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ABSTRACT

A largevariety of techniques were used to measure and predict jointed
concrete pavement structural performance for 128 projects with up to 15
years of performance history. TFactor analysis, a statistical method de-
signed to group correlated performance variables such as spalls, cracks,
corner breaks, etc., into asmaller number of clusters thereby simplifying
analysis, reduced 19 field survey performance variables to 14. This re~
duction was not considered sufficient towarrant furtheranalysis with causal
variables, nor to provide a generalized measure of pavement performance.
Thus, the expectation that survey variables could be combined into one or
two indices of performance was abandoned. The reason for the failure of
factor analysis is that projects subject to some kind of deterioration, such
as cornerbreaks or centerline spalls, may not be as subject to other kinds
of deterioration, such as transverse cracks or blowups. While there is
frequently correlation between these variables, it is not extensive enough
to warrant the general performance index approach.

As a consequence of these findings, it was decided to explore pavement
performance with selected performance variables found to have a high fre-
quency of occurrence in the pavement condition surveys. Transverse crack-
ing was chosen as the subject of five pilot performance models which were
designed to predict crack incidence probability for any point in time up to
15 years of service. Eight traffic and passing lanes (four projects) for
which historical roadway traffic counts were available were examined, with
average .daily traffic count providing the only input to differentiate lane
cracking performance. The Markov chain approach gave the best correla-
tions with field data and thus was generalized into a form suitable not only
for transverse cracking, but joint performance as well. This generaliza-
tion took the form of a theoretical development solving systems of partial
diffe rential equations.

Mathematical models developed from Markov chain assumptions were
then fitted to actual field transverse crackand joint deterioration data from
43 postwar jointed concrete construction projects for which 5, 10, and 15-
year conditionsurveys were available. In most cases, the models'fit were
excellent; suggesting that they could be used for prediction of future pave-
ment condition. :

Because blowups are a serious hazard and maintenance problem, this

state of joint deterioration was singled out for special analysis. In parti--

cular, 5 and 10-year survey data, together with crude information on coarse
aggregate composition, were used to predict future blowup occurrence.




Since the projects selected had 15-year surveys, the prediction could be
compared with what actually occurred. These comparisons showed gener-
ally good agreement between actual and predicted experience, although it
was not always clear from the surveys if a patched or reconstructed joint
had infact experienced a blowup. It was concluded, nonetheless, that prob-
ability modeling could be used to identify projects that will have serious
joint problems by 15 years, even though few joints have been replaced or
patched by the time of the 10~year condition survey.

Not all 128 projects were modeled with these techniques since only 43
had the 15~year service history considered necessary forgood performance
modeling. The remaining projects did have 5 and 10-year field surveys
which provided a basis for evaluation, if not prediction. These performance
evaluations, together with similar evaluations of the other43 projects, pro-
vided sufficient data to satisfy most of the proposal's objectives. In parti-
cular, it was found that joint performance of Michigan's highways has not
changed significantly from the 1946 through 1961 constructionyears. While
there has been differences between years, there has been no substantial
trend towards better or poorer performance even thoughlater projects have
experienced greater traffic volumes and salting.

Of the materials, environment, and construction variables available
for analysis, only the coarse aggregate source seemed to have a signifi-
cant bearing on joint performance. Projects constructed with either essen-
tially carbonate-free aggregates (0 to 10 percent CO3) or high carbonate
gravels (80 to 100 percent COg) performed considerably better thanall other
aggregates. All other aggregates (100 percent pure crushed limestone and
the other gravel-carbonate mixes) gave hoth good and poor performance.
No geographical or usage variable, such as traffic volume, could be found
to explain the extremely large performance variances for these materials.
One thing is clear, however; joint performance of projects built with either
carbonate-free or carbonate-rich gravels is uniformly good in Michigan --
at least up to 15 years of service life.

No variahle other than traffic volume could be found to explain differ-
ences in transverse cracking between projects. Original soil conditions
were examined and classified into five categories of base qualify. Abso-
lutely no correlation could be found between these soil ratings and cracking
rate. The implication is that soil importation and compaction procedures
are capable of rectifing original soil deficiencies.
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PREFACE

This reportis addressedto twokinds of reader: the applied statistician
or engineer who has a special interest in the methods of modeling jointed
concrete pavementdeterioration from either a random process or a general
index point of view; and the manager who is interested in knowing if pave-
ment performance can be predicted and if so, from what causal variables.
The first individual is directed to Sections I, III, and IV. These sections
detail a kind of research history as assumptions and techniques evolved.
Some of the problems the applied statistician meets come out in full relief
in these sections. TFor example, all quantitative models require assump-
tions; however, one frequently does not know which ones to make, e.g., is
future slab cracking independent of prior cracking? Moreover, one often

-has severalaltermative methods of analysis at his disposal. Which of these,

in the absence of trials with actual data, will provide the most accurate and
far reaching results ? Finally, data -- especially routine field data -- are
frequently not collected with precise investigatory analysis in mind. The
purposes for which these data are collected range from special non-scien-
tific interests, to general information as input to management policy. Fur-
thermore, more extensive or precise data, as in the cases of aggregate
composition and traffic volumes, would be too costly for these purposes.
The result, from a post hoc research perspective, is that these relatively
low grade data not only make the detection of underlying relationships dif-
ficult,  but compromise the predictive value of models exploiting these re-
lationships.

The second individual, who is concerned with using research results
for decision purposes, will be most interested in Section II and some parts
of V and VI. While there is technical material in some of these sections,
this can be bypassed so that full attention can be focused on results. In
particular, it is shown inSection V thatearly joint performance history can
be used to predict later deterioration, such as blowups, with a suprising
degree of accuracy. It is shown in Section VI that the likelihood of trans-
verse cracking is related to the accumulated crack count, and that each
construction project reaches its own critical crack-per-slab number for
which additional eracking is most likely. The extent to which past, present,
and future performance can be modeled with a minimum of parameters is
illustrated by graphs in these sections and in the Appendix. These graphs
should be of particular value to managers interested in the extent to which
maintenance problems can be anticipated.



[n Section II the original objectives of the study are discussed. These
werxe:

1. To determine if concrete pavements constructed between 1954 and
1964 are performingas well or betterthan those constructed in the previous
period of 1946 through 1953.

2. To determine the effect of changes in design and construction on
performance. These include the substitution of sawing for a preformed bitu-
minous strip for forming the plane-of-weakness for centerline joints, the
reduction in joint spacing from 99 ftto 71 ft2 in., and the joint performance
differences resulting from the use of hot-pour rubber-asphalt, two-com-
ponent cold pours, and preformed neoprene joint seals.

3. Toextend the previous study of the causal effect of commercial traf-
fic and the quality of the coarse aggregate (soft, non-durable content) on
pavement performance.

With regard to these objectives, the data and measurement techniques
of this study support the following conclusions:

1. The joint performance of projects constructed between 1854 and
1961 is slightly betterthan that of those constructed between 1946 and 1953,
The difference is not, however, considered statistically significant.

2. The construction changes referred to in Objective 2 did not affect
enough projects for which condition surveys were available. Most changes
occurred inthe '60's, hence there was not enough performance history avail-
able at the time of analysis to adequately explore these variables., It was
found after considerable experience with survey data that at least 10, and
preferably 15, years of service are necessary to differentiate project joint
performance.

3. Anearlier study (MDSHT Research Report R-711) found that both
traffic and coarse aggregate affected general performance as defined by that
study. The additional projects available for the present study bear out the
connection of aggregate source with performance and, to some extent, traf-
ficvolume, They showthat low carbonate gravels and high carbonate gravels
never produced poor joint performance. However, carbonate~gravel mix-
tures in more-or-less equal proportions produced both good and poor joint
performance. In Report R-711 itwas assumed that percent deleterious, in
particular percent of soft, non-durable particles, in these gravel-carbonate
mixes was responsible forthe generally below average performance of pro-




Jects built with these aggregates. This relationship was not maintained with
the largerdata set of the present study. This may be due to imperfect data
(only avery small sample is tested for deleterious materials) or it may be
that percent soft, non-durables is not related to our particular measure of
joint performance.

Also of interest is the variable performance of the pure crushed lime-
stones, While high carbonate gravels in our sample never performed poor-
ly, crushed limestones behaved about like the gravel-carbonate mixes: some
delivered excellent performance, others very poor., No environmental or
usage cause could be found to explain these differences.

In Report R-711 trafficappeared tobe a factorin general performance.
However, the largerdata set hereinexamined supports this conclusion only
on a traffic-passing lane comparison basis even though low traffic projects
performslightly betterthan high traffic projects onthe average. Moreover,
the major performance difference is realized only in transverse cracking,
not joint performance. It may be that joint performance is not seriously
affected by differences in traffic volumes, or that our ADT figures are not
sufficiently accurate to detect these differences.
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INTRODUCTION

The work described in this report is the result of a research program
carried outby the Research Laboratory of the Michigan Department of State
Highways and Transportation in cooperation with the Federal Highway Ad~
ministration. The contents of this report reflect the views of the authors
who are responsible for the facts and the accuracy of the data presented
herein. The contents do not necessarily reflect the official views or poli-
cies of the Federal Highway Administration. This report does not consti-
tute a standard, specification, or regulation.

