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A | SUMMARY

This study was conducted to determine the peneral level of perform-
ance of postwar pavements and, if possible, to statistically relate per-
formance and certain design, construction, materials, and environmental
factors, I was realized from the outset that many factors play a partin
determining performance; that many of these factors are difficult to quan-
tify, other factors difficult to measure or control. However, with the
amount of data available (520 construction projects representing 1, 880 miles
of pavement) it was felt that the more significant variables which affect
performance might emerge from a multiple-regression type of statistical
analysis. In addition, the study was made to determine specific points of
weakness of designor construction procedures and to recommend possible
means of improving future pavement performance. :

Initial, 5-, 10-, and 15-year condition surveys, as well as roughness
measurements takenwith less regularity, were available todefine perform-
ance of these postwar pavements.

It was found that information obtained by condition surveys, that is,
transverse and longitudinal cracking, corner breaks, spalling, joint blow-
ups, mud-jacking and patching, etc, were much more useful indicators of
performance and remaining useful life of the pavement thanroughness meas-
urements. The general level of performance of these pavements after 10°
and 15 years of service (1946-1954 construction), is given by the tabulation
below indicating the medium performance level.

Performance
. 10 years i 15 years )
Transverse cracking, (99 foot slabs) 1.5 2.49 = cracks per slab
Longitudinal cracking 10 11.5 -~ feet per mile
Corner breaks, exterior corners * 0.3 0.46 - percentof corners
Corner breaks, interlor corners’ 0.2 0.2 - percent of corners
Spalling, exterior corners 12 29 - percent of corners
" Spalling, interlor corners 6 19 - percent of corners
Bpalls along jolnt, not at corner 3.1 8 - per 100 jolnts
Joint Blowups, percent of projects with none 64 10
Mud-jacking, percent of projects with none 78 ———
) : Patching, percent of projects with none 45 14
Patching, median performance less than 50 75 - 8q ft per lane~-mile - -

It should be stated that for most of these types of deterioration there
was a tremendous spread in performance among the construction projects: -«




studied, In general, most Projects performed quite well but a small num-
ber of projects performed quite poorly. The most serious type of deter-
loration from the point of view of frequency was joint spalling, particularly
corner joint spalling, One type of deterioration that was infrequent in the
early life of the bavements, but became quite serious by the end of 15 years,

was pavement joint blowups, It should be noted that there was a good cor-
relation between percent of internal and external corner spalls at 5 years
and blowups per 100 joints at the end of 15 years., Thus, early joint spal-

ling 15 a good indicator of later more serioug joint repair problems,

Three pavement performance models, Present Serviceability Index
{(PSI, from the AASHO Road Test), Performance Rating Factors (RPF)and
Structural Deterioration Index (SDI) were uged to evaluate the effect of
Seven possible causal factors inga multiple regression statistical analysis.
Two of these seven factors were found to haveg significant effect on pave-
ment performance. These two factors were the percent of soft, non-durable
content in the coarse aggregate and the average daily commercial traffic,

heaviest traffic) had 65 percent poorer performance than the passing lane
as measured by the Depreciation Index,

The report shows that performance indices, of either the subjective
or objective type, based on condition Surveys are much more valuable in
indicating structural deterioration than is the Present Serviceability Index
which is baged primarily on roughness. Moreover, performance indices
based on condition Surveys serve tomeasure the "remaining useful life" of
bavement while the Present Serviceability Index is nearly useless in this
respect. Signs of short service life appear inthe five-year condition sur-
veys. These early signs are significantly correlated with later structural
performance as measured by the ten and fifteen year surveys. Thus, after
five years of service, it should be possible to determine which projects will
fail prematurely.

Pavement joint blowup frequency is considerably higher for aggregates
containing greater amounts of soft, non-durable material than it is for ag-
gregates with lower amounts, thus blowups can be causally related to this
type of deleterious content in the coarse aggregate,



INTRODUC TION

I

_ This study was started in July 1963 in cooperation with the Bureau of
Public Roads under the Highway Planning and Research Program. How-
ever, collection of the condition survey datawhich made evaluation of per-
formance of all Michigan's postwar concrete pavements possible began in
1946, and initial roughness measurements of conerete pavements in 1949

model.

. The primary purpose of this study is to obtain comprehensive infor-
mation on the performance of pavements constructed since 1948, the be-
ginning of Michigan's "postwar design' construction; a design that remains
fundamentally the same today. I was anticipated that this detailed per-
formance study would suggest certain changes in design or materials that
could effect improvement in future pavement construction.

These postwar pavements were subjected tosurveys shortly after con-
gtruction and at five-, ten—, and fifteen-year periods in as systematic a

of the Proposal, the records and compilations of pertinent constructionand
materials information, along with condition and roughness surveys for a
total of approximately 520 construction projects (1, 880 miles) contain the
. essential ingredients for a comprehensive statistical analysis on pavement
performance and the factors that may influence this performance.
The prop.oSal outlined two phases; a cause and effect study of pavement
performance, followed by a second phase which would include analytical
and experimental studies of the effect of certaindesign innovations onpave-
ment performance. These innovations were to consist of various design
improvements with a determination of whether improved performance as
measured by durability, riding quality, and reduction in maintenance war-
ranted the expected increase in initial construction costs. This second
phase was also toinclude certain laboratory model studies to resolve design
issues for conventional concrete pavements, and to determine if -therewere

reinforced pavements for high-volume heavy axle-load situations.

after constructing a roughométer patterned after the Bureau of Public Roads

patternas scheduling limitations would allow. As mentioned inthe "Scope' -~

inherent performance advantages to prestressed concrete or continuously
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coding is used to identifyv su

The firat phase wag to run for twolve to elghteon months, nnd the sec-
ond phase for fifteen months, 'The second phase was nover siarted, since
itwas not possible tonttain the rosearch effort intwo ye:u"H of the progriam
which had boen scheduled for the first year. This was due to the necessity
of agsigning personncl toprojects that presented more lmrﬁcrjifitc demands.

However, with this curtailed program mostof the ohjectives of Phase |
have been met and wlll be discussed within the report. Ag stated In the
Proposal, the specific objectives of Phase 1 were:

| - To determine the peneral performiance of all postwar pave-

ments.

I - To determine specific points of weakness of design methods or
construction procedures, :

I - To determine the effect ol various gources ol materials used
in the projects on the performance characteristics of the pave-

ment.

IV - To determine the relationship between pavement performance
and quality of the subgrade support. '

V - To investigate in detail the cause of certain specific types of
pavement distress. : :

Conditlon surveys are made on each newly completed concrete pave-
ment project as soon after completion as possible', within the limitations
of scheduling. The survey data were collected by walking along the edge
of the pavement in the directionof increased stationing, which is embossed
in the pavement at 100-ft intervals. A measuring wheel recorded the dis-
tance of items to be noted between the 100-ft stationing points. The mark-
ings placed onthe survey sheets in the field are made to scale for cracking,
corner breaks, spalling, etc, (Fig. 1). Certain symbols are used to de-
note the type of condition. Definitions of terms for pavement condition sur-
veys are given in Appendix L Appendix I also illustrates photographically
the typical types of deterioration that were observed. Periodic resurveys
are generally made for most projects after five, ten, and fifteen years of
service. The same survey sheets were used for subsequent surveys but
the condition changes at these periods were noted by using a different colored
pencil marking for each survey, making it possible to tell on which survey
the first indication of deterioration was observed. Extensions of cracks
are noted by elongationlof the erack in the appropriate color.

235




In studying and comparing the condition of pavements in service it was
decided to compare performance at the end of five, ten, and fifteen years,
At the time the condition survey data were tabulated, it was possible to use
the projects constructed during 1946 through 1948 for fifteen-year per--
formance and the 1946 through 1958 projects for the five-year performance.
However, preliminary study and analysis indicated that more significant
results appeared possible after ten and fifteen years of service. Thug, it
was decided to study only the five-year performance on those projects {1946
through 1953) which also had ten- or fifteen-year service records in order
to determine the rate of pavement deterioration that had occurred. The
condition survey data remain available butin untabulated form for the five-
year surveys of projects constructed between 1953 and 1958, Initially, the
general analysis was confined to 50 projects with fifteen-year service rec- |
ords representing 193.1 projeet miles and 207, 9 miles of equivalent two-
lane pavement; and 148 brojects representing 510, 1 project miles and 563. 4
miles of equivalent two-lane pavement with hoth five- and ten-year service
records. However, asthe pProject progressed, additional surveys became
available and, where possible, were incorporated in those aspects of the
analysis not already completed.

The condition survey data were tabulated such that the performance of
all projects could be evaluated On a common. and equitable basis. This
entailed a good deal of study for some performance variables. For ex-
ample, the number of interior and exterior corner breaks cannot equitably
be compared per mile of pavement for two- lane or four-lane undivided road-
way. Also, such variables as the number of spalls at transverse cracks
cannot be compared without also taking into account the variation inthe
number of cracks from one project to another.

Another source of basic data for this study was Research Lab oratory
Report No, R~235, "Compilation of Designand Construction Data for Con—
crete Pavements on the State Trunkline System, " printed in October 1955,
This book-~in coded form-~contains the essential design and construction
datapertaining to concrete pavements constructed from 1919 through 1953,
Some additional data pertinent to pavement performance were required for
this study which were not as readily available, €.g., the quality of sub-
grade soil. These additional data had to be obtained by searching Depart-
ment records on a project-by-project basis. ,

Another source of data was the annual roughometer survey of newly
constructed concrete pavements, Thege roughness measurements havebeen
made, since 1951, with a Research Laboratory roughometfer patterned after
the Bureau of Public Roads’ design, In addition to the initial roughness sur-

—4-




vey, measurements were taken of pavements in service, However, a reg-
ular pattern of such roughness measurements to" tie-in with the condltlon
survéys was not made until the last few years, ‘when the matter of assocm—
ting pavement roughneSs with performance as determmed by cond1t10n sur-
veys was planned in this study. All available prior roughness data werTe
used, however, and where possible, roughness measurements were made
on projects after ten or fifteen years of service in this latter period. All
projects with fifteen years of service had roughness measurements taken
between fourteen and sixteen years of service. However, initial roughness
measurements for these projects were not available. For projectswith ten
years of service, those constructed since 1951 had initial roughness values
and 57 of the total of 148 projects had roughness measurements between
nine and eleven years of service.

Preliminary Analysis Studies

Asg mentioned previously it was not possible to obtain the pavement
roughness history for the projects under study as completely aswould have
been desired. However, certain roughness data were available in terms
of measurements taken at odd years rather than after five, ten, or fifteen
years of service. Therefore, an analysis was conducted to determine if it
was possible to interpolate or extrapolate roughness values from measured
intervals, to intervals that would match those where condition survey rec-
ords were obtained. I, with reasonable accuracy, the rate of roughness
increase could be correlated with years of service, then such projections

might increase the amount of valid data that could be analyzed. The rela-

tionship turned out tobe completely unsatisfactory for such projection nur-
poses since the variation in roughness increase was large. Another at-
tempt was made, on the supposition that perhaps the absolute increase in
roughness was related to some extent to the initial roughness value. The
relationship between the absolute increase in roughness for five- or ten-
year periods was.compared withthe initial roughness value. The maximum
increase is 45 1nches per mile for five years and 85 inches per mile for
ten-year periods with average increases of 25 to 44 inches per mile, re-
spectively. The average increase in roughness per year for the five-year
periodis 5.0 inches per mile and 4.4 inches per mile for the ten-yearper-
iod. However, apgain the variation in the rate of increase of roughness is
so great that interpolation or extrapolation of roughness data to otherper-
iods is hazardous. The best correlation, although not suffieiently good for
projection, was obtained with respect to the relationship of increase in
roughness as a percent of the initial roughness values. As a result of this
preliminary analysis it was decided that if a roughness measurement was
available for a project which was taken within one year of the time of the

36



condition survey, it would be used in the analysis, The roughness meas-
urement data for pavement projects taken between nine and eleven years of
service were grouped with ten-year condition survey data and fourteen to
sixteen years of service with fifteen-year condition survey records.
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OBJECTIVES I AND II

GENERAL PERFORMANCE OF ALL POSTWAR PAVEMENTS
AND SPECIFIC POINTS OF WEAKNESS OF DESIGN METHODS

AND CONSTRUCTION PROCEDURES

]
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One of the prlmary objectives of this study, and a foremost congid-
eration at the time this pavement condition survey program was initiated
in 1946, was to obtaina comprehenswe meagure of pavement performance.
As a resultof the Report, "The Design of Concrete Pavements for Postwar
Construction, " Research Laboratory Report No, R—68A and the prelim-
inary evaluations of experimental test roads built in Michigan, California,
Kentucky, Minnesota, Mlssoun and Oregon, a new design for concrete
pavements in M1ch1gan was adoptéd in 1946, Using this design concept,
the pavement consisfed of long reinforced slabs and contraction joints only.
The need for eéxpansion ‘joints to prevent undue compression and pavement
Blowups was no longer apparent as a result of the performance of these
test roads where, 'in the case of Mloh1gan 8, the expansion joint spacings
varied from 90 to 2,700 feet. Prior to this, various joint combinations had
been used in Mmhlgan, viz: 1) The exclusive use of 1-in. expansion joints
spaced at 100 ft, 2) The use of contraction joints at close intervals, and
10, 20, and 30 ft and expansion joints at varying intervals, 3) The use of
expansion, contraction and hinged or warping joints in a 120~60-30 com-
bination (expansion joints spaced at 120 foot intervals, contraction joints
midway between the expansion joints, and hinged joints midway between the
expansion and contraction joints), thus resulting in 30-ft slabs.

Since 1946 the primary design features havebeen unchanged or changed
only slightly. These features are as follows:

Pavement thickness - 9 in. uniform thickness.

Contraction joint spacing - 99 ft. In1963 thiswas changed to71 ft 2 in,
but all projects under this study were constructed with a 99-ft slab
length.

Expansion jofnt spacing - Used only at special locations, or whenplac—
ing concrete before April 15, orafter September 15, and thenat 396-ft
intervals.

Subbase - 12 in. of granular material,

Load Transfer - 1 in. diameter by 15-in. dowels at 12-in. centers.

Reinforcement - Mesh, bar mat, or expanded metal at approximately
76 to 88 Ibper 100 sq ft, dependlng on lane width and type of reinforce~
ment,




'

In 1953, the load transfer dowels were changed from 1 in, diameter to
1-1/4 in, diameter and the assemblies for supporting the dowels were up-
graded to permitonly those that held the dowels rigidly inposition in order
to eliminate dowel misalignment problems. :

Since 1955 a selected subbase has been used directly beneath the con—
crete pavement to provide a smooth, durable, and firm surface for concrete
and to provide better support for the load transfer assemblies, This has
consisted of 3 in. of selected material in addition to 11 in. of regular sub-
base material resulting in a total subbase thickness of 14 in. Since 1963
the selected subbase has been 4 in, with 11 in, of regular subbase for a
total thickness of 15 in.

-10-




PERFORMANCE. OF POSTWAR PAVEMENTS
AFTER 10 AND 15 YEARS OF SERVICE

While condition surveys were available for five-, ten-, and fifteen-
year service periods, preliminary analysis indicated that performance dif-
ferences were less distinct or significant at five years and, therefore, the
reported performance will be confined to service periods of ten and fifteen
years only.

Ten Year Service
The performance of pavemenfs after ten years of service will be dis-

cussed in terms of the physical manifestations of deterioration that could
be noted by periodic condition surveys.

