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INTRODUCTION LANSING

While there hag been no attempt in the preparation of thils paper

to make a documented study of the history of highway pavements, it seems o

be only stating the obviocus to say that from the very beginning pavements
have been bulillt slmply to provide durable gurfaces with improved riding
quallties for the safety, comfort, and convenlence of the highwsy user.

With the advept of automotive vehicles with constently incrsasing spesd of

travel, smoothness of the pavement surface or riding qualliy has become
increasingly important in pavement design and construction.
Also from the very beginning, pavement bullders must have gauged

the success of thelr endeavors by expsrisnce and direct observabticn of thair

vavements under the ssrvice eonditioms to which they were subjected. Thus,
pavement conditlon surveys, while they way not have been formalized ag they
are today by systematic procedures, are as old as the oldest pavements. In
%hé‘&evelopment of modern highway systems, the lmportance of permansnces of
riding qmality or durability hag focused increased attentlon oun the strength
of the pavement structure and its ability to meinitain structural conbtimuity

under the incrsased loads and mounting volume of modern traffie, in

# Professor of Clvil Bngineering - University of Michigan
Ressarch Consultant - Michigan State Highway Department
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eombination with the stresses and strains associated with environmental
eonditions.

The increased use of rigid concrete pavements to provide high
quality éurfaces has paralleled the rapld development of automotive trans-
portation. The physical characteristics of such rigid pavements have led
highway engiﬁeers naturally and logically to Jjudge their performence by the
rate at which they become rough and lose their riding gquality and the rate
at which they crack and lose thelir structural continuity. The polint of
these introductory remarks is éimply to emphasize that the changing condi-
tion of rigid pavements, as reflected in cracking and roughness, has always
been & natural and realistic measure of pavement perforitance. The major
contribution of recent years has been the introduction of refinements in
procedures for making pavement condition surveys and development of more
precise criteria for evaluating pavement performance.

Recognition of this epproach must have been in the minds of the_
Highway Research Board Committee on Rigid Pavement Deslgn when.they forma~
lated, in January, 1959, a proposed high priority research project entitled
"Investigation of Existing Pavements". At that time they listed a number
of significant changes in rigid pavement design 1n recent years and made
the following peritinent statement:

"It is believed to be highly important to determine the

effects of these changes in order to avoid the possi-

bility of constructing miles of pavement which might

otherwise fail prematurely. It is also believed that,

in many respects, the pavements which are presently in

existence constitute the only devendable scurces of
information on which to base future designs.”
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Well-organized pavement condition surveys ip Michigan date back
to the middle twenties, when the late V. R. Burton organized a group of
research workers who started & series of state-wide pavement condition sur-
veys including comprehensive data on soll conditloms and climatic environ-
ment.ts2:3 This work has been carried on over the years by a number of
individuals whose names have become well known among highway engineers and
s0il gelentists, inecluding Kellogg, Benkelman, Stokstad, and Olmstead.

These investigators early found significant correlation between
pavement performance and environment, including soil type, drainsge, and
climatic Tactors, a viewpoint which has continued to exert a dominant in-~
fluence on pavement design in Michigan. Improvements in this approach to
paveitent design have led to more accurate evaluation of seoll conditions,
drainage, and climatie enviromment; the ubilization of loeal soil meterials
oft favorable characteristics; and, the selection of pavement structures
which more fully utilize available subgradé support. Whiles it is recog-
nized that many of these faétors are uncontrolled variables, difficult teo
megsure and perhaps lmpossible to express in a mathemetical formmla, cupr-
rent pavement performance stﬁdies in Michigan have been predicated on the
belief that the integrated results of these uncontrolled variables could
be measured gquantitatively by more aceurate field surveys and objective
anaiysis of the results. Furthermore, it was feli that pavement perform-
ance, in terms of changes in th@ pavement profille and cracking patitern,
could be expressed numerically by a roughness index and a continuity ratio.

In this respect, pavement performance studies have followed the observation
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made by Lord Kelvin that, '"When you can measure that of which you spesk, and
express it in numbers, you know something about it."

The first attempt in Michigan to measure pavement performence
quantitatively in terms of pavement roughness apd structural continuity was
a cooperative investigation, Initiated in 1952, involving the Michlgan State
Highway Department, the University of Michigan, and the Wire Reinforcement
Ingbitute. The data obtaiped from that investigation, carried on over a
period of five years, indicated that pavements with steel reinforcement ware
measurably smoother and that cracking was measurably less than in the unre-
inforced concrete pavements ilnvolved in that investigation. Of perhaps more
Importance to the present discusslion was the fact that pavement performance
wasg evaluated ip terms of a continuity ratio related to the cracking patiern
and a roughness index based on measured vertical displacement in the pave-

ment profile.

MICHIGAN PAVEMENT PERFCRMANCE STUDY

Tn further pursuilt of these obJjectives, a cooperative invesgtiga-
tion was next underteken in 1957 by the University of Michigan, the Michigan
State Highway Department, and sponsors representing the Srucking indushry.#
Pavement performance studies upder this sponsorship centinued for approxi-
mately two years, and in jgly, 1959, were taken over by the Michigaﬁ State
Highway Department as part of the Michigan Highway Planning Survey - Work

Program financed by HPS funds, under the supervision of the Bureau of

#  The Michigan Trucking Association, the American Trucking Associations,
Inec., and the Automoblile Manufacturers Association



William 3. Housel -5 -

Public Roads. This program has continued to date under a contract with the
University of Michigan. In the first two years, eguipment for recording
pavement profiles was developed and‘tentaﬁive procedures were established
for svaluating the data obtalned.