This researchproject was conceived as a twofold program; to confirm,
if possible, the findings of previous research (1), and to explore methods
of modeling jointed concrete pavement deteriorationso that future condition
could be predicted. Confirmation of previous findings would take the form
of 1 successful reduction of 19 condition survey variables to a gencral per-

- formance index. If this were possible, one could speak unambiguously of a

project's condition ‘and use this measure as a dependent variable in the
search for causes of deterioration,

The factoranalysis techniques provide methods of reducing a large set
of variables toa smaller more manageable set which, in turn, can be used
to generate a general condition index. Earlier research (1) suggested that
correlations among survey variables were high enough to warrant the fac-
tor analytic approach. The present study continues this inquiry with addi-
tionaldata that became available through Michigan's on-going condition sur-
vey program.

The second purpose -- to find a successful modeling technique so that
deterioration can he estimated over time -- depends on the results of the
peformance index investigation. If a satisfactory performance index could
be found, then there are a number of methods available which might model
the performance index as a time process. If a general performance index
could not be found, performance could still be modeled as a time process
but it would have to be the performance of a selected survey variable such
as transverse cracking. Hence a time progess model would apply only to
one aspect of deterioration, leaving the other aspects to be ignored or mod-
eled separately. What onewould probablydo inthis case is to select seve-
ral important survey variables and develop a time process model for each
one.




Once either a general performance index orselected survey variables
have been modeled, it should then be possible to search for environmental
or construction variables that correlate withthe model's parameters. This
search is facilitated if there is only a single model (i.e., a general per-
formance index has been found) and if the time process model has few para-
meters (Fig. 1). A large number of fitting parameters tend to be intercor-
related, and compensate for one anotherinstatistical estimation procedures.
This, in general, relaxes relationships with causal independent variables.
For this reason, it will be the intent of the present study to develop time
process models with the smallest number of parameters consistent with a
good fit to field data.

s
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S 'E ? I 1w Time Process
?“3 § . . General Time Model. as a
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B v Index Model Causal variables.
55 "

Figure 1. Ideal Pavement Performance Modeling Procedure.
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Each of three observations (at 5, 10, and 15 years) on the 19 survey
variables (Fig. 2) was entered as a basic variable so that a correlation
matrixof 3 x 19 = 57 variables, each with 47 observations from 47 construc-
tion projects, could be formed. Generally, the between-year intercorrela-
tions foreach variable were very high: 0.60 to 0.90. However, three vari-
ables (blowups, resurfacing, and mudjacking) did not show this pattern.
This is not surprising since blowups do not occur at 5 years, and rarely at
10, and resurfacing follows the same pattern. Moreover, mudjacking is used
to correct for roadbed settlement, usually occurring early inthe pavement's
service life. '

-/ [ 1. Transverse crack count ae- L # 11, Spalls alongthe cutside cdge,
'f j ross slab per mite. , g number per mile.
AT,
2. Longitudinal cracks, number 12, Spalls at transverse joint,
per mile, . number per mile.
“+ l 3.- Tongitudinal cracks, iength 13. Externalspalls attransverse
? per mife. joints, number per mile,
4, External corner breaks at ] 14, Internal spallsai {ranasversc
A joints, number per mile, - joints, number per mile.
5. Intermal corner breaks at / ! 15, S8pallsat transverse cracks,
~ joints, number per mile. ld ] number per mite.
6., Exernal corner breaks at l P 18, Externalspalls attransverse
cracks, number per mlle. 7 l E . cracks, number per mile.
7. intermal corner breaks at { 17. Internal spalls at transversc
cracks, number per mile, T cracks, number per mile.

| 8. Mudjacking, sguare feotage
1 per mile,

1 9. Resurfacing, square [ootage - 19, Deterioration, square foot-
o 39 A
1 per mile (ituminous cap put on age per mile (too many spalls,
deteriorated slabs). ete., to count so the overall af-
fected area is delineated}.

18, Biowupa, number por mile.

J 10. Spallsat centerline, number
. l per mile.

Figure 2. Graphical representation of pavement condition survey variables.

Because most correlations among years for the same variable were
high, it was decided to pool the 5, 10, and 15~year data. Examination of
the correlation matrix revealed that in some cases the correlations for 5,
10, and 15-year data with the multiple group composite (factor) followed
either a sharp increasing or decreasing trend; e.g., 0,30, 0.60, 0.80, or
0.80, 0.60, 0.30, thus suggesting time order effects. In all cases of high
o~year correlations followed by lower 10 and 15-year correlations it was




found thatthe 5-yeardata were clearly notbivariate normal. For an exam-
ple of this, see Figure 3.

The inordinate deterioration of a single project (shown as ‘Project A'
in Fig. 3) causes a high, but unreliable and probably not meaningful, cor-
relation. One solutionto this problem is to rank order the data. However,
this destroys precisely the interval scale information which is of interest.
In the present analysis, the problem was left unsolved.

The 57 variables were factor analyzed with highest r's on diagonal with
a Kiel-Wrigley criterion of one. This showed very high loadings of the 5,
10, and 15-year data for a number of variables on at least one of the first
four factors. In other words, some of the 57 variables reduced more or
less tofour groups or clusters. Furthermore, those variables which shared
the same factor (in terms of high correlations: above +0.60) seemed logi-
cally related. Nine variables defined clear groups as shown below:

Spalls at transverse joints, externally
Group I < Spalls at transverse joints, internally

Spalls at transverse cracks
Group II < Spalls at transverse cracks, externally
Spalls at transverse cracks, internally

Corner breaks at transverse joints, externally
Group 11 < Corner breaks at transverse joints, internally

Longitudinal cracks, number
Group IV < Longitudinal cracks, length

The intercorrelations within groups are given in Table 1.

TABLE 1
VARIABLE INTERCORRELATIONS WITHIN GROUP
Group 3 Years 10 Years 15 Years
I 0.58 0.66 0.84
I 0.44, 0.80, 0.40 0,66, 0,61, 0.43 0,80, 0,78, 0.65
IT1 0.64 - 0.85 ' 0.73

v 0,79 0.65 | 0.71

-10-
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correlation between survey transverse crack growth over
variables. time.

Atthis point, 56 additional projects thathad 5and 10-yearsurveys only,
 became available. However, the above factor analysis procedure could not
be used directly since these 56 projects would not figure in any of the 15~
year correlations. Not only was some device needed to bypass this prob-
lem, but some method of extracting the time factor was needed if a time
independent index was to be achieved. It was noted that performance vari-
ables generally were linear over time in a log-log coordinate system (Fig.
4). This suggested a power law formulation:

P= 78

P = any of the performance variables
whkere: . .
T = time in years

A8 = fitting parameters

Since it was desired that performance difference be reflected in only one
parameter, £ was determined by least squares for each variable using
all 103 projects. Using # asa constant, A's weredetermined by least
squares for each project. This procedure was carried out for ezch of the
19 survey variables.

The A's thus formed a 19 x 103 matrix which was then converted into
a 19 x 19 correlation matrix. Examination of this matrix revealed the same
high correlations among the variables grouped using the 5, 10, and 15-year
data. However, there were noadditional high correlations among the other

-11-




variables so the matrix was considered to be of rank 14. In otherwords,
nine survey variables reduced to four groups, and the remaining ten vari-
ables did not combine or group whatsoever.

Multiple Regression

Since the 14 variables fromthe factor analysis solution are considered
to forma rank of 14 set, no further reduction would seem feasible. There-
fore, if one is to relate causal (C)to performance (P) variables, he must
consider each of 14 variables as potential dependent variables for multiple
regressions on the causal variables:

Fad
E’|=E|0+E;|G|+E|202+ ............... +BkCk
A Fal A
62=§20+BZ|C1+32202+ .............. +BoKCk
A Fal Fal
Plig= 314,0**.@‘14,;0,"'&4'2024' ............ +B14,k Ck

This ratherlong list of equations must replace the hoped-for general index
(factor) of performanceto be predicted by the causal variables, Unfortuna-
tely, the hoped-for reduction of variables was not nearly as substantial as
found in MDSHT Report R-711 using fewer construction projects. There-
fore, it was considered that a general performance index using these vari-
ables was not realistic in light of their resistance to gro ing. Moreover,
the 14 groups which could be formed would result in 14 indides for each time
period (5, 10, orl5 years)and 14 x 3 = 42 multiple regression equations --
too many for general performance evaluation. Aside from ineconvenicnee,
the large number of indices would not afford reliable estimates of future
performance, Therefore, a different approach using selected non-grouped
basic variables moving over time had to be developed.
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Performance Index

-Since the general index approach did not appearfeasible, it was decided
to explore performance of important fundamental variables or some logical
combination of them. Of special interestare joints, since their repair can
be costly and inconvenient. The problem, then, is to define a reasonable
measure of joint performance in terms of one or more survey variables.