1. Transverse Cracking

The number and percent of pavementslabswhichhad 0,1, 2,3, ...., n,
transverse cracks per slab was tabulated for each project. Frequency dis-
tributions of the percent of slabs with 0, 1, 2, 3, ...., n transverse cracks
per slab were graphed to determine the variations encountered for 76 pro-
jects. The range in performance can be clearly noted in Figure 2 where
the average of the ten best and ten worst performing projects with respect
totransverse cracking areplotted. The extreme difference in performance
is very apparent. The {ransverse cracking for thege ten best and ten poor-
estperforming projects indicates that the extreme differences betweengood
and bad performgiﬁce is not due toisolated "flukes" but that the normal per-
formance distribution simply covers a tremendous spread. Thedistribution
of the average number of cracks per slab of all two-lane projects after ten
years of service is illustrated inFigure 3. For these 82 projects the aver-
age varied from 0,03 to an average of 5.17 cracks per slab. The median
performance was 1.50 cracks per slab, and approximately 80 percent of
the projects had less than 2,8 transverse cracks on the average per slab.
For the same 82 projects with ten years of service the frequency distri-
bution, by project, of the percent of slabs of that project withno transverse
cracks is also shown in Figure 3. The median performance project had
38. 6 percent of its slabs uncracked while 13 percent of the projects had
more than 70 percent of their slabs uncracked after ten years of service.

-11-
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2. Longitudinal Cracking

The distribution of longitudinal cracking among 124 construction pro-
jects with ten years of service for two-lane, or four-lane divided pave-
ments, is shown in Figure 4, Construction specifications called for 1/4-
by 2-in, bituminous filler strip to form the plane-of-weakness for the cen-
terline crack on standard construction projects from 1946 through 1954,
Since 1954, the centerline construction joint hasbeen sawed a minimum of
1/8 in. wide to a minimum depth of 2 in. For all projects studied with ten
years of service the bituminous filler strip was used to form the center-
line, A wide difference in performance can be noted in Figure 4; for 49
percent of the projects the longitudinal cracking is between 0 and 9 ft per
mile of equivalent two-lane pavement, but for seven projects, or approx-
imately 5.5 percent of the total, the cracking was 100 ft or more per mile
ofpavement, Theworst performing project had ecracked at the rate of 266 ft
per mile, or approximately 5 percent of its length.

50

r W B
o O o

PERCENT OF PROJECTS

3]

: " : .
o 10 20 .'30 40 50 B0 70 BC 90 [0C O 120 130 150 200 250 300
LONGITUDINAL CRACKING, LINEAR FEET PER MILE

OF EQUIVALENT TWO - LANE PAVEMENT

Figure 4. Hlstogram of longitudinal cracking for two—lane and
four-lane divided highway construction projects with 10 years of
service (124 projects).

During 1953, on one construction project, short stretches of pavement

(between 1,000 and 2, 000 ft) were sawed to depths of 1, 1-1/4, 1-1/2, or
1~3/4 in., instead of the standard depth (a minimum of 2 in,) to determine
the effect of this on longitudinal cracking, . This experiment indicates that
when the depth of cut is reduced to 1-3/4 in,, the longitudinal cracking as

~13-
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a percentage of pavement length increased approximately four times, and
that for a 1~in. cut the longitudinal cracking is approximately 25 times as
great as for the standard 2-in, minimum cut (Fig. 5), '

LONGITUDINAL CRACKING AS PERCENT OF PAVEMENT LENGTH

o : ! . |
| | is4 [ 743 1 3/4 2
DEPTH oOF LONGITUDINAL CENTERLINE Saw CUT, INCHES

Figure 5. Effect of longitudinal

centerline saw-cut depth on subse-

quent formation of longitudinal crack-
"ing; 10 years of service.

3. Corner Breaks

Figure 6 ig a histogram showing the distribution of exterior and interior
corner breaks for 82 two-lane construction projects with ten years of gser-
vice. Twenty-nine percentof the projects had less than 0.1 percent of the
possible exterior corners broken and forty-six percent of the projects had
less than 0,1 percent of the possible interior corners broken, This good
performance, however, is offset by 17 projects, or slightly more than 20
percent, where more than 1 percent of the exterior corners were broken,
and eight projects (approximately 10 percent) with more than 1 percent of
the interior corners broken. The extreme of poor performance was 44. 8
percent of the exterior corners broken for one project and 13.9 percent of
the interior corners for another. This isa serious problem for a few indi-
vidual projects but the vast majority of the projects are performing quite

£ well,
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The distribution of corner breaks at both exterior and interior corners
at transverse cracks is shown in Figure 7. Thirty-four percent of the pro-
jects had no corner breaks at transverse cracks and 86 percent had less
than one corner break at a transverse crack for 100 cracks. The poorest

performing project had 3.8 corner breaks at transverse cracks per 100
cracks, ' ' -

45—

40 CORNER BREAKS
AT TRANSVERSE CRACKS

35

Gt
[

Figure 7. Histogram of corner
breaks at transverse cracks for
82 two-lane pavement projects;
10 years of service.

N
(

FERCENT OF PROJECTS
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o

0 0204 06 Q08 [0 12 i4 6 t8 20 32 36 40
CORMNER BREAKS PER 100 TRAMSVERSE CRACKS

4, Spalls

——

Spalling has been characterized in the following ways: 1) spalls at
external corners, 2) spalls at internal corners, 3) spalls along trang-
verse joints (not at joint corners), 4) spalls along transverse cracks, 5)
spalls along longitudinal centerline joint, 6) spalls along outside longi-
tudinal edge of slab, and 7) spalls in interior surface of slal. The dis-
tribution by construction projects of spalls at external and internal joint
corners is shown in Figure 8, Pavement performance has not been par-
ticularly good for this indicator of pavement deterioration since 36 pro-
jects (44 percent) had more than 15 percent of the possible external cor-
ners spalled after ten years of service and the poorest performing project
had 43.3 percent spalled. As might be expected, spalling at interior cor-
ners is generally not as severe as at external corners. Slightly over 30
percent of the projects had less than 3 percent of the possible internal joint
corners spalled, but approximately 20 percent had more than 15 percent
spalled and the poorest performing project had 48, 4 percent spalled,
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20 S : SPALLS AT
EXTERNAL CORNERS

PERCENT OF PROJECTS
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Figure 8. Histograms of corner spalls for 82 two-lane pave-
ment projects; 10 years of service.
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Spalling along the interior portionof transverse joints is shown in Fig-
ure 9. The distribution is again extreme, from 22,9 percent of the 144
projects with an average of less than one spall along the interior portion
per 100 transverse joints to an average of 70 such spalls per 100 trang-
verse joints or nearly one for every joint. The median performance was
3.11 interior spalls along the joint per 100 transverse joints. Spalling
along transverse cracks appears to be no serious problem for most pro-
jects, with 73 percent of the projects having no spalling at transverse cracks
and 98 percent of the brojects have on the average one or less spalls per
100 transverse cracks (Fig. 10). The poorest performing project had an
average of 3. 8 spalls along transverse cracks per 100 cracks,

Spalling along the centerline joint is indicated by the frequency distri-
bution in Figure 11, Over sixty percent of the projects had no spalling of
this type and 88 percent had less than one such spall per mile of pavement.

The poorest performing project had 27 spalls per mile of pavement or one
approximately every 200 ft,
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Figure 12, Histogram of spalls along the outer edge of slab
for two-lane and four-Iane divided highway construection pro-
jects; 10 years of service,

Spalling of the longitudinal edge of the pavement is shownin Figure 12,
Approximately 80 percent of the projects had no spalling of this type and
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only one projectof 194 hadan average of more than one such spall per lane-
mile of pavement, This project had approximately twn such spalls per lane~
mile. ' |

The frequency of spalling of the interior of the pavement slahb surface
is shown in Figure 13, Seventy~seven bercent of the projects had no spal-
ling of this type and only one project had more than one spall per Iang-mile.

The poorest performing project had 2.9 spalls per lane-mile,
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SPALLS IN SLAB SURFACE PER LANE MILE

Figure 13, Histogram of spalis in slab sur- -

face per lane mile for 124 construction pro-

Jects; 10 years of service,

5. dJoint Blowups
—_— T




For a large part of the pavement projects under study no expansion space
wasprovided, During the late spring, the moist subgrade conditions, along
with occasional warm temperatures, does lead to pavement blowups. As
these are reported Research Laboratory personnel attempt to visit the site
and determine if some construction irregularity, such as improperly cen-
tered or misaligned dowels, ete., might have contributed to the blowup at
this particular location. A study of two-lane and four-lane divided high-
ways indicated that 63 out of 98 (64 percent of the projects) had no joint
blowups at the end of ten years of service. A frequency distribution of
blowups is shown in Figure 14, While the largest portion of the projects
performed well in this respect, six projects had five percent of the joints
blown by the end of ten years of service. The ten poorest projects {10.2
percent) had 62 percent of thepavement joint blowups., This extreme spread
in performance has been studied in detail later in the report and causally
agsociated with various material variables.

6. Mud-dJacking

Mud-jacking is required when the pavement settles due to non-uniform-
ity and lack of compaction of the subgrade or subbase prior to the paving
operation. Usually the need for mud-jacking is apparent after small amounts
of traffic and, therefore, this corrective measure is generally applied early
in the service life of the pavement. Two-lane and four-lane, divided and
undivided, construction projects (a total of 144) with ten years of service
were studied. Of this total 113, or 78 percent, required no mud-jacking.
The frequeney distribution of mud-jackingas apercent of the original pave-
mentis illustrated in Figure 15. In addition to the 78 percent with no mud-
jacking, another 16 projects (11.1 percent) had less than 1 percent of the
pavement surface mud-jacked. Sevenprojectsor 4,9 percent had 2percent
or more of the pavement surface that had been mud-jacked and the poorest
performing project required 22,8 percent of the pavement surface to be
mud-jacked.

7. Patching

After ten years of service, 66 of the 146 projects (45 percent) had no
patching and 66 percent had less than50 sq ft per lane-mile of patchedpave-
ment (Fig, 16). Two projects had more than 400 sq ft per lane~-mile, and
the worstperforming project inthis category had more than three times as
much patching as the next highest project or 1,320 sq ft per lane-mile of
pavement (approximately 2.3 percent of the pavement surface).

-21-
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PERCENT OF PROJECTS

| ] T =]

! .
o] 100 200 300 400 500 800 700 800 900 1300 1400
PATCHED AREA, SQUARE FEET PER LANE MILE

Figure 16, Histogram of patched area for 144 construction pro-
jects; 10 years of service.

8. Infiltration Cracks

Infiltration cracks at joints or cracks are short cracks following a
course approx1mate1y parallel to the centerline and starting from a trans-
verse joint or transverse crack. Figure A4, Appendix I illustrates this
type of cracking. Frequency distributions of these two types of cracking
are given in Figure 17, For the 82 two-lane projects with ten years of ser-
vice, 23 had no infiltration cracks at joints and 66 had no infiltration’ cracks
at transverse cracks. At the other extreme, the poorest performance was
obtained on two projects where there were 218 and 231 infiliration cracks
per 1,000 joints. Infiltration cracks at transverse cracks were not as s5e—
vere; the two poorest performing projects having 0.42 and 0,47 cracks per
lane-mile of pavernent.

Fifteen Year Service

Fifty postwar projects had fifteen-year service records. These 50 pro-
jects are part of the 144 projects where performance was anzlyzed on the
basis of ten years of service.
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1, Transverse Cracking

Figure 18 shows the frequency distribution of transverse cracking,
Median performance was 2.49 cracks per slab., This compares with 1,50
cracks per slab for projects with ten years of gservice. The four bestpro-
jects avéraged 0.77 cracks per slab, while the four poorest projects aver-
aged 5.0 cracks per slab,

The frequency distribution of projects with various percentages of un-
‘cracked slabs is also shown in Figure 18. The median project had 19.1
percent of the slabs uncracked at the end of fifteen years; the worst per-
forming projects hadall slabs cracked and the best performing project had
67.5 percent of the slabs uncracked after fifteen years of service,

TRAMNSYERSE CRACKS
PER SLAB

UNCRACKED
SLABS

PERCENT OF PROJECTS
o
;

FERCENT OF PROJECTS

C4 08 1.2 18 20 24 28 32 36 40 44 4.8 52 56

AVERAGE TRANSVERSE CRACKS PER SLAB 8

Figure 18. Histograms of trans- 4
verse cracking for 35 two-lane 2
pavement projects; 15 years of © o

. - 07 14 21 2B a5 42 49 56 63 70
service, _' FERCENT OF SLABS WiTH NO TRANSYERSE CRACKS

2, Longitudinal Cracking

Variations in the amount of longitudinal cracking for the 44 construc-
tion projects are shownin Figure 19, Seven projects (15.9 percent) hadno
longitudinal cracking, the median performing project had 11,5 ft of lon-
gitudinal cracking per mile of pavement and the two performing the poor-
est had 133 and 136 ft per mile, or approximately 2.5 percent.
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Figure 19, Histogram of length of longitudinal crack-
ing for 44 Projects; 15 years of service,

3. Corner Breaks.
—_— T T EERS

ner breaksg among 35 two-
In five projects (14 per-
12 projects (34 percent )
Median performance wag 0, 46per-
er breaks and 0, 18 Percent of the
erforming Projects had 2, 14, 2,18,

nal corners broken, With respect to
infernal corner breaks, the four boorest projects had 0, 88, 1,13, 4, 42, and

13.45 percent of the corners broken. It is hardly a coincidence that the
Same project was the boorest with respect to both types of corner breaks,

This project was intensively studieq about ten years 4go in an attempt to
determine the cause ‘of this poor performance,

cracks of pavement with fifteen years of
Seven of 35 Projects had no corner breaks

verse cracks, The four poorest

.32, 1.34, and 1. 70 corner breaks per 100 transverse
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4, Spalls

The severity of external and internal corner spalling is shown in Fig-
ure 22. Median performance for the 35 projects with fifteen years of ser-
vice was 29,2 percent of the external corners with spalls and 18. 7 percent
of the internal corners. The four poorest projects in each category had
53.3, 53.6, 58.6, 65.2 percent of the external corners with spalls and 46.9,
47.2, 47.9, and 60,1 percentof the internal cornerswith spalling. In com-
paring the frequency distribution of corner spalls for ten (Fig. 8) and fifteen
years of service it is apparent that a large increase in this type of deter-
ioration takes place in this period. This aspect of pavement performance
warrants design improvement to reduce future maintenance. However, one
design change introduced in 1964 should markedly reduce the amount of joint
spalling. In the 1964 construction season, the Department began using pre-
formed neoprene joint seals in transverse joints., Since that time, annual
inspections have shown an absence of soilor stone infiltration into the joint
groove. The hot-pour rubber-asphalt seals used before this time becarme
impregnated with solid materials after a few years of service and thus be-
came incompressible., We feel this was the primary cause of the large
amount of joint spalling previously discussed.

Spalling along transverse joints not at the joint corners is illustrated
in Figure 23. The four best projects had an average of 1.65 percentof the
joints with spalling of this type while the four poorest performers ranged

from 20.2 to 66.0 percent of the joints and averaged 38. 8 percent. The

frequency distribution among projects of spalling along transverse cracks
is shown in Figure 24. Ten of the 35 projects had no spalling of this type,
while median performance was 0.3 spalls per one hundred cracks. The
poorest performing project had 8.2 spalls per one hundred cracks.

Spalling along the longitudinal centerline joint ranged from none for 22
projects out of 44 to 6.3 spalls per mile of pavement for the poorest per-
forming project. The frequency distribution among projects for this type
of spalling is shown in Figure 25,

Performance was even better for spalling along the outside edge of the
pavement where 31 of the 44 projects had no spalling of this type and the
poorest performer had only 0.85 spalls per mile of pavement (Fig. 26).
Spalling onthe interior of the slab surface was non-existent for 26 of the
44 projects and the magimum on a project was 0,9 spalls per lane-mile of
pavement, as illustrated by the frequency distribution in Figure 27.
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Figure 28, Histogram of spalls along
the outer slab edges for two-lane and
four-lane divided construction Projects:
15 years of service.
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In summary, it appears that the most serious type of spalling after
fifteen years of service is the spalling of external and internal corners at
transverse joints, followed by spalling along transverse joints away from
joint corners. If spalling could be controlled at the transverse joint the
remaining spalling would be relatively negligible.

5. Joint Blowups '

Pavement joint blowups for projects with fifteen years of service are
shown in Figure 28. Six of 38 projects had none, the median performance
project had 1.4 percent of the joints withblowups and the four poorest pro-

" jects had 11.5, 17.3, 23.4, and 31.0 percent of their joints with blowups.

