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THE MICHIGAN PAVEMENT PERFORMANCE STUDY 

FOR DESIGN CONTROL AND SERVICEABILITY RATING 

By 

William So Housel* 

INTRODUCTION 

The Michigan Pavement Performance Study 

is a cooperative research prog·ram conducted 

by the University of Michigan under a research 

contract sponsored by the Michigan State High~ 

way Department in cooperation with the Uo So 

Bureau of Public Roadso This study had its 

beginning in 1946 1 immediately after the sec~ 

ond World War, when the interest in highway 

design and performance was stimulated by the 

greatly increased demand on the highway transw 

portation system and a nation~wide accelera~ 

tion in highway construction. The program 

was formulated and has since been conducted 

on the proposition that pavement performance 

and adequacy could best be measured by cares 

ful observation of the response of existing 

pavements to the physical conditions and 

forces to which they are subjected in actual 

serviceo 

Many have asked the question, the ~nswer 

to which is still the subject of vigorous dem 

bate, how do you know When a pavement is 

structurally adequate? How thick must a 

pavement be to carry a specified axle load? 

Should a pavement be rigid to bridge over a 

weak subgrade, designed as an elastic beam on 

an elastic support (Westergaard theory)? Or, 

should it be flexible 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 

loads alsoe How is subgrade support incorporm 

ated in a design formula? How about drainage, 

frost action, and soil type1 These are the 

uncontrolled factors of environment ~- how do 

they affect service behavior and how are they 

recognized in pavement design1 What is the 

relative effect of volume and character of 

traffic? 

Pavement Condition Surveys in Michigan 

Michigan believes that the ultimate ans~ 

wers to these questions can be found in the 

behavior of roads that have been subjected to 

these conditions over many years$ ~ell organ~ 

ized pavement condition 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 soil conditions and cH .. 

matt c envi r"nment .. 
1

' 
2

' 
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This work has been 

carried on over the years by a number of indi­

viduals, including Kellogg, Benkelman? Stok .. 

stad, and Olmstead, whose names have become 

well known among highway engineers and soil 

scientists .. 

These investigators early found a sig~ 

nificant correlation between pavement per .. 

fo~nance and environment, including soil type, 

drainage, and climatic factors -~ a viewpoi~t 

which has continued to exert a dominant influm 

ence on pavement design in Michigan.. lmproJve .. 

ments in this approach to pavement design have 

led to more accurate evaluation of soil condim 

tions, drainage, and climatic environment, the 

utilization of local soil materials of favor­

able characteristics, and the selection of 
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pavement structures which more fully utilize 

available subgrade support. While it is rec~ 

ognized that many of these factors are uncon~ 

trolled variables difficult to measure and 

perhaps impossible to express in a mathemati~ 

cal formula~ current pavement performance 

studies in Michigan have been predicated on 

the belief that these uncontrolled variables 

could be reliably evaluated by more accurate 

field surveys and objective analysis of the 

resultso 

Even though many of these factors are 

not susceptible to design control, these same 

uncontrolled variables are those for which 

successful pavement design must provide. Two 

factors were introduced in pavement perfor~ 

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 prom 

file (roughness index) and structural con~ 

tinuity (cracking pattern)o These two factors 

in pavement performance are the quantitative 

counterparts of riding quality and durability~ 

the two most important attributes of the high~ 

way pavemento 

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 terms& 

As once stated by Lord Kelvin~ '~en you can 

measure that of which you speak? and express 

it in numbers, you know something about ito 11 

These accurate? quantitative measures of pavew 

ment performance are also necessary in order 

to identify physical changes in the pavement 

associated with its 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 
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subjected to real traffic in the natural en .. 

vironment in which they must serve over a 

period of years that may mark the useful life 

of each pavementQ 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 prl~ 

ority project on the "Investigation of Exist .. 

ing Pavements".. 'tn discussing a number of 

recent changes in the design of rigid pavement 

and their effect on pavement performance~ it 

was stated, 11It is also believed that, in 

many respects 9 the pavements which are pres~ 

ently in existence constitute the only de~ 

pendable sources of information on which to 

base future designso 11 

Pavement Performance m Willow Run Airfield 

The first opportunity to test this con­

cept in practice came in 1946, immediately 

after World War IIo At that time, the Univer~ 

sity acquired title to Willow Run Airfield as 

war surplus~ with the primary objective of de~ 

veloping the facility as a research centero 

Acquisition of the airfield property involved 

a definite and somewhat perplexing responsi~ 

bility on the part of the University of Michi­

gan and the Airlines National Terminal Service 

Company, !nco (ANTSCO), the agency operating 

the fieldo As stated in the deed, it was rea 

quired "o that the entire landing area 

Q •• and all improvements, facilities, and 

equipment of the airport property shall be 

maintained at all times in a good and servicem 

able condition to insure its efficient opera­

tiono11 The major investment in the airfield 

property was in the airport pavements; the 

question immediately arose as to how servicem 

ability was to be measured and ho\-1 it could 

be demonstrated that the pavements were mainm 

tained at all times in a 11good and serviceable 

condition"o 

In addition to the normal maintenance rem 

qui red for operation of the field, it was de­

cided that a periodic pavement condition surm 

vey would be made to keep an accurate inventory 



of the physical condition of the paving over 

the period of years that the field was in op­

eration~ Starting in 1946, and at intervals 

of approximately five years, aerial photo~ 

graphs of all paved areas have been taken to 

determine the cracking pattern and the changes 

in structural continuity of the pavement under 

its actual service conditionse More recently, 

since substantial portions of the original 

concrete pavement have been resurfaced with 

asphaltic concrete~ procedures for malting the 

pavement condition surveys have been altered 

to correspond with those more applicable to 

flexible pavementse Pavement roughness 9 re~ 

fleeted 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 Portland Cement concrete, and 

later applied to flexible or asphaltic pavem 

ments, which are the particular subject of 

this conference9 This sequence of events is 

entirely consistent with experience in this 

country on many miles of concrete pavementso 

When these concrete pavements have cracked 

enough to become flexible, they deflect. 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 their 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 elementsG Assuming that the ultimate 

supporting capacity of the stress~conditioned 

subgrade is sufficient to sustain the applied 

loads, such pavements may have many more years 

of useful lifeo Such resurfaced pavements are 

generally classified as nasphaltic" or 11bitu~ 

minous 11 pavements; the broken concrete slab 

may serve as a very effective base course for 
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distributing the loads to the supporting sub­

gradeo The structural behavior of such a co~ 

posite pavement has many things in common with 

asphaltic concrete pavements in ge~1eral, and 

may be very appropriately used to demonstrate 

certain basic principles involved in the dem 

sign of asphaltic pavementsG This statement 

certainly applies to pavement condition sur­

veys and procedures used to evaluate pavement 

performance, 

From this viewpoint, Willow Run Airfield 

provided an unusual opportunity to serve as a 

field laboratory for studying pavement design 

and performance; it was in this program 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 elsewhere, 4 and will not be repeated 

here except where these details refer particua 

larly to deficiencies having a significant in@ 

fluence on pavement performance~ 

There are approximately 1~500~000 square 

yards of pavement on the airfield, roughly 

equivalent to 115 miles of 22 foot highway 

pavement, vffiich provides an adequate sample 

on which to study pavement performanceo This 

pavement was constructed in three contracts, 

in 1941, 1942, and 1943o There were signifi~ 

cant variations between the 1941 and the 1943 

construction, ,.mich developed some sharp con .. 

trasts in performance and served to illustrate 

design or construction defects~ 

Figure 1 is an aerial photograph tal~en at 

the south end of the main west apron, showing 

typical sections of the apron, constructed in 

1941, and additions to the apron and the 

curved taxiway, constructed in 1943o This 

photograph was taken in 1946, when the Univer~ 

sity of Michigan acquired title to the airw 

field, and shows the condition of the paving 

at the beginning of the 15 year service period 

under University operationo Although the 

pavement at this time had been subjected to 

almost negligible service in terms of load re~ 

petition, the 1943 additions are beginning to 

shot~J a considerable amount of transverse 



ctac\dngy with virtually no cracks having de .. 

veloped in the 1941 constructione 

Figure 2 is an aer!al photograph of the 

same general area, taken in Novembert 1950? 

after four years of service under commercial 

airline operatione The 1943 construction al .. 

ready showed serious crack development 1 with 

transverse cracks in the center of a large 

percentage of the 25 foot slabs and unusual 

pattern crac\dng developing in cea:tai.n lanes, 

with some slabs already having been replaced 

as sh()wn 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 two 

slab lengths~ 

One of the most interesting developments 

shmm in Figure 2 is this pattern cracldngp 

developing along the edge of every fourth 

lane in the 1943 apron., The. cause of this in­

cipient cracking was traced to the fact that 

this section of the apron was poured in alter~ 

nate 20 foot widths 9 and the concrete mixer 

was permitted to travel on the recently co~ 

pleted 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 

conditions9 The concrete on which the mixer 

traveled was not completely cured, and its 

strength was not sufficient to carry the con­

centrated load of the mixer at the edge of the 

slab without damage .. As a result, these fre .. 

quently accepted compromises in paving prac~ 

tice contributed more to the deterioration of 

this badly craclted pavement than any other 

factors in design or constructiono 

PAVEMENT PERFORMANCE CRITERIA 

Using the pavement at Willow Run to ilm 

lustrate the development and application of 

performance criteria~ it is desired first to 

emphasize that the primary objectives in eval~ 

uating pavement performance are to check de~ 

sign procedures by determining those factors 
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responsible for good performance, and to isom 

late design or construction deficiencies in 

order to identify the physical conditions or 

factors responsible fur these deficiencieso 

A secondary objective 9 as previously mentioned 

in the. case of Willow Run Airfield 9 was to es .. 

tablish a quantitative basis for measuring 

paveme.nt condition or seJ:viceability and a 

reliable procedure by which to measure changes 

in serviceability and determine the cause of 

these changeso From a study of pavement con~ 

clition surveys and general observation of 

highways in service, it had been concluded 

that pavement performance or serviceability 

could be measured in its major practical as­

pect by two factors which may be referred to 

in general terms as structural continuitX and 

rid~ qualit~ or its antithesis~ roughnessc 

The ContinuitY Ratio and Crac\ting Index 

The first of these, structural continu­

ity, derived from the cracking pattern, rem 

fleets the structural adequacy of the pavement. 

The changes in structural continuity or the 

rate at which a pavement breaks up may serve 

as a means of anticipating the future life of 

the pavemente A definite measure of struc~ 

tural continuity was formulated in terms of 

two related quantities which have been defined 

as the continuity !!!i2 and the cracking index~ 

The continuity ~ (CR) is the ratio 
of the average existing slab length, 
or unbroken slab area 9 of the pavement 
divided by a selected standard length 
or area representing normal subdivision 
of a concrete pavement, which does not 
substantially impair its serviceability~ 

5 Teller and Sutherland found~ 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 given slab width~ 

While various 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 deft~ 

nition 9 average slab lengths greater than 15 

feet will result in continuity ratios greater 

than unity 9 t-1hile the subdivision of a con .. 

crete pavement into slab lengths o( less than 

15 feet will produce continuity ratios less 

than unity. Accepting a slab length of 15 

feet as representative of normal subdivision 

of a concrete pavementj regardless of load 

repetition, it would follow that continuity 

ratios greater than unity indicate that the 

structural integrity of the pavement or abil~ 

ity to carry load has not been impairedo 

On the other hand, it is presumed that 

when the subdivision of the slab results in 

an average length of less than 15 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 rapidly as the 

continuity ratio decreaseso To give this 

stage of more rapid deterioration added sig& 

nificance, the cracking~ was introduced 

and becomes the principal measure nf struc .. 

tural continuity 1 or rather the laclt of struc .. 

tul:'al continuity 9 during this stage of p'ro .. 

gressive failureo 

The cracking~ (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 indelt 
is the complement of the continuity 
ratio~ expressed as a percentage& 

The cracking pattern and other evidences 

of surface deterioration that may reflect 

pavement condition have been obtained from 

aerial photographs~ sometimes supplemented by 

a field surveyD Having in mind asphaltic 

pavements in which cracking is much more dif~ 

ficult to photographj cracking and surface 

conditions indicative of deterioration may be 

determined by field surveys and visual inspec-
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thm~ More recently, a great deal of atten .. 

tion has been given to strip photography of 

pavement surfacesp ~vhich has reached a stage 

of development that is quite satisfactory in 

revealing pavement condition~ Costs have also 

been reduced to a point that mal~es such strip 

photographs feasible to use in pavement condi .. 

tion surveyso In a great many projects in 

which the cracking has not progressed to an 

advanced stage~ very satisfactory mapping and 

recording of the crack interval can be carried 

out in connection with pavement profile sur~ 

veys which will be discussed later in some 

detai 1. 