One might suppose that a good measure of joint deterioration would be
spall count. However, as thenumber of spalls increases they tend to merge;
consequently, more advanced deterioration may have a lower spall count
than earlier deterioration. Also, the worst state of deterioration, namely
the blowup, is qualitatively different from a spall and hence does not form
a logical point on a spall scale of deterioration, This is so even though in
a statistical sense spalls are precursors of blowups. Examinationof Figure
5 reveals that if the joint is divided into five equal transverse regions, fu-
ture blowup probability is clearly related to the total number of regions ex-
periencing spall activity. In order to measure all types of joint deteriora-
tion in proportionto their seriousness, a more comprehensive scaling me-
thod had to be developed. Consequently, it was decided to measure joint
deterioration as the percent of the total transverse joint length affected by
any kind of surveyed conc¢rete failure. Tofacilitate measurement and mathe-

matical modeling, these percentages were grouped into four categories, or
states, as follows:

0to 25 percent - defines State I
268 to 50 percent - defines State I
51 to 75 percent - defines State TII
76 to 100 percent - defines State IV

State I turns out to.consist mostly of either no spalls or a few external cor-
ner spalls, while State IV consists mostly of blowups -~ rarely would a joint
be spalled 76 to 100 percent of its transverse length without blowing up.
Usually, State IV joints were observed as full slab width patches at the time
of survey which, by theirextent and character, strongly suggested the prior
occurrence of a blowup. Using these definitions of joint deterioration, each
joint could be classified and its progression from state to state charted with
each subsequent condition survey. '

As discussed earlier, in evaluating a project's performance, particu-

larly if one is looking for causes of deterioration, it is helpful if pavement
condition can be summarized by a single index or performance measure.

-15-




The above definitions of joint condition allow characterization of each joint's
condition, but this is toolarge and varied abody of information to work with
if one is evaluating such causal variables as traffic volume, aggregate
sources, weather conditions, ete. These variables apply to all or most
slabs in a project. Hence, joint condition was averaged for each project.
This average is called the "expected state’ E{s), of the.project.

o

Seven 2-lane projects for which appreciable blowups
have occurred by 15 years of service life,

o
®

I
o

JOINT
0.6 SPALLING
LOCATIONS
]
0.4
@
a2

/ UNCONDITIONAL PROBABILITY
o OF A BLOWUP (FOR ALL JOINTS)

N |

G { 2 3 4 5

NUMBER OF LOCATIONS SPALLED BY
10 YEARS OF SERVICE LiIFE

PROBABILITY OF A BLOWUP OCCURING BETWEEN 10§ IS YEARS
GIVEN THE NUMBER OF SPALLED LOCATIONS BY 10 YEARS

Figure 5. Probability of a blowup as a function
of joint spalling.

The expected state can be computed for each condition survey, thereby
providing a joint performance index history. Forty-three projects had 5,
10, and 15-year surveys, and 85 had only 5 and 10-year surveys. In order
that all projects could be used, logistic! performance trend curves were
fitted to the expected state data and a logistic curve parameter, % , was

A logistic curve was necessary because 'expected state is bounded be-
tween 1.0 and 4. 0. :
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used to regulate the growth of deterioration overtime (Fig. 6). Thus, each
of the 128 projects could be evaluated by a single deterioration growth para-
meter by simply regressing expected state on time; using the logistic func-
tion. The Appendix shows fitted logistic functions for the 43.projects for
which 5, 10, and 15-year survey data were available ~- in general,. the fit
is quite good.
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Figure 6. Growth of average joint deterioration
over time.

Interestingly, the distribution of $ for the 128 projects very closely
follows the exponential form as shown in Figure 7. Thus, a large number
of projects have verysmall & 's, i.e., they showa lowdeterioration rate.
Higher & values, indicating greaterdeterioration rates, are found less fre-
quently, and veryhigh & 's (extremely high deterioration rates)are rarely
found.

Joint Performance Change Over Time

The first objective of this study was to determine if performance was
associated with construction year. In particular, we wished to know if re-
cent projects (1954 to 1961) performed better than earlier ones (1946 to
1953). The fact is that they did perform slightly better, but not signifi-
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cantly so (Fig. 8). Even though the difference in performance distributions
is slight, it must be remembered that projects built during the later period
experienced more traffic and heavier calcium chloride application by their
tenth vear of service thanthose from the earlier period. Thus, later pro-
jects performed as well despite more inclement conditions., This is not to
say that later surveys, such as at 20 vears, would not show greater deteri-
oration forthe more recent projects. A plotof & by year group is shown

" construction periods.
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Figure 9. Average project performance for
each construction year with at least a 10-year
service history.

A second objective was to examine possible effects of construction
changes on performance. Unfortunately, changes in slab length and joint
seal were generally implemented in the mid to late '60's, and we will have
to wait until projects constructed in this period have had at least 10~year
survey data available. This is because very little joint deterioration can
be detected by condition surveys in the first 10 years of service life. It is
expected that as these surveys become available, comparisons of joint seals,
slab lengths, etc., will be made usmg the same performance measure, § ,
developed in this study.

A third objective was to confirm earlier findings implicating such vari-
ables as traffic volume and percent soft, non-durable materials inthe coarse
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aggregate inaccelerated deterioration (1). As far as joints are concerned,
tratfic volumes did not correlate well with performance for the 128 projects
studied (Fig. 10). In this figure, projects having average ADT below and
above 2, 000 show very little difference in performance distributions. Hence,
we must conclude that either traffic is not an important variable in joint
performance upto apout 10 to15 years, or that our data, including the sam-
ple itself, are not adequate for detecting whatever effect may exist.
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Figure 10. Frequency distributions for low and high traffic volumes.

When projects ' & 's arearranged accordingto coarseaggregate com-
position, however, we found a strong segregation of joint performance (Fig.
11). Projects built with either very low or very high carbonate gravels al-
wuys performed well. Aggregates composed of from 10 to 80 percent car~
bonates gave variable performance as did the crushed limestones., For
th2se materials, no other variable could be found which explained the wide
performance differences. In Research Report R-711, it was assumed that
percent soft, non-durable materials in the coarse aggregate was a perfor-
mance factor since there was some evidence that high soft, non-durable
contents were associated with poor performance. The larger data set of
this study does not support the earlier observation; percent soft, non-dur-
ables data, taken from aggregate inspection records, do not correlate in
the largersample with joint performance (or s asherein defined). It may
be, of course, that these field sample data are not sufficiently accurate for
our purposes. Therefore, at this time we must conclude that the best pre-
dictor of joint performanceis coarseaggregate classification based on geo-
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Figure 11. Frequency distributions of various categories of
coarse aggregate carbonate content.
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logical knowledge of carbonate proportions. For the middle carbonate
groups, as well as crushed limestone, we found no way of predicting future
joint performance.

It was also of interest to compare two-lane project joint performance
with that of four-lane projects -~ particularly since four-lane roadway in
Michigan constructed after 1956 was generally part of the Interstate system,
or builtto those specifications. Figure 12 shows the joint performance dis-
tributions for 1946 through 1961 two-lane and four-lane roadways. As can
be seen, our performance measure cannot detect a significant difference
between the two roadway types.
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Figure 12. Frequency distributions of joint deterioration for dual
and single lane roadways.

As far as transverse cracking is concerned, it is assumed that traffic
loading in conjunction with base and subbase conditions is a large factor in
performance differences. Differences in traffic and passing lane cracking
bears outthis assumption (Section III). However, general ADT figures taken
for all 128 projects do not. Also of interest is the finding that our soil qua-
lity classification (1 to 5, based ondrainage in situ) did not relate to crack-
ing at anytime up to15 years of service. Presumably, soil upgrading, to-
gether with base requirements, improves drainage conditions to a point
where crack incidence cannot be predicted from original soil information
alone., On the other hand, projects differed widely in terms of crack inci-
dence, suggesting that these upgrading procedures vary considerably in
execution, Considering that loading appears not to be a strong factor, and
that both good and poor original soils produce both good and poor pavement
cracking histories, we suspect thatother factors associated with construc-
tion practices are responsible for the variability of crack occurrence.
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FIVE PRELIMINARY PROBABILITY MODELS
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Transverse cracking in concrete pavement is the kind of fundamental
highway performance variable which may be amenable to finite state prob-
ability modeling. & is especially tempting as a performance variable be-
cause it canbe easily measuredand occurs with sufficiently high frequency
to ensure statistical legitimacy. These virtues are not generally found with
the otherfundamental survey variables. It is the purpose of this Section to
explore alternate methods of erack modeling from a probabilistic - time
process point of view. The crack distributions in terms of crack count per
100-ft slab, measured in Michigan atthe 5, 10, and 15-year service periods,
are undoubtedly related to many ‘causal' variables such as concrete aggre-
gates, soil base, and traffic volume even though we have found it difficult
to pin down these "relationships. Because of data quantity and reliability,
traffic volume was singled out as the only subject of these models. The data
used came from the traffic and passing lanes of four divided freeways for
which early traffic figures, as well as 5, 10, and 15~year crack tabulations,
were available. This is because only dual expressway provides the oppor-
tunity toexamine differences in traffic loading while all other variables are
held constant. A small sample of eight lanes was used in order that a siz-
able number of models could be compared without requiring excessive com-
putation.