-6, Mud-Jacking

The prevalence of mud-jacking is shown in Figure 29. Forty-one of
50 projects had no mud-jacking but the four poorest projects in this respect
had 2.1, 2.3, 4.7, and 5.0 percent of the pavement surface which had been
mud-jacked in order to improve riding quality.

7. Patching

Seven of 50 construction projects had no patched areas after fifteen
years of gervice (Fig. 30). The median performance project had 75 sq ft
of patching per lane~mile of pavement (0,13 percent) and the four poorest
performing projects in this respect had 830, 910, 1,260, and 1,500 sg ft
per lane~mile of pavement or 1.4 to 2.6 percent of the pavement surface
(Fig. 30).

8. Infiltratio.r'?:CrackS

The severity of infiltration cracks at joints is shown in Figure 31.
Eleven of 38 two-lane projects with fifteen years of service had none of this

type of cracking. Median performance was approximately five infiltration .

cracks per 1,000 joints but the four poorest projects had 18, 386, 47, and
93 such cracks per1, 000 joints. Infiltration cracking at transverse cracks
is also shown in Figure 31 as distributed for 35 construction projects.
Twenty-one of the projects did not have this type of cracking and the four
poorest performing projects had 0.27, 0,43, 0.81, and 2.79 infiltration
cracks per lane-mile of pavement.
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Figure 32. Transverse cracks and longitudinal cracks per mile of two-
lane pavement, based on 28 projects with 5, 10, and 15 years of service.
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Progressive Deterioration

From the condition surveys available for this study it was decided that
a study of performance after ten and fifteen years of service would he most
rewarding. However, five-year service recordas were also available for
study. In order to determine the rate of change over the fifteen years of
service, it appeared most feasible to study the same projects during this
span., F¥igures 32 through 37 illustrate the averageprogressive deteriora-
tion for various types of pavement distress for 28 construction projects
built in 1947, 1948, and 1949, Throughout the service period the average
number of transverse cracks for the 28 projects increased rather linearly.
Although not shown, it is interesting to note that the poorest project with
respect to transverse cracking was the same for all three periods of ser-
vice.

The rate of increase for longitudinal cracking tends to decrease with
time. This might be expected since two primary causes of longitudinal
cracking, premature traffic loading and subgrade settlement, have their
greatest effect at an earlier age. The progressive nature of corner breaks
at transverse joints and transverse cracks is shown in Figure 33. Except
for external corner breaks during the ten- to fifteen-year period the in-
crease is generally quite linear. In contrast, spalling at transverse joint
corners and at transverse crack corners increases atan increasing rate
with service life, with very large increases noted in the ten- to fifteen-
year service period (Fig. 34). Spalling at other locations algo increases
very rapldly in the ten- to fifteen-year service period (Fig. 35).

Another form of pavement distress, joint blowups, shows a rapid and
progressive increase during the ten- to fifteen-year period {Fig. 36). How-
ever, spalling is an earlier distress phenomenan inthe life of the pavement
and a blowup is a more mature one. During the first five years, only one
project out of 28 had any blowups, but by the end of ten years, 11 projects
had blowups, and by fifteen years only four projects had no blowups. TFor
those four projects without blowups, the coarse aggregate came from pits
with either high 80-100 percent carbonate or very low 0-20 percent car-
bonate. However, the project which had a blowup by the end of five years
was also the worst performer at the end of fifteen years, showing that the
character of a bad performing project is indicated early.

Pavement deterioration, resurfacing dueto deterioration, and patching
are three more pavement distress conditions which progressively become
more gsevere with fime as shown in Figure 37,
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Roughnéss

In addition to the specific survey variables described earlier, meas-
urements of roughness were obtained for a number of projects when com-
pleted, and at one or more of the service periods of five, ten, or fifteen
yvears. From one point of view, roughness may be considered as a sum-
mary of the information found inthe other survey variables. A pronounced
degree of deterioration as expressed in almost any of the condition survey
variables could conceivably be reflected in roughness ag measured by the
Michigan roughometer. However, the usefulness of roughness as a gen-
eral measure of performance is greatly diminished by the extreme varia-
tion of initial values. To be sure, if initial roughness were more uniform,
this might possibly be used to measure structural deterioration. Mich-
igan's experience, however, precludes this use, as shown in Figure 38.
These cumulative frequency distributions show that initial roughness varies
across almost the entire range of values obtained after tenand fifteen years
of service, Many fifteen-year old pavements are smoother than many new
pavements, The conclusion from TFigure 38 is inescapable--a - project’s
"roughness" depends more on its initial profile than its age or service.
Only the median performance can be used to indicate roughness increase
with service, where the median roughness for these projects with initial
ten- and fifteen-year roughness surveys increased only 10 in, the first ten
years of service and 20 in. the next five years. However, the overall var-
iability of roughness values at each survey level is too large to permit the
use of roughness as a research tool.

Considering roughness by itself, and bearing in mind its extreme var-
iability, one can make some very crude comparisons. Figure 39 shows the
progression of mean roughness for five arbitrary categories of initial val-
ues to the final fifteen-year determination. The general form of each curve
suggests a plateau inthe five~ to ten-year range. Again itmust be stressed
that the values pfesented are averages and, consequently, represent gen-
eral trends. ‘

The differences in the rate of roughness increase may be attributed to
the rate of increase of several condition survey performance variables, The
more rapid increase in the first five years may be due to minor settlement
which may or may not require mud-jacking. During the five- to ten-year
period the roughness increase is less rapid but increases more rapidly.in
the ten- to fifteen-year period which correlates with the more rapid in-
crease in pavement deterioration as reflected by a large increase in spal-
ling, patching, blowups, and surface deterioration,

-39-
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GENERAL PERFORMANCE PHILOSOPHY:
THE NEED FOR A STRUCTURAL INDEX

cause of the influence of other variables either not measured or controlled,
Under these conditions, the use of 5 general index may he helpful, Gen-
eral indices are designed to amplify the desired information weakly expres-
sed in the more basic and specific field variables, By a suitable weighting
of these highly specific variables, it is hoped that an index can be con-
structed that will serve ag 3 more powerful research tool inthe investiga~
tion of more general properties., The structural performance of highways
is an example of this problem: each condition Survey variable measures a
particular type of pavement distress, and therefore isnota complete meag-
ure of overall structural performance. In short, structural performance
is a conceptwe cannot physically measure directly, butwould like to define.

The manner in which condition survey variahles are used in perform-
ance definition depends on the kind of performance considered important,
as well as the methodological preferences of the investigator. Thus, there
can be congiderable disagreement concerning the proper formulation and
use of these composite variables, Nevertheless, the simplicity and utility -
of a single, overall performance index justifies most any approach, pro-~
vided its composition and assumptions are in clear view.

A pavement structural performance index can be used for the following
purposes: '

1. To summarize the essential information contained in the condition

2. To serve as a convenient too] in the search’ for possible "cauges"
of structural deterioration,

-40-




3. To anticipate the pavement's ability to continue in service.

4, 'To indicate the need for maintenance or improvements to forestall
excessive deterioration.

Each condition survey variable is unique, and ideally could be uniquely
associated with the relevant variables of design, materials, construction,
or environment provided they were 2ll known and measured with precision
at the proper time. Because this amount and quality of information is usu-
ally not available, it is expedient to take the view that most condition sur-
vey variables express varying degrees of the same information, and this
redundancy makes the complicated, tedious, and probably impossible con-
sideration of each variable by itself unnecessary.

While indices canbe computed for almost any length of pavement, com-
putations for this study are for complete construction projects. Thus, the
computed performance is considered general, in that it pertains to anentire
project and not to a smaller subsection. This is not to say that short
stretches of light or excessive deterioration associatedwith local conditions
such as subbase, drainage, joint construction, etc., are of no interest.
These factors, while affecting the general index, may not be linked with
the overall conditions such as climate, materials, traffic, etc., set aside
as possible determinents of performance. Consequently, these stretches
are best investigated by the "case history" approach where all relevant
local conditions are examined in depth. To this end, general performance

indices conceivably may beused to spot extremes of deterioration, thereby

reducing the number of projects requiring intensive investigation.

Performance indices used to measure highway structural deteriora-
tion will display the same advantages and shortcomings encountered with
their use in other areas of research., If one wishes to measure standard
of living, economic activity, intelligence, or cardiac condition, he must
decide on some ‘abstract criterion of indirect measurement. What one
usually finds available are many direct and specific measures, no one of
which uniquely expresses the more general property subject to definition.
Notwithstanding each measure's uniqueness, there is often good reason to
relate these variables tothe fundamental, more general property, with the
presumed degree of relationship determining each variable's ultimate in=
fluence on the overall criterion. '

i Performance is penerally considered to be a positive concept, and

deterioration its polar opposite. The emphasis of this paper will be
on the negative of performance, i.e., deterioration.

41—
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Subjective Rating Approach

The measurement of many highway pProperties should depend on sup-
jective evaluations, Thesge include aesthetice appeal, rideability, anq even
structura] condition, Tn thege cases a value judgment will be required that
will not be identically made by all individuals, The AASHO Road Test,
PSR (Present Servic_eability Rating) ig 4 case in point, Using a graphic
rating scale of 1 to 5, professional and lay panels judged the general "serv-
iceability' of g variety of pavementg, By including bersons of varying back-
grounds on the lay panel, it wag hoped that a stable evaluation approxima—
ting that of the general public could pe produced by the averaging of indi-
vidual responseg, While an index so designed could be used for a variety
of purposes e.pg., design or materials Tesearch) there are several dis-
advantages which limit its usefulness:® 1) po overt attempt was made to

influenced by longitudinal roughness; g highway Property imperfe ctly cor-
related with structural condition,

Jective--baged on the professional Judgment of an individual éngineer. How-
ever, suchan approach hag the advantage of recording important conditions
that may not enter into panel evaluations. Even if these conditions do not
critically affect bublic acceptance at the time of rating, they may portend
more serious deterioration and result in premature failure.

Subjective Rating Model

dition, Al types of pavement deterioration obtained by condition surveys
subtract from the perfect condition, Thus, it was a matter of subjective
judgement to determine if g certain amount of longitudinal cracking wag
comparable in reducing the Performance Rating Factor (PRY) with another
amount of deterioration, 84y, corner breaks or joint spalling, From the
outset it wag' determined that the magnitude in the PRF reduction for one
type of deterioration must be limited by an arbitrary maximum limit, The
coefficients assigned to each term in the equation below do not directly
represent weighting factors, influenced by the seriousness of the type of
deterioration, but are a combination of this judgement factor and a scaling
—_— :

A complete list of problems with the PSI as geen from the Psychological

scaling view point can be found in reference L.




factor to bring the various units of measurement (percent or average num-
ber) into a logical relationship.

The original intuitive equation (Model 1) was developed onthe basis of
pavement evaluation experience and with only a general review of the ob-
served range in performance for each of the measured variables which
collectively compose the rating, To study and adjust the coefficients and
the maximum limits for each type of deterioration, 30 construction pro-
jects were usedwhich had service records for five-, ten-, and fifteen-year
periods. The distribution of the PRF values for these projects were studied
as well as the changes in the distribution with service life,

PRF = 10-A [a; (TC) + a, (LC) + ag (CB) + a, (SP) + agz(BU)

+ as (PT) + a, (MJ) + g RS) + ag (SC) + ay;, (DT)]

where:

TC = average number of transverse cracks per slab

LC = percentof linear length of pavement with longitudinal crack-
ing

CB = average number of corner breaks (exterior and interior)per
mile of equivalent two-lane pavement

SP = -average number of spalls per mile of equivalent two-lane
pavement (This includes all spalls along transverse joints,.
longitudinal joints, cracks, or the interior of the slab.)

BU. = percent of joints with blowups

PpT = pefcent of pavement area with patches or structural re-
placement

MJ = percent of pavement area where mud-jacking was required

RS = percent of pavement area that had been resurfaced

SC = percent of pavement surface area with scaling

DT = percent of pavement surface area showing disintegration.

—45-
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MODEL 1 FINAL MODEL

A - 1.0 A - 0.8

A% 1.0 TC term limited to max. of 4,0 a1 = 100 TCterm limited to-max. of 5.0
4z = 0.25 LC term limited to max. of 1.0 4z = 0,060 LC term limited to max. of 1.5
23 = 0.25 CB term limited to max. of 0.5 #a = 0.04  CBterm limited to max. of 1, OA
a,= 0,03 sP terx;l limited to max. of 2,5 A4 = 0,008 SPterm limited to max. of 2,0
5= 0.015BU term limited to max. of 1,0 45 = 0.08 DU term limited to max. of 2,0
8a = 0.60 PT term limited to max. of 2.5 - 2e= 2.5 PT term limited to max, of 2.5
7= 0,30 MJterm limited to max, of 1,5 77 0.40  MJterm limited to max. of z.d
g = 0.20 RS term limited to max. of 4,0 s © 0.10 RS term limited to max. of 10,0
3= 0.10 SC term limited to max, of 1,0 ag= 0 5C term limited to max., of 0
830 0.60 DT term limited to max, of 1.0 e 4.00 DT term limited to max. of 2,0

the equation. It ghould be noted that bpavement scaling as a term in the
rating was dropped in the final equation. Thijs final model equation for the
Performance Rating Factor was used as a single measure of pProject per~
formance in various studies and analysis in later parts of thig report,

Objective Rating Approach

In contrast with the AASHO Road Test's PSR (and therefore PSI) and
PRF, an attempt will be made in this paper to devige g structural perform-
ance rating index on "objective" rather than "subjective" grounds (2}, The
technique of factor analysis (3) does not utilize either the differential sub-
jective importance of the survey variables hor public or profesgional sub-




given variable is correlated with the others in a group reflects the extent
towhich it expresses the "common' performance characteristic. Because
this method of performance fabrication does not utilize any form of sub-
jective evaluation its chief contribution is in delineating basic, non-judg-
mental categories of pavement deterioration which simplify the search for
assignable causes. TFor the present study, the survey variables are "re-

" duced' first toa single, more general category of performance (deteriora-
tion) from which is developed a single performance index. While more
specific categories can be subsequently extracted, their generality will
decrease and they will account for diminishing amounts of survey variable
intercorrelation,

By stressing the subjective aspect of performance, the PST and PRF
approaches could weight the survey variables disproportionately to the ef-
fects of the underlying "causes' of structural distress. While the same
argument could be advanced againstan index derived from factor analysis,
one should remember that statistical association provides the investigator
with a necessary, though not sufficient, condition for the assumption of
"easual" relationship. The association assumed by the factor analysis
approach ig simple linear correlation. '

Another  advantage of ''objective' rating is that the sets of intercor-
relations for the five-, ten-, and fifteen-year survey periods can be con-
sidered separately. Consequently, the changing pattern of intercorrela-
tions reflecting the evolutionary or retrogressive importance of each var-
iable in respect to the underlying causes of deterioration can be acknow!-
edge in different rating equations for each survey period. This is not usu-
ally possible with 'éihy of the subjective approaches. Both the PRF and PSI
equations are invariant with time, thereby disallowing corrections for
changes in each variable's relat10nsh1p to general performance or to the
underlying system of causes. On the other hand, thereare occasions when
strict continuity of performance is desirable, requiring a uniform perform-
ance measure. PRF and PSI can be computed at anytime ina project's life
and, taken sequentially, can provide a historical record of performance.
Consequently, projects can be compared on the basis of their performance
time histories. This latter advantage was considered important, and the
present analysis was conducted accordingly using a single performance
equation for all survey periods. The various types of indices are compared
in Table 1 and Figure 40.
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207

Ohjective Rating Model

The principal axis method of factor analysis based on the survey var-
iable intercorrelation matrix yielded the following structural deterioration
index (I):

I = ['.004 (LC) + .005 (TIC) + .006 (D) + .106 (BU) + ,011(CBJ)

+ .410 (CBTC) + ,013 (8J) +.359 (STC) + .043 (SE) ] ...... (1)

where:
LC = longitudinal cracks per mile
TC =  transverse cracks per mile
D =  disintegration in square feet per mile
BU =  blowups per mile
CBJ = corner breaks at transverse joints per mile
CBTC = corner breaks at transverse cracks per milé
SJ = \ spalls at transverse joints per mile
S'_I‘C = gpalls at transverse cracks per mile
RS = relr(r_l‘aining spalls per mile

While a pavement in perfect structural condition would have an index value
of zero, there is no limit to the degree of deterioration measurable with
the scale. Unlike the PSI, the structural index has ratio scale status, and
therefore canbemathematically manipulated without attention to-scaling as-
sumptions. '

Index values can be computed for any year for whicha condition survey
is available. Substitution of a series of surveys taken during a project's
service life, in equation (1), will show the structiral deterioration trend
as well as the project's relative conditionat any service period. Figure 41
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TABLE 1
PROPERTIES OF VARIOUS PERFORMANCE INDICES
Present Performance Structura} Structural
Serviceabiiity Rating Deterioration Depreciation
f.
Property Index Factor "Index * Index
(PST) (PRF) )] (D)
Based on Engineering Judgement )
as to Seriousness of Deterioration No Yes No No
d i i f

Base. on .Pl..lbhc Evaluation o ves No No No

Serv1ceab1hty

Allows Rating of Progressive , . }
Deterioration ves ves Yes Yes
Coefficient Weights Proportional :

to Intercorrelation No Yes Yes
Allows for Separate Indices for ' .
Different Types of Deterioration No No Yes Ves
Unique-Not Dependent on i . }
Investigator Yes No Yes/No Yes/No*

However,

there ig a variety of

Mmathematical techniques.

approaches with variety of solutiong.