Riding quality Defined by a Rou~hness Index 

Attention may now be directed to the sec­

ond measure of pavement performance, Which rem 

fleets riding quality and may be defined by a 

roughness indexo To the highway user who 

drives over the pavement witho~lt stopping to 

loolt fo1· cracks o:r surface imperfections, :-id= 

ing quality or its antithesis, roughness, is 

the ultimate measure of pavement performance~ 

Vertical displacements at joints or cracksj or 

other pavement displacements sufficient to 

produce a reaction from the motorist 1 repre­

sent poor pavement performancej aside from the 

fact that such roughness may also be an indi~ 

cator of advancing structural failure due to 

lad of continuity.. Such structural detef:'l. .. 

oration not only affects load carrying capao 

city-- such discontinuities become the focal 

points of faulting~ which ultimately reduces 

the riding quality of the pavement below ac~ 

ceptable standards~ Looking beyond the com~ 

plex. interaction of uncontrolled variables ,1nd 

other aspects of pavement roughness, i.t m~:~.y be 

said that the ultimate objective of any pave~ 

ment is to provide ridtng quality, a commod\cy 

which is purchased at a cost. 

It seems reasonable to say that from the' 

very beginning pavements have been built sim¢ 

ply to provide durable surfaces with i~proved 

riding quality for the safety, comfon:. and 

convenience of the high~<tay user~ It has al~ 

ready been pointed out that pavement _r0urhness 



R~ an index of pavement performance is cer­

tainly not new; the same thing applies to 

str~ctural continuity as, in general, pave­

ment bui. lders have found no better way to 

gauge the success of their endeavors than b~ 

direct observation of their pavements under 

the selvice conditions to which they are sub­

jected~ Consequently 9 they have used crack~ 

\ng and roughness as the primary bases for 

pavement evaluation~ While a more detailed 

discussion of equipment and procedures will 

be included later in this paperp it is neces~ 

sary at this point in the discussion only to 

define the roughness ~ as it has been 

used in the Michigan Pavement Perfonnance 

Study~ 

The Michigan roughness~ (Rl) is 
defined as the cumulative vertical 
displacement of the pavement surface 
in inches per mile~ 

Progressive Changes in the Continuity Ratio 

As previously noted, in the early years 

of the operation of Willow Run Airfield, 

cracking or changes in structural concinuity 

served as the primary basis of measuring 

pavement performance and maintaining a satis­

factory level of serviceabilitye Aerial pho= 

tographs~ similar to those shown in Figures 1 

and 2, were taken of all paved areas at in­

tervals of approximately five years. Proce~ 

dures were established for computing the con­

tinuity ratios of all r"Jnways, taxiways, and 

parking aprons, following the definition that 

has been given~ The pavement was laid in 

widths of 20 feet 1 with a longitudinal keyed 

construction 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 joints at 

a spacing of 25 feeto With a spacing between 

joints of 25 feett the initial continuity 

ratio of the pavement was 1~67 (25 7 15 m 

1.67)~ In the early yearst the most preva­

lent type nf cracking in the major portions 
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of this f1eld 9 consisting of runways, taxi .. 

wayst and aprons built in 1941, was a single 

transverse crack subdividing the slab length 

of 25 feet into two parts. Table 1 is a sum~ 

mary of the crac\ting at the time of the 1950 

survey, four years after the field was placed 

in operation. It also shows the marked con~ 

trast in deterioration in the form of cracking 

between t:he 1941 and 1943 constructionll which 

is directly related to poor construction pracm 

tice~ 

In Figure 3 is shown the change in the 

continuity ratio in the centrally located 

Taxiway Bat Willow Run over a period from its 

original construction in 1941 until it was re~ 

surfaced in 195SG A portion of this center 

taxiway has been selected as a typical paved 

area from the 1941 construction to illustrate 

both computation of the continuity ratio and 

procedures developed to correlate performance 

with design, to maintain a given level of ser­

viceability~ This area has been selectPd for 

two reasons: first~ it is subjected to the 

maximum load application on the field; and 

second, there was a known deficiency in rela~ 

tion to pavement design. 

With respect to load repetition, a brief 

summary of loading conditions is in order~ 

The U~ s~ Ar~y·corps of Engineers rated the 

field in 1944, under ncapactty Operation", at 

maximum loads of 52,000 pounds gross plane 

weight for the runways and 41~600 pounds for 

the fleld 1 as limited by the 1943 construc­

tion; 11capacity operation", as then defined, 

was based on a 20 year life and 100 scheduled 

operations per dayo When a traffic analysis 

was made in 1954, commercial planes supplied 

80 per cent of the traffic, the remaining 20 

per cent belng military and civil aircrafto 

The airline traffic alone amounted to 115 

scheduled operations per dayt with the gross 

weight of planes varying 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 9 20 per cent 

of the traffic exceeded that loading by 100 

per cent, while only approximately 15 per cent 



of the traffic was equal to or less than the 

rated maximum loadingo Since 1954, gross 

plane loads have increased rather than deB 

creased; and, even with some recent reduction 

in commercial traffic, scheduled operations 

during these years exceeded the established 

"capacity operation11 o 

With respect to design considerations, 

reference has already been made to poor con~ 

struction 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·· 

siono ~illow Run Airfield was built in 1941 

by the Ford Motor Company under a Defense 

Plant Corporation contract. As a consultant 

to the Ford Motor Company and their architects 

and engineers, the writer had an opportunity 

from the beginning of the project to become 

familiar with the construction of the field 

in considerable detail~ 

The entire field is located on an outwash 

plain of sand and gravel which, over most of 

the field, provided an ideal subgrade with 

practically unlimited subgrade support in con~ 

junction with excellent subsurface drainage. 

However, in the north~central portion of the 

airfield was a lowlytng area of virgin hard­

wood with a heavy accumulation of forest de~ 

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 construe~ 

tion conditions then in effect to enforce efw 

fective control of the grading operation and 

selective placement of subgrade soil~ Conse~ 

quently, in several of the runways and the 

center taxiway, there were areas where failure 

to remove the topsoil and organic matter and 

to make more adequate provision for surface 

drainage affected the pavement behavior in 

later yearso 

One of these areas was in the central 

portion of the central taxiway; it is this 
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area to which particular attention is directed 

in the present discussion. As shown in Figure 

3, serviceability in term!; of the continuity 

ratio decreased more rapidly after airline op~ 

erations started in 19460 By 1950, it became 

necessary to start some slRb replacement in 

the critical area, an operation which contin­

ued periodically for the next five years, un­

til the taxiway was resurfaced with asphaltic 

concrete in 1955. Continuity 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 replacemento 

Continuity ratios shown tn Figure 3 are 

the averages for the entire paved area in 

question, and there is significant information 

obscured by these averages which must be given 

consideration in any objective correlation be~ 

tween pavement performance and design~ This 

is one of the weaknesses of statistics resultm 

ing from the use of averages of one type or 

another to obtain a broad correlation between 

design factorsQ In such averages~ the ex~ 

tremes of behavior or abnormal 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 designo 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 excellent exam .. 

ple of the necessity for developing a procem 

dure which goes beyond the statistics and can 

be followed~ step by step, back t.o the behav~ 

ior of individual slabs, if necessary to 

identify the basic design deficiency. 

In Figure 4 are shown the- cont:inui ty 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 resurfacedQ 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 taxiwayo As a result, the 

continuity ratios of these lanes decrease 

most rapidly during the period of airline op­

eration, until they reach minimum values be~ 

tween Ool and 0.2, which would correspond to 

cracking indexes of 90 pe~ cent and 80 per 

cent, respectively. At this stage, the ?ave@ 

ment has been reduced to a block pavement in 

which a cracking index of 90 per cent, or a 

continuity ratio of Ool, would correspond to 

an unbroken slab area or block measuring ap~ 

proximately 3 feet by 5 feeto Continuity ras 

tios in the outside lanes with no load applim 

cation remain higho 

Computation of the continuity ratios in 

each lane requires detailed analysis of the 

cracking pattern from the aerial photographs, 

carrying back to the individual slab& As 

shown in Table 1, cracks were classified as 

transverse, longitudina1 9 or diagonal~ A 
slab was considered to have developed pattern 

cracking when it had three transverse cracks 

and one longitudinal crack? giving a continu~ 

ity ratio of Oo2 and a cracking index of 80 

per cento A slab which had failed or had 

been removed was considered as the equivalent 

of one having four transverse cracks and two 

longitudinal cracks, giving it a continuity 

ratio of approximately 0.1 and a cracking in­

dex of 90 per cento As shown in Figure 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 .. 

placedo 

However, as shown in Figure 3, the aver­

age continuity ratio in the paved area under 

consideration had been maintained between ap~ 

proximately Oe7 and Oo8, or at a cracking in• 

dex of from 20 to 30 per cent~ This was con~ 

sidered to be an acceptable pavement condi~ 

tion, and was selected as the serviceability 

level to be maintained for the critical area 

chosen for this studyn While this is in it~ 

self a useful objective, it is important to 
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recognize that this serviceability 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 pavemento This may be illustrated 

graphically by Figure 5, in which the continuw 

ity ratios have been computed for large sec­

tions of the pavement at Willow Run Airfield; 

therefore, the figures which will be desig~ 

nated as the ~ average must be viewed in 

quite a different perspective. The two runQ 

ways shown in Figure 5 represent the average 

continuity ratio for the equivalent of approx­

imately 10 miles of 22 foot highway pavement6 

Taxiway B is a paved area roughly the equiva­

lent of 3 miles of highway pavement; other 

paved areas evaluated are of comparable size~ 

Continuity ratios for runwaysD ap.rons 9 and 

taxiways were reported in terms of fie1d aver~ 

ages in 1955., 
6 

A comparative analysis o(: tit-c data given 

in Figures 3~ 4, and 5 ~s enlJghtening and !1-

lustl'ates th~ signi ficanee of average cont!nu .. 

:!.ty ratios a!\1 an index of stuviceability, ss 

governed by the size of the paved area for 

which the average has been computed,. Continu .. 

ity ratios in Figure 5, for paved areas repre .. 

senting the equivalent of from 3 to 10 miles 

of pavement, provide an average which is ream 

S011ably representative of the airfield pave .. 

ments at Willot\1 Run~ Soil conditions, climate, 

pavement type, and loading are all involved in 

samples large enough to provide a valid meas ... 

ure of pavement performance as an average for 

the field as a whole~ b t;;!:t'JllS of such large 

samples, there are significant diffef'ences 

which relate to design or const:n1ction defim 

cienc1es and variations in th"' number of b.ad 

repetitions on different section."> of the lield. 

Runway 4L&22R shows an almost negl igl.ble 

change in continu~ty rati·:> in twelve yeflr-'> of 

service under runway loadingy •Nhith ls cons!dro 

erably less severe than in the ~as~ of taxic 

ways and aprons. Th~s good !)erfor-mance also 

reflects ideal 'HJbgrade conditlons in wh§ch 

there was no known defi dency :\ ntroduced du:ri ng 



constructlone Runway 9Lm27R has been sub­

jected to the same hHiding and is comParable 

in all other respects, except that there is a 

kno-wn subgrade deficiency over the westerly 

portion of the rum.,ay, which led to more rapid 

deterioration of the pavement in that areae 

Taxiway B is comparable to RunYray 9Lm27R, ex .. 

cept that the load concentration. is greater, 

which accounts for the more rapid decrease 

in conttnuity ratio over most of the service 

period. On the other hand, at the last obser~ 

vation in 1953, Taxiway B had been improved by 

more extensive slab replacement than in Runway 

9Lm27R, which narrowed the differential in 

performanceo The 1941 apron is still in ream 

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 c~mpared~ The contrast between the 

1941 and 1943 apron construction has already 

been commented upon,. and the factors which 

produced the poor performance of the 1943 

construction have been identifiedG 

From the standpoint of pavement perform~ 

ance and design, perhaps the most important 

comparisons to be made are those between the 

average continuity ratios for large areas in 

Figure 5 and those which have been compUted 

for critical areas of known deficiencies in 

Figures 3 and 4o In November, 1953, the av~ 

erage continuity ratio for the entire Taxiway 

B is approximately 1~1, taken from Figure 5, 

as compared 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, 1953, which was an averQ 

age for the full width of the taxiway in the 

critical area. This may be compared with a 

continuity ratio varying from 0.15 to 0.2, as 

shown in Figure 4, for the four central lanes, 

which represents the effect of heavy concen~ 

tration of load application on a pavement 

whose lack of supporting capacity has led to 
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its reduction to a block pavementa The co~~ 

trolling factors were excessive subgrade dem 

flection in combination with a weak urirelnm 

forced concrete pavement, which was still too 

rigid to mobilize the available subgrade supm 

port until both it and the subgrade had bem 

come stress~conditioned in service~ 

Resurfaced Pavements- Willow Run Airfield 

The performance of this pavement aftet 

being resurfaced in 1955 is quite a different 

story and illustrates the advantages of flexi­

bility combined ~ith adequate subgrade supw 

porto The results of a pavement condition 

survey made in October 9 1961, have been rew 

ported in considerable detail, 4 and may be 

summarized briefly for the present discussion~ 

The resurfaced pavements are in good conditton 

after six years of service under heavy airport 

loadingo Reflected cracking has not b~en 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 crad-lng 

varied from 25 to L~O per cent and averaged 10 

per cento One area of badly ~racked pavement 

in the 1943 apron had not been resealed and 

showed a reElected cracking of approximately 

50 per cent in 1961$ There has been no perm 

ceptible rutting or displacement of the bi tu~ 

minous surface course& 

As previously indicated, the continuity 

ratio can no longer be used to evaluate per~ 

formance of the resurfaced paveme.nt; ther'l:' .. 

