pa#ements; thusg,
only scattered data are available on the older
pavements of the flexible type. However, what
is avasilable will be presented fo at least in-
dicate trends.

In the next three figures, available data
on cumulative chamges in roughness of pavements
having longer pericds of service will be pre-
sented, Three main types of pavement will be
included in these figures: first, Class 1
rigid pavement (Portland cement comcrete);
saecond, Class 1 recapped concrete pavement
(bituminous resurfacing); and, third, Class 1
flexible pavement (asphaltic concrete on aggre-
gate bases)., In all cases the data will be for

the traffic lane; no more than passing comment



will be made with regard to differentials in
performance between the passing lane and the
traffie iane.

In all three figures, the method of pre-
senting the data is the same; years in serv-
ice {s the ordinate; the abscissa is the
roughness index in iaches of vertical dis-
pilatcement per mile. Each plotted point on the
chart represents the average roughness index
in one wheel path of a pavement construction
contract. When only one lane of a contract
has peen gurveyed, ther¢ will be two plotied
pocinty for that contract) when both traffic
ianes have been surveyed, there will be four
such peints for that contract, as illustrated
on certain contracts jdentified on these fig-
UETES,

1a general, it has been found thau the
outer wheel path i[s rougher than the inner
wheel path due, nsresumsbly, to greater expoe
sure or weakness at the free edge of the slab.
There are exceptions to this which zan usually
be assoclated with some specific pavement cone
dition, Special studies have been made of
variations of this nature but will not be dige
cussed in detail as part of this paper.

A rather elementary but readily under-
standable procedure has been evolved for evalas
uating the cumulative changes in pavement with
nge in service. The first step is to compute
the average roughness index for each five year
pexiod as the center of gravity of all obser-
vations in that period., These averages are
shown as large circles on the three charts
Junder consideration and are used to determine
an average slope or rate of ingrease in roughe
ness with years in service., Two limiting
lines are drawn parallel teo this average
slope, establishing a band of normal behavior
within which approximately 85 per cent of the
plotted points are included. The width of
this band and the average slope have, as a
matter of fack, been determined by trial and
error, with some modifications made to take
care of unusyal variations or abaormal vesults.

When the number of projects from which

data are available ig very limited, abnormal

results from ong project exert undue influence
on the average and would distort the trend
that might be most representative of long time
service behavior. In these cases, as a second
telal, results falling above or below the
normal band of behavior that has first been
determined are not used in the averase, which
iz then computed on the basis of the points
within the band of normal behavior., The
scattered data in Figure 19 for Class 1 flexni-
ble pavements more than 10 years old is an éx-
ample in which it may be necessary to use this
procedure to get amy valid indication of what
the trend may be in later years.

Class 1| Ripid Pavements

The data for Class 1| rigid pavements are
shown in Figure 17, and constitute the wmost
comprehensive set of data avallable, both from
the standpoink of years In service and the
numbey of contracts and wileage covered, Most
of these data have been previously presented
and are used in this paper as an example of
the interpretation of roughness messurements
and to serve a3 a basis for generalizing less
comprehensive sets of deta on other types of
pavement. The data shown in Figure 17 have
been taken from 139 construction contracts
and 664 lane miles of pavement.

For the first 25 years the averages fall
quite consistently along the line with the
slope of 4.% inches per mile per year, which
répresents the rate at which these pavements
lose riding quality with age in service. The
boundaries of the band of normal behavior,
dravn parallel to this line to include 85 per
cent of the yroughness data, have intercepts on
the horizontal axils ranging from a roughness
index of 30 to a roughness index of 103, or a
range of variation in the roughness index of
75 inches per mile, There is a discontinuity
indicated in Figure 17 at an age of 25 years,
waich is accounted for by the fact that many
pavements more than 25 years old have been re-
constructed, vecapped, or changed in classifi-
cation. With few exceptions, only those proj=

ects exhibiting superior performance are still



in service and have been included ir the prow
£file surveys. A review to trace the history
of ail concrete pavement built before 1936
has been only partially completed; thus far,
indications are that very few of these oldevr
concrete pavements remain in service after
having become very rough.