. e
The structural deterioration index I, and its estimate I, can be com-

puted by equations (1) and (2) for any specific time, t. However, condition
at a point in time is generally of minor interest; one usually wishes infor-
mation on the rate of deterioration so that performance can be evaluated.
In the present case, the negative of performance will be called "deprecia-
tion." Toevaluate total depreciation, D, over each project's service life,
deterioration was summed over time as follows:

~ A A

dD = Idt = Bt dt and

A T A B A+

DT :B t dt:—‘T 1 A e sav s r e bt Pt EPE T (3)
0 A+1

where:

N _

DT =  estimate of structural depreciation from time of construc-
tion to terminal rating

T =  elapsed time in years to terminal rating

Using equation (3) one can evaluate each pavement's Structural depre-
ciation from construction to any time up to fifteen years, ®

The structural depreciation index, D, accomplishes first the pooling of

correlated information (survey variables) on deterioration into a time- '

dependent measure of pavement condition, "and second, the summarization
of deterioration over service life. Thus, the deterioration index I, and
the depreciation index D, provide single measures of negative structural
condition and performance, respectively. It washoped that these very gen-
eral measures would facilitate the gearch for associated materials, envi-
ronment, and construction variables.

Certain fundamental properties of the three performance indices prev-
iously discussed are compared in Table 1. In the development and use of
performance rating indices, and before attempting to select one of these
indices to compare with material and construction variables in a cause and
effect relationship, it is of interest to determine if these different factors
gorrelate. Thirty projects with fifteen years of service and 55 projects

Survey data beyond fifteen years were not available; therefore, equa-
tion (2) can be applied only to this period.

-49.
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with ten years of service were compared on the basis of PRF ang P8Ival-
ues. The values of PRF varied from 1,75 to 9,1 for fifteen-year projects
and from 4,8 to 9.7 for ten-year brojects, Corresponding values of PSI
were from 2,1 to 3,7 and 2,0 to 3, g, respectively, Although the graphs

-50-



OBJECTIVE III

TO DETERMINE THE EFFECT OF VARIOUS SOURCES OF MATERIALS
USED IN THE PROJECTS

ON THE PERFORMANCE CHARACTERISTICS OF THE PAVEMENT

259




ANALYSIS OF CONSTRUCTION, MATERIALS,
AND ENVIRONMENTAL VARIABLES

Once construction, materizls, and environmental variables have been
classified into levels or categories, one can examine the differences inper-
formance (as measured by I, D, PRF, or PSI). In the present study, PRF
and Iwere used ina statistical test {(analysis of variance) designed toeval~
uate performance differences in terms of the random fluctuations of meas-
urement always present in field examinations of this type., The variables
listed below were examined as potential causes of pavement deterioration.

Average Yéarly Rainfall

The geography of the State was divided into regions of high yearly rain-
fall (above the median) on the basis of all available weather station data.
Projects were classified according to their geographic region to allow com-
parative examination of their performance.

Average Daily Temperature Differential

A method of classification similar to that for average yearly rainfall
was applied to separate geographic regions of relatively high and low av-
erage daily temperature changes.

Contractor

In an attempt to determine if the contractor's workmanship had a sig-
nificant effect on subsequent pavement performance, the Construction Divi-
sion was requested to rate 34 paving contractors performing work on pro-
jects under study into three categories, '"excellent," "good," and "fair."
It was suggested that this rating should be based on workmanship during
the period of 1947 through 1954 when these projects were under construc-
tion. The Construction Division rated 12 contractors in the "excellent, "
10 in the "good, " and 12 in the "fair"categories.

-53~
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Each project wag located on a state trunkline map over which wag gy-
perimposed amap indicating regions of good, fair, or poor subgrade. Each
Project was assigned a value of 1, 2,0r3 according to the category shown
on the map (Fig, 42), Ka projef:t did not lie exclusively within any one of

; the categories it was handled in either of two ways: 1) if 90 percentof the
project was in one category location, it wag given that category, or 2} if
less than 90 percent was located in any one category, all pertinent prades
were recorded. - :

Construction Period

Median construction dates (the date halfway between the earliest and
latest concrete pour dates for each project) were divided into two catego-
ries-~thoge falling in the summer months of June, July, and August, and
those falling in the remaining months prior to, or subsequent to, the sum-~
mer months,

Average Daily Commercial Traffic

The median of al] ctommercial average daily traffic volumes was used
to delineate "high" and "ow" traffic categories, Traffic survey data were
available only for 1947, 1955, 1957, and 1961, the years used to produce
the ‘overall average value for each period,

Coarse Agpre gate
— 5o bedle

A'convenient aggregate classification in the present study is made avai]l-
able through carbonate content testg, Carbonate content tests were not a-

clagsification ang subsequent performance evaluation, Thege categories
. Were 80-100 percent carbonate and 0-60 bercent carbonate,

B
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Tigure 42. Distribution of subgrade types, Lower Michigan
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DISCUSSION OF RESULTS WITH GENERAL PERFORMANCE INDICES

" A general analysis of variance suggested the existence of relation-
shipsbetween average daily commercial traffic (ADCT), coarse aggregate,
and deterioration, I. As shown in Figure 43, gravels containing high pro-
portions of carbonates and aggregates composed of pure crushed limestone
or dolomite perform best (generally lower I values) over the fifteen-year
service period. At fifteen years of service, the average I is about 2-1/2
times greater for those projects built with gravels of relatively low car-
bonate content. More refined examination of these aggregate groups shows
that further subdivision is possible: of the projects constructed with ag-
gregates containing 80-100 percent carbonates, those using 100 percent
pure crushed limestones and dolomites which were studied here had the
smallest I values., Also, the pure gravels containing no carbonates per-
formed a bit better than other aggregates in the 0-60 percent carbonate
group. This suggests that aggregate heterogeneity and not merely car-
bonate contents more clogely associates with pavement performance.

A rough attempt to quantify this possibility was made -using the fol-
lowing formula: -

H = gin (P7)

Where H is defined as heterogeneity, and P is the proportionof carbonate
in the coarse aggregate, Thus, 100-percent pure crushed limestone and
100-percent pure igneous rock gravel will have an H value of 0.0, while an
agpregate composed of 50 percent carbonate and 50 percent other rock types
will have the maximum H value of 1.0, '

TFigure 44 shows that, in general, performance tends to deteriorate as
carbonate-gravel heterogeneity increases. This is especially the case
after fifteen years of service where aggregate classes show wide perform-
ance variance. However, very general graphic comparisons, such asthose
just discussed, are rarely sufficient in themselves to pinpoint the causal
mechanism involved. Clearly, many local conditions such as faulty joint
construction, subgrade support, etc., relate to each particular case and
type of deterioration and one camnot generally speak of one cause alone,

2ol



erogeneity, Past research indicates that the latter possibility is more
likely (4). Cherts, soft, non-durahble barticles, hard absorhent particles,
ete., have long been Suspected as causes of various kinds of pavement
deterioration. The absorption and expansion properties of the materialg

&
LEGEND
GRAVELS CONTAINING
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Figure 43. General performance as affected by two étggre-
gate classes,
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Figure 44, The effect of heterogeneity index on the struc-
tural deterioration index,

2,0

H=SIN p7
WHERE p 1S THE PORFORTION OF
CARBONATE IN THE AGGREGATE,
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Figure 45. Relationship between coarse aggregate hetero-
geneity and soft, non—~durable content. '
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have inspired attempts at performance forecasts through laboratory freeze-~
thaw testg, Soft, non~durableg? seem to be bresent.in Michigan's hetero-
geneous aggregates (Fig, 45) and may, as suggested by other research,
be responsible for the structural performance differencesg encountered (5,
§! Z.J LS..)- o

ance, Other investigators have also found agsociations between aggregates
and various types of deterioration 9, 10, 11, 12). While the gravels and
limestones could perform different] » bastresearch indicateg that theprob-
lem probably lies with the so-called deleterious particles found to various
degrees in these aggregates,

Examination of Soft Particle and Chert Daig

gregate classification used in the Preceeding examinations would suffi-
clently define the performance-materials relationship, For this reason,
PRF, I, and PSI values were examined in connection withavailable sort
particle and chert information,

Projects for which field tests were available:-provided the basis for
analysis, From these records, averages of test resulig for soft, non-
durable and chert bPercentages were obtained and uged a8 an estimate of
the overall content of these materials in the coarse aggregate, Neither

PRF and I, Table 2 shows the results of a PRF analysis of variance on
divided expressway for which soft, non-durable content and commercial
traffic volume datawere available, At the five-year service level, neither
soft, non~durable content, traffic, roadway, or lane show PRF differences
large enough to he considered significant,

Ag defined by Michigan Specifications, softparticles inelude shale, soft
sandstone, ochre, iron-bearing clay, weathered schist, shells, float-
ers, partially disintegrated particles, cemented gravel and any other
particles which are structurally weak orp which fail to meet the sound-
ness test. Michigan Specification for 4A and 10A apgregates used in
concrete pavement: 3 percent maximum,

60~




The ten- and fifteen-year PRF indices show noteworthy differences
presumably due to traffic, lane, and soft content {see Table B~1, Appendix
2}, Table 2 presents a summary of the percentage variance contributions
attributable tothe analysis variables and their interactions. Of special note
is the sharp decrease in unexplained variance between contracts and lanes
after the five-year survey period. The effects of soft, non-durables in the
aggregate together with the overall and between-lane traffic patterns ap-
parently become strong enough after five-years of service to account for
much of the between roadway, contract, and lane variance, It must be
remembered that because of classification restrictions, only four contracts
(three service periods, divided roadways, and all four combinations of soft,
non-durables and traffic values) have been herein examined. Consequently,
these results are indications only; further analysis being necessary to es-
tablish confidence. ‘

TABLE 2
COMPONENTS OF VARIANCE FOR PRF -~ (Divided Expressways)*

Percent Contribution to Tetal Performance Variance

Years Explained Vartance Unexplained Variance
Serc:.rfiue Soft Traffic |Soft-Traific Lane 1ane-Soft | Lane~Traffic] Lane-Soft-Trai- || Between | Between | Between
Non-durable| Volume | Interactlon fnteraction | Interaction | fic Interaction [[Roadway | Contract| Iane

5 0 0 12 0 2 0 0 ] 71 15
i3} 10 47 L] 14 0 11 0 1 15 2

15 24 7 11 14 3 1 2 15 16 1

* Table B-1 (Appendix B) shows the full analysia of varfance for the PR¥, TFable B-2 {Appendix B) shows the pame ’
analysis appHed to 5-, 18-, and 15-year PSI data. '

In general, (except for soft, non-durable at the fifteen-year level) the
PSI index does not appear sensitive to the traffic or aggregate variables,
There are slight differences, but again they are not large enough tobe con-
sidered significant; It is known that the PSI depends largely on roughness
(13), a performance measure only tenuously related tostructural distress.
This is because roughness is not particularly sensitive to such structural
deterioration variables as transverse cracking because reinforcing has ef-
fectively prevented faulting. Also, other valuables such as corner and
centerline spalling are generally not picked up by the roughometer wheel.

For graphical purposes, all projects were classified as to high or low
soft, non-durable contents and high or low average daily commercial traf-
fic (ADCT). The class divisions were based on the soft, non-durable and
ADCT medians. TFigures 46 through 51 show averages for five-, ten-, and

fifteen-year periods of PRF, I, and PSI for the above classifications using

~61-
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Figure 46, Average structural deterio-
ration for projects with low and high
soft, non-durable content,

data from all available non-divided roadway projects, Notice that Jow
ADCT and low soft, non-durable values are associated with better perform-
ance for both indices, However, PRF and I are more affected than PSI.
To show the effects in more detail, moving averages of Iare plotted againgt
both ADCT and soft, non-durable for theAfive-, ten-, and fifteen-year serv-
ice periods in Figures 52 and 53, Log T appears to Increase with both log
soft, non-durables and log ADCT at ahout the same rate with each service
period., These moving averages, while showing predominent trends, re-
move considerable scatter from the data--correlations are of the order of
only 0.40 to 0.50, Correlations would be higher but for only five or six
pProjects (out of nearly 100}, Thege projects either had low traffic or low
soft content (or both), and showed excessive deterioration early in service
life. No reason could be found, and it is assumed that local soil conditionsg
.. are responsible,
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The data used for commercial traffic resulted from a single 24-hour
sample taken during the service life of each project. Because these data
are soweak, the influence of traffic onperformance requires further exam-
ination. Four-lane divided expressways provide an excellent opportunity
toevaluate lane performance differences attributable to differential usage.
TFor these pavements, all construction, environment, design and materials
variables are identical thus the difference in performance between traffic
and passing lanes can be unequivocally assigned to differences in traffic
load. A quantitative between-lane difference in traffic load was generally
not available for the projects examined. However, it is well known that
traffic lanes experience more loading thanthe corresponding passing lanes.
In terms of equivalent 18 kip axle loads, the traffic lane can generally be
assigned from 70 to 90 percent of the tofal in one direction. '

The difference in transverse ¢racking between traffic and passing lanes
of four-lane divided pavements is shown in Figure 54. It should be noted
that the effectof traffic on performance of traffic lanes in comparison with
passing lanes is small for five years of service; but with increased service,
at ten and fifteen years, the difference is much more apparent. As a re-
gult of this study, all available construction projects on divided highways—-
including those which were surveyed after the initial cut-off data for this
study--were examined to obtaina broader statistical basis for determining
the effect of traffic.