While traffic volume histories are available for these projects, they do
not provide ideal input data since they resulted from only one 24~hr sample
per project (two lanes) per year. Moreover, they represent total roadway
volumes sothat one must apportionby some formula the roadway totals into
the respective traffic and passing lane sub-volumes. Therefore, the prob-
ability models will not be free of systematic error introduced by the back-
ground causes that mediate the effects of traffic loading, nor will they be
free of the random error introduced by unde rsized and probablybiased traf-
fic samples. These difficulties notwithstanding, it was decided to compare
alternate methods of predicting transverse crack distributions, based on
the available data. :

Since each model will be 'driven’ by only traffic volume it was neces-
sary to develop some means of dividing the total roadway volume into the
traffic and passing lane subtotals. One cangain insightinto the lane alloca-
tion problem by thinking of traffic density in three stages:

Stage I - Low Total Roadway Volume. Most vehicles use the traffic
lane since there is little need to pass. If Tp and Ty represent passing and

AT,
traffic lane volumes, respectively, A—_{? will be low; i.e., an incremen-
t

tal increase in trafficlane volume will not result in much increase in passing

. lane volume.
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Stage Il - Moderate Total Roadway Volume,. Atthis stage, the increased
volume in the traffic lane will result in much greater passing frequency,

: AT,
hence increased usage of the passing lane. Therefore, _B?p will be higher
_ ATy

than in Stage L

Stage Il ~ High Total Roadway Volume. At this stage, the saturated
traffic lane has already caused frequent passing; consequently, the passing
lane is approaching saturationas well. Therefore, the passing lane becomes

T _

aless attractive alternative and 2—1_9 will be somewhat lowerthan in Stage
t

II (Fig. 13).

PASSING LANE VOLUME, Tp

TRAFFIC LANE VOLUME, T,

Figure 13. Idealized passing lane growth
rate function.

AT,
The above considerations suggest that "#’ should follow a growth curve
{

(2) forwhich T; isthe dependent variable; or in terms of a differential equ-
ation:

Mo, __a &
dTy  j+pe-CTt 1+8
. dTp
The second term is necessary to insure that -ﬁt- =0, when T, = 0. There
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is evidence (3) that when the traffic lane is saturated, the passing lane us-
age approaches a point of carrying up to 50 percent more volume due to the
sormewhat greater speed of vehicles in this lane. Using this estimate, one
can shape the growth curve as follows:

dTp

dTy

—=- 1.5 a5 Ty — oo

That implies that:

A- 795—“" 1.5 or for practical purposes, when Ty is very large,
L5 (1+B)
A8
Thus,
ﬂ=1.5(|+a} | I L5 1+B -
dTy B i+Be~CTy  +B B (+Be-Clt
So that,

Tp . 15 (1*B) dTy
p-
B 1+pe~-CT
1.5(1+B) { =1
ey

where k is the integration constant.

When Ty = 0, Tp=0, so that,

1.5 (1+B) [ =1 e )

-8 (C fn |+BD *k=0

\ = 1501*B) <_[_
B C

Therefore,

Tp- L5U*B)

Tp=

Las_(lﬂa /n |e

col o

+ge-CTy Tt
a-CTp I

CTI.._B
I+8
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By using Tp and Ty data taken simultaneously, it would ordinarily be
pogsible to estimate the fitting parameters 8 and ¢ by regression techni-~
ques. In the present case, however, Eq. (1) cannot be put in linear form,
and some method of non-linear least squares must be used. Systematic
substitution of values for g and ¢ produced an approximate minimum for
the squared error expression:

Ao s [1+B eCTtieq
st TP'“B*[‘E‘ =g T

2

at  B:1.10 , and €=0.17 , using data obtained graphically from ref {3).

With approximate values of B and C established, the relation Tp=f(Tt}
can be generated graphically. From this function, the relations Tp=
9(Tp*Ty) and Ty =h(Tp+T}) can beobtained as shown in Figure 14. This
graph wasused todecompose total roadway volumes into traffic and passing
lane sub-volumes. ' ' |
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Figure 14. Theoretical relationship between traffic
and passing lane daily traffic volumes.

Transverse Crack Growth QOver Time

As would be expected, the average number of transverse cracks per
slab increases sharply duringearly service life. The form of this increase
can be considered linear, at least for the 15-year service period shown in
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" Figure 15. The average number of cracks per slab (p) for nearly all

lanes shown in Figure 15 appear approximately linear over time {t); i.e.,
of theform  A;=¢;t  where | indexes the construction project. However,
the lanes exhibit substantially different crack growth rates orslopes (¢}
These slopes range from about 0.03 to 0.30 cracks per year. The differ-
ences in cracking rate are presumed to be due to differences in construc-
tion materials, soil base, construction practices, and traffic volumes.
Since the cracking models under consideration are intentionally limited to
traffic as the only input variable, the rates indicated as slopes in Figure 15
were correlated with average daily traffic volumes for the eight lanes exam-~
ined (Fig. 16). The log~log coordinates of Figure 16 suggest a power law
relationship of the form: '

bi=0;7,02

~where ¢ is the cracking rate for the i-th projéct over time, T; is the

average daily tratfic volume for the i-th project measured after 5 years of

service, and 8; and @ are fitting parameters. Ordinary least squares
using this equation form provides the following estimation equation

¢i= 0.00125T;0-63  go that, A =0.00i25T;0-63¢

Using this formula, one can estimate the average number of cracks per
slab to be expected at time t providing that a reliable 5-year daily traffic
figure T; is available.

It may be desirable, where possible, to incorporateinto the cracking
models the general observation that traffic volume tends to increase over
the service life of each project. Investigation showed that this assumption
was true for each project considered in this analysis, The average trend
suggests about a 2.6-fold traffic increase from the 5th to the 15th year of
service., Thus, if one is to predict the 15-year crack distribution using a
S5-yeartraffic survey, he wouldfind that over the intervening 10years, daily
traffic volume typically increased from T to 26T . For the first N-th por-

tion of this 10-year period, the increase would be gﬁ—T assuming linear

growth.

One way of broadening the analysis to allow for the traffic increase

over time is merely to averagethe initial (5 year) and final (T + g._sj) traf-

fic volumes for the period under consideration. This approach is somewhat
complicated by the fact that the period itself may be a variable (as in the
Markov models)the value of whichis not initially known. This problem was
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worked out for each model in turn. Whenever this latter refinement was
incorporated intoa model, it was based on a correction factor composed of
initial and final averaging for each period as follows: I T is the 5-year
traffic volume, then .2.6T will be the increase in volume over the next 10
years. For thefirst N-th portion of the 10-year period, the volume will in-

crease 2:8T . Hence, the total volume at the end of the first N-th period

N

will be T+ #2—'1\3—"' . The average based on the beginning and ending volumes

2.67T
M =TU+"N—3) . For model
2

number V, this will be further developed to provide for traffic volumes in
the second N-th period, ete.

forthis same period will thenbe

Model I - Markov Chain for Small Time Periods

For this meodel, the Markov transition matrix (4) WM represents a
roughly stationary (Fig. 17) finite state, discrete time process of sufficient-
ly short duration to preclude the possibility of more than one additional
crack appearing in the transition interval N. That is:

€j Tor j=i+l
Pij" I-€j for j=i
0 for all other j

It is also assumed that the occurrence of cracks prior to the transition
period reduces the probability of additional cracking. Moreover, the ex-
tent of reduction is proportional to the number of cracks already present at
the onset of the transition period. It seems reasonable that the retarding
influence of prior cracking on additional cracking should build gradually and
ultimately prevent further cracking beyonda 'saturation' point which defines
the cracking limit for slabs of given dimensions, quality, and support. In
formal terms:

N N I - Iy
*i%i08 {” N}F' )

Where T is the 5-year average daily traffic. The factor 109 is necessary
t0 reduce the magnitude of T to a very small value {~0.05 max) ; and Fi
is the reduction factor required if stress relaxation due to prior cracking
is significant. F; is developed as follows: Since Fj should be a maximum
when the number of prior cracks is zero, and probably declines at an in-
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creasing rate as the number of prior cracks increases, a simple second-
order relationship is postulated:

Fi=A-Bi+12

where A and g are fitting parameters and i is the transition matrix
column location containing Fi. As initial conditions, it is required that
Fi=! , when i=0 , therefore:

A= R+l
Eq (2) now becomes:
. -r2 13
e"|05 [ﬂ“ C H'][HN]' and

the Markov process in matrix form will be:

somN < F

whuere S is a scalar representing the number of slabs in the i-th lane, and:

1-€q €o . . ... .0

o 1;€ € . . . . . .0
M2
0 0. . I7€x-1 E€x—
O 0. .0 {
g, 41, PRORIRERE the 5-year initial state probabilities, and ?0,?1 .y

+ + « «y Iy are predicted 10 and 15-year final state probabilities. Notice
that the transition matrix is upper triangular since crack count cannot de-
crease, hence the probability of going to a lower state (fewer cracks) is
always zero. '

As N increases, probabilities decrease in the left portion and increase
in the right portion of the transition matrix until in the limit, the N-step
matrix becomes ergodice, i.e. non-changing. Because all row probabilities
must addto 1.0, the ergodic state of the N-th power of the transition matrix
will be in the limit:
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Howsver, long before this condition, a minimum $2 will have been reached
for Loth the 10 and 15-year data. $2, of course, is equal to:

whee fij is the observed10 or 15-year probability of j cracks occurring in
a random slab of the i-th lane. Because $€ is presumed to have a minimum
valu= for some N, it can be used as a criterion for estimating the value of
N which best satisfies the assumptions of the model. Consequently, for
eac . incremented value of # , M was successively squared until a
mirimum $2 was established (Fig. 18). When a value of 8 was found
whivh resulted in the lowest minimum $€, it was used together with the 5~
yeai Poisson-generated probabilities to provide 10 and 15-year slab count
est: mates for crack categories 0 through 5.2

The $2 criterion using 15-year data resulted in an N of about 64, or a

cracktransition period of '—Q X 12188 months. The same criterion applied

to10-year data resulted inan Nof about 32, which provides the same transi-
tionperiod estimate. Therefore, one concludes that the assumptions of this
model hold best for about a two-month transition period. Results of this
moidel together with the other four will be presented at the end of this sec-
ticu.

Model II - Markov Chain for ILarge Time Periods

Model T specified that non-zero crack occurrence probabilities could
exist for only zero or one crack occurring during the transition interval.
This specification can be relaxed, provided that the remaining prolabilities
in cach row canbe generated by sorme rule. This provisionallows for long-
er trangition time periods during which more than one crack can cccur.
One may then postulate that each row inthe transition matrix defines a con-
dition governing future cracking for which a Poissondistribution of addition-
al ¢sracks is appropriate. Thus, in row zero, where no prior cracking is
assumed, the occurrence of additional cracks would follow the Poisson
dictribution with parameter Ao . In row one, where one prior crack is
agsumed, the stress condition of the slab has possibly been ameliorated by

€ For all Markov models considered, 41, dgs « . . ., Qg Were generated
z3suming a Poisson distribution. The Poisson parameter, A , was
estimated from the previously discussed relationship:
Ai=0.00125T;0-63 setting t equal to 5.0
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the gingle erack to the extent that the occurrence of additional cracks ‘fol-
lov's the Poisson distribution with parameter A; , where. A, may be
less than Ag . This treatment can be extended to all rows in the transi-
tion matrix. Moreover, the provision of flexible Poisson parameters in
each row can be used to test the assumption that the stress relaxation due
to prior cracks lessens the probability of further cracking. If this were a
vicole assumption, one would find that Aj systematically decreases as
i -8 , the crack saturation number.

Examination of Figure 19 shows that there is some decrease i1 the ex-
pe ‘ted number of cracks as the number of prior cracks increases (as indi-
caied by row number). Thus, we have:

. AifkTre-
B {k=r) - and

Pik =0 as i—+s

Pik

where Py is the conditional probability of going from i to k cracks in the
trunsition period, and Aj  isthe expected number of cracks forthe transi-
ticn period given that i have occurred previously. The expression (K-r)
rather than k is necessary to ensure that each row represents the distribu-
tica of additional cracks, that is, k cannot be less thani. Now, A; can
be estimated by the log-log regressions of conditional Aj 's on traffic (T)
8o that the transition matrix appears as:3

Qa-A la-A 2o-A ka-A
A§eto aledo aZesdo  abeho
o] i 2t k!
M < . Ae ™ ajeth - iclem)
ot I (k-1
o] L
where Aj=a;THi , thus, the 10-year crack distributions would

be row vectors estimated from:
F10,i7Si & M and
¥
th: 15-year distributions from:

Fi5,i = Si @ M

3 Pen and 15-yeardata were combined because of the stationarity assump-
fion,

~35-




where @ is the row vector of 5-year probabilities for the i-th lane and
M; is the transition matrix for the i-th lane.
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Figure 19. Relationship between extent of
prior cracking and expected crack count at
the end of the transgition interval,

Model TII -~ The Poisson Process

In contradistinction to the assumptions of Models T and II, one can as-—
sume that transverse cracking occurs independently of previous cracking
history. Thus, if a slab has k cracks at time t, the probability of a crack
appearing at time  t+at isg the same as if there were no cracks at t.
Embodying this assumption in a probability model is tantamount to denying
that prior cracking relieves enough stress to lessen the extent of future

~36-



—P

cracking. The Poissondistribution is developed usingthe independence as-
sumption. Its general form, as discussed earlier is:

ake-a

P{k); = i

where P(k); can be interpreted as the probability of k cracks occurring in
the i-th lane where the expected number of cracks is Aj . Inthis form,
the distribution does not explicitly take account of time, i.e., it is not a
'process.' Recalling that A; can be estimated by,

A;=0.00(25T; 063!

substitution converts the general Poisson model into the Poisson process:

(0.00125T;0-631) | -0.00125T; 063t
k!

Py () =

where Py{t); isthe probability of observing k cracks inthe i-th lane by time
t. Using this simple model, one can estimate crack distributions for any
time up to 15 years using only 5-year traffic data.,

Mode!l IV - Erlang Distribution (4)

Suppose that for a sufficiently small period of time, cracks follow the
discrete form of the exponential distribution; i.e.,

i
PijzNe / @ NOxgy . g-NOi - o-Noj
i

where Pjj is the probability of between i and j cracks occurring during the
period, and both i and j are integers such that j=i . In this distribution,
N is the expected number of cracks forthe period and canbe estimated from
traffic data as was done for the preceding models, Applications of the ex~
ponential distribution assume that the length of time between cracks is in~
dependent of when this time interval occurs.

The crack distributions for a longer period of time, such as 5 to 10
years, will be the net result of cracking which occurs during each of the N
basic periods for whichthe exponential distribution holds. If these periods
can all be represented by identical exponential distributions, i.e., N is
commonto each period, the final distribution at 10 or 15 years of service
will be the Erlangdistribution for which the density function is:

£x) = (Ne) Ny N-1p-Nox
(N—I)

x:Q
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The principal unknown is N, the number of periods which mustbe added
together, This modeldoes not make provision for changing probabilities as
the crack count accumulates, nor does it make provision for increases in
expected cracking due to the upward secular trend in traffic volumes.

The easiest way togenerate the exponential distributions required is to
produce rectangularly distributed random numbers Xm and transform to
nXm

Ne

is also the expected value, A of each exponential distribution, it can be
estimated from

exponentially distributed random numbers by Xm=- Since ﬁi'}',

X=0.0012570:63¢
10
If we define the period length measured from the 5-year survey as tj5=-y

for the 15~-year prediction, and tig= % forthe 10-year prediction, we have:

4 - 1.3070.63
Xm=_2..g.@{'r[|+-—N—~] }lﬂ Xm - (3)

for the 10-year data, and

.- 6510.6
xm=___°-<;°625{T B 3}tnxm @)

for the 15-year data. These formulas assume an average traffic figure
composed of the initial and final volumes for each period.

One-hundred values for X, according to Egs. (3) and (4} were gener-
ated for N=1, 2, . . ., 15 for both the 10 and 15-year predictions. Xm
random variables were then added together to form the appropriate sums

) 2
& Xm - As with Model I, a value of N was sought which minimized 8
izl

for each survey period,

Model V - Summed Exponential Distributions with Flexible Parameters

The assumption of equal expected values for each basic exponential
distribution is probably overly restrictive when one considersthat A may
decrease as the number of cracks per slab approaches saturation (a phe-
nomenon that would affect the distributions belonging to the later periods}.
Also, as previously noted, traffic volume increases over time so that the
later periods might experience more cracking due to this cause. These
opposing factors probably have a joint result that makes the equal distri-
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bution assumption unrealistic, For Model V, this assumptionwas relaxed
so that one no longer would expect an Erlang distribution by the time 10 or
15 years have passed.