A truck-mounted profildmeter for accurately recording pavement
profiles was built, following closely similar equipment used for some time
by the California State Highway Department. Electronic recording equipment
and integrators were added to provida s chart-recorded profile of the pave-
ment in both wheel paths and to compile the cumulative vertical displace-
ment in inches per mile. Means were alsc provided te record pavement cracks
and joints. Farly results from these studies were presented and discussed
in a,papér presented to the Highway Research Board in Jonuary, 19599h In
pasging, it 18 interesting to note that there is nothing new about prefil-
ometers and measuring roughness as hthe suﬁ of vertical displacements per
mile as a roughness index. In his paper to the Highway Researgh Board in
January, 1960, Francis Hveem presented s most interesting review of this
mibject and described a number of such devices, the earliest one in availl-

able records dating back to before 19O005

Pavement Profiles for 1958 - 1960

During the three years 1958, 1959, and 1960, close to 6,000 lane
mileg of pavement profile were accummlaied. The snalysis of these dats
has proceeded concurrently, insdfar as personnel and facilities would per-
mit; it is the purposs of this paper to present some of the slgnifiecant

results presently available. As indicated by the titles of this paper,
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athbention is directed to cumulative change in rigild pavement profiles with
age in serviee; it is felt that the data do reveal significant trends in
pavement performance and direct relationship to controlling design condi-
tions. In presenting these data, it must be recogni;ed that there is a
tremendous volume of information invelved in some 6,000 miles of pavement
profile; the present discussion will be limited to sgeveral classifications
-of rigid pavement which have been sanmpled in sufficient quantity to provide
a reasonable basis for analysis. All pavemsnbs lncluded in the profile sur-
-~ vey are part of the Michigan state trunkline system of some 9,435 miles,
including 8,050 miles of two lane pavement, 135 miles of three lane‘paVEw
ment, and 1,250 miles of divided four lane pavement. The trunkline system
thus amounts to 21,500 lane miles of pavement; thus, the thres years of
profile surveys discussed in this report provide a sample of approximately
27.5 per cent of the total trunkline mileage.

Most of the data obtalred ave for pavements rated as (lass 1 and
Class 2, although there will be some data presented from surveys of Class
3 and Class L pavements. In this connection, it is necessary to define
these four pavement classes as they have been incorporated in the Michigan
trupkline survevs. The first pavement evaluation of the Michigan trunk-
line system was presented as of January 1, 1958, and was compiled from the
Michigan State Highway Deparitment's records, including design data, pave-
ment conditleon surveys, maiﬁtenance records, and soil surveys. At that
time, 55 perAcent of the state truckline gystem was rated as Class 1 apnd

Class 2 roads, adeguate for legal axle loads at all seasons of the year;
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b5 per cent was rated as Class 3 and Class 4, inadequate and requiring
Spring load restrictions. Ir this read classification for legal axle Loads,
the four levels of adequacy selected are defined as follows:
Class 1 - No seasonal restrictions. Pavement and sub-
grade adequate for year-round service, as
represented by natural sand and gravel sub-

grades with superior natural drainage.

Class 2

No seasonal restrictions. Pavement designs
which compensate for seasonal loss of
strength, as represented by subgrades of
fine-grained solls and generally lnferior
drainage corrected by the use of free-
draining sand and gravel subbases, raising
grade line to improve drainage, removal of
frogt-heave soils.

Class 3 - Spring load restrictions required. Pavement
designs which do not compensate for seasonal
loss of strength, as represented by fine-
grained solls, susceptible to frost-heaving
and pumping, and with 1nadequate drainage
provisions. .
Class 4 - Spring losad restrictions required. Pavement
-designe inadequate for legal axle loads at
all times, as represented by older roads
completely defleient and requiring continu-
ous maintenance to provide year-round serv-
ice for legal axle loads,
The data selected from 6,000 miles of pavement profile, for the
Present discussion, are shown on a series of charts developed as a standard
format after considersble "cut-and-try" experimentation. In these charts,
as shown in Fig. 1, the roughness index in inches of vertical displacement
per mile is plotted as the horizontal abscissa and the years in service ag
the vertical ordinate. The data presented in Fig. 1 are for the traffic
lane of Class 1 rigid pavements and represent pavement profiles of some 556

miles of pavement. At the %op of the chart is shown a tentative roughness
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rating that bhas been in use for several yearsah Each plotted pelnt repre-
sents an indivﬁ&ual pavement profile in the ouber or inner wheel path of a
specific comstruction contract. There are 123 such contracts and 556 miles
of pavement included in Fige:1: when only one lane of a coniract has been
surveyed, there will be fwo plotted points for that contract; when both
traffic lanes have been surveyed, there will be four such points for that
contract. In general, it has been found that the outer wheel path is
rougher than the inner wheel path; and, while special studies have been
made of this variation, these studies will not be discussed in det;il as

part of this paper.

Significant Variations in Pavement Profiles

In spite of the wide scattefing of roughness index values in Fig.
1, there are s nﬁmber of characteristics of these data, the analysis of
which indicates significant trends in pavement performance which may be
enumerated as follows:

1. There is a general increase in roughness with age
whieh will be discussed as evidence of cumulative
changes in rigid pevements with age in service.

2. There are a number of specifie projects which ex-
hibit roughness indices much legs than the general
trend and others with values much greater, both of
which may be related to controlling design or. con-
struction conditions respensible for this abnormal
behavior.

3. There 1s a discontinuity in average roughness in-
dices at a service peried of approximately 25
years which may be related to construction changes
in the trunkline system and indirectly influenced
by Michigan design procedure.
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Cumulative Changes in Pavement Profiles

Evaluation éf cumulative changes in rigld pavements with age in
service 1ls the major objective of this paper. The method of evaluation
proposed after considerable study is to establish a band of normal behavior
as shown in ¥Fig. 1. The first step is to campute the sverage roughness in~
dex for each five-year period as the center of gravity of all observations
in that pericd. These averages are shown as & triangle on fhe chart,
through which the cenbtral line of the normal behavipr band is drawn. For
the first 25 years shown in Flz. 1, the average resulis fall congistently
along a line with an intercept of 65 inches per mile on the horizontal axls
and a slope of 4.5 inches per year as the average increase in the roughness
index. After 25 years there is a discontinuity or displacement in this
average line which will be discussed later.