In Figure 55 the average incidence of transverse cracking is shown to
be higher for the traffic lane at five-, ten-, and fifteen-year service periods
for all constructionprojects built as divided expressways. The traffic lane
has, on the average, 62 percent more transverse cracking after fifteen
years service than.does the passing lane. The difference is even greater,
as shown in Figuré" 56, for average longitudinal cracking; after fifteenyears
service the traffic lane has nearly twice as much cracking as the passing
lane, 59 lin ft for 100 slabs as compared to 30 lin ft for the passing lane,
This same difference in performance after fifteen years of service between
traffic and passing lane can be noted for external corner spalls in Figure 57
(36 percent increase in traffic lane); internal corner spalls in Figure 58
(29 percent increase in traffic lane); amount of patching in Figure 59 (20
percent increase in traffic lane); and amount of pavement deterioration in
Figure 60 (61 percent increase in traffic lane). It should be noted that in
every case the traffic lane performed more poorly as a result of greater
traffic than the passing lane.
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Figure 61 shows the Depreciation Index (D) value for the traffic and
corresponding passing lanes for eachof 31 divided roadway projects (to be
derived later). Also shown is a 45-degree line which, of course, indicates
equal depreciation for each lane. The traffic-passing lane structural depre-
ciation relationship, while linear, definitely does not have a slopeofl.0,
necessary if both lanes performed equally. Overall, the traffic lanes show
about 65 percent more structural deterioration {as measured by D) than the
corresponding passing lanes. Figure 62 shows the same performance dif-
ference as measured by PRF,

As with overall traffic volumes, PST's for matched traffic and passing
- lanes do not show appreciable differences even after fifteen years of serv-
ice (Fig. 63). Ascould be expected, the survey variables whichare heavily
weighted in the structural performance index; i.e., corner cracking and
spalling together with transverse and longitudinal eracking, do not notice-
ably influence PSI in the traffic wheel paths where roughometer measure-
ments are made., Only after more extensive deterioration has taken place
{much of which may stem from the initial failures measured by these var-
iables) would roughness measurements he substantially affected, Because
of the failure of the PSI to adequately reflect structural performance dif-
ferences, further analysis with this measure was not undertaken, ®

It should be pointed out that all projects herein examined were con-
sidered to have adequate subgrade support, Either they were constructed
onnatural sand and gravel subgrades with good natural drainage, or proper
subbases with adequate thickness constructed to improve drainage. If per-
formance is measured by the PSI, one would conclude from the traffic- pas-
sing lane study, thatsince commercial traffic does not perceptibly influence
structural performance, subgrade supportis adequate (F'ig. 63), However,
if performance is measured by structural condition variables collectively
in indices such as D, one would conclude the opposite: because pavement
performance, even with quality subgrade, is substantially affected by com-
mercial traffic; grade support together with construction procedures could
be improved. © : :

All survey variables in equation 1 except blowups had larger average
values in the traffic lane.

Since these projects were constructed, the Michigan subbase require-~
ments have increased from 12 to 14 and thence to 15 in. of granular
material. Also, contraction joint spacing has been decreased from
99 ft to 71 ft 2 in.
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These examinations suggest three conclusions:

1. Of the deleterious materials examined, soft, non-durable content is
the best predictor of ten- to fifteen-year structural performance as meas-
ured by either subjective or objective indices. -

2. Averagedaily commercial traffic is definitely associated with struc-
tural deterioration as measured by the same indices, This is shown to be
the case for both two-lane and four-lane divided roadway. :

3. P8I does notappear significantly relatedto structural performance.
Also, neither soft, non-durable content in coarsge aggregates nor commer-
cial traffic volume show any relationships to PSI. This may not be true
for serviceperiods beyond fifteen years when structural deterioration sub~
stantially affects roughness. However, up to 15 years of service, con-
dition survey variables combined-in indices appear to be the only effectwe
early predictors of general structural deterioration.

Performance of Individual Variables - Blowups

One basic variable of special interest and concern is blowups. Be-
cause this form of pavement distress is more infrequent and occurs later
in pavement life than most other kinds, it is more difficult to analyze.
Blowups have been attributed to coarse aggregate types because of unu-
sually high frequencies found in pavements constructed from aggregates
coming from specific pits (14). Tigure 64 shows substantial blowup in-
cidence for gravels containing 0-60 percent carbonates, It should be noted
that the difference inblowup performance itself for the two aggregate groups
is a function of time--no difference at five years; some difference at ten
years; and considerable difference at fifteen years.

More intensive examination of the aggregate data shows that blowup
performance is probably related more toaggregate heterogeniety than car-
bonate content. For the present case, heterogeneity (H) was previously
defined as: '

H = gin (Px)

where P is the estimated proportion of carbonate in the aggregate.

Figure 65 shows the relationship between blowups and aggregate het-
erogeniety (H) for four carbonate classes: 100 percent, 80-90 percent,
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BLOWUPS PER MILE

10~60 percent, and 0-35 porcent,
neous aggregates (100 percent
value of zero)show very few blow
(10-60 percent carbonates havin
creased blowup frequency.

could be attributed to differential therma]

durables (15). Since Michigan specification
durables, itis expedient to develop models

6, 16, 17).

After fifteen years ol gérvice, hnmoge-

crughed limestone or dolomite having un i1
ups while highly heterogeneous agpregates
g an H value of 1. 0) ghow suhstantially In-
As with general performanc

e indices, hlowupg
expansgion rates of sofl, non-
s already control lor soft, non-
and make decigions on this hagis

H=SIN pTr
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Effect of coarse aggregate heterogeneity on blowups.
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sonabhle to construct a performance prediction equation: Flgures 46 49,
52, and 53 suggest the followmg relationships:

1og'/1\ K1 logS+1log K, ... . . ‘(4)
log T = K, log (ADCT) + 10 Ky vvevreeenunnnnsensissnnnnns (5)
log’f = Kg lcgt+log Ks (6)
where: S
1 = _. estimate of structural dei‘;‘eripration‘index (I)
A = percentage of soft, ‘non-durccle in coarse agpregate
ADCT =  average daily commereial traffic volume
t = Apge of pavement in years

K1 oo Kg = Flttmg constants W1th K, and Kq, dependent onthe survey
year, Ideally, these variables would be combined by multiple regression
techniques. In the present case, however, a complete data matrix was not
available since many projects did not have complete records for soft, non-
durable content or condition surveys for all three service periods. Con-
sequently, these variables were combined geometricallyby first estimating
the slopes for each variable by simple linear regression, and then summing
thé three equations (the geometric average results 1na simpler model than
the arithmetic average), Thus, we have in general:

.Y K1 KS KS
logI =—— log 8 +—— log (ADCT) + —— log t + log K.,
| 3 3 . .. 3
and in the present case, since K; = K; = 0,54 and K; = 1.58,

A
I

= K, 8% ADCT)?® ¢-®3

Estimates of D__ can be obtained by integration:

T
db_ | = /(T Idt = K, 8% (ADCT)*® /T t 5% dt
- T 0 7 o T

and

ﬁT = KS S'lS-.(ADCT)-lBTl'sz --.----------?.-;‘o-"o-o_ob-lnc (7) S
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In order that both traffic and passing lanes of dividedrexpfessWay could be .
included with the two-lane pavements, ADCT given for the roadway only

had to be distributed between the lanes. An approximate distributibr.;; for-

mula was obtained as follows by eqhation(ﬁ)and the slopes in Figure 49:

i
" A

I = K, (ADCT) K, and D, = fo Idt =K, (ADCT) <3 T .

Dividing DT for the traffic lane by DT for thepassing lane, and substituting

the slope from Figure 49, we have:

A

DT (Traffic Lane) ADCT Traffic Lane \'5% _

A = @ =arctang = 1,65
DT (Pagsing Lane) ADCT Passing Lane ‘

from Figure 61. Thérefore:

1

ADCT traffic lane _ 0.54

= (1.65) = = 3. 59

ADCT passing lane

Because the percentages in the traffic and passing lanes must add to 100,
we have:

ADCT traffic lane = .72 ADCT
and

ADCT passing lane = .28 ADCT

These formulas were used to divide the total roadway ADCT into volumes
for each lane, thereby permitting the incorporation of both lanes of divided
seXpressway into the final analysis,




A
Ky of equation 7 can now be determined by regression of D_on D
Le-’ . A 2i ! =

o> |
I
o

T s D, + Ky, which gives.

(who

= .33 8% (ADCT)*® T™®% - 28 . . iciiiiiiiiinnre. (8)

' The correlation coefflclent for the regresswn is +0 77 which for the
number of pomts (111) is h1gh1y SIgmflcant

Flgure 66 isa plot of D and D for all prOJects for Whlch f1ve— ten—

and fzfteen-year data were avallable including d1v1ded expressways. R
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jects, equation (7) becomes: .

Ay

A
- +28 D, - 28 = 16,8 gl8 (ADCT)*® . a4

w)st

T

‘ N _
and the correlation for the regression of DT on DT is a highly significant

+0. 81 for 31 projects. Thus, when only five-, ten~, and fifteen-year gur- -
veys are considered, 65 percent of the structyral depreciation variance can
be "explained" by the variables of soft, non~durable percentage and average
daily commerecial traffic volume. Presumably, if more surveys could be . .
incorporated, thereby allowing more reliable time-deterioration curves, a

mercial traffic have been shown to have structural performance Prediction
bower. This does not ipso facto "prove" causal relationship, However,
- background information on these variables (such as traffic-passing lane

—-78-




OBJECTIVE IV

RELATIONSHIP BETWEEN SOIL AND PERFORMANCE




Subbase Materials

PR

: In the early 1930's, sand subbase was found to be effettive in reducmg
the spring thaw breakup of M1ch1gan,+pavements. Subsequently, the use of

sand subbase became more.widespread throughout the State until, by 1940,

a 12 in, sand.subbase was required under all rigid pavements constructed

" over heavy natural soils. Incoherent subbase materials were stabilized.

' through the top 3 in. with salvaged or pit run gravel loamy soils or, as a
last chcnce clay 50115.

'In 1955' the subba'se thickness was increased to 14 in., more to feoil—
.- itate construction control than to improve pavement strength., The 1 upper
" 3-in. layer of the subbase consisted of selected gravel, This 3-in. layer
of gravel was to reduce losses in density due to drying and rutting, to pro-
vide a stable surface for pavement forms and paving equipment, and topre-
vent infiltration of fine uniform sands into the pavement joints. In 1963,
the thickness of the layer of selected gravel siibbase was mcreased tod 1n.
making a total subbase thickness of 15 in.

From the history of Michigan subbase construction, it appears that sub-
bases used under postwar rigid pavements were relatively uniform and that
any relationship between subbase and pavement performance would be pri-
marily caused by control of soil density during construction. However,
subbase soil density data were not available on a project-by-project basis
and thus could not be considered as a varlable t6 study in relation to pave-
ment performance. '

Analysis of Influence of Subgrade-Soil

Figure 42 is a map looatmg .soils of varymg su1tab111ty as subgrade
materials, Tigure 42 was, developed froma Soil Map of Michigan by:J. O.
Veatch delineating soil areas for agricultural use. However, Veatch's map
showed approx1mate1y 100 dlfferent goils which;, for this study, were grouped
by suitability for subgrade materials intothree categories, "good, " "fair,’
and "poor." Properties of the goils oonmdered were dralnage togetherw1th
wet and dry strength,

Inorder to determme if these categories conveyed mformatlon on struc-
tural performance, the average transverse crack incidence for each of these
categories over the fifteen-yedr service period was plotted in Figure 67.
Notice ‘that the order of performance follows soil quality for the 125 pro-
jects surveyed.- It should also be remembered that the average for the

fifteen-year service periods is less than would be expected. This is be-
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cause highly cracked portions of teri~year projects are generally resurfaced
before fifteen years and this results in substantial underestimation of fifteen-
year cracking. Even though resurfaced portions are not conmdered in the
analysm the biasing effect is still present.

Because soil quality regions are somewhat geographically correlated
with aggregate quality, it was decided to compare soils grc_fups using var-
iables known not to be affected by subgrade support. To this end, blowup
frequenmes for each soﬂs group were compared both graphically and statis-
tically (Fig. 68), As expected no association. of blowups and soil quality
was found, Therefore it was assumed that coarse aggregates were not re-
sponsﬂole for the pavement performance dlfferences in question.

)

The only other variable found to be related to general performance was
average daily commercial traffic volume. Figure 69 shows that transverse
cracks are associated with commercial traffic. Moreover, the association
is stronger -with age:  r =.0.14; 0.33; and 0.52 for the five-, ten-, and
fifteen-year surveys, respectwely The latter two correlations are s1gn1f—
icant and highly significant, . It was thought that the cracking-traffic cor-
relation might be responsible for the findings concerning the soils (Fig. 67)
since it was known that many generally poor soil regions in Michigan are
found in high population density areas; just-as good soils are often found
in remote regions with low traffic volumes. To show the statewide rela-
tionship between soils and traffic, the average commercial volume for each
goil type wasg plotted in F1gure 70. Despite considerable scatter in the raw
data, a trend is apparent: pavements built in régions with poor soils gen-
erally have higher commerc1al volumes than those built in;regions of good
goils. Because of ithis fortuitous correlation, the original findings; naniély
that a geographic so1ls map indicated performance differences attrlbutable
to soil quality, is probably erroneous. The evidence, which includes the

traffic - passing lane comparisons of divided expressway, suggesis that .

struétural performance-in general, and transverse cracks in particular,
are causally related to commercial traffic volume. Soil quality is undoubt-
edly an additional factor, but information based on general clasmﬁcatmns
for large geographic areas isnot suff1c1en1:1y precise to 1mprove perform-
anceé prediction. For example, the flfteen-year mult1ple correlation of
transverse cracks on soil and traffic i8 0.54, while the partial correlation
with traffic is 0.51. Thus, we see-that the addition of this type of soils
information adds little to our perfdrmance forecasting ability.

,"‘7
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DETAILED INVESTIGATION OF SPECIFIC TYPES OF PAVEMENT DISTRESS
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- The fifth objective of this study, to investigate in detail the causes of
certain specific types of pavement distress, was less thoroughly covered
than the previous objectives, primarily due to the fact that experienced
engineers required to make such investigations were not available to make
extensive field surveys of the bestand poorestperforming projects because
of other parallel research efforts. The 10 best and 10 poorest performing
projects for each type of pavement deterioration as noted in condition sur-
veys were tabulated, However, for clarity only the three best and three
poorest performing projects are shown in Figure 71. For some pavement
deterioration categories the three best projects are not shown on the map
since there were more thanthree which had none of the pavement deteriora-
tion under study. A detailed study of the location throughout the state of
the poorest projects in terms of individual performance variables, such
as transverse cracking, longitudinal cracking, etc., did not elicit any un-
usual distribution of poor projects.

Field investigation for each very poor and very good performing pro-
jects for each condition survey variable may have disclosed some casual
reasons for performance differences. However it is apparent from pre-
vious investigations thatonly certain causes for poor performance are dis-
closed by these, so called, 'post-mortem' examinations. For example,
on a project where there is extensive longitudinal cracking, the depth of
the saw-cut which forms the longitudinal plane-of-weakness can be meas-
ured and a comparison can be made between depths of saw-cuts inpavement
areas, with and without longitudinal cracking. If there is a marked reduc-
tion in depth of saw-cuts.in the area where longitudinal cracking occurred,
it may be concluded that this deficiency resulted inthe increased longitud-
inal cracking. However, if the contractor's equipment inadvertently passed
over the pavement prior to the forming of the longltudmal saw~cut, and
established a fine crack--perhaps invisible at that time--andthis erack
thus funetioned in place.of the subsequent saw-cutas a plane-of-weakness
for relieving transverse warping of the pavement due to temperature and
moisture changes,’ then this cause for excessive longitudinal cracklngwould
never be disclosed by later field inspections. From the possible spectrum
of causes for poor pavement performance, only a small percentage can be
obtained by examination of routine material and construction records and
subsequent field inspections after the poor performance is noted.

The Research Lahoratory has had the responsibility, upon request of
other Department Divisions, to investigate and attempt to determine the
cause of certain specific weakness in performance of some individual con~
struction projects. As a result of these special investigations, certain
cause and effect relationships on individual projects have been established.,
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Figure 71, Locationof best and poorest
ment deterioration (10 years of service)

performing projects for 9 types of pave-




- It is difficult, however, to generalize from these specific investigations;
therefore the causes for a specific type of poor performance for an inten-

-sively studied project may or may not be the cause of poor performance for
a number of other projects exhibiting similar types of poor performance.

Since it was not possible to make a broad and extensive--and at the
same time Intensive--study of each type of pavement distress, some of the
intensive investigations on specific projects will be summarized toindicate
the causes for poor performance in specific instances.

Joint F'aillures

Early in 1951 serious concrete joint failures were observed on four
joints on a construction project built in 1947 on M 59, Nothing conclusive
concerning the cause of this joint problem could be obtained by the usual
observational inspection and a condition survey of the construction project.
In 1952 an expansion joint was opened in an attempt to determine the cause.

The examination of the joint disclosed the following conditions:

1. The metal expansion caps, installed on the end of dowels to permit
pavement expansion, were never installed. Therefore, the compressive
force onthe end of the dowel shattered the concrete and bent the bar (Fig. 72).