At this point In the discussion, the most
iwportant interpretation of the data shown in
Figure 17 is that these pavements have suf-
fared a cumulative ox continuous Inerease in
roughness at an average rate of between 4 and
3 inches per mile per year. When it is con-
siderad that Class 1 pavements are those that
have been rated as adequate or more than ade=
quate for legal axle loads at all times of the
year, it must be pecognized that load carrzying
capacity is not the controlling factor in this
progressive loss of riding quality. From this
it follows that the predominant causes of this
type of pavement deterioration are environmens
tal factors, mainly associated with seagonal
cycles and fluctuations of moisture and tems
perature combined with frost action,

In ecorrelating pavement performance with
design, the most revealing data in Figure 17
and, in fact, on all three of the charts show-
ing cumulative changes, are provided by those
projects which show abnormal behavior, falling
outside the band of normal behavior. A number
of projects, whose performance is either supe=
pior or very poor, have been ldentified in
Figure 17, and the factors leading to their
abnormal performance have been discussed in
some detail in a previous report.l1 For the
present discussion, only two of the most il=
luminating examples will be presented for il-
lustration.

The £irst such examplie is given by two
contrasting projects, US-31 (3-Cl) and 05-31
(5-Cl). The first project, after 33 years of
service, shows exceptionally good performance,
with a roughness index falling well below the
band of normal behavior and a riding quality
still rated falr to acceptable. The second
project, after 34 years of service, is rated

extremely rough, with the roughness index

falling near the upper limits of the band of
normal behavior. Both were rated as Class 1
pavements on the basis of an area soil survey
which identified the soil series as Plainfield
sand, a superior subgrade with high internal
stability and excellent drainage. These two
projects, within several miles of each other,
were built by the same contractor and have
clogsely comparable traffic. The soil clagsi-
fication of Plainfield sand is correct for the
project shewing superior performance but ine
correct for the project which has become ex-
tremely rough. The latter contvact is located
at a transition ia soil types, with the major
portion of this project In an area of silty
clay loam with inferior drainage conditions.
This part of the pavement should have been
rated as Class 3 ox Class 4. The transigion
in soil sevies and the marked changes in pave=
ment performance are accurately ldentified on
the receyded pavement profile.

Another interesting exemple 1s Project
Me2l (35-C10}s most of the roughness index
vatues on this contract fail in the lover
range of the band of normal behavior, showing
acceptable performance over a service period
of 19 years; but, there was one exception to
this statement. This was a single observation
of a roughness index of 225 along the outer
edge of a quarter mile section of psvement
widening on this contract. A field investiga-
tion of this section revealed that a storm
sewer had been lald along the edge of the
pavement; backfill settlement.undoubtedly pro=

duced the high roughness index.

Class 1 Recapped Concrete Pavement

The roughness index data shown in Figure
18 have been taken from 118 constyuction cone
tracts covering 461 lane miles of pavement.
Surveys have been conducted over a period of
four years, from 1958 thyough 196l. There are
no projects more than 20 years old, which more
or less establishes the period over which
there has been extensive bituminous resurfac-
ing of old concrete pavements. Determination

of the band of normal behavior and the slope



of the lines which define the rate of increase
in the roughness index followed the previousiy
described procedure, within practical limits.
Actually, the average slope of these lines
would have been 4.85 inches per mile per year,
or slightly greater than in the case of the
rigid pavements in Figure 17, and the inter-
sections of the lines with the horizontal axis
would have been slightly different. However,
it was obvious that in the treatment of data
of this kind such differences were negligible;
te report a differential that could be inter.
preted as significant would hardly be justi-
fied by the available data.