The width of this band of normsl behavior hasg alsc besun estab-
lished by trial and error as parallel lineé which bracket 85 per cent or
more of the cbservatlons and balance the excluded observations; indicating
abnormai performance, on either side of the band. For exemple, in Fig. 1,
for observations in a period of less than 25 years, approximately 7.5 per
cent of the pavement profiles have roughness indices less than normal and
the same approximate percentage, greater than normal. It may be observed
that projects falling outside this band represent abnormal behavior, which
mey provide the most informative data availsble to relate pavement perform-
ance to design and construction conditions. Exemples will bg cited in a

further discussion of abnormal behavior.
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The imporxtant deduction from these data at this point in the dis-
cussion is.that rigid pavements represented by this sample suffer a contin-
uing or cumulative increase in roughness at an average rate of about & to 5
inches per mile per year. The fact that these pavements have been rated as
Class 1 pavements implies that they are adequate or more than adequate for
legal axle loads at all seagsons of the year; thus, load carrying capacity
is not a controlling Ffactor in this progressive loss of riding guality.
From this it follows that environmental factors, mainly assoclated with
seasonal cycles, dominate this type of pavement deterioration, and there is

other evidence to support this conclusion.

Older Pavements Showing Abnormal Behavior

There are a number of projects in Fig. 1 with roughness indices
substantially less or greater than those within the band selscted to repre-
gent normel behavior. Attention wlll be directed first to pavements more
than 25 years 01@5 In +the firs% place, as previcusily méntioned, there 1s
the definite discomtinuity in the five-ysar aversges, influenced by a con¥
giderable grouping of projects with roughness indices much less than those
within the band of normal bebavior deduced from pavements less than 25
years old.

The first and perhaps major factor in this shift arises from the
fact that many of the clder pavements built before 1936 have been retired
from service by recomstruction, recapping, or a ohange in classificstien.
With a few exceptions which may be encountered, only those projects ex-

hibiting superior performence are still in service and have been picked wup
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in the proffile surveys. A review 1s in progress to trace the history of all
concrete pavemsnts built befors l936,‘but complete resulls are nct avallable
for this report. (onsequently, only a Ffew cxamples can be cited at this
tdme bo illustrate thils point and to indicate the closs correlstion bebween
desigo and comstruction conditiens and vausual pavement performence.

One such projest, US=31 (3-Cl}, after 33 years of service, shows

excepbionally good performavcs, with a roughness index falling well belcsr
the band of normal behavior and a yiding guelity still rated falr to ac-
ceptable. Another project, US-3L (5-CL), after 3 years of service, is
rated exbtremely rough, with a roughness index falling near the upper limit
af the band of normal behavior. Bobth were rated as Class 1 pavemenbs on
the bagis of an area soil survey idsptifying the scil type as Plainfield
gand, & supsrior subgrade with high ivnternsl stebility snd exeellent drain-

Y

age. Thess twoe projechts, within severai miles of each obher, were bulilt

it

by the same contractor and have closely comparable traffin. The soll

claggifieation of Plainflield sand is correcht for the project showling su-
pericr performance, bub ineorrect for the second prodect, whish has begome
exbremely rough. In the labtber case, the projsct iz located ab a transi-

Hiom dn seil bypes, the major portion being op a silty elay loam with in-

fericr draipage conditions; this part of the pavement should bave been

abed as Class 3 or Class 4. The transition in soil types and marked

changes in pavement performance are acourately identified on the pavement
profile,

Avpother revealing exampls that may be cited i1s & 33 year old
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average performence. A review of the pavement profile shows that this con-
tract covers an area of well-drained sands of the Plainfield or closely re-
lated series, but with several smaller areas of low-lying poorly drained
soils. These areas became extremely rough after some 30 years of service,
but were recapped with a bituminous surface in 1956. The balance of the
pavement had become quite rough, with considerable cracking shown by a re-
duction in the continuity ratio from 6.66 to 1.35. The roughness indices
for this pavement, which is still in service, were reported in Fig. 1 as
the average for the entire project. BSegregation and reclassification of
the seetions which becgme very rough and have been resurfaced and correc-
tion of the roughness index for the balance of the pavement would bring it
more nearly within the band of normal behavier, with slightly batter than
average performance.

Another group of points showipng better than normal performance
are identifiled as Contract M-25 (37-C2). fhis pavement 1s on a shorgline
road along Lake Huron built along a beach ridge on soil i&entified as the
Eastport series, another high guality subgrade. This is the clue to its
superlcr performance, but it has nevertheless increassed in roughness, al-
though at a xe&uced rate, as residual displacement resulting from seasonal
Troat setion, details of which will be discussed later.

Another exemple of interest, shown in Fig. 1, is Contract US-131
(5-02), the only one of the projects in the survey more than 25 years old
which 1s still in service, even though ite roughness index is much grester
than thome within the band of normal behavior. Royghness indices of 248

in the inner wheel path and 307 in the outer wheel path show that it has
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become extremely rough.and is actually beyond the limits of the tenbative
rating scale. This project is a plain concrete pavement built in 192¢ just
south of the cify limits of Cadillec. In addition to being rough, it is
badly cracked with its continuity ratio having beer reduced from 6.67 to
0.85. 1In terms of average slab length, this is a change from 100 Ffeet be-
tween Joints to an average of about 12 feet between cracks.