2. Some of the dowels werebadly misaligned both horizontally and ver-
tically.,

3. Theload transfer assembly onthe westbound lane was placed higher
thanthe assembly onthe eastbound Iane. Consequently thetop of the dowels
to the pavement surface averaged 2-1/4 in. in the westhound lane and 3 in.
in the eastbound lane. When properly positioned the dowel should be cen-
tered vertically inthe 8-in, pavement. Thus, this distance for 1-in, diam-
eter dowels should be 3~-1/2 inches.

4, The dowels were badly rusted and pitted in the vicinity of the ex-
pansion joint filler. The reduction in dowel diameter due to rusting was
approximately nine percent for the five-year life on this pavement joint.

There were also contraction joints on this same project that showed
distress but it was not possible to examine them since maintenance forces
had repaired them before wewere notified of the problem. Of the four ob-
servations noted for the expansion joint, the second and third (dowel mis~
alignment and the dowel assembly too high) could cause similar distress
for contraction joints.
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<. Physical condition of two dowels; note
bending due to compressive force.

Condition prior to opening

Horizontal misalignment of two dowels
next to longitudinal center joint.

Vertical misalignment due to dow—

el slipping out of dowel assem-
bly clip.

Figure 72.  Joint failure
and condition of dowels
after exposure of joint.




In addition, a review of pavement core data indicated that the pavement
thickness averaged approximately 1/4 in. thinner than the 8 in. thickness
specified.

The somewhat thinner pavement, together with a large volume of com-~
mercial trucks hauling gravel from local pits to Detroit by this route, a
combination of possible high positioning of the dowel bars, and possible
dowel misalignment at some transverse joints appear to have caused these
premature joint failures, '

In July 21, 1955 a blowup occurred on M 47 on 8-in. uniform thickness
pavement built in 1949, Subsequent condition surveys indicated the pave-
ment to be in excellent physical condition with an unusually low percentage
of transverse cracks and spalls, This blowup was the first major physical
defect to appear inthis project after six years of service. After extensive
investigation, the cause of thig blowup was not definitely determined but it
was strongly suspected that low quality concrete in that particular area
might have been a primary factor in the incident. This observation was
based primarily on the fact that in the spalled areas of the joint the sep~-
arationwas almost entirely between coarse aggregate and mortar with very
little fracture of coarse aggregate, indicating that the binding properties
of the mortar was the weakest link in the aggregate-mortar system. Again,
dowel bar corrosion resulted in a net reduction in bar diameter after six
years of service of between 3 and 10 percent for these 1-in. dowels.

In 1959 the Research Laboratory summarized joint problems that had
developed over thepast few years. These included: 1) longitudinal crack-
ing at the joint, 2) joint spalling, 3) joint blowups, 4) inadequate load-
transfer assemblies, 5) dowel bar corrosion, 6) concrete failure atcon-
struction joints, and 7) inadequate joint sealing (Figs. 73 and T4).

The causes for these problems were outlined in this report. Some of
the reasons foridongitudinal cracking were:

1, Heavy loads during early life of the structure, such as earth-moving
machinery or other heavy contractor's equipment. (This is especially true
for sawed longitudinal joints in comparison with the previous practice of a
premoldedbituminous strip to form the longitudinal plane-of-weakness joint,
since any heavy equipment on the slab, particularly when ina temperature-
warped condition prior to forming the longitudinal joint by sawing isa very
effective means of causing a longitudinal crack.}

2. Uneven subgrade support, particularly loss of pavement edge sup-
port which may lead to longitudinal cracking,
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Dowel misalignment during concrete Corroded dowels in place in 9 year old
placement due to inability of assembly to hold pavement.
dowels in place.

Misalignment of dowels at constructionor

= Difference inappearance and performance
of concrete at each side of construction joint. night joint. .

Figure 74. Joint problems--dowel misalignment, dowel corrosion, and inferior
concrete at night joint.




3. Infiltration of inertsoil particles from the shoulder causing unusual
transverse joint facial pressure.

4. Misalignment of dowels in the pavement joint.

5. Localized pressure at slab ends caused by unequal volume changes
due to moisture variations in the slab width.

6. Frozen dowel bars at joints caused by rusting and lack of proper
lubrication for expansion joints.

Two types of joint spalling were considered, 1) spalling of the joint
groove; generally this type of spall extends only the 2 in, depth of the joint
groove, and the crack is quite cloge tothe joint (within 1 in.), and 2) spall-
ing of the joint face, which is most prevalent at the exterior or interior
corners of the slab and is illustrated in Figure 73, The joint groove spall-
ing problem in current construction hasheen greatly attenuated by several
factors. Rather than forming the joint groove by means of a removable
mandrel or by placing styrofoam to form the groove and subsequently re-
moving it, the present joint grooves are formed by sawing. Secondly, since
preformed neoprene joint seals are being used inplace of hot-poured rubber-
asphalt joint seal, any spalling of the joint groove at the time of construction
must be repaired to obtain aproper joint groove face for the neoprene seal,
Epoxy mortar has been used to effect these spall repairs.

We feel that the primary cause of joint spalling is the infiltration of
foreign material into the joint groove and the plane-of-weakness crack below
the joint groove. Current observations on preformed neoprene joint seal
indicate that the joint groove and the crack arebeing kept free of thig infil~
tration and this should be 2 much less serious problem for current con~ .
struction projects,

The third joint problem considered in the 1959 report was joint blow-
ups. It was stated that these generally occur after about eight years for
post-war pavements, The postponement of this problem in prewar con-
struction for a longer period is ascribed to the use of expansion joints. How-
ever, it has definitely been established that the use of expansion joints ex-
clusively, does not eliminate the problem but only postpones it. If infil-
tration of foreign material into the joint is not controlled, since we feel
this is a primary cause of blowups, then the use of expansion joints simply
means it takes longer to use up the storage space provided. As discussed
previously, reducing joint blowup problems can be accomplished by reduc-
tion in the soft, non-durable content of the coarse aggregate in the concrete




and by improving joint seal performance., In this respect we feel that the
use of preformed neoprene joint seal will greatly reduce joint infiltration
and thus reduce the frequency of joint blowups in the future.

The examination of many joint blowups has shown that in most cases
some construction factor has triggered the failure of this particular ]omt

These factors include misalignment of dowels, faulty dowel baskets, infe- ..

rior concrete--particularly at construction joints~-faulty placement of re-
inforcing steel, or frozen dowels.

In examining joints that have failed it hasbeen obvious that inadequate
dowel bar assemblies played their part in the poorer performance. Early
assemblies did not securely restrict the end of the dowel from displace-
ment since they held the dowels by means of a harp-shaped clipbox inwhich
the dowel was snapped down intoposition. Figure 74 indicates how the force
of concrete, or placing operations, have dislodged the end of the dowels
from the c11p and then forced one end up and out of position.

In 1953 the Department specified 1-1/4-~in, dowels rather than 1-in,
_specified previously, and also required rigid load-transfer assemblies for
holding the dowels in alignment within the assembly. Unfortunately, the
number of construction projects with ten years of service with the upgraded
type of load-transfer assemblies were insufficient for this study to deter-
mine if this'would result in a reduction in pavement joint blowups. Since
blowups rarely occur in less than ten years of service any conclusions in
this respect must be delayed for a few more years.

The extent to which dowel bar corrosion may influence joint failures
is difficult to determine; however, such corrosion can be expected to re-
strict slab movement and at least be a contrlbutlng cause for poor joint
performanoe. P

Quite often when a pavement joint is investigated due to its poor per'—

formance it is found to be a construction joint used at the end of a day's

pour. Invariably the pavement surface which has deteriorated is on the
side of the construction joint poured at the end of the day. This is appar-
ently due to the fact that this concrete is inferior in quality to that placed
at the beginning of the day or during regular operations throughout the day.
Also, misalignment of dowels placed through a joint bulkhead is another
source of trouble (Fig. 74). A more recent method of correcting this sit-
uation has been to use a complete expansion dowel-bar assembly and place
the bulkhead in place of the expansion filler. By this method both sides of
the dowel bars are properly supported and do not get displaced or bent.
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In the 1959 report it was stated that the performance of specification
rubber-asphalt joint sealers was not up to expectations. Prior to this (in
1956) an experimental project was undertaken with the cooperation of the
newly formed Joint Seal Manufacturers Agsociation (JSMA) and with all six
member-companies participating. The purpose of this study was to evaluate
the best sealing products of the manufacturers without regard to specifica-
tions or price. A 10-mile long concrete roadway was sealed with six dif-
ferent makes of each of two types of hot-poured rubber-asphalt sealer (reg-
ular type meeting Federal Specification SS-S~164 and g slightly softer grade)
and fivebrands of cold-applied materials, aswell as several products devel--
oped especially for this project by the various manufacturers. These spe-
cial products included hoth hot-pour and two-component cold-applied mate-
rials of the jet-fuel-resistant type. In all, 24 different Jjoint sealing mate-
rials were used. In summary, after two years of service it was apreed,
after an inspection of the project by JSMA and laboratory representatives,
that none of the joints in the project now appeared to be well sealed. This
experiment, on the basis of 99-ft joint spacing, was rather convineing ev-
idence that joints could not be properly sealed with liquid-type joint geals
and present joint construction practices.

However, one further experimental project in joint sealing was at-
tempted to determine if the shape factor of the joint groove, as presented
by Professor Egon Tons in 1959, and somewhat shorter slah lengths would
Tesult in satisfactory joint seal performance, On the project, five groove
sizeswere tried, 1/2 by 1/2 in., 3/4 by 3/4 in., 1by 1 in., 1/2 by 2 in.,
and 3/8 by 1/2 in. The joint grooves were formed by sawing without a filler
strip to form the plane-of-weakness and with a 1/4- by 2-in. premolded
bituminous fiber filler strip to establish the plane-of-weakness. In addi-
tion, three slab lengths were used, 57 ft-3 in., 71 ft-2in., and the then
conventional, 99-ft slah length. AIIl joint grooves and immediate pavement
surfaces were cleaned. by sand-blasting and, just prior to sealing, any
loose material accumulated in the grooves was removed by a jet of com-
pressed air. A hot-poured rubber-asphalt joint sealing compound meeting
Department specifications was used to seal all transverse joints, For ap-
proximately two years sealing performance wag reasonably satisfactory,
but none of the combination of factors attempted pbrovided a joint seal that -
could be expected toperform satisfactorily for longer than about two years.,
The joint seals failed by adhesion or cohesion, or lack of ductility, and
foreign material could be seen infiltrating the joint seal materials,

As aresult of the Depariment's experience over more than ten years,
namely that liquid-type joint seals were incapable of properly sealing trans-
- verse joints for longer slabs, it was very receptive to the use of preformed’




neoprene when this material was developed several years ago. It was first
experimentally installed in Michigan in the Fall of 1962, In the 1964 con-
struction season neoprene was installed on elght construction projects. In
1965 itwas installed on almostall construction projects. In 1966 neoprene
was used exclusively for transverse joints. While considerable develop-
ment may yet be required to obtain optimum dimensional shapes and mate-
rial requirements for this type of joint seal, to date it has considerably
out-performed liquid-type joint sealers of the hot-poured or cold-applied
type. If this type of joint seal continues toperform as it has inits first few
~vears of application, it would appear that a considerable reduction in the
previously discussed joint problems could be expected.

In 1960 joint spalling on an urban expressway in the western side of the
State was called to our attentionby maintenance personnel. The three most
severely spalled joints were exposed and examined prior torepair to deter-
mine the cause of the deterioration. The first joint evidenced extensive
surface spalling extending downward into the pavement no more than 2 in,
at the joint face, and back from the joint face about 15 in. where the spall
depth was about 1/2 in. Since the spalling was not deep, the transfer sys-
tem was not exposed and its influence on this spalling could not be deter-
mined. It was noted, however, that near the surface the spalled concrete
was chiefly mortar with very little coarse aggregate. In addition, over a
considerable area, the plane-of-cleavage between sound pavement and the
spall showed no evidence of broken aggregate, but rather of bond failures
between coarse aggregate below and the mortar inthe upper surface. Gen-

erally thisindicates that the mortar isweak, because bond strengthbetween

mortar and coarse agpgregate is proportional to mortar strength,

The second joint was a construction joint. Where the concrete was
spalled most severely down to the levels of the dowels it was noted that all
four dowels exposed tilted up 1/4 to 1/2 in, This misalignment is suffi-
cient to the cause concrete-to~-dowel binding and appears to have caused
the spalling at this joint.

The third joint was another construction joint where, at the south side
of the joint, the pour ended against month-old concrete on the north side
(Fig. 75). The slab reinforcement was found to be only 7/8 to 1 in. from
the surface onthe spalled side of the joint. The jointwas not moving prop-
_erlv, but was opening 6 in. further south where a crack had opened suf-
ficiently to rupture the steel. The fact that the movement took place 6 in,
south. of the joint meant thatonly a few inches of the dowel extended across
one side of the opening, resulting in absence of proper load transfer. Un-
doubtedly this condition was partially responsible for the pavement break-
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age at this point. In addition, after more of the reinforcing steel was ex-
posed in the slab south of the joint it could be seen that the mat was not
correctly oriented, being crosswise with the transverse and longitudinal
axis of the mat and the pavement opposed. The No. 00-gage wires at 6-in.
spacing were oriented transversely, giving 0.688 sq in. to the lin ft, the
No, 4-gage wires at 12-in. spacing were oriented longitudinally, giving
only 0.159 sq in. to thelin ft, or less than a fourth of the proper steelarea.
This incorrect orientation of the steel mat undoubtedly caused the opening
of the crack south of the joint and the early failure of the steel at this point.
The load transfer system, however, must have caused considerable binding
and freezing at the joint, and resulted in the slab movement taking place
6 in. away from the joint.

In 1962 a construction project on M 37 relocation was studied asa re-
sult of extensive transverse cracking noted in October. The pavement was
poured between July 9 and August 11 of the same year. For the 20 days
of concrete placement in the 9. 95 miles of pavement the average transverse
cracks per pour varied in number from zeroc to a maximum of 10,5 per
1,000 ft of pavement. However, some of this cracking was concentrated in
local areas so that some 99-ft slabs had 3, 4, 5, and even 6 cracks per
slab. The following analysis of various factors which may have contributed
to this transverse cracking was made: 1) Temperature variation during
paving operations and the following 24 hours was investigated for each of
the 20 pours. This included variations between maximum and minimum
temperatures. 2) The early strength of the concrete as reflected in com-
pressive strength of cores and modulus of rupture of beams was studied.
'3) Grading operations in relation to eventual paving failure, areas of cut,
fill, and muck were established and transverse cracking was compared
without significant difference in cracking for these three subgrade condi-
tions. 4) Located cracks within a particular slab, and 5} Relative posi-
tion or sequence of placement of the slabs that later showed most cracking
within a partiqiﬂar pour was noted.

In the first four types of analysis noexplanation for the unusual amount
of cracking was found; however, the location of the cracking in relation to
the particular pour did show significant results. The badly cracked slabs
1in almostall cases were those constructed during the first part of the day's
operations. Since the cores did not show any significant difference in
strength for the cracked sections, it appears that the concrete mix was
satisfactory, and that conditions encountered during the setting period must
have been responsible for the subsequent excessive shrinkage leading to
transverse cracking, Climatic conditions contributiﬁg torapid evaporation
and consequent plastic shrinkage cracking include low humidity, heat from
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continuous sunshine, and wind. Prompt application of the curing treatment
to the freshly placed concrete is particularly critical on sunny and windy
days and days with low humidity. Constructionrecords were not sufficiently
detailed to establish beyond a doubt that delay in placing the membhrane
curing compound, in combinationwith climatic conditions which would cause
rapid evaporation of moisture from the concrete, led to the excessive
shrinkage and early cracking of this pavement in certain locations. This
is, however, the most likely cause for this cracking. Previous records
Indicate that cracking caused by improper curing of morning-poured slabs
has often been experienced on numerous older projects. -

In 1965 an investigationwas made of the joint failures ona project con-
structed in 1953 on 194, A total of 10 previous blowups had occurred and
two additional ones occurred the day prior to obhservation and one on the day
of observation, Observations on one of these joints during repair indicated
that the dowel bars were out of alignment both laterally and vertically, and
that the joint groove was not constructed symmetrically over the base plate
parting strip (Fig. 76). Concrete below the dowel bars was saturated with
moisture and completely deteriorated. The cause of blowups onthis project
were ascribed as follows:

"Blowups and other evidence of poor joint performance onthis project
may result from one or more of several causes. Over several years, dirt
has infiltrated progressively into the joints, preventing joint closure during
pavement expansion cycles. In addition to this normal- infiltration, water
and chloride solution resulting from ice and snow removal has seeped into
the joints and could have beentrapped by the baseplate, Alternate freezing
and thawing, coupled with the detrimental effect of chloride solution on con-
crete, may have accelerated deterioration of the concrete below the dowel
bars. As a result, compressive forces--caused by restraint to concrete
expansion resulting from moisture and temperature--are greatly increased,
at the same time the concrete area resisting these forces is decreased
about 60 percen ."T"" This particular project not only showed poor perform-
ance with respect to blowups but was also one of the worst with respect to
transverse cracks.