fore, changes in the pavement profile 1 in 

terms of vertical displacement nr ro1.1ghness~ 

have been adopted as a basic measure~ supplo;- .. 

mented by observations of the surfaC'e condj., 

tion described in the previous paragraph, 

Test runs in 1961, with the Michigan Truckm 

Mounted Profi lometer. on Runway 9L .. 27R sh(')w 

that the roughness index in the two outside 

lanes 9 which had not bee.n resurfaced, ranRed 

from 234 to 315, with an average of 267 inches 

per mile, which is rated as extrem~ly rougho 

These outside lanes have had practically no 

wheel load applications; thu.s, this rought1~ss 



was caused by frost displacement and tempera~ 

ture differentials in the annual cycles of 

freezing and thawingo Lack of adequate sur• 

face drainage at the edge of the runways was 

one of the deficiencies in the original con~ 

struction~ with the result that the edge lsne 

was subjected to more severe frost actiono 

The extreme roughness Which has resulted is 

consistent with highway roughness values for 

comparable conditionso 

The four center lanes of this runway, 

which were resurfaced in 1959, had roughness 

indexes in 1961 varying from 74 to 80, with 

an avecage of 77 inches per mile 9 Which would 

be rated as "good" in terms of riding quality .. 

The two middle lanes of the center taxiway, 

resurfaced in 1955, have also been profiled 

and had roughness indexes in 1961 varying 

from 78 to 88~ with an average of 83 inches 

per mile, which would also be rated as 11good 11 o 

The center lanes of the runway and, particum 

larly, the center taxiway are subject to heavy 

load repetition; while the traffic volume can~ 

not be compared to highway traffict the magnim 

tude of the loads is considerably greaterQ 

The p~rformance of the resurfaced pave~ 

ments at Willow Run provides evidence to supm 

port several important conclusions concerning 

pavement designo In the first place, the 

original concrete pavement would have to be 

rated as a structural failure in terms 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 airline 

traffic.. In the second place~ the ultimate 

supporting capacity of the granular type sub~ 

grade has proved to be sufficient to carry the 

heavy load concentrations applied without d~ 

aging deflections~ once the known deficiencies 

in subgrade support had been corrected by what 

may be termed stressGconditioning i~ serviceo 

A cbird factor, which should not be minimized. 

is the fact that after the concrete pavement 

had been reduced to a block pavement, it 

gained sufficient flexibility to fully mobil­

ize the available subgrade supporto Finally, 
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it should be said that the favorable condition 

which has been produced is the result of a 

fortuitous combination of favorable natural 

conaitions Which have produced a serviceable 

pavement in spite of the complete failure of 

that puqement to function as it had been de­

signed. 

WIRE REINFORCEMENT INSTITUT~ PROJECT 

The next opportunity t~ test the continu· 

ity ratio and roughness index ns measures of 

pavement performance came on a cooperative 

research project sponsored by the Wire Reinm 

forcement Institute. This study was conducted 

by the University of Michigan 1n cooperation 

with the Michigan State Highway Department, 

with the objective of evaluating the effect of 

steel reinforcement on the performance of con~ 

crete pavements under actual service condi~ 

tions. Pavement performance surveys were con~ 

ducted on selected projects in southern Michl~ 

gan whicn had been in service for periods 

varying from 10 to 25 years.. Each project in~ 

eluded comparable reinforced and unreinforced 

sections which were observed over a period of 

approximately five years, from 1952 to 1956D 

Aerial photographs, supplemented by field sur­

veys, were used to record the cracking pattern 

from which the continuity ratio was computede 

Roughness was measured by the U~ s. Bureau of 

Public Roads' single Wheel profilometero The 

results of this project were reported in 

1954. 6•7 

This investigation added to the evidence 

showing that th~ behavior of existing pave~ 

ments in actual service could be measured in 

realistic terms by carefully conducted pave~ 

ment condition surveysa Characteristics of 

pavement performance were again expressed 

quantitatively by the continuity ratio, which 

characterized the structural condition of the 

pavement, and a roughness index, which gauged 

significant variations in riding qualitya It 

was found from an analysis of pavement condi@ 

tion in these selected projects that pavements 



with steel reinforcement were measurably 

smoother and that cracking was measurably 

less than in unreinforced pavements~ Experi0 

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 undertakeno 

This project, which was designated as the 

Michigan Pavement Performance Study, was iniu 

tiated in 1957 and has continued to dateo 

MICHIGAN PAVEMENT PERFORMANCE STUDY 

The Michigan Pavement Performance Study~ 

as organized in 1957, ~11as conducted by the 

University of Michigan through the Office of 

Research Administrationo From early 1957 to 

July 1, 1959 9 the project was sponsored by a 

group of agencies associated with the truc!t .. 

ing industry, with the cooperation and assists 

ance of the Michigan State Highway Department. 

The sponsoring agencies were; the Michigan 

Trucking Association; the American Trucking 

Associations, Inc~; and the Motor Truck Diviw 

sion of the Automobile Manufacturers Associa~ 

tion. Since July 1, 1959, the project has 

been sponsored by the Michigan State Highway 

Department in cooperation with the Bureau of 

Public Roads. Under this sponsorship, tbe 

project is a part of the Michigan Highway 

Planning Survey Program financed by HPS funds 

under the supervision of the u. s. Department 

of Commerce 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~ 

!zed briefly in this paper to illustrate the 

type of information obtained from field sur~ 

veya and its value in pavement design, conm 

struction~ and maintenanceo Reference may be 

made to the listed publications for a more de~ 

tailed studyo In summarizing these results 9 
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it is pertinent to take some note of the mag~ 

nitude of the investigation and the coverage 

that it affords of the Michigan trunkline sysQ 

tern as a wholeo 

During the four years, from 1958 up to 

the present time~ that the Michigan Truck~ 

Mounted Profilometer has been in operation 9 

more than 9500 lane miles of pavement profile 

have been recordedo All but a negligible part 

of this mileage is on the Michigan trunkline 

system of some 9435 miles, which include 8050 

miles of two lane pavement, 135 miles of three 

lane pavement, and 1250 miles of divided four 

lane pavemento The trunkline system thus 

amounts to some 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 

projectso These pavement profiles provide 

state~wide coverage and some mileage ~t every 

classification and type of paved road in the 

t~unkline systema In presenting these data, 

it has already been noted that the primary 

objectives of the Michigan Pavement Perfo~ 

ance Study were to check Michigan design pro~ 

cedures~ determine those factors controlling 

pavement performance~ and identify physical 

conditions which contribute to poor perfor~ 

ancee Another objective~ which has been added 

more 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 have 

been recommended as a result of that test. 

The Michigan Truck~Mounted Profilometer 

In the earlier Michigan pavement condi~ 

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 performanceo It was 

recognized 9 however, that pavement roughness 



as a measure of riding quality was also a very 

important factor which, in itself~ ~ay be an 

excellent index to pavement performanceo It 

was felt, however~ that pavement roughness 

should be measured from an accurate surface 

profile which, aside from supplying a roughB 

ness index~ could provide a valuable record of 

the coafiguration of the pavement surface at 

any one time and serve as a more accurate and 

reliable basis for determining changes in the 

pavement profile over a period of timeo In 

this regard, changes in the pavement profile, 

such as faulting at joints and cracks 1 may be 

identified with specific conditions and loca~ 

tions which may be more closely related to dew 

sign in terms of pavement deficiencies& 

The equipment selected for measuring and 

recording accurate pavement profiles is the 

truck~mounted profilometer shown in Figure 6~ 

This truck is equipped to trace and record an 

accurate profile in each wheel track of the 

pavement.. Two sets of so .. called 11bogie 

wheels" located in front and back of the 

truck 1 30 feet apart, provide reference 

points on the pavement surface from which 

vertical displacement is measured by the re­

cording wheel midway between the two sets of 

bogie wheels9 Pavement profiles are recorded 

on a continuous chart and may be retraced 

after any designated period of service to 

measure changes that may have taken placeo 

The tracing and recording mechanism is cona 

nected to electronic integrators which meas~ 

ure the cumulative vertical displacement of 

the pavement in inches for any selected 

length of pavementn This cumulative vertical 

displacement~ when expressed in terms of 

inches per mile, is used as a roughness index 

in subsequent pavement classification. The 

cumulative displacement is stamped on the 

profile chart for each quarter mile to aid in 

selecting critical sections which may be iso~ 

lated for further investigation of possible 

defects in design or construction. 

The University of Michigan equipment is 

modeled after that designed and used by the 

California State Highway Departmento Their 
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design was made available to Michigan by 

Francis N~ Hveem, Materials and Research Engi~ 

neer for the California State Highway Departa 

ment. In addition to recording the cumulative 

vertical displacement? equipment is provided 

for measuring and recording 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 basis for measuring pave­

ment performance~ it is obvious tha~ this 

trace must be very accurately measured and rem 

cordedo One of the first questions asked 

about the Michigan profilometer is, just what 

is the profile truclt measuring and how accur .. 

ately will it reproduce the actual pavement 

profile? The answer to this question depends 

upon the selection of a datum or reference 

from which the recorded vertical displacement 

is measuredo For the purpose of exp-lanation~ 

two pavement profiles taken on the test course 

at Willow Run Airfield have been plotted for 

comparison in Figure 7o The profile shown as 

a heavy line is the trace recorded by the p~o­

filometer truck~ 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 along 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 other wo~ds 9 the refer .. 

ence plane for vertical displacement is repre~ 

sented by a straight line trace drawn from the 

average elevation of the two sets of bogie 

wheels .. 

This computed profile is considered to be 

most representative of the vertical displace­

ments recorded by the profile truclt, Nhich is 

actually measurlng the deflection at the cenG 

ter of the floating base line 30 feet in 

lengtho By visual inspection, there is rea~ 

sonably good agreement between the recorded 

profilP and that constructed from the level 

surveyo There are several other problems of 

measurement and instrumentation involved in 



this simulated pavement profile which have 

been the subject of much additional investiiD 

gation that cannot be presented in this papero 

However, several examples will be given which 

will indicate that the equipment is capable 

of reproducing pavement profiles with suffi~ 

cient accuracy to reflect significant differ~ 

entials in the pavement surface, and still 

keep the equipment and its operation within 

practicable limit&o 

Before presenting several typical pro~ 

files for further discussionp it is desirable 

to provide a rating scale in terms of pavement 

roughness to serve as a basis of reference in 

comparing different pavement profiles and 

judging the significance of the roughness as 

an indication of pavement performance~ Such 

a rating scale is shown in Figure 8; and, 

while it is still considered tentative~ it 

has compared favorably with other procedures 

for rating pavement roughness with which it 

has been correlatedo While the range of veriD 

tical displacement in inches per mile as tabm 

ulated is self~explanatory, it may be well to 

emphasize a few typical ranges of riding qual .. 

ity from exceptionally smooth to extremely 

roughe Cumulative vertical displacement of 

less than 50 inches per mile is considered to 

indicate an exceptionally smooth pavement; 

however, experience has shown that it repreq 

sents a riding quality that is not at all i~ 

practicable to obtain under ordinary co.tstruc .. 

tion conditionso The riding quality of a 

pavement with a cumulative vertical displace~ 

ment of 50 to 100 inches per mile would be 

considered good; between 100 and 150, accept .. 

able; and, between 150 and 200, poor~ A 

roughness index in excess of 200 inches per 

mile is cvnsidered to indicate extremely rough 

or unacceptable pavement~ although there are 

many examples of such roads in serviceQ 

Typical Pavement Profiles 

Several typical pavement profiles have 

been selected to illustrate pavement perfor~ 

ance under the various conditions of service 

for which Michigan design standards have been 
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formulatede In this connection, it is neces~ 

sary to supply for the record the rating sys@ 

tern now being used by the Michigan State High ... 