Ag a whole, this old project ls the product of outmoded design
standards that no longer represent Michigan practice. The rougher sections
are over inferior type soils that would now be compensabted for by raises in
grade and a fres-draining granular subbase. A subsbtantial part of this
project was in a relocation over generally good subgrade solils,. but was
built without adequate control of subgrade compaction and without ﬁhg ad-
vantage of stage comstruction to condition the subgrade before paving.

. This prqject is on a major route and would doubtless have been rebuilt

some time age except that its relocation, leng planned, was pogtponed until
the advent of the major improvement program of the pasit several years.

This relocation is now in progress and only this unusual set of circum-
stagces found it still In ssrvice when the profile survey of this route was

made in 1959.

Younger Pavements Showing Abnormal Behavior

Pavements less than 25 years old shown in Fig. 1 also include
about an equal number of projects with roughness indices substantially
above and below the limits of normal behavior. In the earlier years, the

conclusion is guite Inescapable that the wide range in riding quality must
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have besn produced during comstruction and l1s thus initisl or built-in
roughness.

Looking first at the group of eight projects less than 15 years
old with superior riding quality, there are thres projects, US-31 (13-C1),
Us-12 (17-61), and Us~12 {18-¢1), surveyed the year they were built or one
yeér later, with rovghness indices of 50 or less, which would be rated as
exceptionally smooth. Thers ars five additional projects, US-23 (Lh9-03),
Us-27 (-2}, us-27 (7-¢5), Us-31 (41-02), and US-3L {7-C9), which, allow-
ing for normal lncrease in roughness, must have been bullt with an initial
roughness in the same range and rated as excepblonally smooth. TFive of
these eight projects were bulllt by two comtraét@rs who have gained special
recognition for high quality workmanship. The same may be sald for the
other projects giving evidence of good workmanship, even though the illus-
tration lacks the emphasis of repetitive colncidsnce of contractor and ex-
cellsnt performance.

Attention iz next directed to & group of £five ﬁr@je@ﬁs less than
15 years old with roughness index values grsater than those within the
band of normel behavier. Again it may be assumed that pormal increasge im
roughuess would leave buili-in roughness as the major source of decreased
riding quality. Froject US-12 (16-02) was built in 1960 and surveyed in
December of the same wvear. The low temperaturs way have produced some
curling; but, other than thieg, there are no known job conditions contrib-
uting to the incressged roughness obher than contracbor performance.

Project US-112 (43-C3) presents a particularly interesting com-

parlson in that its westbound lape bas a roughness indax of 167 in the
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outer wheel path and 161 in the inner wheel path, rated as "poor". The
eastbound lane, on the other hand, had a roughness index ¢f 102 in the outer
wheel path and 92 in the inner wheel path, which, while not outstanding,
would at least be rated as "good". A report from the project engineer on
this contract reveals that there were gpecial job conditions which account
Tor the abnormal result. The westbound lane was paved late in the year to
provide for traffic during the winbter, until the pf&ject wag completed, and
a considerabls portlon of it was hand finished. The eagtbound lane was com-
pleted the next spring and was machine finished. Incidentally, the paving
was done by the contragbtor who paved three of the edghl projects cited above
as evidence of high quality workmanship. The pavement was a short strebeh
of the intersection of two major trunklines where a future grade separatilon
was planned. Actually, it could be considered in the category of a tempor-
ary roadway for a limited service of a few yesrs; this mey have been a con-
tributing factor in its construction. |

The other three projects rougher than normal, US-23 éleGS), Ug-27
(29-63), and US-23 (4567), are all by different contractors. There are no
special job conditions presently known to affect these results other than

enntractor psrformance as the common dencminator.

Comparison of 1959 and 1960 Roughness Indices

While it 1s not considered a significant variation in pavement
performance, there is a rather definite shift In Fig. L in two groups of
obgervations, for projects buili in 1959 and 1960, which does regulre some

explanation. It was first thought that this might be sevidence of z change
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ir built-in roughness, reflecting an accelerated construction program and
possibly less effective congtruetion control due to overload of inspection
facllities and personnel. However, a more searching anslysis of these ob-
gervations points te the cenclusion that this shift in roughness observa-
tions has been produced by a combination of factors, neone of which can be
demonstrated to be primarily responsible.

Tt may Ffirst be noted that the 1959 projects have an average
roughness index of spproximately 60, somewhat less than normal, while the
1960 projeéts have an average roughuess index of 75, somewhat above normal.
Practically all of these two groups of projects were surveyed in 1960, with
the 1959 projects being surveyed In the spring and early summsr and the
1960 projects in the fall, after September 1 and some as late as December
_15,

One of the factors which way have affected some of these observa-
tions is the temperature @iﬁferential from.June to December, with a similar
but reduced differsntial between the top and bottom of the slab producing
curiing at the joints. In May and June, 1960, when a mumber of the 1959
projects wers surveyed, air temperatures ranged between 60 and B0, degrees.
A number of the 1960 projects were surveyed in December, 1960, wher the sir
temperature renged from 20 to 30 degrees, mosbtly in the lgw twenties. Une
Tortunately, there were no parallel surveys on the same projects in June and
December which would have provided a direct comparison betwsen the two
groups of obgervations under discussion.

However, .examples of curling due to temperature differentials are

available from special studies whers abnormal increases in roughness were
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reported on two recently constructed pavements of similar design. These
examples are shown in FPig. 2. On the bottom of the chart are shown pave-
ment profiles on a short section of pavement on I-T75, near Flint, where
curling at the joints is the major source of the inerease in roughness.
This increase in roughness may inelude the residual deformations from two
winters of cyclic change as well as some frost displacement in the subbase,
which reaches a maximum about the time of the sescond survey in the middle
of March.