In September 1965, two adjacent construction projects on US 127 were
investigated intensively. The first project was constructed in 1947 and the
second in 1949, Almost every joint in the 1947 project showed distress to
some degree, with about 50 percent of the joints in very bad condition. A
typical joint is shown in Figure 77. The concrete at the joint had disinte-
grated in awedge shape, tapering up to the dowel bars from the plasticbase
plate. The concrete above the dowels was fractured into small pieces, as
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though subjected to severe compression. The joints onthe second project,
constructed in 1949, were in excellent condition for approximately 3.1 miles.
with almostno distress (Fig. 78). On the remaining 1.6 miles of this pro~

ject the joints had serious spalls where maintenance was required. A study
of the design and materials factors aswell as a study.of the subbase mate-
rial indicated that the only apparent-difference. in the performance of the

pavement joints could be associated with the sources of coarse agpregate

used in the concrete., The area of the second project where the perform-
ance was excellent after 16 years of .service had a limestone coarse ag-
gregate din the concrete. As shown.earlier, however, this-good perform-
ance on a larger statistical sample correlates with the generally lower
amount.of soft, non~durable material found in limestone sources."

~In 1966 a reappraisal of transverse joint baseplates was made, The
baseplate used in Michigan construction practices since 1946 had two pur-
poses: 1) It was intended toprevent infiltration of fine inertparticles from

base course and shoulder construction into the joint opening, and 2) the-

base plate was to serve as a support for the dowel assembly in place of 6-
by 6-in. sand plates or 2-in. wide continuous bearing plates attached to
wire supports of the dowel—bar assembly. The base plate also furnished
support for a 1- 1n. h1gh partmg strip placed d1rect1y under the surface
groove to ‘control the cracklng at the Jomt

Over the years smce 1946 Severa.l changes were made in the design

and material of baseplates,. In the 1950's rubber and plastic were approved

as subst1tutes for galvamzed steel but for various reasons were discarded
as be1ng unsatlsfactory. Also, durmg this period, changes in base course
construct1on were made to upgrade the physmal characteristics of the sub-
base. Current spec1f1cat1ons require two layers of granular material for
a total of 15 1nches. A porous material is permitted for the bottom 11 in,
followed by a selected sibbase on the top 4 in. which was designed to pre-
vent loss of density due to drying and rutting and to provide a stable surface
for paving forms and to prevent infiltration of fine uniform sands into the
pavement joint, '

. Tn connectionwith field investigations of pavement joint problems many
joints had been examined during repair. Many of the contraction joints
showed various degrees of spalling and. concrete deterioration at the bottom
of the joint. It was quite obvious that failure of the joint seal allowed the
joint space to fill with soil- materials. In addition, water and maintenance
chemicals. had also entered the joint and resulted in a triangular zone of
concrete deterioration with the triangle's base about the width of the base-
plate and it's apex centered at the joint at the height of the dowel bars. It
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appeared that the baseplate was trapping water and maintenance chemicals
in this triangular zone, resulting in a much reduced joint face area which
could result in later blowup problems when compressive forces from pave-
ment expansion due to moisture and temperature changes were exerted on
this reduced effective area, As a result the Department decided to eliminate
badseplates from pavement construction.,

In 1957, three damaged joints on T 94 were called to our attention by
county maintenance personnel. This pavement was six years old at the time.
of the examination. The reason for the failures of the first two joints shown
in Figures 79 and 80 was the misplaced joint groove, approximately 6 in.
too far west. This resulted in reinforcement extending through the joint
and dowel bars embedded 13-1/2 in. into one slab and only 1-1/2 in, or
less into the adjacent slab, The reason for the concrete spalling at the
corner of the third joint wasno doubt due to the twisting and misplaced re~
inforcement at this point which resulted in only 3/4 in. of concrete cover
(Fig, 81),

Th 1954 unusual c‘racking at joints was investigated ona projecton US 2
inthe Upper Peninsula, Thig pavement was placed between July 16and 30,
1954, It'was firstnoted by excavating the shoulder alongside the pavement

~ joint that thebaseplate assembly was notin the proper locationwith respect
to the joint groove in the pavement. A survey of 17 contraction joints was
made on this project by means of a Research Laboratory designed elec-
tronic instrument which would indicate the position of steel embedded in
the concrete pavement. As shown in Figure 82, it was determined that the
sealed joint groove had been skewed tothe location of thedowel bar assem-
bly from approximately 3 to 10 in,, thus the formed plane-of-weakness in
some cases completely missed the dowel bars at one end of the pavement,
and in other cases only a small portion of the dowel bar ‘extended into the
adjacent slab, - -

It should be noted that all of the performance problems previously dis-
cussed under Objective V were caused by inadequate inspection and control
of load transfer assemblies or pavement reinforcement. The design of load
transfer assemblies has improved since this early postwar period and thus
the frequency of some -of these problems should also be reduced in later
pavements. However, closer inspection of the proper placement of load
transfer assemblies and alignment of the dowel bars, together with correct
positioning of reinforcing steel in relation to transverse joints and to depth

_Wwithin the slab, would remedy the poor performance problems illustrated
. “here.
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Condition of pavement joint on
October 30, 1957.

Broken concrete removed to level
of reinforecing steel. Reinforcing
steel was twisted and tilted up-
-ward at joint.

Detailed view at pavement edge showing reinfore-  ;
ing steel passing through joint and dowel extending
1-1/2 inches across joint. :

4 o

Detailed view showing two edge dowels exposed. Load
transfer assembly was 6 inches too far east of pave-
ment joint.

Figure 79. Condition and cause of joint
problems.
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A Con

dition of pavement joint on October 30,
1957,

Two edge dowels exposed showing improper loca-
tion of load transfer assembly,

Edge dowel exposed showing 1-1/2 inches of lap
across joint, Reinforcing steel passes through
joint and‘although "necked down'" was not broken.

Figure 80. Condition and cause of joint problems.
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Condition of pavement joint, Oct- ‘
ober 30, 1957, .

Broken concrete removed to level
of reinforcing steel.

Reinforcing steel shown to be within 374 inch of
pavemant surface ai fransverse ioint,

FAge dowel exposed showing 5-1/2 inch rather than
7-1 9 inch extension into adjacent slab.

Figure 81. Condition and cause of joint
problems.
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Special Studies

Ag a part of this research study, Michigan tock part in the Purdue
University National Cooperative Highway Research Project to compare dif-
ferent methods of measuring pavement condition. 7This study, conducted
in 1963, involved 45 pavement sections of three types (rigid, flexible, and
overlay)., These sections were rated by a lay panel, the AASHO Road Test
panel, and the Highway Research Board Committee on Pavement Condition
Evaluation, The extent of cracking and patching was determined for each
section. Roughness, and profilometer measurements were made using
roughometers of eight different types, the BPR-type roughometer, the
AASHO Slope Profilometer, CHLOE Profilometer, Kentucky acceleration
device, Texas Texture Meter, University of Michigan Truck Mounted Pro-
filometer, General Motors Corporation Rapid Travel Profilometer and the
Purdue University tire pressure instrument.

Michigan's roughometer, a BPR type, was used in this study. This
instrument has two means of measuring roughness. The first or conven-
tional means which involves the use of a mechanical integrator consists
of a cable-drivendrum with a clutch arrangement that permits drum move-
ment to be measured inone direction only. Values from the integrator are
expressed interms of inchesper mile, The second method involves a five-
channel limit-set indicator which records impulses from a 2g accelerom-
eter mounted on the roughometer frame. Values from the accelerometer
are expressed in g's per mile (g = unit of force equal to the force of gravity).

Limit switches for separating g levels were adjusted for five different con-

ditions depending on the roughness of the pavement.

The correlation study indicated that the coefficients to be used for the
AASHO Model Equation for the Michigan roughometer were as follows:

For rigid pavements:
Present Serviceability Index =5.39 - 0.0076 F - 0.006 Vv C+ P

of
PSI=5.72 -~ 0.0018 G - 0,006 \/E_+—P
where:
F = roughness in inches per mile (mechanical integrator)
G = roughness in g's per mile (acceleration measurerﬁent)
C =  major cracking in ft per 1,000 sq ft of area
P = bituminous patching in sq ft per 1,000 sq ft of area
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Inthis correlation study the Michiganroughometer (mechanical integra-
tor) had the highest correlation with the AASHO model equations and the
smallest standard error of estimate of all roughness measuring instru-
ments when used on rigid pavement,

Pertinent findings (13) which have a bearing on this study are as fol-
lows: '

1, The lay rating panel, on the average, rated pavements higher than
the professional people.

2. Serviceability equations using the AASHO mathematical modelwere
developed for each piece of equipment.

3. Equations were developed that permit prediction of serviceability
using only equipment measurements, These equations showed, in general,
very slightly lower correlation coefficients and higher errors ofestimate
than the AASHO model equations,

4., The field test results indicated that from the standpoint of precision
inpredicting serviceability little difference existed inroughness measuring
equipment. -

Another special study on initial roughness and serviceability indices
was conducted in cooperation with the Division of Highways, Department of
Public Works and Buildings of the State of Illinois. This study was pro~
posedina letter from W, E, Chastain, Sr., Assistant Engineer of Research
and Planning of Illinois to John C. Mackie, Highway Commissioner of Mich-
igan, With the approval of Howard E. Hill, Mapaging Director and under
this HPR project, the initial roughness and the initial Present Serviceability
for all newly constructed rigid pavements from 1951 through 1962 were
computed (358 construction projects). The objective of this study as pro-
posed by Chastain was to compare the riding quality that is being obtained
by various states since Indiana, Iowa, Michigan, Missouri, and Illinois
each had a BPR-type roughometer and measurements are mutually cor-
relatable because of prior correlations with AASHO Road Testprofilometer.
Some of the dataproposed for this study have interest within the objectives
of this project and are therefore reported here.

Figure 83 shows the frequency distribution and ¥Figure 84 the cumula-
tive frequency distribution of initial roughness values for these 358 pave-
ment projects. The frequency distribution is quite skewed, with a majority
of projects in the good or upper average categories. The mean unweighted
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initial roughness is approximately 139 inches per mile and the median ap-
proximately 136 inches per mile. "Good, " ”average and "poor" catego-
ries as shown in Figures 83 and 84 for r1d1ng quality of newly constructed
pavement have been established arbltranly on the basis of roughness dis-
tributions in Michigan studies and are shown in relation to the roughness
distribution.

In Figures- 85 and 86 the frequency distribution and the cumulative fre-
quency distribution of the initial servmeab1l1ty indices for the same pro-
jects are shown. The median index value is approx1mately 4, 0 but the en-
tire distribution encompasses values from 4.85 to 2.45. With these data
normalized it canbe anticipated that 10 percent of the projects will have an
initial PSTI of 4.46 or.higher, 67 percent of the projects will bebetween 3,59
and 4.38, and 10 percent of the projects will have a PSI of 3.44 or below.

Performance Ranking Study

One reason for taking condition surveys or roughness measurements
is their value not only in measuring current performance but also predicting
future performance. As previously discussed under roughness, the wide
variation in initial roughness makes predicting future performance based
on roughness measurements of little practical value. Between the ten- and
fifteen-year service period the increase in roughness measurement will
have slight correlation with structural deterioration but by this time the
pavement distress may be obvious by casual inspection. It would be of
interest, however, if atany earlier period, say after five years of service,
the performance at fifteen years could be predicted.

In Table 3 two methods of predicting future performance are indicated.
For the first case the statistical correlation coefficient for five~year sur-
veys is compared to fifteen-year surveys for the same condition survey
variable. For the'second case the correlation between dissimilar condition

survey variables is shown. . The intercorrelation’ ‘between external corner

breaks and internal corner breaks and between internal and external spalls
with blowups are particularly significant. Other survey variables at five
years correlate to a less significant degree with other survey variables at
fifteen years, but in general the predicting power to fifteen years for five~
year surveys is quite good. ; :

Another method of indicating the ability to "predict” performance from
condition surveys is shown in Figure 87 where the project performance at
the end of five years is divided into five groups and then the individual group
performance is observed at the end of ten and fifteen years of service, A
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TABIE 3
INTERCORRE LATIONS OF VARIOUS
CONDITION SURVEY VARIABLES BETWEEN SURVEY PERIODS

. R Correlation
S—Yrear Survey Variable 15-Year Survey Variahle Coefficient (r)
% External Corner Breaks % Externa! Corner Breaks 0. 89
Longitudinal Cracking ft. per mile Longitudinal Cracking ft, per mile 0,83
Transverse Cracks per slab Transverse Cracks per glab 0.61
% Internal Corner Breaks % Internal Coyner Breaks 0,49
% External Corner Breaks % Internal Corner Breaks 0. 87
% Internal Spalls - Blowups per 100 Joints 0.81
% External Spalls Blowups per 100 Joints 0.72
Spalls in Slab Surface/Mile 7. External Corner Breaks 0.72
% Internal Corner Breaks Blowups per 100 Joints 0.63
Spalis in Slab Surface/Mile - ‘Y Internal Corner Breaks 0.59
Infiltration Cracks/Tane Joint ‘i External Spalls 0.55°
Infiltration Cracks/Iane Joint Corner Breaks at Cracks/Mile 0.51 |
Spalls Along Centerline/Mile Corner Breaks at Cracks/Mile 0.47
Spalls at Cracks/Mile Corner Breaks at Cracks/Mile 0.46
Transverse Cracks/Slab Blowups per 100 Joints 0.43
Transverse Cracks/Slab . Deterioration in 8q. ft. /mile 0.42

Note: Correlation Coefficient of 0. 84 - highly significant, 0,45 - significant.

Methods of Performance Evaluation

of evaluating pavements. The largest and overriding factor inthis index is
bavement roughness and while certain condition survey factors are incor-
porated into the index, their effect on the index is almost negligible. Thigs




is apparent that the use of this Index to measure the performance of pave-
ments after years of serviceisinappropriate. It can be readily shown that
pavements with ten, fifteen, or twenty years of service exhibiting numer-
ous cracks, spalls, corner breaks, etc. will still result in a higher PSI
value 'than new construction which has been built with poor riding quality.
Also, the early signs of pavement distress such as transverse cracking
and spalling are not reflected in the PSI measurement. As an extreme il-
lustration of this we note that the tail of the distribution of PSI extends to
2,45 for new pavements, However, a study of Michigan Pavements recom-
mended for resurfacing or replacing were measured and it was found that
their average PSI was approximately 2.5. The use of condition survey var-
iables to develop a subjective rating model (Performance Rating Factor)or
anobjective rating model (Structural Deterioration Index) does not have this
limitation. In addition it hasbeen shown that both of these condition survey
indices are better predictors of future values than PSI,

]

GROUP I :lo BEST PROJECTS
GROUP II : 2 ND 10 BEST PROJECTS
GROUPII: 3 RD IQ BEST PROJECTS
GROUP T¥: 4 TH |0 BEST PROJECTS
GROUP X : |3 WORST PROJECTS
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Figure 87, Five-year structural dete-
rioration index as a predictor of future
performance.
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CONCLUSIONS'_"

The following general conclusions may be drawn from the performance
evaluatlon of postwar concrete pavements 1, 880 m1les) in M1ch1gan.