way Department to classify Michigan highways 

from the standpoint of adequacy to carry legal 

axle loadso Four levels of adequacy were se@ 

lected and defined as follows~ 

Class 1 

No seasonal restrictions~ Pavement 
and subgrade adequate for year~round 
service 1 as represented by natural 
sand and gravel sub~rades with su­
perior natural drainage4 

Class 2 

No seasonal restrictionso Pavement 
designs which cr~~ensate for sea~ 
sonal loss of strength, as repre~ 
sented by subgrades of fineagrained 
soils and generally inferior drain~ 
age corrected by the use of free 
draining sand and gravel subbases, 
raising grade line to improve drainm 
age, removal of frost~heave soilso 

Class 3 

Spring load restrictions requiredo 
Pavement designs which do net co~ 
pensate for seasonal loss of 
strength~ as represented by fine~ 
grained soils susceptible to frosto 
heaving and pumping and with inade~ 
quate drainage provisionse 

Class 4 

Sp~ing load restrictions required& 
Pavement designs inadequate for 
legal axle loads at all times, as 
represented by older roads corrF 
pletely deficient and 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 to 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 
8 reported in more detail, but may be used here 

to illustrate significant variations in pavem 

ment performance and the general range of rid~ 

ing quality that is found on Michigan highways 

under Mir.higan service conditionso Pavement 

profiles, as presented in these figures, folm 

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 rightwhand 

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 to left. In multiple lane highways with 

a 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 stripo Cut and fill is 

indicated at the top of the chart; the roughm 

ness index in inches per mile taken from the 

recorded profile is shown in the center of 

the sheet below each of the two profiles~ In 

the visual examination of these profiles, lt 

should be noted that vertical displacements 

are recorded full scale (1 inch m 1 inch) 9 

whereas horizontal distances are to a scale 

of 1 inch "", 25 feete This results in a 1:300 

magnification of vertical displacements, thus 

exaggerating the roughness in terms of the 

pavement grade or slopeo 

In concrete pavements, joints and cracks 

are shown along the hori zont.al line at the 

bottom of the sheet above which the continuity 

ratio is given? the first figure being for the 

pavement as originally constructud and the 

second figurep on the right 7 being computed 

for the combination of cracks and jointso In 

evaluating data shown on the chart, it may be 

recalled that the continuity ratio has been 

defined in terms of a standard slab length of 

15 feet representing a continuity ratio of 

unity; thus, an uncracked slab between 100 

foot joints would have a continuity ratio of 

6o67~ From the results of previous studies, 

it has been assumed that the structural integm 

rity of a concrete pavemtnt has not been i~ 

paired until the sl&b length has been reduced 

by cracking below the standard length of 15 

feeto 
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In the case of flexible pavements, it has 

been the practice in field surveys to record 

cracks and patching as the most visible evi­

dence of structural discontinuities and sur­

face deterioration that can be readily observed 

from the truck profilometer as the profiles are 

being recordedo In the case of resurfaced con­

crete slabs, reflected cracking is also re­

corded but it is recognized that it is not an 

accurate measure of the structural continu~ -:;• 

of t;,.e burled slab~ The major use m~de of 

sueh d;:~tA in the t'llse t)f bitW'Olino•.Js pavements 

is to have a record of areas in \l'hl.ch surface 

deterioration 1 s somewh:tt advanced and shows 

the need for a field survey to more accurately 

record the pavement condition~ 

Under each of the profiles in the subse­

quent figure;;t pertinent data are given on the 

pavement section, indudtng the type and thick­

ness of various components 9 the subgrade classm 

i fi cation, drainage conditions, !:'Oad classt fj .. 

cation from the stmldpo'int of. adequ.'lcy, pr-ojm 

ect identification~ ':.raffle r:.outlt. based on the 

1957 surveys, Nhl.ch were the latest available 

at th~ time thes1~ data w~re recorded, and the 

date of the profile S\lrveyo 

Figure_2..._:._f.!_ass l Flexible Pa~:_~en!_~: 

In Figure 9 are shown tw0 eXilmpl e s of Cl. ass 

flexible pavements, ':"ep~t>sent.fltive of h1gh 

type bl tumi '.1.0US constru.;-t:i 0\1 and [)resent Mi;:hl m 

gan dE'sign. stnndard.s for thi!'> ;:y;:H.? Df pavem•~l'lt. 

The pavement in Fl:~'.-tnc 9 .. 1\ h:'lS had fJ.,Iy thrr'l' 

years in sel'Vi N', hut t:h>? fH.J.bg:rad•:, !JI.Ivement 

~omponents, 'lnd construc:tion details clrl" so 

closely similar to th•)se of the ?<:lvcm£''1t tli 

F!·.sure 9 .. 3, with 22 years of S.;!rv1 cP., th.1t u,(·v 
should giv-e ~omparable performance over long~r 

periods of time~ Both are on a superio:r type 

of suhgrade, nf sand nutww:;h with exrel.lent 

drainage cha-racteristics, In both cases, th"' 

gravel b~ses we~e constructed firRt and suh~ 

jected to tra.ffic for a sufficient rerlod of 

time to be th'J'!"OI.lghly comp>l.;:ted betore <'dd1ng 

the bitumin<HJS t.Jeal"ing cou'."s\0', In teJ·rn': ·):~ 

r:ldlng q;lllllty. l)oth pav~·ments HOu"!·l he ;r·atocd 

as exceptionally .'i<tlnoth, '''dl('Atin¥ ex:c<'llcnt 



construction practice as well as completely 

adequate load carrying capacity$ 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 assist 

in thorough compaction of the rather loose inm 

coherent sand before adding the gravel bases~ 

Aside from the superior physical conditions 

involved in the construction of these two 

roads, the steps taken to obtain good compace 

tion in all portions of the supporting founda~ 

tions are important factors in the superior 

riding quality that has been proQuced and its 

permanenceo 

One other special condition should be 

noted in connection with the pavement in Fig~ 

ure 9mB, which is reported as having a service 

period of 22 years~ even though it was resur­

faced in 1956., This pavement had sti 11 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 abrasion and hardening 

of the bituminous material had produced a 

fragile surface which had to be either sealed 

or resurfacedo This 9 combined with the neces~ 

sity for widening the road from 20 to 22 feet, 

led to the use of the bituminous concrete reo 

tread. 

Figure 10 ~ Class 4 Flexible Pavements: 

In Figure 10 are shown two sections of an old 

road built up over a period of yeal."s by county 

forces and later taken over by the State High­

way Department and added to the trunkline sys. 

temo The predominant soil type in this area 

is a sandy silty clay with inferior to poor 

drainage, a general condition which has not 

been compensated for by designo Consequently, 

the road has been rated as Class 4, inadequate 

for legal axle loads at all times of the year, 

a classification that is generally borne out 

by its poor performance recordo 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 aparto The section in Figure lQ .. A is a 
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cut through an old beach ridge, on a good sand 

subgrade with excellent dratnageo Aft~r 19 

years of service, the roughness indexes of 84 

in the outer wheel path and 77 in the inner 

wheel path would still be rated goode The 

section in Figure 10-B, over a sandy clay sub~ 

grade with poor drainage, has roughness in~ 

dexes of 363 in the outer wheel path and 282 

in the inner wheel path, outside the selected 

limits of the tentative rating scaleo The 

comparison between these two sections of road 

provides an excellent example of the direct 

correlation between pavement performance and a 

controlling design condition, and the value of 

an accurately recorded pavement profile tn 

differentiating between those sections which 

are giving adequate service and those which 

would have to be rebuilt in order to do so~ 

Figure 11 ~ The Effect of Trapped Peat: 

In Figure 11 9 two sections of pavement have 

been selected which illustrate a sharp con~ 

trast in performance arising from another 

source~ The old gravel road over a poorly 

drained sandy clay had always been badly af~ 

fected during the spring breakup and required 

heavy maintenance the year aroundo When it 

was rebuilt, in accordance with present day 

standards, there were still some weak sec­

tions which led to its being rated as a Class 

3 road, inadequate for legal axle loads during 

the spring breakupo Most of this contract, as 

indicated in Figure ll~A, gave excellent per~ 

formance; after a service period of five years 9 

it would still be rated as exceptionally 

smooth, with roughness indexes of 34 in the 

outer wheel path and 40 in the inner wheel 

patho In Figure u .. a is shown one of the weal( 

sections, which had become extremely rough 9 

with ~oughness indexes of 219 in the outer 

wheel path and 204 in the inner wheel patho 

The reason for this poor performance is obvi­

ous, as this section was built over an old 

peat deposit Which had never been removede 

Continued surface subsidence has been compen~ 

sated for by extensive bituminous patching? a 

maintenance procedure which, as usual, falls 



far short of providing satisfactory riding 

qualityo The basic difficulty is permanent; 

as long as the unstable peat is not removed, 

no amount of strengthening of the pavement 

will correct the defecto Except for the weak 

sections~ 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 d-rainage had been 

compensated for in the design of the rebuilt 

pavemento 

Figure 12 ~ Pavement Roughness Before and 

After Resurfacing: In Figure 12 are shown two 

sections of pavement selected from US~ll2, one 

of the most heavily travelled roads in the 

state~ in order to illustrate several aspects 

of pavement performance including a sharp cons 

trast in performance, again related to soil 

conditions and drainages The old road of un0 

reinforced concrete 9 built in 1926, is shown 

as having a service period of 32 years when 

profiled in 1958o The section in Figure 12~A 

is over a fairly adequate subgrade of sandy 

clay loam with fair drainage~ and shows rela~ 

tively good performanceo It was resurfaced in 

1948 and, after an additional service period 

of 10 years, has retained its riding quality 9 

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 

reflected cracks have been logged in this sec~ 

tion,. 

Iri Figure 12-B is a weak section over a 

sandy clay loam subgrade, but with poor drainG 

age,. It was resurfaced in 1943 and was being 

resurfaced again in 1958Q Before resurfacing, 

it had become extremely rough, with roughness 

indexes of 291 in the outer wheel path and 395 

ih the inner wheel path, This abnormal rela .. 

tionship between the roughness indexes of the 

outer and inner wheel paths was felt to be due 

to pumping at the center jointo This section 

was also profiled after the resurfacing; a new 

profile has been superimposed on the old one 

to indicate the degree of improvement result~ 
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ing from the resurfacing~ Th~ roughness in@ 

dexes of the resurfaced pavement are 66 in the 

outer wheel path and 65 in the inner wheel 

path, which would be rated ve~y good~ How~ 

ever, it is felt that this section will not 

retain its riding quality, but within a rela­

tively short period of years will revert back 

to an ~xtremely rough pavement, reflecting the 

basic weakness of the section which will con@ 

trol pavement performance until this section 

is rebuilto 

The Unique Value of Pavement Profiles 

In the preceding examples~ emphasis has 

been placed on the quantitative measure of 

riding quality by the roughness index and its 

correlation with controlling factors in de~ 

signo The real value of an accurately re­

corded pavement profile goes beyond the rough~ 

ness index derived from itG 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 ito 

Such a profile is as individualistic as a sig­

nature9 reflecting characteristics that can be 

fully appreciated only by examining the pro­

file itself in whatever detail may be required 

to read the pavement 9s past historyo 

In Figure 13 are shown the profiles of 

two sections of pavement to illustrate this 

pointo The pavement in Figure l3~A is of par­

ticular iriterest because it represents the efm 

feet of short, 20 foot slabs without load 

transfer at the joints, in what turns out to 

be a rather ineffective attempt to control 

structural continuity- in terms of cracking~ 

The subgrade was a heavy lalce .. bed clay, with a 

fill of several feet produced by side~casting 

from the ditches~ This f:!.ll was allci.Wed to 

weather for two years before the pavement wns 

constructed, at which time an 18 to 24 inch 

sand subbase was added on top of the grade to 

protect the 9 inch plain concrete pavement 

from quite certairi pumping~ The small reduc­

tion in the continuity ratio indicates that 

the crack control was excellent. but the.ridm 

ing quality produced was still outside the 



tentative roughness scaleo The most interest~ 

ing feature of this pavement is the character~ 

istic sawtooth pattern that has been p~oduced 

by the tilting and faulting of the short 

slabs~ i 1 tustra.ting another type (>f valuable 

information to be obtained from pavement pro~ 

files~ The sawtooth pattern in this pavement 

profile is fairly distinctive, and it seems 

hard to imagine how lt could be produced by 

anything other than the tilting of the short 

slllbso However, there is nothing unique or 

individualistic about the roughness indexes 

of 233 in the outer wheel path and 225 in the 

inner wheel path. 