A similar example is shown on the top of the chart, with the
difference that the timing of the two surveys is reversed. The profile in
March, 1960, shows maximmm roughness as the combined effect of curling and
frost action. The second profile, in May, 1960, shows the recovery of the
pavement from the maximum temporary displacements of the seasonal cycle.
Tamperature differentials bebween the two surveys are comparable to those
under discussion.

Aside from the temperature effects that may be invol#ed, the posé
5ibility of experimental error and some effect of the scceleratsd construc-
tion program cannot be completely dismissed. With respect to the latter,
there is ne further comment except to meke the obvious chservation that in-
gpection econtrol 1s an ever present problem with results in some proportion
to the attention that can be devoted to it.

With reference to experimental error in the rather complex in-
strumentation involved in recording and integrating pavement roughness,
there are always problems to be met, particularly under the requirements

for mass production of pavement profiles. There were such problems during
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the summer of 1960, and, as a matter of fact, the profilcmeter was out of
service for several months for a general overhanl and reecalibration. scme
changes in electrical circuits and mechﬁnical details were made to imp%ove
operating characteristics and to facilitate frequent calibration. A review
of the frequent calibrations during this period indicates that the data
under discussion could have been affected in terms of average roughness by
as much &8 5 per cent, or a maximum of 10 per cent in individual cases. This
is considered to be within the normel operating accuracy of the profilome-
ter; it is the grouping of the two sets of chservations at the two time
periods involved that mekes such equipment error a possible conbributing

factor.

Passging Lane of Class 1 Rigid Pavements

There are a number of other examples of trends in pavement per-
formance that may be selected from the 6,000 miles of pavement profile cov-
gred by the three-year survey. In Pig. 3 are shown the roughness indices
from some 290 miles of the passing lane of dual lane divided highways.
IPractically 3ll of this mileage is less than five yearas old, having besn
constructed as part of the Interstate system. The same band of normal
pavenent performance used in Fig. 1 has again been used as a basgis of com-
parison. In this case, it is obvious that the volume of data and the short
pericd of service ig not sufficient te establish any basis to differentiate
between the traffic lane and passing lane. A%V the same time, it may be
noted that Class 1 pavements are nol expected to show any significant ef-

Teet of wheel load applicaticns, being rated as adequate or more than
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adequate for legal axle loads at all times. While the available dates can-
not be considered counclusive, more than 90 per. cent of the observations in
Fig. 3 do fall within the band of normal behavior; the cumulative change in
roughness of the limited number of older projscte also follows the same
trend, within the indicated limiis.

For a direct comparison, two specific projects have been noted,
M-21 (35-09) and M-21 (35-C10), each with a service period of 19 ysars.
These same projects have also been identified on Fig. 1 to show that the
roughness indices of the traffic lane and passing lane fall in the same
range, within very narrow limits. There is one exception t0 this state-
ment: & single observation of a proughness index of 225 along the outer
edge of & guarter-mils section of pavement wildening on this copntract. A
field investigation of this section is belng made, but in the absence of
this information it is felt thait this sbaormality is very probably due to
& specilal field comndition.

It is indicated again in Fig. 3 that there ig & shift in rough-
ness indices in the passing lane of 1959 and 1960 projects that has already
been commented upon in comnection with FPig. 1. The conditions under which
these projects were sgurveyed and the probable contributing factors are
identical with those in the traffic lame. The faet that the results are
the same needs no further comment. Finallj, any conclusion that could be
drawn from the comparison between the traffic lane and passing lane of the
Class 1 pavements would be that the available data indicate no measurable

difference due to wheel load applications.
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(lass 2 Rigid Pavements

TPhe next two charts, Fig. 4 and Fig. 5, show the roughness in-
dices on (lass 2 rigid pavements. It may be recalled that these pavements
have been designed to compensste for seasonal loss in strength due to sub-
grade deficiencies and less favorable environmental conditlons. From the
ghandpoint of load carrylng capaclty, they are considered adequate for
legal axle loads at all seasons of the year. Referring first to Fig. L,
for the traffic lanre, the data shown cover 24k construction contracts and
some 1275 lane miles of pavement. The same band representing normal be-
havior has been shown in Fig. 4, as there is no evidence to support any
change In these limits. Approximately 7 per cent of the data show rough-
ness indices less than normal, and 8 per cent have roughness indices above
normal limits.

As a whole, the data in Fig. 4 are quite comparable to those in
Fig. 1, and do sbow that Class 2 pavements follow the same trends in be-
havior exhibited‘by the Classg l!pavementsa The cumulative change in pave-
ment roughness with years in service shows observation points fairly well
balapced around the average line or norm. The major difference in Class 2
pavements hag to 4o with the change in Michigen design standards over the
vears and relastes to the fact that for the last 15 eor 20 years all conshruc-
tion on the state trunkline system has been designed and built to be ade-
quate for legal axle loads at all times of the year. Thus, there is only a
seattering of Class 2 pavements that have been in service for periods of