Consequently, the slopes and limits found
for rigid pavements were superimposed on the
data in Figure 18 snd represent no sove than a
negligible departure from the precise average.
From this it is concluded that in recapped
conexete pavements, the cumulative change in
roughness with age in service ia substantially
the same ag in the concrate pavewents theme
selves, which are now serving as the base
course for the bituminous surface. Recalling
that the roughness changes under diseussion
are the effect of curling, warping, and
shrinkage of the concrete pavement under the
infiuence of envivonment, it would be deduced
that this same behavior is being reflected
through the bituminous surface,

There are a number of projects in Figure
18 which fall ocutside the band of normal be=
havier and have been identified by contract
number for further investigation of the ab-
normal behavior which they have shown., While
complete investigsation including field check=
ing is still in progress, there is some sig-
nificant information from Figure 18 which
throws light on important factors relating
pevement design to performance. While there
are exceptions, in which the influence of
other conditions enters, a veview of all the
projects under discussion brings out the fol-
lowing fact: a large majority of the projects
having the higher roughness index values are
pialn concrete, while a corresponding majority

of the projects falling in the lower range of

22

roughness index are veinforced. BReinforced
and unrelnforced pavements have been indicated
on the figure.

Before leaving the discussion of resure
faced concrete pavements, 1t should be pointed
out that, in Figure 18, the years in service
are figured from the date of the last resur-
facing. Studlies have also been made of the
relationship between cumulative changes in the
roughness index and the date of the original
concrete pavemeni construction. Some signifie-
cant gelationships have been brought out by
this study, but space will not permit presen-

tation as part of the current discussion.

{lass 1 Flexible Pavements

Data available on the cumulative changes
in the roughneas index of flexible pavements,
from 30 contracts and 370 lane miles, sre
shown in Figure 19, Determination of the band
of pormal behavior and the slope of the linws
showing the rate of change in the roughness
index followed the procedure previously used,
Again, the evidence, particularly for service
periods greater than five or six years, is too
scattered o justify selectlon of a rate of
change any different from that already deter-
mined for the other pavement types that have
been discussed. It may be noted that a rateé
of change of 4.5 inches per mile per year
seems resgonable and that the parsllel boundae
rieg for the band of normal behavior include
the scattered points for the older projects
quite satisfacktorily.

There are several general comments that
should be made with respect to this type of
road construction. The older projects were
built during a period when bituminous pave-
ments in Michigsn were thought of ss low cost
road construction. As & consequence;, both dea
sign and construckion requirements were much
legs exacting than those practiced in recent
years. Consequently, a wider range of behave
ior must be expected in projects more than 13
or 20 years old. It should also be noted that
a much larger number of contracts and greater

mileage of roads should be included in the

P



data before the long range performance can be
considered to be anything moye than am indi-
cated trend. On the other hand, the more re-
cent projects, no more than six years old,
show definite evidence of closer control of
design snd construction than in the older
projects. The points are more closely grouped
and the band of normal behavior 1s narrower

In the

the range of

than in any of the other sets of data.
case of initial construction,
roughness index varying from 20 to 80 inches
per mile is evidence of good construction
control.

A number of the projects shown in Figure
19 have been identified by contract nuwber and
are under investigation to determine the cause
of the abnermal behavior vhich their perform
ance indicates, Field investigation of these
projects 1s a necessary step in further analy-
sis, and these data are not yet avallable.
General information on construction conditions
indicates that the contrast between abnormally
geod performance and that which ig abnormally
poor is closely related to soil conditions and
to design and construction practices which, as
already moted in the case of the older voads,
left much to be desired. In this connection,
perhaps the outstanding featurs of the data on
flexible pavements 1s the vather sharp cone
trast between the wider range of pavement pere
formance on the older projects and the better
control evidenced in the more recent construce
tion. In concluding the discussion of the
data available on {lexible pavement construce
tion, it should be stated that theve is not
sufficient evidence now available to establish
rates or range of cumulative change with age
in service of these pavements that might dife
fer from the findings for the other pavement
types previously discussed in this paper.