An interesting comparison is provided in 

Figure 13mB, Which demonstrates not only the 

necessity for detailed study of the profile 

but its intimate relation to the pavement it~ 

self which must also be taken into consideram 

tion. In this section, the profile in the 

outer wheel path again shows a sawtooth patm 

tern, 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 conclude 

that this pattern of displacement would cer­

tainly be due to the tilting of short slabs, 

except that the inner wheel path does not fol@ 

low the patterno Furthermorej the pavement is 

a 9 inch reinforced concrete pavement 9 99 feet 

between contraction joints, and there ate no 

cracks coinciding with peaks of displacement 

in the profileo Further investigation 1ndi~ 

cated that this was flbullt ... in" roughness re .. 

sulting from careless form setting, with dis~ 

placement at the junction between 10 foot 

forms and sagging of the forms between points 

of support~ This type of builtein roughness 

was most apparent in the outer wheel path? but 

also showed in the inner wheel path which has 

a roughness index of 105o 

Frost Displacement 

One of the environmental factors which is 

a dominant factor in pavement performance in 

Michigan comes under the general heading of 

frost actionj 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 fluctuag 

ttons of temperature and moisture~ An inves­

tigation of the changes In the pavement pro~ 

file, due to all of these factors, •.-Jas given 

special attention in the Michigan Pavement 

Performance Study~ For several yea~s, re­

peated pavement profiles have been run on speD 

cially selected sections of all pavement 

classes tn both southern and northern Michigan. 

Some of the details of these observations have 

been published and will only be summarized in 

this discussion as an example of these import­

ant factors in pavement performanee~ 9910 

In Figure 14 are shown two sections of 

pavement which have been selected to illus­

trate frost displacement~ tn Figure 14-A is 

shown a Class 2 flexlble pavement, adequate 

for legal axle loads at all times as subgrade 

deficiencies have been compensated for in de­

signo Three profiles and the dates on which 

they were taken have been shom1 on each cha~t. 

The first is a profile taken in the late fall 

of the year, before frost penetration, when 

the pavement is presumably in its most stable 

conditiono The roughness indexes are 38 in 

the outer wheel path and 44 in the inner wheel 

path, which would be rated exceptionally 

smooth. The second profile was taken in late 

winter, when frost action would be close to 

its maximumo This profile has been superl~ 

posed on the fall profile by matching low 

points, which is presumably as closely as the 

two profiles might be combined to indicate the 

location and magnitude of frost displacement, 

which is considerable~ The roughness index in 

the outer wheel path is 108; that in the inner 

wheel path is 95~ The third profile was taken 

in the late spring, when the subgrade and 

pavement structure are presumed to be ap~ 

preaching stability, although there may be 

some improvement during the succeeding summer9 

At any rate, the important 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 to moisture accumulating in the 

free~draining granular base and subbaseo TI1e 

source of this moisture is considered to be 

infiltration at the edge and moisture condens~ 

ing under the cold pavement surface after hav~ 

ing moved to that surface in the vapor phaseo 

Finally, it may be noted that the cumulative 

roughness or loss of riding quality was ob~ 

served in Class 1 and Class 2 roads 9 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

flueneeo 

In Figure 14mB are shown three similar 

profiles on a Class 4 flexible pavement which 

is deficient in load carrying capacity and for 

that reason has become extremely rough. This 

is the same section of pavement discussed in 

Figure 10, so with respect to 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~ 

sidu~l roughness in the spring profile was 

also less significant and, as a matter of 

fact, in the inner wheel path the recorded 

roughness in the spring was actually less than 

in the fall& Possibly traffic or other influ~ 

ences might have actually smoothed out some of 

the peaks of the displacement~ resulting in a 

decreased roughness indeX& While the differm 

entials in the roughness index were small, 

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 9 it may reach a 

limit not likely to be exceededo 

~ative Changes in the Pavement Profile 

The next two figures will be used toil~ 

lustrate cumulative changes in the pavement 

profile, showing significant trends which may 
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prove useful in evaluating the p,:.:T'formance of 

different pavement designs over ionger periods 

of serviceQ the first example shown ln Figure 

15, from US-31, the Muskegon .. Grand Haven ex~ 

pressway, has been selected as typical of 

heavy duty bituminous pavement~ This road is 

a four lane divided highwayG The representam 

tive section selected for study was built 

under two contracts Which, combined, are ap~ 

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 yearse 

Special attention was given to the con~ 

struction of this pavement to insure superio~ 

riding quality, and the design anticipated 

that this riding quality would be preserved 

over a considerable period of years~ The 

first profiles, run in the fall of 1958~ were 

exceptionally smooth 9 with roughness indexes 

varying from 20 to 40 inches per mile~ In 

March, 1959, at the peak of the frost action 

period 9 there were certain sections~ as shown 

in Figure 15 9 that developed a roughness in­

crease that had not been anticipated. Special 

study revealed that these sections were near 

culverts or at points of high water table 

which, during this winter of unusually deep 

frost penetration, were subjected to some 

deep .. seated heaving .. This condition did not 

occur in March of 1960 or 1961, but was~~~ 

peated in 1962, a winter when there W!\S mis 

other severe frost penetration~ 

Examination of the series of profiies In 

Figure 15 indicates the reproducibility of 

such pavement profiles by the tt"uck~mnunted 

profilometer and gives some indic<ltion of the 

reliability of this equipment within practical 

limitsq At the rtghtAhand side of the figu~e 

are shown survry dates and the roughness inde-x 

in inches per mile for the particulnr section 

shown in Figure 15~ which is consi.den•d rcpn~~ 

sentative of the entire mil\'a>!r: j!'..v()lved i'1 

this special study. ln add\tiotl to the cvciP 

of roughness chanr,es, particularlv du"ti!H'' o,(. 

vere wintE-rs, then' is~~ slow u,Jw<wJ tl'(-'od ·,n 

the roughness Index, \ndic;;ting !'lo.-r.t' res~d1:d 



displacement accumulating from either frost 

action or load repetition. 

In order to obtain a clearer idea of the 

cumulative change in roughness on these two 

contracts, the data have been presented 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 cycle in roughness can be seen in 

all lanes~ with the high points generally be~ 

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 pointse These slopes are summarized 

in Table 2, in which maximum and minimum rates 

of change have been determinede The maximum 

rates have been determined by two low points 

which may be questionedo The first is the low 

point in Septemberv 1958j before the pavement 

had been opened to traffic or was exposed to 

its first winter cycle; this first cycle has 

been found to produce an abnormal increase in 

roughness as compared to subsequent yearso 

The second low point which is questioned is 

in March, 1960 9 when a normal winter would 

have produced a high point rather than a low 

pointo During the spring of 1960, there was 

some difficulty with calibration of the equipa 

ment; also 1 that winter was one in which there 

was very little frost penetration until after 

the first of Marcho 

The minimum rates are based on low points 

in the summer and fall of 1959 and low points 

in the fall of 196lj which also correlate well 

with the reading obtained in the spring of 

19624 Maximum rates of increasing roughness 

vary from 3 to 4~5 inches per mile per year; 

minimum rates vary from 1 to 2o5 inches per 

mile per year& In terms of averagest the 

rates of increase in roughness vary from ape 

proximately 2 to 3o5 inches per mile per yearo 

It is also interesting to note~ in connection 
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with these data, that there is a measurable 

differential in rates of increase in roughness 

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 9 a deduction which is not incon­

sistent with some changes in the condition of 

the pavement surface which have been observedo 

In concluding the discussion of the data shown 

in Figures 15 and 16j it 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 pavemento 

The trends shown nver this period of time must 

be considered only indications and not a suffi~ 

cient basis from which to draw any final con~ 

clusionse 

CUMULATIVE CHANGES IN ROUGHNESS 

WITH AGE IN SERVICE 

One of the major questions bo be answered 

in pavement design is the long range performF 

anee of pavements and the anticipated useful 

life before a pavement must be replacedo In 

the more than 9000 miles of pavement profile~ 

there is a considerable mileage of older roads 

which have been in service up to a maximum of 

35 yearso In the surveys to date? more atten~ 

tion has been given to concrete pavements than 

to the flexible bituminous pavements; thus, 

only scattered data are available on the older 

pavements of the flexible typeo However? what 

is available will be presented to at least in~ 

dicate trends. 

In the next three figures, available data 

on cumulative changes in roughness of pavements 

having longer periods of service will be pre~ 

sented. Three main types of pavement will be 

included in these figures: first, Class 1 

rigid pavement (Portland cement concrete); 

second, Class 1 recapped concrete pave~ent 

(bituminous resurfacing); and, third, Class 1 

flexible pavement (asphaltic concrete on aggre~ 

gate bases)e In all cases the data will be for 

the traffic lane; no more than passing comment 



will be made w\th regard to differentials in 

performance between the passing lane and the 

traffic lane& 

In all three figures, the method of prem 

senttng the data is the same: years in serv­

ice is the ordinate; the abscissa is the 

roughness index in inches of vertical dis­

placement per mileQ Each plotted point on the 

chart represents the average roughness index 

in one wheel path of a pavement construction 

contracte When only one lane of a contract 

has oeen surveyed~ thert: will be two plotted 

pdnt.s for th.lt <~ontract; when both traffic 

lanes have been surveyed, there will be four 

such points for that contract, as illustrated 

on certain contracts identified on these fig~ 

ures. 

tn general, it has been found that: the 

outer wheel path ig rougher than the inner 

wheel path due? [Jtesum-!lbly, to greater expo .. 

sure or weakness at the free edge of the slab~ 

There are exceptions to this which can usually 

be associat~d with some specific pavement con~ 

ditio~~ Special studies have bee~ made of 

variations of this nature but will not. be dis~ 

cussed in detail as part of this papere 

A rather elementary but read! ly under= 

standable procedure has been evolved for eval® 

uating the cumulative changes in pavement with 

age in service~ The first step is to compute 

the average roughness index for each five year, 

period as the center of gravity of all obser­

vations in that period~ These averages are 

shown as large circles on the three charts 

under consideration and are used to determine 

an average slope or rate of increase in roughm 

ness with years in service~ Two limiting 

linea are drawn parallel to 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 fact, been determined by trial and 

error, with some modifications made to take 

care of unusual variations or abnormal results .. 

When the number of projects from which 

data are available is very limited, abnormal 
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results from one project exert undue influence 

on the average and would distort the trend 

that might be most representative of long time 

service behavioro In these casesj as a seconG 

trial? results falling above or below the 

normal band of behavior that has first been 

determined are not used in the average, which 

is then computed on the basis of the points 

within the band of normal behaviore The 

scattered data in Figure 19 for Class 1 flexi­

ble pavements more than 10 years old is an exG 

ample in which it may be necessary to use this 

procedure to get any valid indication of what 

the trend may be in later years~ 

Class 1 Rigid Pavements 

The data for Class 1 rigid pavements are 

shown in Figure 17 9 and constitute the most 

comprehensive set of data available, both from 

the standpoint of years in service and the 

number of contracts and mileage coveredo Most 

of these data have been previously presented 

and are used in this paper as an example of 

the interpretation of roughness measurements 

and to serve as a basis for generalizing less 

comprehensive sets of data on other types of 

pavemento The data shown in Figure 17 have 

been taken from l '39 construction contracts 

and 664 lane miles of pavementQ 

For.the first 25 years the averages fall 

quite consistently along the line with the 

slope of 4o) inches per mile per year, which 

represents the rate at which these pavements 

lose riding quality with age in service.. The 

boundaries of the band of normal behavior? 

drawn parallel to this line to include 85 per 

cent of the roughness data, have intercepts on 

the horizontal axis ranging from a roughness 

index of 30 to a roughness index of lOS, 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, 

which is accounted for by the fact that many 

pavements more than 25 years old have been rem 

constructed, recapped, or changed in classiflm 

cation. With few exceptions, only those proj­

ects exhibiting superior performance are still 



in service and have been included in the pro .. 

file surveyso A review to trace the history 

of all concrete pavement built before 1936 

has been only partially completed; thus far~ 

\nrlicatlons are that very few of these older 

concrete pavements remain in service after 

having become very rougho 

At this point in the discussion, the most 

important interpretation of the data shown in 

Figure 17 is that these pavements have suf .. 