In order to accommodate the secular trend in traffic increase, the fol-
lowing formulas were developed:

. - i n1]063
Xip +0.025 {T [Hx.ao:’z: n)] }fnxm

for the 15-year data, and

_ 11063 |
X+ 2000625 {T[|+°-‘55N(2‘ l}] }lnxm

for the 10-year data, where i +1, 2, . .. ., N are used to expand the
b-year traffic volume according to the sequence number of each period.
The X5 wereadded togetheras in Model IV and again minimum S2 was the
criterion upon which N was selected.

All models are compared in Table 2 using the same highway projects
for both 10 and 15-year field survey data.

& TABLE 2
MINIMUM S2 FOR ALL 8 LANES

Model 10 Years 15 Years

I - Markov Chain permitting only

L . 0.32 0.43
0 or 1 crack per trangition period
IT - Markov Chain with Poisson rows 0.73 0.48
III -~ Poisson process 0.53 0.56
IV - Erlang distribution 0.58% 0.48%*
V - Sum of dissimilar exponential 0. 58 %  0.a8%

distributions

*Both Models 1V and V achieved minimum S2 for N s | o

For the 15-year comparisons, all models did about equally well, with
Model I giving the smallest S2, For more short~run predictions, i.e., for
10-year cracking, there was enoughspread in $2 between models to permit
some relative evaluation., Meodels IVand Vgave identical S2 values because
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the minimum $2 occurred for N = | in both cases, even though Model V
achieved smaller S2 values in general. It is presumed that for longer dura-
tion predictions, e.g., to the 20 or 25-year survey times, optimal N's
greater than 1 would be found for these models.

Technically, Model I achieves the smallest $2 for both time periods,
and is, therefore, presented with field data in Figure 20. These plots of
actual vs. predicted slab counts for crack categories 0 through 6 show that
Model I appears to work well for both 10 and 15-year predictions for some
lanes but not for others. The reasons for this could be the paucity of traf-
fic volumedata orthat traffic is not a principal variable in transverse crack
formation. Tt is also possible, of course, that we have oversimplified the
cracking process in our model selections. As mentioned earlier, both the
10 and 15-year crack probabilities are generated from only a single 24-hr
total traffic count foreach project. Thesefigures were furtherbroken down
into lane volumes by the method developed in this report. The extent to
which the resultant volumes do not faithfully represent the traffic history of
each lane will, of course, be reflected in crackdistribution prediction error
for boththe 10 and 15-year performance surveys. TFurther, itshould be re-
called that traffic volume was the only input variable considered in these
analyses. No doubt materials and soils are not only relevant, but play a
large partin determining the cracking patterns of these highways. Never-
theless, work with Model I looked promising, and it was decided to pursue
this type of model with all construction projects for which 5, 10, and 15-
year survey data were available. The main problem with Model I was the
indeterminent nature of the transition interval. While the eight lanes to-
gether yielded an optimal time &pan of about two months, it is doubtful that
a large body of data containing 30 to 40 construction projects would produce
an optimal trangition period value which would be close to ideal for each
project. Therefore, the following in-depth studies of joints and transverse
cracks are based onthe assumption of continuous time, finite state, Markov
processes. Furthermore, it was considered that existing traffic volume
figures alone were too weak to constitute a predictor variable; therefore,
it was decided that othervariables mustbe considered if causal predictions
are to be made.
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IV

THEORETICAL DEVELOPMENT OF PROBABILITY
MODELS IN CONTINUOUS TIME

)
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If we denote Pj;(T, 1) the conditional probability that the system at
time t isin state Ej, given that ata previous instant T the system was at
state E;, then crucial to the concept of a time non-homogeneous Markov
chain are the following two assumptions (5).

(A) Forevery state E, thereexistsa continuous function An1)=0

such that as h—= 0,
l-Pnn(i.t+h)
h

—_— An“)

uniformly in 1.

(B) To every pair of states Ej, Ex with jsk there corresponds tran-
sition probabilities Pik(t) such that as h —= 0,

ij(t,1+h)

H — Aj{t) Pj)

uniformly in t and uniformly with respect to j for each fixed k. The Pjk(t)
are continuous in t, andfor every fixed t, j, %ijh) = | and Pjj(t) =0 .

The probabilistic interpretation of assumption (A) is as follows: if at time
t the system isin state Ey, thenthe probability that during (t, t+h) a change
occurs in  Ap() + 0(h} . The ij(i) in assumption (B) can be interpreted
as the conditional probability that, if a change from Ejoccurs during (t,t+h) ,
this change takes the system from Ej to Ex. The graphic interpretation of
agsumption (B} can be seen in Figure 21.

Assumptions (A) and (B) leadto the following forward differential equ-
ation:

AP (T, 1)

! ~Ak N PiR(T, 1) +j§kpijﬁ,t) Aj (1) Pk (1) 1)

In joint deterioration and slab cracking processes itis reasonableto specify
that a joint or slab cannot progress to an advanced state of deterioration
without passingthrough each intervening state. We note also that it is im-
possible for joints or cracks to pass from a given state to a lower state;
namely, we shall agsume that:

Il ifk=i+] 2
Pik = (2)
O otherwise

Furthermore, a simple formulation whichfits graphical plots of the data is:
Al =ag1®, g2 0 (3)
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Pik (T 1)

RATE OF PROBABILITY {NCREASE AT T

- -
\_/ 3¢ PIkiTH) = N(0 Py )

T TIME, t

Figure 21. Growth of transition probability over time.

Where the @g's are scaling coefficients and ¢ is a parameter which
indicates the degree of time non-homogeneity. Note that if ¢ =0, the
process is time homogeneous.

Applying Eq. (2) and letting i=k in Eq. (1) we obtain,

CLATLULLS A PyLT, ) ' )
at
which, together withthe initial condition  Py;(T,T)=1 gives thefollowing
result:
Pii(T,1) = @ 4N aq20, 121, N-I ©®)

where N is the largest state in the system and

) t<]:o+| -1+
h{T,i) = i

|, for t=T20,  Now, letting k=i+I|

(6)

It is clear that pyp(T, 1)
in Eq. (1) we obtain,

APy, i+ (T, @
ST % AP T )+ A 0) (T, B
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Applying Eq. (5) to Eq. (7) and using the initial condition Pij{T,T)=0 for
i%j we see that forevery t2120 and i=l,...,N-2,
A o-a;h(T,H) 9 e~aihT,) 4.8 g.
e T YA Gi% divl
Pi,i+l{Ti1) = (8)

aihtne aihmt) o= aj

where h{T,t) was defined in Eq. (6).

Similarly, letting k = i +2 in Eq. (1) andso on (by induction) we obtain
the following system of solutions of Eq. (1):

Case 1: All aj's are distinct:
PitT,h) =e-Aih(TH yag2g j=1,,,. . N-I

n n

aj (1 «a ,

Pin(T,= > af,‘(g:@ a—l“_—':]"i)e'alh(T’t),N>n>i= I, 1=T=0
= j

whare  h(T,1) was defined in Eq. (6).
Case 2: Some a;'s are equal:

The solutionof Eq. (1) inthis casewill be the limiting form of Eq. (2).
For example, if ag=an =0,,i=f{,m,p=n, thenthe solu-
tion of Eq. (1) takes the following form:

PiilT, ) =@ QT ym =1, . N-|

(10)

n n

aij a R

PintT0) = Lim > 2l k|_i G_Fka_ eI Nynying
%=L 1= 7 \k=% y

am"‘a!

These systems of Eq. (9) (and Eq. (10)) will be used, together with field
data, to estimate parameters @ and o .
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APPLICATIONS TO JOINT PERFORMANCE
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The Problem

Because joint deterioration is a serious problem fromboth a roughness
and maintenance standpoint, it is desirable to model, for predictive pur-
poses, the deterioration process. A successful model would hopefully fore-
cast such problem occurrences as blowups, and thereby afford an oppor-
tunity for preventive maintenance. It is unlikely that the large number of
variables that affect joint deterioration would be tractable enough to allow
an extract (deterministic) formulation of the problem. Under such cireum-
stances, one often resorts to the prediction of probabilities, provided he

- can reasonably define states for the process. This type of predictive model
is called stochastic, and oftenfits the real world quite well. In the case of
joint deterioration, the first problem encountered in developing the model
occurred in the measurement of deterioration, as.discussed in Sections I
and II.

Using the definitions of joint deterioration specified in Section II, a
probability model was developed using only the 43 projects which had 5, 10,
and 15-year surveys. This smaller set of projects was used rather than
the full 128 because it was felt that 15 years of service was necessary to
bring out reliable differences in project performance. To be sure, the
model could be applied to all projects as long as one survey was available;
however, for model development purposes, the longer histories of the 43
project set were considered to be a great advantage.