CORRELATION OF

MICHIGAN PAVEMENT PERFORMANCE STUDY
WITH AASHO ROAD TEST RESULTS

The great interest in the last 10 or 13
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years in evaluating pavement performance as re-
tated to design has led many highway apencies
te undertake reseaych programs directed to this
objective. The AASHO Road Test is by far the
most elaborate and extensive project of this
kind conducted to date. The results of this
test have recently been presented at a special
three day meeting in St. Louis, May 16-18,
1962, With the AASHO Boad Test data made
avallable for public dissemination and analy-
sig, it is now possible to make comparisons
with the results of other reseaxch projects
and to work out useful correlations.

One of the objectives of the Michigan
Pavement Performance Study has been to estab-
lish a relationship between pavement perform=
ance criteria developed from condition suye
veys on existing roads and AASHO pavement pere
formance concepts. In February, 1939, pavement
profiles were run on Test Loopg 3, 4, 5, and 6
at the AASHC Road Test with both the Michigan
and the Road Test profilometers., The theoreti-
cal relationship between the cumuilative verti-
cal displacement and slope variance based on
an assumed sine wave profile was worked out by

Irick and is given by the following equation:

RI = 57 VBV
in which
Rl = Michigan Roughness Index
in inches per mile
SV = AASHC Slope Variance

{an abstract number)

This relationship is shown graphically in
Figure 20 and is a straight line when the
roughness index is plotted as the ordinate and
the square root of the slope variance is ploge-
ted as the abscissa. Experimental data from a
number of projects have been plotted to check
this relationship or, rather, o test the va=
lidity of the assumptions on which it is based.
Measurements made by both profilometers are
conditioned by the kase line iength from which
either vertical displacement or angular dis-
placement is measured and the pesitioning of
this base line with respect to the pavement
grade.

Measured vertical dispiacement is also



affected by the length of the up and down dis=
placements or wave lengths in the pavement
profile. Both profilometers measure with re-
gpect to a floating base line; it may be showm
that if either encountered a regular sine wave
of eritical length, the result might be seri-
ously in errov. However, if the profile cone
tains random wave lengths of sufficient number
and variety, errvors of this nature ape compene
sating rather than cumulative and the reported
roughness index or slope variance may be truly
vepregentative of the pavement®s characterise
tics.

Daca £rom seven projects are plotied in
Figure 20. They indicate that the theoretical
equation based on a sine wave profile ig reae
sonably vepresentative of actual pavements.
This means that the length of pavement is sufe
ficient and the character of the displacement
is such as to provide randomization of cyelic
deviations or wave lengths. The points shown
as triangles are from two test loops of the
AASHOQ Road Test for which the average vough-
ness index has been plotted against the avers
age slope variance. EBEach factor has been
measured by the profilometer designed for that
The plotied

points are the averages of obserxvations fxom

specific type of observatien.

the 24 test seciions, 100 £eet in length,
which were available, Further analysis of
these data is plamned as soon as time will
permit, now that detailed results can be made
available. It may be noted that comparison of
the short test sections showed little evidence
This

yesult is consistent with the above comments

of correlation in a preliminayy study.
on randomization. It alse follews variations
in which the avewage index value changes with
the size of the sample, as pointed out in the
discussion of the continuity ratic of the
center taxiway at Willow Run Airfield earlier
in thia paper.

Two other points, shown as open tvie-
angles, are far removed from the straight
line shown in Figure 20, These are also mzasge
ured values, taken, however, from a selected

test gection on US=20 In Indiana where a
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nuetsiy of agenciesz tested thelr pavement evale

uvation equipment, Further analysis of these
data is rvequived, but it is known that this
pavement had somz unusual characteristics
which may have prejudiced the data from one ov
che other of the profilomsiers.