fered a cumulative or continuous increase in 

roughness at an average rate of between 4 and 

5 inches per mile per yeare When it is con­

sidered that Class 1 pavements are those that 

have been rated as adequate or more than adeQ 

quate for legal axle loads at all times of the 

year, it must be recognized that load carrying 

capacity is not the controlling factor in this 

progr~ssive loss of riding quality., From this 

it follows that the predominant causes of this 

type of pavement deterioration are environmen~ 

tal factors, mainly associated with seasonal 

cycles and fluctuations of moisture and te~ 

perature combined with frost actiono 

In correlating 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 behaviors A number 

of projects, whose performance is either. supe­

rior or very poor, have been identified in 

Figure 17, and the factors leading to their 

abnormal performance have been discussed in 

some detail in a previous report& 11 For the 

present discussion, only two of the most il~ 

luminating examples will be presented for il­

lustration., 

The first such example is given by two 

contrasting projects, US~31 (3~Cl) and US-31 

(5~Cl)o 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 fair to acceptableo The second 

project, after 14 years of service~ is rated 

extremely rough 9 with the roughness index 
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falling near the upper limits of the band of 

normal behaviore 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 

closely comparable traffice The soil classim 

fication of Plainfield sand is correct for the 

project showing superior performance but in­

correct for the project which has become ex~ 

tremely rough~ The latter contract is located 

at a transition in soil types, with the major 

portion of this project in an area of silty 

clay loam with inferior drainage conditionso 

This part of the pavement should have been 

rated as Class 3 or Class 4o The transition 

in soi 1 series and the marl<ed changes in pave~ 

ment performance are accurately identified on 

the recorded pavement profileo 

Another interesting example is P-roject 

M~21 (35~Cl0); most of the roughness index 

values on this contract fall in the lower 

range of the band of normal behavior, showing 

acceptable performance over a service period 

of 19 years; but, there was one exception to 

this statemente This was a single observation 

of a roughness index of 225 along the outer 

edge of a quarter mile section of pavement 

widening on this contracto A field investigam 

tion of this section revealed that a storm 

sewer had been laid along the edge of the 

pavement; backfill settlement undoubtedly pro~ 

duced the high roughness indexo 

Class 1 Recapped Concrete Pavement 

The roughness index data shown in Figure 

18 have been taken from 118 const'ruction con ... 

tracts covering 461 lane miles of pavement~ 

Surveys have been conducted over a period of 

four years, from 1958 through 196lo There are 

no projects more than 20 years old, which more 

or less establishes the period over which 

there has been extensive bituminous resurfacw 

ing of old concrete pavementss 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 previously 

described procedure, within practical limits~ 

Actually, the average slope of these lines 

would have been 4G85 inches per mile per year, 

or slightly greater than in the case of the 

rigid pavements in Figure 17 9 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; 

to 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 and represent no more than a 

negligible departure from the precise average~ 

From this it is concluded that in recapped 

concrete pavcments 9 the cumulative change in 

roughness with age in service is substantially 

the same as in the concrete pavements them~ 

selves, which are now serving as the base 

course for the bituminous surface0 Recalling 

that the roughness changes under discussion 

are the effect of curling~ warping, and 

shrinkage of the concrete pavement under the 

influence of environment~ it would be deduced 

that this same behavior is being reflected 

through the bituminous surfaceo 

There are a number of projects in Figure 

18 which fall outside the band of normal be~ 

havior and have been identified by contract 

number for further investigation of the ab~ 

normal behavior which they have shown. While 

complete investigation including field check .. 

ing is still in progress 9 there is some sig­

nificant information from Figure 18 which 

throws light on important factors relating 

pevement design to performance$ While there 

are exceptions 9 in which the influence of 

other conditions enters, a review of all the 

projects under discussion brings out the fol~ 

lowing fact: a large majority of the projects 

having the higher roughness inde" values are 

plain concrete~ while a corresponding majority 

of the projects falling in the lower range of 
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roughness index are reinforcedo Reinforced 

and unreinforced pavements have been indicated 

on the figure" 

Before leaving the discussion of resur~ 

faced concrete pavements, it should be pointed 

out that 9 in Figure 18 9 the years in service 

are figured from the date of the last resur­

facinge Studies have also been made of the 

relationship between cumulative changes in the 

roughness index and the date of the original 

concrete pavement constructiono Some signifiB 

cant relationships have been brought out by 

this study, but space will not permit presen~ 

tation as part of the current discussiono 

Class l Flexible Pavements 

Data available on the cumulative changes 

in the roughness index of flexible pavements~ 

from 50 contracts and 370 lane miles, ore 

shown in Figure l9o Determination of the band 

of normal behavior and the slope of the Ut-.~s 

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 1 is too 

scattered to justify selection of a rate of 

change any different from that already deter­

mined for the other pavement types that have 

been discusseda It may be noted that a rate 

of change of 4o5 inches per mile per year 

seems reasonable and that the parallel bounds .. 

ries for the band of normal behavior include 

the scattered points for the older projects 

quite satisfactorily~ 

There are several general comments that 

should be made '!11! th respect to this type of 

road constructiono The older projects were 

built during a period when bituminous pave­

ments in Michigan were thought of as low cost 

road construction~ As a consequence 1 both de~ 

sign and construction requirements were much 

less exacting than those practiced in recent 

years~ Consequently 9 a wider range of behav@ 

ior must be expected in projects more than 15 

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 



data before the long range performance can be 

considered to be anything more than an indi .. 

cated trende On the other hand, the more re~ 

cent projects, no more than six years old~ 

show definite evidence. of closer control of 

design and construction than in the older 

projectse The points are more closely grouped 

and the band of normal behavior is narrower 

than in any of the other sets of datao In the 

case of initial construction, the range of 

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 number and 

are under investigation to determine the cause 

of the abnormal behavior which their perfox.~ 

ance indicateso Field investigation of these 

projects is a necessary step in further analy~ 

sis, and these data are not yet available. 

General information on construction conditions 

indicates that the contrast between abnormally 

good performance and that which is abnormally 

poor is closely related to soil conditions and 

to design and construction practices which~ as 

already noted in the case of the older roads~ 

left much to be desirede In this connection, 

perhaps the outstanding feature of the data on 

flexible pavements is the rather sharp cono 

trast between the wider range of pavement pere 

formance on the older projects and the b€tter 

control evidenced in the more recent construe~ 

tiono In concluding the discussion of the 

data available on flexible pavement construcu 

tion, it should be stated that there is not 

sufficient evidence now available to establish 

rates or range of cumulative change with age 

in service of these pavements that might dif~ 

fer from the findings for the other pavement 

types previously discussed in this paperG 

CORRELATION OF 

MICHIGAN PAVEMENT PERFORMANCE STUDY 
WITH AASHO ROAD TEST RESULTS 

The great interest in the last 10 or 15 
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years in evaluating pavement performance as re~ 

lated to design has led many highway agencies 

to undertake research programs directed to this 

objective~ The AASHO Road Test is by far the 

most elaborate and extensive project of this 

kind conducted to dateo The results of this 

test have recently been presented at a special 

three day meeting in Sto Louis, May 16-18? 

1962G With the AASHO Road Test data made 

available for public dissemination and analy~ 

sis, it is now possible to make comparisons 

with the results of other research projects 

and to work out useful correlationso 

One of the objectives of the Michigan 

Pavement Performance Study has been to esta~ 

!ish a relationship between pavement perform­

ance criteria developed from condition sur~ 

veys on existing roads and AASHO pavement perc 

formance conceptso In February? 1959, pavement 

profiles were run on Test Loops 3, 4, 5, and 6 

at the AASHO Road Test with both the Michigan 

and the Road Test profilometerso The theoreti­

cal relationship between the cumulative verti~ 

cal displacement and slope variance based on 

an assumed sine wave profile was worked out by 

Irick and is given by the follo1rdng equation: 

in which 

RI 

sv 

RI 57 VsV 

Michigan Roughness Index 
in inches per mile 

AASHO 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 plot~ 

ted as the abscissao Experimental data from a 

number of projects have been plotted to check 

this relationship or, rather, to test the va­

lidity of the assumptions on which it is based~ 

Measurements made by both profilometers are 

conditioned by the base line length from which 

either vertical displacement or angular dis~ 

placement is measured and the positioning of 

this base line with respect to the pavement 

grade~ 

Measured vertical displacement 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~ 

spect to a floating base line; it may be shown 

that if either encountered a regular sine wave 

of critical length~ the result might be se:t"f .. 

ously in errorQ However, if the profile con~ 

tains random wave lengths of sufficient number 

and varlety 9 en·ors of this nature are compen .. 

sating rather than cumulative and the reported 

roughness index or slope variance may be truly 

representative of the pavementis characteris~ 

tics .. 

Data from seven projects are plotted in 

Figure 20a They indicate that the theoretical 

equation based on a sine wave profile is rea~ 

sonably representative of actual pavementso 

This means that the length of pavement is suf .. 

ficient and the character of the displacement 

is such as to provide randomization of cyclic 

deviations or wave lengths0 The points shown 

as triangles are from t~ro test loops of the 

AASHO Road Test for which the average roughb 

ness index has been plotted against the aver .. 

age slope variance~ Each factor has been 

measured by the profi lomete:r designed for that 

specific type of observation0 The plotted 

points are the averages of observations from 

the 24 test sections~ 100 feet in length~ 

which were availableo Further analysis of 

these data is planned as soon as time will 

permit~ now that detailed results can be made 

availablee It may be noted that comparison of 

the short test sections showed little evidence 

of correlation in a preliminary studye This 

result is consistent with the above comments 

on randomizatione It also follows variations 

in which the average index value changes with 

the size of the sample~ as pointed out in the 

discussion of the continuity ratio of the 

center taxiway at Willow Run Airfield earlier 

in this papere 

Two other points? shown as open tri~ 

angles, are far removed from the straight 

line sho~m in Figure 20~ These are also meas@ 

ured values 9 taken, h0\·1ever, from a selected 

test section on us~20 in Indiana where a 

24 

nur(:; r of agencies tested thei:r pavement eval"' 

uation equipmente Further analysis of these 

data is required~ but it is !mown that this 

pavement had some unusual characteristics 

which may have prejudiced the data from one or 

the other of the profilometerso 

The points shown as circles are from 

Michigan projects selected to cover a rather 

wide range of roughness~ and limited in number 

by the saort time available since the AASHO 

results were releasedo The roughness index 

(RI) was measux·ed by the Michigan profilometer; 

the slope variance (SV) was computed from 

level measurements made at intervals of one 

foote 

Present Serviceability Index (PSI) 

The next step in relating r~sults from 

the Michigan Pavement Performance Stl.ld,Y to 

AASHO criteria is the computation of the pres~ 

ent serviceability index (PSI)e This has been 

done for 12 Nichigan pavement sections$ six of 

rigid pavement and six of flexible pavementa 

An example of the computation for one of the 

fle,d,ble pavements h given in Appendix A; 

the results for all 12 sections have been 

plotted in Figure 21o 

On these projects~ the roughness index 

was measured by the Michigan profilometer and 

the slope variance was computed from level 

measurements made on all sections of flexible 

pavement and three sections of :rigid pavement& 

The other three sections of rigid pavement are 

projects for ~mich the slope variance had been 

obtained by the Chloe profilometero The slope 

variance data were not available to the writer, 

but the present serviceability indexes (PSI) 

computed for these projects were obtainede 

~ile correlation of many more Michigan proj~ 

ects would be desirable, time would not per~ 

mit; enough examples have been presented to 

demonstrate that the Michigan roughness index 

and continuity ratio can be readily transft 

lated into terms of the AASHO serviceability 

index .. 