more than 15 or 20 years. The bulk of the data in Fig. U are consequently
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concentrated in the first 15 years, with & greal prepondersnce of the mile-
age having been constructed as part of the major construction programs of
the past four or five years. Many of the comments made with respect to
performance of the (lass 1 pavements also apply to the Class 2 pavements;
hence, many of the details previously discussed need not be repeated.
Attention may then be directed to differsnces in performance of
the different clogses of pavement as revealed by pavemsnt profile dsta.
The first such difference in Fig. 4 is the fact that Class 2 pavements bulls
in the first two or three years show no evidence of any shift in bullt-in
roughness compented upon in discussing the Class 1 pavements, including
posgible changes in construction control or inspectlon procedure. Inasmuch
as the construction of the Class 2 pavements is eoincident with the con-
structbion of Class 1 pavements, it may then be deduesd that cunstruction
control was not a factor in the shift of roughness indices for Class 1
pavements. There are some significent data in Fig. 4 with respect Lo built-
in reughness, however, lthese being related to several spscial projects that
have been identified. By 1959, the emphasis on pavement profiles and rough-
ness data had been given sufficient publicity within the state, which,
coupled with some competitive endeavor related to 4ilfferent typess of pave-
ment, stimulated contractors on certain contracts to make 2 special effort
o build smooth pavements. Project M-20 {101-€2) is a reinforced concrebs
rvavement on the Bay-Qity - Midland expressway where special efforts were
made Go produce supsrior riding quality. The fact thalt the average rough-
ness index on all four lanes of this project was less than 40 is an indica-

tlon of what can be done with respect to built-in roughness when sufficisut



William S. Housel - 22 -

effort 1s epplied. Another project, I-75 (75-C1), bullt in 1958 and sur-
veyed the same year, shown in Fig. 4 represents the: @op of the range in
initial reughness. Construction reports from the project revealed that
poor subbase compaction left the paving centractor with lnadequate sup~
port for his forms. He reported this difficulty at the tlme of construc-
tion as affecting the quality of hils work.

While ell of the projects in Pig. 4 which showed abnormal per-
formance are being investigated, only one other example has been identified

for discussion in this report, that being Project US-2LA {30-C3 and Ck).

‘This project stood out from the standpoint of poor riding quality in the

earliest days of the pavement performanqe gtudy, so it received immediate
attention and has, as a matter of fact, been commented on in previous re-
ports.LL This contract ghows the resuli of using short, 20 foot slabs of
plain concrete without load transfer at the joints in an effort to control
pavement crackling. The subgrade was a heavy lake-bed clay with a fill of
several feet produced by side~caéting from the ditehes,. This £4ill wés al-
lowed to weather for two yaars before the pavement was constructed; then,
an 18 to 24 inch sand subbase wag added to provide more adequate subgrade
support and to eliminate pumping action. The crack control was successful
in that very few of the 20 foot slabs have cracked, but this desigp pro-
dueed one of the roughest riding pavements in southern Michigan due to

tilting of the slabs and faulting at the jolnts.
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Passing Lane of Class 2 Rlgid Pavements

-. In ¥ig. 5, roughness indices for the passing lane of Class 2 rigid
pavements have been assembled. These data cover 139 construction contracts
and 277 lane miles of pavement. There are only a few projects in the survey
more bthan 10 years old, for reasons already cited, and a high proportion of
the roughness data are from projects bullt in the last 5 years. More than
90 per cent of the data Ffall within the same band of normal behavior, with
2 per cent of the points Indicating roughness indices less than normal, and
6 per cent greater than normal. There is no evidence from these limited
date of any differential in the cumuvlative change in roughness between the
passing lane and traffic lane of (Class 2 pavements.

There are fewer projects showing evidence of abnormal behavior
outside the band of normal performance and these are being investigated for
special conditions which may have produced these results. With respect to
built~-in roughness, there are several projects that are exceptionally smooth
and several that are rougher tb%n normal. These include the passing lane of
projects already cited in connection with Fig. 4 for the traffic lane of

Clags 2 pavements, so no further comment is required.

Class 3 Rigid Pavements

The performance of Class 3 rigid pavements, insofar as they are
covered in the three-year survey, is shown in Fig. 6. The data are from TO
construction projects and 353 lane miles of pavement. Most of the projects
are morse than 20 years old and represent outdated desigﬁ and construction

standards which do nob compensate for seasonal loss of strength, so may be
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regarded as deficlent for legal axle loads, at least during the spring
breakup. |

There are a few projects less than 15 years old still rated as
Class 3 pavemen®s, a fact which appears te be inconsistent with present
Michigan design standards. Further ipvestigatlion of the twe projects iden-
tified in Fig. 6 determined that they have been rebuilt to present stand-
ards and should now be reclassified, but this correction had not been made
at the time of the profile survey. M-U6 is an east-west trunkline across
the state, running west from Saginew, and carrying fairly heavy truck - traf-
fic generated by the petroleum industry in thils area. The other two projects
identified were 34 years old at the time of the survey in 1959 and had be-
come extremely rough, requiring heavy maintenance to keep them in service.
These twe sections have éﬁbsequently been strengthened and resurfaced, but
have not yet been resurveyed. These recent consiruction econtracts have
been betterment projects consisﬁing of overlays To reinforce the present
pavement without complete rebullding to correct the basic defiéiency in sﬁbm
grade support and inferior drainage, the results of which are still consid-
ered debatable. While the pressure to bring the rest of this road up %o
present day standards has been heavy, the cost of rebuillding, invelving com~
plete relocation, has postponed its programming in competition with other
important routes also requiring attentlon. |

Further discussion of the performance of Class 3 pavements would
point to the much wider range in performsnce of those projects more than 20
years old. This wide variation in behavior, as compared to what has been

gelected as pnormal performance. suggests less attentlon in degign and
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construction to those factors most responsible for pavément performance;
namely, soil conditions,'drainage) and envirvomment. In this connection, it
may be noted that 25 per cent of the roughness indices are less than normal
and 14 per cent are greater than normal.