1. Condition surveys indicate an extreme “Va‘riabil'i'ty in performance
between projects with respect totransverse or longitudinal cracking, cor-
ner breaks, spalls, blowips, mud-jacking, and patching. For most all of
these types of deterioration the bulk of the constructlon pr0]eots performed
rather well with no serious distress after ten'or fifteen years. However,
a small number of projects exhibited extremely poor performance 1n some
of these types of deterioration.

2.: Bince most projects performed satisfactorily, and the same basic
design was used for all projects, it-is apparent that causal factors for the
- poor performance .of a few projects dre much more’ likely to be related to
materials, construction factors, or the environmental factors of climate
and traffic loading.

3. Statistical and graphical analysis indicated a gignificant correlation
betweentraffic and coarse agpgregate quality (as measured by Heterogeneity
Index or soft, non~durable content) with pavement structural performance.

4, All condition survey indicators of performance (transverse crack-
ing, longitudinal cracking, external or internal corner spalls, deteriora=-
tion, and patching) showed that ‘traffic had a marked effect ontraffic ~ pass-
ing lane performance differences. General structural performance as
measured by the Depreciation Index showed that the performance was 65
percent poorer for traffic lanes as compared to their associated passing
lanes.

5. Performance indices (of either the subjective or objective type)
based on condition surveys are much more valuable in indicating. structural
deterioration than the Present Serviceability Index based primarily on
roughness. Moreover performance indices based on condition surveys
serve to measure the ""remaining useful life" of pavement while the Present
Serviceability Index is nearly useless in this respect. The PSI fails to
measure early signs of pavement distress and may be used to predict
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"remaining useful life" only when pavement deterioration has reached »
stage where prediction is no longer required,

6. An objective performance model based on commercial traffic and
soft, non~durable content of the coarse agpregate was developed, which for
service periods up to fifteen years explained 65 percent of the general
structural performance variance. The remaining 35 percent of the var-
iance remaing unexplained and is due to lIocal environmental and construc-
tion conditions, performance variables not available to us, and errors in

estimating of traffic and soft, non-durable content,

7. Signs of shortservice life appearin the five-year condition surveys,
These early signs are significantly correlated with later structural per-
formance as measured at the ten- and fifteen—year Surveys. Thus, after
five years of service, itshould be possible to determine which projects will

fail Prematurely,

8. Blowup frequency is considerably higher for Pavements constructed
with coarse aggregate containing greater amountsg of soft, non-durables and
it is assumed that blowups are causally related to thig type of deleterious
material,
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RECOMMENDATIONS RARELES

1. Michigan's postwar pavements have generally performed quite well.
Thus, itis recommended that no major changes inconcrete design practice
be made. This includes pavement thickness, joint spacing, and joint load
transfer. Minor changes already made should improve pavementperform-
ance over that reported here, .Pa___l_:'tiqularly, significant is the change to neo~

‘

prene joint seals in place of hot-pour rubber-asphalt seals. Periodic win~.

ter surveys have indicated a lack of infiltration of foreign material into the
joint groove for seals placed as early as 1962, It is expected that blowups
and joint spalling should be markedly reduced as a result of this more re-
cent design change.

2. On the basis of the early postwar pavements (1946-1954) where
joint blowups and spalling are most prevalent after ten to fifteen years of
service, the most feasible way of improving pavement would be a more
restrictive specification on the soft, non~durable content of the coarse ag-
gregate. From 1946 to 1954, the maximum allowable soft, non-durable
content was 3.0 percent. In the 1963 specifications for 4A and 6A aggre-
gate for concrete this maximum was reduced to 2.5 percent, while for 6AA
aggregate, a premium aggregate for structures, the maximum is 2, 0 per-
cent. From this study an economic investigation appears warranted to
determine if specifying a premium aggregate such as 6AA witha maximum
soft, non-durable content of 2, 0 percent should be required for pavements
as well. This could be done by specifying aggregate for some projects
throughout the state with a maximum of 2, 0 percent soft, non-durable con-
tent and compating bid prices to determine if this premium price would not
be justified inline with the demonstrated reduction in pavement deteriora-
tion noted in this report, (One recent specification change, a reduction in
the size of the coarse aggregate from 95 to 100 percent passing the 2 in,
sieve to 95 to 100 percent passing the 1 in. sieve, should have a marked

improvement in the surface performance of the concrete pavement. By.

reducing the size of the coarse aggregate, the size and seriousness of sur-
face pop-outs from the permissible deleterious content of the coarse ag-
gregate should be greatly decreased.)

3. Continue the present condition survey program of taking initial and
five-year surveys on all projects, and taking ten- and fifteen-year surveys
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when possible, since condition surveys are the only reliable way of gaging
structural performance. Continue roughness surveys on new projects, and
at five-year intervals thereafter when time permits, as a measure of pave-
ment performance with respect to riding quality, with the realization that
roughness or PSI ig an unreliable indication of the pavements ‘structural .
performance.

NOTE

The opinions, findings,, and conclusions expressed in this publication are
those of the authors and not necessarily those of the Bureau of Public Roads,
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APPENDIX I

DEFINITION OF PAVEMENT SURVEY TERMS
AND ILLUSTRATIONS OF THESE TERMS
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Cracks: Approx1mate1y vertical cleavage due tonatural causes or traf-
fic action. ' A crack across one lane is taken.as.one crack,-a.crack across
two lanes as two cracks. Any crack across less than one lane isafractional
crack

1. Transverse Cracks - Cracks which follow a course approx1mately
at right angles to the center line. s Ce e

2. Longitudinal Cracks - Crackswhich follow a course approximately
parallel to the centerline.

D1agonal Cracks - Cracks which follow a-course approx1mate1y
d1agona1 to the ceriterline. ' This cracking should not be confused with cor-
ner breaks whichare local failures at the corner and generally do not extend
more than 18 in, along the joint.

Ee L

4, Corner Breaks - D1agona1 Cracks forming an approximate isos-
celés triangle with a’ longltudmal or transverse 301nt crack, or edge of
slab, and has legs not more than 18 in. along the transverse jointor crack.

5. Spalllng - The breaklng or chlpplng of the pavement at ]01nts,
cracks, or edges, due to excessive shear stresses, usually resulting in
fragments with feather edges.

6 Hair Checkmg or Crackmg Small cracks not conforming to areg-
ular pattern, not extending to the full depth of the pavement course, and
occurring before the concrete takes its final set.

7. Popout - Total dislodgement of broken or chipped areas caused
by expansion of aggregate whichresults in craters approximately 1l to 3 in.
across.

8. Surface Scaling - Peeling away of the surface of portland cement
concrete, exposing sound concrete even though the scale extends into the
mortar surrounding the coarse aggregate.

9, Progressive Scale - The condition of portland cement where the
scaling extends below the surface stratum. Tapping or drawing a hammer

over such areas generally produces a hollow or "plunky' sound.

10. Bituminous Resurfacing - Small areas of pavement resurfaced with
bituminocus material but at least full width or full lane.
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11. Settlement ~ The reduction in elevation of sﬁoft sections of pave-
ment or structures due to their own weight, or the loads Imposed upon them,

12. Concrete Patch - Where concrete hag been replaced to itg .'full
depth.

i3, Disintegration - Deterioration into small fragments or par'ti'clés,

usually due togsome inherent fault in design, composition, construction, or
maintenance. '

14, Pumping ~ Displacement and ejéction of water and suspended fine
particles at pavement joints, cracks, and edges, due to accumulation of

water under the pavement and movement of pavement under heavyaxle loads.

15, Bitum’inoué Patch ~ Smaller areas than bituminoug resurfacing,
Or patch less than lane width,

16, Tar and Chip Patch -~ A gmal] area repaired with tar and chips..




Figure Al., Transverse crack. In this case the
’ crack is quite wide indicating that the longitudinal
- reinforcing steel has probably broken.

~<g Figure A2. Typical diagonal crack. V i

Figure A3. Longitudinal crack.

Figure A4. Infiltration crack. A
short crack following a course approx-
imately parallel to the centerline and
starting from either a transverse
joint or a transverse crack. Some-
times known also as a 'restraint
crack' or "crowfoot crack."




) N

Figure A5. Map cracking. A
form of disintegration in which
surface cracking develops in a
random  pattern resembling
political subdivisions on a map;
may develop over the entire sur-
face or only in localized areas;
may or may not be associated
with abnormal growth of the
concrete,

Figure A6, Hair cracks. Small
cracks occurring before the concrete
takes its final set; not conforming to
a regular pattern, and not extending
to the full depth of the pavement slab.
Sometimes termed '"hair cracking"
. or "hairline cracking. "

Figure A7, Faulting, The differential ver-

tical displacement of the slabs adjacent to a
joint or crack,

Figure A8, Joint blowup. The local- \
ized buckling or shattering of a rigid

pavement at a joint caused by exces- .,
sive longitudinal bressure.




Figure A9,
ment. Reduction in elevation
of short sections of pavement
or structures due to their own
weight, to the loads imposed
onthem, orto shrinkage of the
supporting soil,

Figure All. Blowing. The
ejection of sand or dust along
transverse or longitudinal
joints or cracks or along pave-
ment edges; the results of air
pressure caused by downward
slab movement activated by
the passage of heavy axles over
the pavement,

Figure Al10, Pumping. The ejection
of water or mixtures of water and clay or silt
along transverse joints and cracks and along
pavement edges caused by downward slab move-
ment activated by the passage of heavy axles
over the pavement, after the accumulation of
free water in the subgrade or subbase. Some-
times termed "mud pumping' or "water pump-
ing,"

Figure Al2. Patch. Inan area less
thana full lane in width, (a) the covering over

with or without removal of the existing pave-

ment, or (b) removal and replacement of all
the existing pavement, with portland cement
concrete, bituminous concrete, tar and chip
mix, or other materials.




’
'

Figure A13. Cornerbreak, A vertical fracture
partially or completely through the slab, form-~
ing an approximate isosceles triangle with a
transverse joint or crack and the outer or lon~
gitudinal joint; involves not more than half a
lane width, Various types of corner breaksare
as follows: corner break at joint, external or
internal; corner break at crack, external or

internal. The one shown is at a joint and is
external,

N Figure A14. Edge break,

Figure A15. Slab corner spalling, ex-
terior, '

Figure Al6. Slab corner spalling, in-
terior,

N Figure A17. Joint spalling, in-
terior,
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Figure A25. Resurfacing. In
"an area at least a full lane in
width, (a) the covering-over ‘
with or without the removal of !
the existing pavement, or (b)
removal and replacement of
all existing pavement with
portland cement concrete,
bituminous concrete, tar and
chip mix, or other materials.

Figure A26, Disintegration. Deteriora-
tion into small fragments or particles,
usually due tosome inherent fault in de-
sign, composition, construction, or
maintenance.

Figure A27. Frost heave, The dif-
ferential upward displacement . of
pavement due to action of frost which
. has caused localized swelling of the
subgrade.




Figure A28, Surface scal__é. Thé"p_e_elih'g
away of surface mortar exposing sound
concrete, even though the scale extends

into the mortar surrounding the coarse
aggregate,

Figure A29. Progressive scale. A con-
dition of concrete disintegration which in
its initial stages appears as surface
scale, but gradually pbrogresses deeper
below the surface stratum. Tapping or
drawing a hammer over such areas gen-

erally produces a hollow or "plunky"’
sound,

| Figure A30, Pitting. The dis-
placement of individual aggre-—
{ gate particles from the pave-
ment surface, due to the action
of traffic or-disintegration of
the particles, without major
_displacement of the cementing
material or mortar.




3014

{Figure A 31, Flecking. Dislodging of
the thin mortar film over coarse ag-
gregate particles near the pavement
surface, resulting in exposure of the
particles; generally attributed to a lack
of bond between the mortar and aggre-
gate. This is generally an early stage !
of pitting and although limited in extent )
resembles surface scaling,

| , Figure A32, Pop-out. A crater-like

‘ depression generally 1 to 3 inches in
diameter caused by the breaking away §
or forcing up of a portion of the slab
surface, due to expansion of a piece
of underlying coarse aggregate; asso-
ciated with soft, light-weight, porous

~ aggregate such as chert,

Figure A33. Clay pocket. A hole in

the pavement resembling a pop-out, ‘
caused by a lump of clay in the aggre- ,
gate used in construction; the result of
disintegration under freeze-thaw con-

ditions and traffic.
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APPENDIX II

FULL STATISTICAL ANALYSIS OF VARIANCE FOR PRF AND PSI DATA
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TABLE B-1

ANA LYSIS OF VARIANCE FOR'5-, 10~-, & 15-YR

~ (Divided Expressway). .. . °

303

' ’ Pive Years | Ten Years .| Fifteen Years
Comparison Source of DF Expected Mean i—
mparis Variation Square - Mean | F -Mean F Mean F
o . Square Square <:Sguare
Between Re plicate, )
+ .08, . 1,
Error R (Roadway) 1 o° GBR 0.08 0. 08 1,18
Within Replicate, 8 (b soft) L P4 +88 0.0 0.0 4.27 6.4 15780  12.4%
Between Contract 5 ’
R 1 #+6° 0.5 1. 0.8
5 Be 9 24 3
T (Traffic) 1 o+ O%C‘+ se; 0.34 0.8 17.16 25.6*% 5,36 4.2
<R 1 + R 0. 65 0.0 . 86
T x o se 2 2
1 : + 402 - 0. y . . .
SxT 03+02BC 4eST 0.69 1.5 0.23 0.3 4,58 3.6
1 24 ' 0.11 0. 0,11
SxTxR o oBBc 74
J}yg. Error 3 o+ G‘EC'
Between Lane, L (lane) 1 P~ +0° - +88 BL 0.06 0.8 5.14 17,7* 8,07 161.4%*
Within Contract ]
B 1 + 0,00 . 0.
LxR o oEBL , 0.45 00
Lx8 & 1 #F+d® +48°3 0.13 1.6 ©0.00 0.0 0,93  18,8%
. ' BL LS
LxSxR 1 &F+& 0.01 0.26 0., 07
‘ BL 4
1 P+P_+492 0,08 1.0 1 . 00 40,0%
LxT O%L 3] LT 2.15 7.4 2 4
1 + 0. . .0
LxTxR ca %1, | 23 0.35 0.03
1 + + 28 2 ; .
LxSxT o OEBL zeLST 0.03 .04 0.45 1.8 0.31 6.2
LxSxTxR 1 G‘a+o‘%L" 0.07 0,08 0,11
. +
Avg. Error .4 oF OEBL

* Apterisk is used if effects are statistically significant at the 0. 05 level.
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Between Replicate, Error

Within Replicate, Between
Contraet

Between Lane, within

Contract

Comparison

ANALYSIS OF

Source of
Variation

R (Roadway)

S (% soft)
SxR

T {Traffic)
TxR

5 x T.

SxTxR

Avg. Error

L{Eane)
LxR
Lxs
-LxSxB_
LxT
LxTxR
LxsxT
LxSxTxn

Avg. Error

TABLE B-2

VARIANCE rop 10~
~ (Divided Expressway)

Expected Mean
Square

Mean
Square

1 02+0; . 0002
1 03+o‘;‘30+882 . 1425
1 02+g»;30 . 0005
1 02+02BC+892 .011¢
1 oﬁ+oﬁBC . 0281
1 oﬂ+n§3C+4ezs’ L1785
1 024-0%0 . 0248
3 °2+°§3c .0178
1 P +m1 . 0008
1 R4 . 0005
1 4+ +4e§3 . 0003
I o4 . 0028
1 oﬁ+oﬁL+4eiT . 0086
1 R . 0003
1 o‘a+a‘;‘3L+263 . 0005
1 03+02BL .6008
ol

» & 15-YR

Ten Yearg

IIHiI'

0.7

10.0

0.3

7.7

Fifteen Years

.021g

<2377

. 0189

. 0452

. 0014

. 0743

L0023

. 0075

. 0060

. 0218

. 0046

. 0005

. 0023

. 0060

. 0005

.0014

31.6*

9.9

0.8

0.3

0.1
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