The points shown as circles ave from
Michigen projects selected to cover a rather
wide range of roughness, and limited in numbey
by the saort time available since the AASHO
results were released, The roughness iadex
(R1) was measured by the Michigan profilometer;
the slope variance {(SV) was computed from
level measurements made st intervals of one
footk,

Present Serviceabllity Index (PSI)

The pext atep in relating resulis from
the Michigan Pavement Performance Study to
AASHO criteria is the computation of the pres-
This has bsen
done for 12 Michigan pavement sections, sixz of

ent serviceability index (PSI).

vigld pavement and siw of flexible pavement.
An example of the computation for one of the
flexnible pavements iz given in Appendix Aj
the results for all 12 sections have been
plotted in Flgure 2.

On these projects, the Toughness index
was measured by the Michigan profilometer and
che slope varisnce was computed from level
measurements made on all sectione of flexible
pavement and three sections of rigid pavement,
The other three sections of rigid pavement are
projects for vhich the slope variance had been
obtained by the Chloe profilomeger. The slope
varignce data were not available to the writer,
but the present sevviceability indexes (PSI)
pomputed for these projects were obtained,
While correlation of wmany more Michigan proje
ects would be desivable, time would not pepe
mity encugh examples have been presented to
demongtrate that the Michigan roughness index
and continulty ratic can be readlly transe
lated into terme of the AASHO serviceability
index.

In the computations in Appendix A, there

are twe observations that appear £o have some



importance from a practical point of wiew., 1In
the example, the influence of rutting and of
cracking and patching appears to be guite neg-
ligible in changing the serviceability index.
It may be deduced frowm this that pavement dew
gerioration and rutting would have ko be gulte
advanced before they would exert a controlling
influence on the serviceability index, How-
ever, from the standpoint of timely maintens
ance or detection of a structural weakness
associated with rutting, such evidence of po=
tential loss of serviceability 1s much more
This

suggests that these aspecis of pavement per=

impertant than the formula indicates.

formance should be treated at thelr face value
as an independent maintenance control, even
though they lose importance when combined in
a single number which is largely contyolled

by pavement wroughness.

The second comment has to do with cone
verting the roughness index {RI)} to slope
variance (SVY) by use of the relationship shown
in Flgure 20, vather than computing the slope
variance from level readings. Such an altey-
nate computation, as shown in Appendix A,
changes the serviceability index (PSI) from
3.0 to 3,06,

Michigan roughness index can be used in such

This, too, suggests that the

a computation with neglipgible effect in estabs
iishing the serviceabllity level of the paves
ment at any given polint in its useful life,

If this is a reasonable deduction, the cumulage
tive change in roughness with age in service
presented in Figures 17, 18, and 19 takes on
added significance, The point is that these
changes are associated with environmental fae-
tors which provide the only reliable basis for
This basis for

forecasting future behavior can only be estab=

predicting future performance.

lished by observing the reaction of existing
pavements to years of service. This normal
change in voughness can be converted into a
future serviceability index and a limlt se-
lected to establish the estimated serviceable
life of the pavement in its specific environe

ment »
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COMCLUSION

Pavement condition surveys of existing
roads have been used for many years in Michlgan
as the basic control for pavement design. Core
relation of performance with design has shown
the dominant influence of soil conditions and
environment. As a rvesult, Michigan design has
been developed primarily to produce pavements
adjusted to their envirvonment. In general,
these pavements are then capable of carrying
legal axle loads at all seasons without damage
due to load repetition. Michigan pavement de-
sign may then be characterized as the design
of the foundation of the pavement; the pave=
#sent itself can then be of standard design of
nominal thickness.