It is probable that further investigation of projects showing ab-
normal performance will lead 10 reclassification of & number of the projects
on both sides of the band of normal performance. It is almost certain that
those projects which have bgcome extremely rough would require complete re-
construction or extensive correction of those deficiencies which have lead
+0 peor performance to bring them up to present day standards. One project
in this group, US-23 (29-C¢3), can be used Ffor illustration. This project,
which was 27 years old when surveyed in 1959, had roughaness indices of 330
and 335 inches per mile and is built over a complex of poorly dralined heavy
clays and silty sands. It has carried heavy traffic in later ysars and has
regulred heavy maintenance to keep it in service. It was resurfaced in
1959, shortly after the profile survey, and has now been replaéea by a
modern expresavay, I-T75 of the Interstate gystem. The other project iden-
bified, US-12 {37-C2), wag bullt in 1937 and was extremely rough when sur-
veyed in 1959 aflter 22 years of service under heavy traffic. It, too, was
built over poorly drained soils of heavy clay and some areas of muck and
swamp~border solls in low-lying areas. The concrebte pavement was rein-
forced and of standard thickness, but lacked the granular subbase now used
to compensate for subgrade deficiency and to eliminate pumping. It was re-
surfaced shortly after the profile survey and hag now been replaced iIn the

trunkline system by & modern expressway, I-O4 of the Interstate system.
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Class L Rigid Pavements

A few Glasé b pavements were included in the profile surveys and
are shown in Fig. T more to complete the picture of pavement performance
than to provide desgign date of currsnt interest. There are only 7 coniracts
and 20 lane miles of pavement, all of which are more than 30 years cld. All
of these pavements are rated as extremely rough and fall in the upper range
or above the band of normal behavior which has been shown for comparison.
This performance is consistent with the Class 4 rating, indicating pavements
inadequate for legel axle loads at all times. Special field investigation
of these projects has not been made and may not be reguired as they can be

identified with a hilstory of heavy malvtensnce and substandard conditions.

SOURCES OF PAVEMENT ROUGHNESS

The Teregoing review ef cumulative chapges in rigid pavement with
age in service has been based almost entirely on an analysis of 6,000 miles
of pavement profiles. It may be desirable to supplement these data by some
discussion of special studiss which mey serve to emphasize several import-
ant factors conbributing to pavement roughnessg. These factors may be
briefly described ss temporary and permanent roughness due to frost dis-
placemant, built-in roughness, and deflection due to wheel load applica~

tions.
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Frost Displacement

In the first two years of Michigan Pavement Performance Study, a
number of special pavement sections were selected bthroughout the state to
measure the seasonal fluctuation in pavement profiles due to frost action.
Séme of the data have been previously reported and will be only briefly
presented h@reo6 In Fig. 2 were shown several pavement profiles illustrat-
ing temporary displacement due to curling at The joints combined with frost
displacement in the granular subbase. As shown by a comparison of pavement
profiles at different times of the year, much of this displacement at the
time of maximum frost action was temporary and disappeared in the summer
profile. However, there was some resldusl or permanent displacement re-
maining after each cycle to which the pavensnt was subJected.

In Fig. 8 is shown a seasonal fluctuation in psvement profiles
through the rather severes winter of 1959 and the succeeding summer. The
frost dlsplacement i1s shown for!feur claasifications Qf_@aV@ment in terms
of the average incresse In roughness in inches @er mile for all pravenent
sacbions in each class. The shaded areas represent the permanent or re-
sidual roughness coptributing to the cumilative ipncrease in roughness over
a period of yesrs. There was no consistent correlation betwesn frost dig-
plagement and pavement classification from the standpoint of structural
adequacy, although there wag some trend in that respect.

This type of frost displacement iz to be distinguished Trom the
deep~seated frogt-heaving which was a problem in former years, bub which
has now been largely eliminated from the stabe trunklines. Such frost

digplacement has beesn found Lo be associated with freszing of moisture
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acaumulating in the granular bases and subbases through infiltration at the
shoulder or through joints and cracks, or condensatlion under the surface of
moisture entering in the vapor phase. Thus, the highest classification of
pavements, from the standpoint of load carrying capacity, were affected, as
well as the less adequate roads.

From the standpoint of cumuwlative change, there are several spe-
cific projects shown in Fig. 9 for which profile data are available over
several successive years to 1llustrate the rate of increase in roughness
the first few years afbter copnstruction. There are both Glass 1 and Class 2
rigid pavements in this example, and data are shown from profiles of an ex-
perimental section of continuously reinforced concrete pavement on I-96.
The rateg of increase in roughness as shown are an approximate average, ex-
cluding the first winbter, as the residual roughness for the initial cyecle
of displacement does not sppear to be representative. There is alsoc con-
slderable variation depending on the severity of winter from the standpoint
of frost action. In general, the rate of increase, varying frbm three 4o
seven inches per mile per year in these several pavements in their early
years of service, may be expected to level off over a conslderably longer

period of service.

Built-in Roughness

It would seem that there has been enough said about built-in
roughness in the discussion of pavement profiles covering & considerable
mileage of Class 1 and Class 2 rigid pevements previously presented. How-

ever, there is shown in Fig. 10 one source of built-in roughness that
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relates to pavement finishing in which the cause and effect is so specific
that it needs no particular comment. The excessive roughness of bridge decks
and short lengths of pavement slab where hand finishing is employed has been
a problem of much concern %0 the Michimgan State Highway Department for some
time. Fig. 10 shows direct comparison between sectbions of pavement or bridge
deck, as the case may be, where hand finishing has been employed and adjacent
pavement which has been machine finished. Transverse finishing of bridge
decks iz one of the possibilities under investigation and it has shown some

promise.

Roughness Due t0 Wheel Load Applications

Pavement deflection under wheel load applicaticns and the perman-
ent displacements caused by excessive load are a source of loss in riding
gquality that has always been of major concern to highway engineers. In the
roughness data from some 6,000 miles of pavement profile reviewed in this
report, two important facts stand out, qualified necessarily by the limita-
tions in the volume of supporting data available. First, there were measur-
able increases in the cumulative roughness over a pericd of years in the
Class 3 and Class 4 rigid pavements that were known to be deficient in load
carrying capacity. This deficiency was emphasized in specific projects that
were cited where their poor performance had been more definitely related to
known deficiency in subgrade support.