In the computations in Appendix A, there 

are two observations that appear to have some 



importance from a practical point of view., In 

the example, the influence of rutting and of 

cracking and patching appears to be quite negG 

ligible in changing the serviceability indexe 

It may be deduced from this that pavement de .. 

terioration and rutting would have to be qu'li:e 

advanced before they would exert a controlling 

influence on the serviceability indexe How~ 

ever~ from the standpoint of timely mainten~ 

ance or detection of a structural weakness 

associated with rutting, such evidence of po~ 

tential loss of serviceability is much more 

important than the formula indicates~ This 

suggests th.'lt these aspects of pavement: per~ 

formance should be treated at their face value 

as an independent maintenance control~ even 

though they lose importance when combined in 

a single number \>Jhich is largely controlled 

by pavement roughnesso 

The second comment has to do with con~ 

verting the roughness index (RI) to slope 

variance (SV) by use of the relationship shown 

in Figure 20 9 rather than computing the slope 

variance from level readingso Such an alter~ 

nate computation~ as shown in Appendi~ A, 

changes the serviceability index (PSI) from 

3e0 to 3o06o This, too~ suggests that the 

Nichigan roughness index can be used in such 

a computation with negligible effect in estab~ 

lishing the serviceability level of the pavem 

ment at any given point in its useful 1 i fee 

If this is a reasonable deduction~ the cumula .. 

tive change in roughness with age in service 

presented in Figures 17» 18, and 19 takes on 

added significancee The point is that these 

changes are associated with environmental fac­

tors which provide the only reliable basis for 

predicting future performance~ This basis for 

forecasting future behavior can only be estab­

lished by observing the reaction of existing 

pavements to years of service~ This normal 

change in roughness can be converted into a 

future serviceability index and a limit sem 

lected to establish the estimated serviceable 

life of the pavement in its specific environ~ 

ment .. 
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CONCLUSION 

Pavement condition surveys of existing 

roads have been used for many years in Michigan 

as the basic control for pavement design.. Core 

relation of perfonnance with design has shown 

the dominant influence of soil conditions and 

environment.. As a result, Michigan design has 

been developed primarily to produce pavements 

adjusted to their environment~ In general, 

these pavements are then capable of carrying 

legal axle loads at all seasons without damage 

due to load repetitione Michigan pavement de~ 

sign may then be characterized as the design 

of the foundation of the pavement; the pave~ 

ment itself can then be of standard design of 

nominal thicknesso 

In recent years attention has been given 

to improving procedures for conducting, condi .. 

tion surveys~ more precise correlation between 

performance and design, and developing quanti~ 

tative measures of pavement performanceo The 

primary objectives of these efforts were to 

identify controlling factors in design and to 

evaluate the manner in which £:_,rl the extent to 

v1hich they contribute to performance.. Another 

objective was to evaluate se4viceability and 

establish standards for maintaining pavements 

at all times in a good and serviceable condim 

tion to insure their 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 relationship 

bet'!<-Jeen pavement performance developed from 

condition surveys on existing roads and the 

AASHO pavement performance conceptso 

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 principa!se A numbel:' of other agencies 

have entered into the program as sponsors and 

made sutstantial contributions to its From 

these studies, t\>10 basic quantities have been 

selected to measure pavement performanceo 

First, a continui~ ~has been defined 



which expresses in numerical terms the struc~ 

tural continulty of a pavement, the loss of 

Which and the rate at which this loss takes 

place ~aug£ the deterioration of the pavement~ 

Second, the roughnes~ ~, measured in 

inches per mile of cumulative vertical dis~ 

placement 1 expresses the riding quality of 

the pavement at any given timea 

Early studies at Willow Run Airfield and 

a five year investigation of highway pavements 

to explore 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 

1957 through 1962, more than 9000 lane miles 

of pavement profile have been accumulated~ 

Typical examples given in this paper demonm 

strate the close correlation of the roughness 

index and continuity ratio with design factors 

which control pavement performancea FurtherD 

more~ it has been found that an accurate pro~ 

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 farces and exs 

posure to which it has been subjectedo 

A number of more specific conclusions may 

be li stedt 

lo All Michigan pavements investigated 
suffer a cumulative increase in 
roughness which, based on present 
data, occurs at a rate of some 4 to 
5 inches per mile per yearo It has 
been found that this change is due 
to the effects of the environmental 
factors, climate and soil conditions, 
and represents normal behavior of 
pavements capable of carrying legal 
axle loads, and more, without damage 
to the pavement structurea 

2G Bands of normal behavior were e~tabm 
lished which bracket 85 per ceht of 
the data, excluding those orojects 
showing abnormal performance.. Tt1.1s 
band, which varies in width from 60 
to 75 inches per mile is now prem 
sumed to be a range within which 
riding quality can be controlled by 
current methods of design and con­
structiona 
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3. While there i:o some evidence that 
the range of controlled riding 
quality may vary between different 
pavement types, there is insuffi~ 
cient data now available on some 
pavement types to establish such 
differential sa 

4a The performance of old concrete 
pavement recapped with an asphal­
tic surface is so close to that of 
the original concrete pavement itm 
self that it seems reasonable to 
conclude that the distortion of 
the concrete slab due to fluctuas 
tions of moisture, temperature, 
and related environmental factors 
is reflected through the protect­
ing asphaltic surface with little 
or no change. 

s~ Early studies of reinforced and 
unreinforced concrete pavement 
showed that among the projects 
surveyed~ reinforced pavements 
were measurably smoother and had 
measurably less cracking than did 
the unreinforced pavementsQ Old 
concrete pavements, both rein~ 
forced and unreinforced 9 resur~ 

faced with asphaltic concrete 
were surveyed; the results are 
reported in this paper~ The per­
formance of these pavements, as 
shown in Figure 18, gives evidence 
of a strong correlation between 
reinforcement and improvement in 
riding quality .. 

6.. A comparison was made between the 
Michigan roughness index and con~ 

tinui.ty ratio and the pavement 
performance concepts from the 
AASHO Road Testo It was found 
that the Nichigan data and per .. 
formance criteria can be readily 
converted to the AASHO servicew 
ability indexo This means that 
the pavement condition surveys 
of more than 9000 lane miles of 
pavement can be so converted and 
used to establish the servicem 
ability level of these pavements 
in terms of a standard which th£ 
AASHO Road Test has pl:'oposed. 1 t: 
is pertinent to nu·r:e that the 
pavement profiles of these 9000 
lane miles provide a great volume 
of basic design inf.o~mation re~ 
vealed by the physical condition 
of these pavements in their natural 
environmento This information in .. 
eludes design conditions to bE' nk:t 
and deficiencies to be C'Orretted 
to insure that the future service~ 
ability of. these p.wemr.nts wi 11 
meet whatever 2tandards mny be 
adoptedo 



TABLE 1 

PERCENTAGE OF CRACKED SLABS 

1950 SURVEY 

Type Year Date of 

of of Construction 

Crack Survey 
1941 1943 

1946 4 35 
Transverse 

1950 10 85 

1946 Negligible 15 
Longitudinal 

1950 Negligible 25 

1946 Negligible 2 
Diagonal 

1950 Negligible 4 

TABLE 2 

RATE OF INCREASE IN ROUGHNESS ui/DEX 

US·31, MUSKEGON ~ GRAND HAVEN EXPRESSWAY 

CLASS 1 FLEXIB!,E PAVEMENT 

Maximum Rate Minimum Rate 
Inches Inches 

Contract Lane per Mile per Mile 
per Year per Year 

Traffic 4.4 2.2 
74·C3 

Passing 3.0 1.0 

Traffic 3.9 2.3 
16-C2 

Passing 3.2 1. 7 



REFERENCES 

1 .. Hogentogler, C .. Ao 9 Mullis, !4 B .. , and Benkelman. A .. C~, 11Subgrade 
Studies of the U~ So Bureau of Public Roads 11 , Proceedings, Highway 
Research Board, Vol. 6, 1926., 

2.. Burton, Vo R,. 1 "Survey of Soils and Pavement Condition in Progress 
in Michigan"~ Public Roads, Vol. 7, No~ 4, August, 1926, 

3 .. McLaughlin, w. W. and Stokstad, o .. L .. , 11Design of Flexible Surfaces 
in Michigan", Proceedings, Highway Research Board, Volo 26, 1946. 

4,. Housel, Wo s .. , "Design, Maintenance, and Performance of Resurfaced 
Pavements at Willow Run Airfield11 , Paper presented at the 41st 
Annual Highway Research Board Meeting~ Washington, D., C .. , January, 
1962. 

5. Teller, L .. W., and Sutherland, Eo c., "The Structural Design of Con .. 
crete Pavements 11 : Part 1, Public Roads, Vol,. 16, No., 8, Oct,, 1935; 
Part 2, Public Roads, Vol,. 16, No .. 9, Novo, 1935; Part 39 Public 
Roads, Vol .. 16, No .. 10, DeeD, 1935; Part 4, Public Roads, Vol~ 17, 
No,. 8, Oct .. , 1936. 

6& Housel, w~ SG, '~ighway Engineering- Pavement Performance as Related 
to Design11 , Proceedings, 40th Annual Michigan Highway Conference, 
1955. 

7~ Housel, w .. s., "Report on Evaluation of Service Behavior of Plain vs. 
Reinforced Concrete Pavement", Engineering Research Institute Project 
2053, University of Michigan, Ann Arbor, Michigan, May, 1954 .. 

8,. Housel, w .. s .. and Stokstad, 0 .. L .. , "Pavement Profile Surveys to Cor ... 
relate Michigan Design Practice with Service Behavior", Proceedings, 
Highway Research Board, Vol,. 38, 1959,. 

9 .. Housel, w. S., "Legal Weight Limitations on Motor Vehiclestt, Paper 
presented at the 44th Annual Michigan Highway Conference, Grand 
Rapids, Michigan, March, 1959. 

10,. Housel, w. s .. , "Service Behavior as a Criterion for Pavement Design 11 , 

Paper presented at the 48th Annual Meeting of the Western Petroleum 
Refiners Association, San Antonio, Texas, Narch, 1960,. 

11,. Housel, W,. 5 .. 11 "Cumulative Changes in Rigid Pavement with Age in 
Service", Paper presented at the 41st Annual Highway Research Board 
Meeting, Washington, Do c .. , January, 1962,. 



APPENDIX A 

COMPUTATION OF AASHO SERVICEABILITY INDEX 

FROM MICHIGAN PAVEMENT PERFORMANCE DATA 

COMPUTATION OF PRESENT SERVICEABILITY INDEX (PSI) 

Survey Data 

Location; M&50~ near Charlotte, Michigan 

Lane: Eastbound 

Length: 500 feet 

Pavement: 10 foot wide flexible pavement 

Area of Cracldng ... 388 square feet 

Area of Patching ... 180 square feet 

Total ... 568 square feet 

Michigan Roughness Index; RWP ... 180 
LWP s 126 

AASHO Road Test PSI Formula (Refer to Eq~ 11, Page 23 of HRB Special Report 61E, 1962) 

PSI = 5.03 • 1.9! loo (! + SV) s 0.01 ~ • 1.38 ~2 

in which 

SV ~The mean of the slope variance in the two wbeelpaths from the profile~ 
(An abstract number) 

C ... Cracks, in square feet per 1000 square feet of pavement 

P a Patches, in square feet per 1000 square feet of pavement 

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

Slope Variance (~) (Refer to Eqo 1~ Page 14 of HRB Special Report 61E, 1962) 

x:y2 • * ( l: y)2 
sv R ---::..::...,..­

n • 1 

in which 

Y • The difference between two elevations of pavement surface~ one foot aparto 

n ~ Number of level readings 

RWP • 5951 x 10·6 
LWP m 5016 x 10"6 

Average !: y2 "" 5484 X lQ-6 

RWP m 824 x 10~3 
LWP • 878 x lQ-3 



(E Y)2: RWP • 678,976 x 10·6 
LWP = 770,884 X 10·6 

Average (E y)2"" 724,930 x 10"'6 

1 5484 • 500 (724,930) 

499 

log (I + SV) = log (1 + 8,09) = 0,959 

Cracl<lne; and Patching (C + P) 

c • p = 568 = 113 
500 

~ = 113 = 10.6 

Rutting Depth (iD) 

iiD "" 0 .. 261 

ao2 .. o,o6s 

Present Serviceability Index (PSI) 

... 8.,09 

PSI "" 5a03 ~ 1.,91 X 0.,959 g OeOl X 10.,6 o 1 .. 38 X 0&068 

"" 3.,00 

CONVERTING ROUGHNESS INDEX TO SERVICEABILITY INDEX 

RI • 57 1/W 

180 2 SV: RWP • (~) • 3,162 • 10,0 

LWP • (1;;)2 • 2.112 • 4.88 

Average SV"" 7 .. 44 

PSI • 5.03 • 1,91 log (1 + 7.44) • 0,01 V1T3 • 1,38 X 0,2612 

... 3.,06 
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MICHIGAN TRUCK- NTED PROFilOMETER FIG. 6 



,........__ TRACE RECORDED BY PROFlLOMETER 
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TENTATIVE PAVEMENT ROUGHNESS RATING 

VERTICAL DISPLACEMENT - INCHES PER MILE 

U.S. BUREAU OF PUBLIC ROADS{ I) 

SINGLE WHEEL ROUGHOMETE R 
ROUGHNESS RATING U. OF M. PROFILE TRUCK(2) 

LESS THAN 100 EXCEPTIONALLY SMOOTH LESS THAN 50 

100 - 125 VERY GOOD 50 - 75 

125 150 GOOD 75 - 100 

150 175 FAIR 100 125 

175 - 200 ACCEPTABLE 125 150 

200 - 225 POOR !50 - 175 

225- 250 VERY POOR 175 - 200 

MORE THAN 250 EXTREMELY ROUGH MORE THAN 200 

(I) OPERATED AT 20 MILES PER HOUR 

(2) OPERATED AT 4 TO 5 MILES PER HOUR FIG. 8 



BITUMINOUS AGGI'lEGATIH955 
BITUMINOUS SEAL COATD JS54 
GRAVEL BASE {g2.A) D 1954 

FIGURE~g A 

CLASS-I FLEXIBLE 

M-37, 1955 SERVICE 3 YEARS 

TRAFFIC: TOTtiL.§QQ,COMMEIWIAL !,@, O~V 1:!,!'! 