In recent years akttention has been given
to improving procedures for conducking condi-
tion surveys, more pyecise correlation between
performance and design, and developing quanti-
The

primary objectives of these efforts were to

tative measures of pavement performance,

identify controlling factors in design and to
evaluate the manner in which z.d the extent to
which they contribute to performance. Ancther
objective was to evaluate servicesbility and
establish standards for maintainiag pavements
at all timeg in a good and serviceable condia
tion to insure theiyr efficient operation. Be-
cause of the great interest in the AASHO Road
Test, a further objective, which is of current
importance, is to establish the velationship
between pavement performance developed from
condition surveys on existing rvoads and the
AASHC pavement performance conceptss

In the past fifteen years, the study of
pavement performance has been a cooperative
program in which the University of Michigan
and the Michigan State Highway Department were
the principals. A number of other agencies
have entered inte the program as sponsors and
made substantial contributions to it. From
these studies, two basic quantities have been
selected to measure pavement performance,

First, a continuity ratic has been defined



which
tural
which
place

expresses in numerical terms the struce 3
continulty of a pavement, the loss of
and the rate at which this loss takes
yauge the deteriorvation of the pavement.
Second, the roughness index, measured in
inches per mile of cumulative vertical dise 4.
placement, expresses the riding quality of
the pavement at any given time.
Early studies at Willow Run Airfield and
a five year investigation of highway pavements
£Q expioré the value of steel reinforcement
showed that the continuity ratio and roughness
index were promising measures of pavement per=
formance, The Michigan Pavement Performance
Study was then organized; in the period from 5,
1957 through 1962, more than 9000 lane miles
of pavement profile have been accumuiated.
Typical examples given in this paper demon-
strate the close correlation of the roughness
index and eontinuity ratio with design factors
which control pavement perfo¥mance, Furtheve
more, i has been found that an accurate prow
file of the pavement surface has unique value
as a record of the physical condition of the
pavement, serving as a key to its past history
and its ability to sustain the forces and exe
posure to which it has been subjected. B
A nuwber of wmore specific conclusions may
be listeds

1. All Michigan pavements investigated
suffer a cumulative increase in
roughness which, based on present
data, cccurs at a rate of some 4 te
5 inches per mile per year. It has
been found that this change is due
to the effeects of the environmental
factors, climate and soil conditions,
and represents normal behavior of
pavements capable of carrying legal
axle loads, and wore, without damage
to the pavement structure.

2a Bands of normal behavior were estabe
lished which bracket 85 per cent of
the data, excluding those projects
showing abnormal performance. 1this
band, which varies in width from 60
te 75 inches per miie is now pree
sumed to be a range within which
riding gquality can be controlled by
current methods of design and cone
struction.
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While there iz some evidence that
the range of contrelled riding
quality may vary between different
pavement types, there is insuffie
cient data now avallable on some
pavement types to establish such
differentials.

The performance of old concrete
pavement recapped with an aspheal=
tic surface is so close to that of
the original concrete pavement it=
gself that it seems reasonable to
conclude that the distortion of
the concrete slab due to fluctua=
tions of moisture, temperature,
and related envircnmental factors
is veflected through the protect=
ing asphaltic surface with tittle
or no change,

Early studies of reinforced and
unreinforeed concrete pavement
showed that among the projects
surveyed, reinforced pavements
were measurably smoother and had
measurably less cracking than did
the unreinforced pavements. Olo
concrete pavements, both rveine
forced and unreinforced, resur=
faced with asphaltic concrete
were surveyed; the resulifs are
reported in this paper. The pey-
formance of these pavements, as
shown i Figure 18, glves evidence
of a strong correlation between
reinforcement and improvement in
riding quality.

A cowparison was made between the
Michigan roughness index ahd cone
tinuity ratie and the pavement
performance concepts from the
AASRO Road Test, It was found
that the Michigan data and per=
formance criteria can be readily
converted to the AASHO services
ability index. This means that
the pavement condition surveys

of more than 9000 lane wiles of
pavement can be s0 coaverted and
used f{o establish the service-
ability level of these pavements
in terms of a standard which the
AASHO Road Test has proposed, It
is pertinent to note that the
pavement profiles of these 9000
lane miles previde a great volume
of basic design information re-
vealed by the physical condition
of these pavements in their natural
environment. This information ine
cludes design conditions to be met
and deficiencies to be corrected
to insure that the future services
ability of these pavements will
meet whatever standards may be
adopted,