Second, there was no measurable difference in the cumulative
roughness of the traffic lane and passing lane ¢f Class 1 and Class 2 pave~
ments in the periods of service co%ered by the profile data presented. The
necessary qualification in this statement is in recognition of the short

period of service which is relsted Lo two developments in highway
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construction in Michigan. First, the construction of dual lane divided
highways, where such & comparison could be made, has largely taken place
in ‘the last 10 years. Second, it is only in the last 15 or 20 years that
Michigan design standards have regquired thet all ftrunkline construchtion be
made adequate to carry legal axle loads at all times of the year.

These qualifications notwithstending, the evidence accumilated
is entirely consistent with the statement made by Commissioner Curtlss of
the Bureau of Public Roads in discussing damage caused by highway losds
when he said, in effect, that properly built roads would not be damaged by
the loads for which they were designed. Evidence hearing on the same point
is provided by pavement proflle data from Class 1 and Class 2 pavements
showing that the cumulative increase in roughness with years in service is
closely related to goil eonditions, drainage, and climatic environment.
This in turn illustrates the polnt made by the late Commissioner MacDonald
of the Bureau of Public Roadsg when he saidé "The reads are more destroyed
really by climatic and soll econditions than they are by any usé that is

made of them."

CONCLUSTION

The Michigan Pavement Performasnce Study has now besen in progress
for four years and has accumulated some 8,100 miles of pavement profiles,
including those from the 1961 surveys. This paper presents a subsbantial

part of the data on rigid pavements for the first three years, covering
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966 construction contracts and some 6,000 lane miles of pavement in all
parts of the state. The analysis of these data is still in progress; it is
felt that sdditional information of value in pavement design and construc-
tion is yet to be obitained Trom the data, particularly ian the study of all
of those projects whose performance varies considerably from normal be-
havior.

This study has been predicated on the belief that accurate re-
cording of the condition of existing pavements after years of gervice under
actual fleld conditions and an obJjective analysis of the resulting data was
a most promizing approach for evaluating pavement performance and relating
it to pavement design and consbructlon. In more specific terms, ths pro-
cedure involved, first, accourabs recording of the profile of the pavement
surface which has been evaluated gquantitatively in terms of a roughness
index in inches of vertiecal displacement per mile, supplemented by a study
of the megnitude and character of these displacements as revealed by the
recorded pavement profile. Becond, the cracking of the pavemeht has been
recorded and evaluated quantitatively as a continuity ratic directly re-
lated to the average Interval between cracks and Jjointe.

Fromn these data the following tentative conclusions, subject to
further study and possible revision, may be presented to sumarize the re-
sults.

1. Pavement performance and cumulative chapge in rigid

pavementg, under Michigan enviroonment and service
conditions, can be expressed in terms of & band of
normal performence which brackets approximately 85

per cent of the data, excluding those projects
which have shown abnormal performance.
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The width of this band of normal performance hag
veen taken as 70 inches of vertical displacement
per mile as represestative of the Limits within
which varistions in riding guality have been and
perhape can be controllsd by design and construc-
tion practices,

Initial or built=-in roughness, in terms of inches
of vertical displacement per mile, ranges from 35,
which is considered exvepbiopally smooth, to 105,
rated as only fair. From & general considerabion
af thig rangs and from resalis on gpeeilic proj-
ects which were cited, this is one factor in rid-
ing guality whieh appears o offer an obvious
opportunity for substaptial iwprovement in the
upper limit and any variation sbove this limit.

The progressive increase in pavensyh roughness,

or cumulative change with age in service which
has besn charscterized as norssl, averages L.5
Inehas per year and bas baern basad largely on the
verformance of Claszs 1 apd (lass 2 pavements de-
aigned and bullt to carry legal axlie loads at all
times of the year wnder Michigsn slimabic eaviron-
ment .

Compayrison of the traffic lane snd peassing lane of
Chmslzmd@%ms@ %vWMra,wthf$wAmum
of avallable data, T gpeelific proje-
acts showing abnmrma; b@ud%4@ﬁ l*+h indicate that
an average cumilabtive ineresse ) ““@w@ of a
magnituds of fopr to Dive 1
regaits from the sharsoberist
ments subjsebed bo Michican flimf iv ﬁum@lfi@mgo
Thig finding iz confirmed hy 5pﬁﬂju1 gtudiss of
Trost displacems ; temperature dif-
ferenblals apd appears ify this rapgs asz
one that may nobt be aelffec gontroelled undsr
present design and consbruchion prastices.

o e
BN

The data from (lass 3 and Olags b psvemenbs, recoge
nized sg deficierpt in leed carvying capscitby, do
show evidence of an addad Incrssse in roughness
due to wheel Lload applicaticns. These dats come
from older reads, not reprassntabive of present
design standards in Michigen and conseqguently praw
vide a limited basis for dreawisg gpecifis sonelu-
sions. However, when supplems

had with more

m32m
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definitive results from specific projects showing
abnormal behavior and viewed in the light of fav-
orable results from Class 1 and Class 2 pavements,
there iz clear indication that deficilency in sub-
grade support is the primery factor in their In-
ferior performance.

Finally, with respect o procedure for measuring
pavement performance and relating it to design and
gonstruction conditions, 1t is found that the proj-
ects showing abnormsl behavior provide the most
sigrificant information. JAnalysis of all of these
projects has not been completed, but examples that
have been presented in this report do, in the writ-
er's opinion, provide convincing evidence that the
investigation of exigting pavements under actual
gervice conditions and enviromment fulfills the
promise it was felt to hold for a realistic ap-
praisal of pavement design and perforwance.

m33—
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