CLASS-X FLEXII':lLE 

M-~55, 1936 SERVICE 2Z YEARS 

TRAFfiC: TOTAL 900, COMMERCIAL g_QQ, DHV ~ 

FIG. 9 



'I/ SURFACE TAEATMENT-19501h 54 
21'tOII. AGGREGATE-1939 

1:'1 'kq SUBBASE: GRAVEL 

SUBGRADE: SANOY CLAY 

FIGURE-lOA 
Ct..ASS-lll' FLEXIBLE 

M-35, 1939 SERVfCE 19 YEARS 
TRAFFIC: TOTAL gQQQ, COMMERCIAL 386, OHV 2.50 

CLASS-lll FLEXIBLE 
M~SG ,1939 SERVICE t9 YEARS 

TRAFFIC! TOTAL 2000,COMMERCIAL 389, DHV 250 
OATE-- - -

FIG. 10 



4" 01.0 GRAVEL ROAD (1917·1946) 

BITUMINCUS AGGREGATE·I953 
GRAVEL-1953 

· 12" SUBBA.SE:SAND a GRAVEL 

fiGURE· II A 
CLASS-M FLEXIBLE 

WJaJOO, 1953 SERVICE 5 YEARS 
TRAFFIC: TOTAL !Q.Q, COMMERCIAL !!!Q, DHV~OO 

OATE OF SURVEY: 1959 

FHlURE·liB 
CLASS·!Jl FLEXIS!..E 

M-100,1951:1 SERVICE 5 YEARS 

TRAFFIC: TOTAL SOO,COMMERCIAL 160, DHV ~ 

FIG. II 



ft."J::Etq'~@f!*'J2"*" BITUMINOUS CONCRETE-1948 

·:~·z~:- ~.~\i .~:y.:i_":l?:-r.< 9n-7"-9~ PLAIN 1 CONCRETE--1926 
1>-.<0·,q:"ll_-.~ ::;'.'J. :~·8·.~:11: 

li' f·r· 'IC.I'.I· I 
Jl :r l·1.111:r 11.1 :111 SUBGRADE•SANOY CLAY LOAM 

DRAINAGE; POOR 

FIGIJRE-12 A 
CLASS-I RIGID 

FIGURE -12 8 
CLASS-IV RIGID 

fiG. 12 



. "-"·JB"~ 24" SAND SUBBASE 

iilllllllllllil'l HEAVY CLAY SUBGRADE 

t<~·t:t(;:}i{ 9u REINFORCED CONCRETE 

'.·~·_;.:;:;::.'·X·;,·!·=· . .':',.:.: • .-,: 3" SELECTED SUBBASE 

".'::' ·.·· 
:;~:[ .,·.·· ';:t;.: .. :·;· .. :_.:/ SAND FILL 
·;·; ... ~·;:;::· .• ·= ..... ·.:-: ·.;.;.•; 

DRAINAGE: GOOD 

FIGURE ~13 A 

CLASS~D RIQ!D 

US- 24A, 194?., SERVICE IS YEARS 

TRAFFIC< TOTAL 10,000, COMMERCIAL 3025, DHV 1.175 

FIGUR!E~13!l 

CLASS- I RIGID 

US-131, 1956 SERVICE ll YEAWS 

TRAFFIC• TOTAL 6700, COMMERCIAL 3000, DHV ltoOO 

DATE OF SURVEY' 



'"''2Y."AIT.UMiiNC>US t1.GGREGATE-i952 

GRAVEL BASE -1952 ' 

SU613ASE: SAND 

4"0RIGINAL GRAVEL SURfACE 

cuw 

FIGURE -I'? A 

CLASS- IT FLEXIBLE 

M- 51,1952 SERVICE 6 YEARS 

TRAFf'IC: TOTAL 1000, COMMERCIAL !22.• DHV !!2 
SURVEY DATES: DE 5,1956, 

FI®IJWE -14® 

CLASS- m f'LiOU®Lffi: 

M- 3§, 1£>~§ 3[\'i\1'1©[ 19 YEARS 

TRtH''f"IC: TOTAL 20@0, COMMEii'tCIAL !!!o D;tV l!! 
KlATE3: DEC. fll!fl. 2@ ®I MAY 

i'UG. 14 



4JI?'' BITUMINOUS C6NCRETE 

" 3- 8 -60 " 9- 2 -so " 3-~l-61 " 6-21-61 .. 
9-1~·61 " 10- 5-61 " 12-27-61 " 3-13-62 '" 4·17-62 " ,. ,; 

3· 8 ·GO " 9- 2 -so " 3-21-61 " 6·21-61 " 9-1~·61 " 10- 6 ·61 " 12-27-61 " 3·13-62 " 4·17-62 " 
FOil THE PRESEN1:EO 

SE~TION, LOCATED SETWEEN 915' TO 465' SOUTH OF 

BEI!G I!OAO, 

4 "AGGREGATE BASE (58% CRUSHED) 
4:: ··AGGREGATE BASE (68% CRUSHED )]SPREAD IN ONE 
3 SELECTED AGGREGATE SUBBASE OPERATION 

25
11

(M!NIMUM) SAND SUBGRADE 
31 MUSKEGON- GRAND HAVEN EXPRESSWAY 

CLASS -I FLEXIBLE PAVEMENT 

ITe·AF,FIC': TOTAL 8000, COMMERCIAL 1250, DHV 

PROJECT BM 61074-C3RN, 1958 

NORTHBOUND TRAFFIC LANE 

FIG. 15 
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CUMULATIVE CHANGES IN ROUGHNESS 

US- 31 MUSKEGON -GRAND HAVEN EXPRESSWAY 

CLASS-I FLEXIBLE PAVEMENT FIG. 16 



!EXCEPTIONALLY SMOOTH! VERY Goool aooo I FAIR !ACCEPTAB'u::l POOR IVERY POORI EXTREMELY ROUGH 

'0 <O ,o 00 ' ' '" ' "o<o 
o n@IHVMC!D ~OHORU~ 

e fUIH OOHQR!U 

.f- PARnY R!INfOhQ~O OOHCft!TI 

" v " 
k'' v, ' ' 

1_,,,." 
" !\ \ /\\\ y'/ "' u•_ Vo: • f· <Uto <So .o oo · .. 
" 

~ 
" . :;""· . . ;,_.--'(. . . • . . . . . .. 

" 20 

,//& 
"!! il::g~·,' . v / ' 

/ / 
" !,;/ ~ 1/ " .... "' ,.. " "'·"" •_/, I'/ • 
' " """ v/.' ·. "::r 

/ v .. " ,,. .. , . 
// . . 

' • ' 
... 1(.: .x" ' ,..,. ' 

:::~~ ::::: ·~ ... : aASED "' ' ., .. , 
i '"""' 0 ' 0 

0 20 " 40 ao , 10~1 
120 '" '" '" '" '" '" '" ROl,.IGHNESS INDEX IN INCHES OF VERTICAL DISPLACEMENT PER MILE ( ft L) 

CUMUL,ATIVE CHANGES WITH AGE IN SERVICE 

RIGID PAVEMENT - CLASS -I 

TRAFFIC LANE FIG. 17 



';'='~'~''='~"~'~'~C:CY===,M~oo='='=lv='='~v~o=o=oo=l~~o=o=o=o~~=='~''~'~~IA=O=o'='~'~'~''~"===;e~o~o~,==~!v~'~'=Y='e=oo~,~~~~'~'~'~'';"~'~'~y~';o~o~o~"==~ 40
0 20 40 60 80 100 120 140 160 lBO ZOO 22.0 240 260

40 
A- US-12 (2-02) PARTLY R. COIICREH>I923, {2-05) Bll: CONCRETE 1941 

8- US-12 (~-021 6 (13-C2) PLAIN CONCRETE-InC Q 1928, (6-031 BIT. CONCRETE-1942 

C- VS-12 (16-CI) PLAIN OONCIIETE-1924, (16-04) BIT. CONCRETE -1942 

3 sl--- tl - L!S- 13) ( 2- 01} PLAIN CONCRETE- 1922, ( 2 - C 2) BIT. CONCRETE - !943 

E- US-12 (12.-Cl'.) Q (17-02) PLAIN CONCRETE- 1921 8 1926, (1:!'.-05) BIT. CONCRETE- 1943 

F- US-112 (4-07) PLAIN CONCRETE- 192.6, (4-016) BIT. CONCRETE -1946 

B- US-12 {Sf!- 3145 6 3146) BRICI<- 1919, l32- 01) BIT. CONCRETE- 1947 

00 >----+ H- US-112 (15-C2) CONCRETE (~0 RECORD)- 1923, (14-15-Cil!) BIT. CONCRETE- 1948 

I - US-12 (2 -C3) PLAIN CONCRETE -19~6, In-ca) BIT. CO~CI!ETE -1960 

J - US-112 (IS- C 3) II CONCRETE - I53T, ( 30- Cl) BIT, CONCRETE- 1965 

W I<- US-12(37-04) II. CONCRETE- 1936, BIT. CONCRETE -1959 

<) "f---+ L- US-112 ( 19-04) !<. CONCRETE- 1936, (!5 -CB) BIT. CONCAETE-1955 

~ M- M -115 (20•C4) PARTLY R. CONCRETE -1940, BIT. CONCRETE- 1957 

W N- M -115 (20-03 II. 06) II CONCRETE- 1940, BIT CONCRETE- 1957 

"' 

o ni"Nf<>IICEO CONCRETE 

~ PI.Al~ OONcnU£ 

{> P.RT~Y REINfQRCED CO~CRH£ 

G OONCRfTE - TYPE UHKUOWN 

ROUGHNESS INDEX IN INCHES OF VERTICAL DISPLACEMENT PER MILE (R.I.) 

CUMULATIVE CHANGES WITH AGE IN SERVICE 

RECAPPED CONCRETE PAVEMENT - CLASS- I 

" 

" 

" 

" 

" 

" 

"' " > 
"' "' "' 
"' 
"' "' "' "' >-

TRAFFIC LANE FIG. 18 
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!EXCEPTIONALLY SMOOTH! VERY GOOO I GOOO FAIR IAcCEPTASLEI POOR IvERY POORI EXTREMELY ROUGH 

" 40 " " '" '" i40 '" '" >00 '" '" T -I I 
I I 
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I 
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I 

// v. 1/ 
•/ o< / v. lf% 

M-119 (H-C3)111T. A(lG,-19 9 

M-40(11-Cnl ' ' 
OIL AGG.-

1
1940 / 

0 

/ M-21ti(3l~CZIOIL AGG.-19i9 

I 
' - -x // 'I " / 0 I 

' .[,/ . VI I/ I ' I I 
IJS-2.3(2.2-C4 OLAG 1947 I ' M-50(30-C3)

1
oiL AG~G·~ ~/ I / ~ .I /; I 

US- 27 (14-C!I) lilT. CONCRETE -1946 

1949 ! ' US -27 (14-C2) BIT. CONCRETE, 194B 

/ v ,/ 
OLD COIJI'ITY ROAO- OIL AGG.~ 19~0 

'" /· I//- . 1// 
v • ro .. -~ ' 

" 

" 
w 

25 2 
> 
"' w 

"' 
20 ~ 

"' "' 15 i'J 
>-

iO 

' w bt-;o: I US-31{!G-j~ §~; r/' 1 BASED 9' 195B, '59, '60 a '61 SURVEYS 

0 ,. "l -~ 
0 

0 " '" '" '" '" ROUGHNESS INDEX !N INCHES OF VERTICAL DISPLACEMENT PER MILE ( R.!.) 

CUMULATIVE CHANGES WITH AGE IN SERVICE 

FLEXIBLE PAVEMENT - CLASS -I 

TRAFFIC LANE FIG. 19 
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0 BASED ON MEASURED SLOPE VARIANCE FOR AlGID PAVEMENT I I 0 v ! I • BASED ON MEASURED SLOPE VARIANCE FOR FLEXIBLE PAVEMENT ! 

I v 0 BASED ON COMPUTED SLOPE VARIANCE FOR RIGID PAVEMENT 
! 

I / 
! 

• BASED ON COMPUTED SLOPE VARIANCE FOR FLEXIBLE PAVEMENT -

I 
I / I I ! 0 

I /I 
/ I -THEORETICAL EQUATION 

I RI=57VS\i 

/I I ! 

8.7 

/ 
! 

I 
i 

/ I --
/ ! 

! I / I 
• I I I 

:/f 
! 
! i 

-----

/ 0 • 0 

/ •• 

/ 
/ 

I 
. 

I 
LO 2.0 3.0 4.0 5.0 8.0 7.0 

1/ SLOPE VARIANCE I VS:V.i 

MICHIGAN ROUGHNESS INDEX 
vs. 

AASHO SLOPE VARIANCE FIG. 20 
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MICHIGAN ROUGHNESS INDEX 
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AASHO PRESENT SERVICEABILITY INDEX 

FIG. 21 

z 
G 
~ 
0 

"' 

0 

IOO!l' 

4 

2 

I 

0 8 