TABLE 1

PERCENTAGE OF CRACKED SLABS

1950 SURVEY

Date of
2?2 Y;zg.r Construction
Crack Supvey 1941 1943
1946 4 35
Trangverse
195¢ 10 85
1946 Negligible 15
Longitudinal
1950 Negligible 25
1946 Megligible 2 ]
Diagonal
1930 Negligible &4
TABLE 2
RATE OF INCREASE IN ROUGHNESS i4DEX
US=-31, MUSKEGON - GRAND HAVEN EXPRESSWAY
CLASS 1 FLEXIBLE PAVEMENT
Maximum Rate Minimum Rate
Inches Inches
Contract Lane per Mile per Mile
per Year per Year
Traffic 4ol 2.2
74-€3
Pagsing 3.0 1,0
Traffic 3.9 2.3
16=02
Passing 3.2 1.7
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APPENDIX A

COMPUTATION OF AASHO SERVICEABILITY INDEX
FROM MICHIGAN PAVEMENT PERFORMANCE DATA

COMPUTATION OF PRESENT SERVICEABILITY INDEX (PSL)

Survey Data

Logation: M-50, near Charlotte, Michigan
Lane: Eastbound
Lengtht: 500 feet

Pavements 10 foot wide flexible pavement

Area of Cracking = 388 square feet
Area of Patching = 180 square feet

Tatal = 568 square feet

Michigan Roughness Index: RWP = 180
LWp = 126

AASHO Road Test PSI Forxmula (Refer to Eg, il, Page 23 of HRB Specisl Report 6lE, 1962)

P35I = 5,00 = 1,91 log {1 + V) = 0.01 VEF F = 1.%8 EO2
in which

57 = The mean of the slope variance in the two wheelpaths from the profile.
(An abstract number)

C = Cracks, in square feet per 1000 square feet of pavement
P = Patches, in square feet per 1000 square feef of pavement

R0 = A measure of rutting depth in the wheelpaths, in inches

Slope Variance (V) {Refey to Eg. 1, Page 14 of HRB Speelal Report 61E, 1962)
w2 -1zt
&V = 2
now )
in wihich

Y = The difference hetween two elevations of bavement surface, one foot apart.

n » Number of level readings

T y2s RWP = 5951 x 10-6
LWP = 5016 % 10-9

Average F£Y? = 5484 % 10-6

LY RWP = 824 % 103
LWP = 878 x 10~3



(zv)2 RWP
LYP

Average (I Y22

&

676,976 x 10-6
770,884 % 10-6

724,930 % 10~6

4

[}

1
5484 = THG (7244930)

499

57 % 108] = 8,09

log (1 + 57) = log (1 + B,09) = 0.959

Cracking and Patching (C ¢ P)

568 _
C+P“-§b‘6 113

VO + P = 113 = 10.6

Rutting Depth (RD)

RD = 0,261

02 = 0,068

Present Serviceabllity Index (PSI)

PS1 = 5403 = 1.91 X 0,939 = 0.01 * 10.6 = 1,38 % 0,068
m 5,03 = 1.83 = Qoll - 0,09

= 3,00

CONVERTING ROUGHNESS TNDEX TO SERVICEABILITY INDEX

RI = 57 V&V
51 RUP = (D2 = 3,162 = 10,0
LWP = (-1-537%2 w 2,212 = 4,88

Average 3V = 7.44

PSE = 5,03 = 1,91 log (1 + 7.44) = 001 VII3 = 1.38 ¥ 0.2612
= 5,03 = 1o77 = 0ull = 0,09

= 3,06
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TENTATIVE PAVEMENT ROUGHNESS RATING
VERTICAL DISPLACEMENT - {NCHES PER #ILE

u.s, BUREAU oF puBLIC Roapstl) ROUGHNESS RATING U, OF
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M. PROFILE TRuck(2)

LESS THAN (0O EXCEPTIONALLY SMOOTH
100 - 125 VERY G6QOD
128 - 150 600D
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