Development of the Model

It seems reasonable to assume that only the state of current joint de-
terioration determines the probability of progression to the next higher
state. This is tantamount to assuming that the time history of deteriora-
tion is irrelevant as far as future behavior is concerned - - all one needs to
know is the presentslab state and the probabilities of further deterioration
associated witheach other state. From a stochastic process point of view,
this assumptionof lack of system memory is called the "Markov property"
and, ifapplicable, suggests that the deterioration process may be considered
as a Markov chain (7, 8, 9).

Putting the differential equations suggested by Eq. (7} Section IV into
matrix form we have;

g 2
31 B(T,1) = (T, t) A(Y) )
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where: 4 |
B0 = [PLn]ij and AW = [Ajm)];

If the  Ajj(t) are constant for all time, the process will be time homo-
geneous. Ifthe Aj{h  change over time, the process will be time non-
homogeneous, Because joints, like other physical structures, 'age," it
seems unlikely that joint deterioration would be time homogeneous. In fact,
we found by using the chi-square test, that of 43 projects there were only
seven projects accepted astime homogeneous at the 0. 05 significance level.
.Examining these seven projects closely, we see that all sevenshow very little
deterioration at15 years of service life. It is clear that projects with little
or nodeterioration will not change enough to suggest time non-homogeneity.
However, because the majority of projects could not be considered time
homogeneous, we believe that even very good performing projects will be-
come time non-homogeneous for longer service periods. Thus, wefeel justi-
fied in using the time non-homogenecous Markov process for these data and
feel that this assumption is warranted for any probability modeling of joint
deterioration,

Notice, also, that it is impossible for joints to pass from a given state
toalower state. This requires thatthe matrices BT, 1) and Alt)
be uppertriangular -~ afeature which makes it possible tosolve the system
of differential equations generated by Eq. (1). Now let us assume that in
the case of joint deterioration it is reasonable to specify that a joint cannot
progress to anadvanced state of deterioration without passing through each
preceding state. Consequently, all transition probability rates for which
j>i+t must be zero. Thus, af{t) now becomes:

A2 Al 0. ... . 0
0 -Azait) Azah...oO

Al) = 23’ a3 (2)
0 C e 0

since % Ajkln =0 as discussed earlier. Because it was decided to
classify joint condition into four classes, Eq. (2} is limited to a 4 x 4 ma-
trix. All of these considerations define a special case of Eq. (1) which

4 Note that A and Ajj , i%j; correspond to A; and APy of
Section 1V,
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gencrates the following system of differential equations:

S Py (T, 0 = =Py (T, Apph)

$FPRTY = PHIT 0 A2 -Pip(T, 1) Ap3it)
';?TPZE(TJ) = -P22(T,1) A23i(t)

$rP23(T1 = P22(T,1) Ap3l) -Pp3(T, 1) Az4lt)
P33T = —P33(T, 1) A4l
;%Pla(‘l:ﬂ = Pi2(T, 1) A23 (1) =Py3(T, 1) Ag4lt)

The  Pjgq(T,1} are known since E P = 1|
k

The preceding development does not specify the way inwhich the transi-
tion rates, Api+itt) vary with time. As mentioned before, aging very
likely increases the probability that a joint in a given state of deterioration
will passto a higher state for the same time interval. Therefore, it would
scem plausible that the A i+t would increase with time. Asimple
formulation that fits graphical plots of the data is: .

A|2“) = gt?® (3a)
Apzltf) = Bf'p (3b)
Az 4l1) = )(fq) (3c)

where @,8,Y are scaling coefficients and ¢ is a parameter which in-
dicates the degree of time non-homogeneity. Note thatif ¢=0  the pro-
cegs istime homogeneous, and if ¢ % 0 the process is time non-homo-
gencous. Furthermore, we would expect that a@>8 >y since a joint al-
ready in a highly deteriorated state can be expected to decay more rapidly
to the next higher state. This specification of Aj,j+|(t) together with the
initial conditions  P|(T,T)= P22(T,T)= P33(T,T} =| yieldthefollowing solu-
tions to the system of equations when asg=y:

—-— - f
me'/!q’dx
Pif(T]t) =g = e_alh(T't) |i=f,2,3

where: 9)=a,6p=g8, p3=Y and hT,t} ~ was defined in Eq. (6) of
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Section 1V. Also: 1
/x"’dx

PialT,t) = ¢,(T)e T -+ particular solution,

which when solved gives:

B_ {e ah(T,t _ e-Bh(Tﬂ] if awg
P2 (ThH ah(T,ﬂe—ah(T'” ifa=8 |
Similarly,
E‘-EE' [e-Bh(T,ﬂ_e-yh(T'”] if B%Y
P2 (TH Bh{T.HE BTN ¢ g.y
and,

g=an(T,t) =BT, o-Yh(T,H fas B ey
“B B-axy-a) - T Byray [

M2 012

(B-G)

PialT$ ¢ a8 {

[e—Bh(T,ﬂ__e-ah(T,n]} ifa=Y 8

h(T,1) . .
g {MTH _ghir,n ~ah(T,1_ Bh(Tf)] if ax g =Y
{G'B & +w 8)2 {e e

(ahatlT,n)ae-ath,n if a=8:Y

Estimation of Parameters

|

i

The problem now arises as to how to estimate a,8,y : and
¢ . Since the expressions for Pii(T, 1) and Pij{T,1) are non-
linear, classical least squares techniques are not helpful In the present
case, a computeroptimization procedure, using a modification of the steep-
est descent method was used (10, 11, 12). The procedure minimized the
expression where the Pij(T, 1) were proportions computed directly
from the survey data. Add1t10nally, each residual was weighted in propor-
tion to the number of joints entering into the probability determination.
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Results with Field Data

An attempt was made to estimate the model's four parameters by the
non-linearleast squares procedure forall the 43 construction projects sur-
veyed at 5, 10, and 15-year intervals. Except for a small number of ex-
tremely good performing projects for which there was no appreciable de-
teriorationat15 years, estimates for as,y, ,and ¢ converg-
ed rapidly. Inall cases the model’s fit was within S2 = 0,10 for the four
probabilities x threesurvey years x 43 projects = 516 data points (Figs., 22
through25). Examples of state probability history curves for'several parti-
cularly good and poor performing projects are shown in Figures 26 and 27.
Figure 28 shows the expected (average) state histories for the same two
projects. Note that the probabilities for States IT and III of the poor per-
forming projects peak at about 11 and 13 years and then decline. This is
because joints are not entering States II and I as fast as they are leaving
these states for State IV. State IV, being a terminal or absorbing state,
naturally accumulates joints with time until all joints are finally in this
state. Simijlar graphs for all projects are included in the Appendix.

It is alsointeresting tonote that a< §<3\/ as expected.
Thus, a joint is more likely to deteriorate to the next highest state if it is
already in adeteriorated condition. Distributions of .é\/ a and ')\//3

are shown in Figure 29. Since ? was generally greater than g or
ﬁ , one would presume that State III joints would be the ones most likely
to progress to State IV. Therefore, if a State IV (mostly blowups) predic-
tion is desired, a good strategy would be to look for joints in State III. Be-
cause the model will predict the probability of a State IV condition given the
State III condition for any elapsed time, one can compute State IV probabi-
lity curves once a,B, Y and ¢ have been estimated from
earlier performance data (or possibly environmental and materials vari-
ables). Figure 30 shows, for an arbitrary construction project, the cumu~
lative probability of State IV occurring given that the joint was in State III
at the selected T times of 1, 11, and 15 years., Notice the rapid rate of
increase in probability as T increases. For example, if a joint is in
State Il at 1 year (T =1) , it takes just over 12 years before the occur-
rence of State IV has reached a probability of 0.50. However, if the joint
is inState Illat 11 years {T=11) , in only three years time the probable
occurrence of State IV will have reached 0.50. These curves will not give
good forecasts of blowup probability unless aBy and ¢ are
reliably estimated from early performance data for each project itself, or
from a group of relevant causal variables, or both.
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As discussed earlier, ¢ is a measure of the time non-homogeneity
of the process. Figure 31 shows the frequency distribution of @ for the
43 projects for which ¢ was estimable. Notice that $ varies from
about 0,20to 5,83, with a median value of about 2.3. Thus, our hypothesis
concerning time non-homogeneity is tenable, particularly since most ?
are significantly greater than 0 ( a level = 0.05, as tested by a linear-
ized t-test).
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Figure 31. Cumulative distribution of
parameter ¢

Correlation with Causal Data

Because both traffic and percent soft, non-durable materials in the
coarse aggregate have been implicated in structural deterioration (1, 6),
these potential causal variables were examined in relation to each project's

iﬁ
|
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performance. A new variable, temperature, was also included because it
was thought that very high summer temperatures could hasten joint deteri-
oration, particularly the passage intoState IV which, of course, is primarily
blowups. The temperature variable was developed on the basis of the total
.number of days between 1956 and 1963 when the maximum temperature ex-
ceeded 90 F, as measured by the nearest U,S. weather station. Thus, a
trichotomous variable was defined as:

0: total days between 0 and 40 F
1: total days between 41 and 80 F
2: total days between 81 and 120 F

Similarly, the traffic variable was defined as:

0: ADT between 0 and 2,000, averaged over the same period
1: ADT greater than 2,000, averaged over the same period

Previous research (1) showed that percent soft, non-durable material
in the coarse aggregate tended to be associated with general pavement de-
terioration (an index based on all slab and joint performance variables, not
joints alone). Efforts were made in the present study to explore the effects
of soft, non-durable material on joint deterioration. However, only a few
records of soft, non-durable materizal percentages could be found for the
projects of this period. Consequently, a more primitive basis of estima-
tion had to be used. It was noted (1) that percent soft, non-durable mate-
rial was highest for those aggregates that were composed of non-quarried
limestones and gravels in about equal proportions. Moreover, soft, non-
durable particles tended to-be absent from aggregates containing either a
high percentage of gravel or limestone. Extreme examples would be pure
silicious rock and crushed dolomite. Therefore, based on overall pit es-
timates of percent limestone, the following materials variable was defined:

0: either O to 10 percent carbonate, or 80 to 100 percent carbonate in
the pit, exclusing crushed limestone
1: between 10 and 80 percent carbonate in pit, or crushed limestone

Thus, projects constructed from pits containing relatively homogeneous
gravels were assigned a value of 0, and those constructed from pits con-
taining gravel-limestone mixes or crushed limestones were assigned a value
of 1. Admittedly, this is a very crude measure; however, in the absence
of better data it did diffe rentiate projects on the basis of a materials vari-
able previously found tobe important. All the variables showed correlation
with expected state,; E(s); however, since in Michigan these causal variables
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turn out to be highly intercorrelated, one cannot easily judge which variables
are important. The only relevant statistical procedures which take account
of independent variable intercorrelations and make decisions of the inclu-
sion or exclusion of these variables, are the stepwise multiple regression
techniques. These techniques accept onlythose variables that make a 'sig-
nificant’ contributionto the extimation of the dependent variable in the con-
text of the other independent variables. '

In the present case, the dependent variable could be either a, B,
Y or ¢ . This is too many parameters for an unambiguous analysis.
Moreover, where only 5 and 10-year data were usedto predict 15-year per-
formance, using four independent parameters, the results were somewhat
unstable. However, it was noted that the four parameters were not inde-
pendent, but rather highly correlated with ¢ .5 -

B=exp(-—5—~—~§§-¢fg'66"al
. $-0.3318
Y = epl-5 3013

When functions reflecting these correlations were used (thereby requiring
the optimization of only asingle parameter) the 15-year predictions settled
down statistically and facilitated the single parameter estimation sought.

Thus, the problem was topredict ¢ from potentially causal variables
so that future performance could be estimated. The ideal model would en-
able performance predictions to be made only from causal data at any time
during or before the service life. However, it was not felt that the causal
data were good enough by themselves to adequately satisfy this goal (traffic
data were based on only one 24-hour sample per year, and percent car-
bonates were estimated from very generalgeological knowledge and experi-
ence with each pit). Therefore, it was decided to also include early per-
formance as an additional independent variable. Since many projects do
not show much joint deterioration before 10 years, this period was used as

® The introduction of these relationships complicates the interpretation of
¢ as a measure of time homogeneity.
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a basis for post 10-year predictions. The general ‘form entered into the
stepwise regression procedure was then, '

$ = 8P + BoM + B3V + BaT + s
where: ¢ =each project's single performance parameter based on

5, 10, and 15~-year data.

? =the same as @ exceptthat it is based on 5 and 10-year
data only '

M =the 0, 1 materials variable
VvV =the 0, 1 traffic variable
T =the0, 1, 2, temperature variable -

B.....Bg = fitting coefficients

The stepwise procedure accepted ¢ as the best predictor of & .
However, significant improvement in prediction was possible when M was
entered inaddition to ¢ , whileT and Vprovided no significant improve-
ment over ¢ and M. Also, slightly better results were obtained with log

$ . Therefore, the traffic and temperature variables were rejected and
¢ and materials were retained in the following equation:

log & = Bylog ¢+ B2M + B3

where: B = I
By =-0.56
Bz =042

‘ The multiple correlation coeificient p was 0.96 for the above speci~-
fication using 43 projects, suggesting that 5 and 10-year performance, to-
gether with some knowledge of coarse aggregate type, is sufficient to esti-
mate a single performance parameter characterizing the first 15 yearS of
service life (Fig. 32). | o

Of particular interest, is the prediction of 15-year State IV probabili-
ties from5 and 10-year data. This is because StateIV is primarily blowups.
Figure 32 also shows State IV predictions for which the multiple correlation
is 0.87. Thus, it should be possible to predict the proportion of joints in
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State IVat 15 years from knowledge of the coarse aggregate pit composition
and the 5 and 10-year condition survey data. This is important since virtu-
ally no blowups occur by 10 years, so that one cannot extrapolate later blow-
up problems from earlier blowup occurrence alone, The model, however,
provides abasis forblowup predictioneven thoughfew, if any, blowups have
occurred by the time of the prediction. An interesting case is provided by
Project 44-33~-C2. This project exhibited good joint performance at 5 years
with all of the 120 joints in State I, except forthree in State II. By 10 years,
some joints showed a fair amount of gpalling, and 10 were in State IV, in-
cluding four known blowups. By 15 years, spalling had increased sharply,
and 68 joints, including 26 known blowups, were in State [V. Based on the
first 10 year's performance, and materials knowledge, the model predicted
that by 15 years 59 joints would have passed into State IV. This particular
project alsohad a20-year survey. By 20 years, 89 joints were in State IV.
It is presumedthat most were blown, but the exact number could not be de-
termined since all 89 were replaced with concrete or bituminous patches
by the time of the survey. The model's 20-year estimate of State IV joints
based on only 10 years survey experience and materials data was 84, or 5
less than that which actually occurred 10 years hence. However, since 15
to 20-yearfield experience was not generally available and could not be used
in the determination of & , it is not recommended that 20-year forecasts
be made from this model. When 20 year experience becomes available, it
can of course, be incorporated into the model. Complete joint condition
frequency distributions for 15 years of service based on only 10-year ex-
perience are presented in the Appendix, However, a general idea of the
model's fit canbe obtained from Figure 33 which shows the 15-year expe cted
(average) state, again based on 10-yeardata and materials information. As
can be observed from Figure 33, most projects' expected states are pre-
dicted fairly well with an overall correlation of 0.93.

Relationship Between ¢ and &

In Section II, the performance of each of 128 projects was summarized
by theindex, & . This parameter, it will be recalled, governed the rate
of logistic growth of expected state or average joint condition. In the pre-
sent section, 43 projects were examined under the specification of a Markov
process and joint performance parameters ¢, a, s and Yy were
developed. Because these parameters were intercorrelated a, B
and ¥ wereestimatedas functions of ¢ forfinalanalysis withthe model.
The guestion now arises as to the possibility of a relationship between ¢
and & , If ¢ canbe estimatedfrom § , thenone neednot go through
the elaborate procedures of optimization of conditional probabilities used
in this section. Rather, one need only compute the average or expected
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state of each projectfor the time periods surveyed andfit the logistic growth
function. This procedure also implies that the process of joint deteriora-
tion is similar forall projects -~ all one needs to knowis the expected state
at several time intervals to generate all conditional probabilities including
those pertainingto State IV (blowups). Thus, the logistic growth of average
state {3} determines the passage patterns of all states and can be used
to predict future frequencies of these states.

The relationship between ¢ and & is shown in Figure 34. Notice
that the fit is quite good for the function used. If one made use of this re-
lationship, he would forecast joint behavior as shown-in Figure 35.

. 5 5

45k
40k~
#=19.3482 0454632 EXP(-0.i4i518)

kL

30H

Figure 34. Relationship ~
between ¢ and & i
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Measure Joint
N condition by
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Computer average
state, E (s)
for project

| Fit logistic
i function to
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Compute all Use _¢, to Use & to
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probabilities a8,y

for desired

predictions’

Figure 35. Simplified Procedure for Predicting Joint Deterioration.
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VI

APPLICATIONS TO TRANSVERSE CRACKING
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The experience gained in modeling joint deterioration facilitated the
application of similar modeling procedures to transverse slab cracking.
The cracking model was both more complex and more simple. Rather than
a limited number of states, such as the fourdetermined for joint deteriora-
tion, we find that there is no theoretical limit to the number of transverse
cracks per slab. Thus, the transition matrix could have an infinite dimen-
sion. In practice, however, one rarely encounters more than 15 transverse
cracks per slab, at least during the first 15 years of service life 8.

State 1: no transverse cracks in a slab
State 2: one transverse crack in a slab

L e e e e e N N N I

State 16: 15 or more transverse cracks in a slab
Using these definitions, the model form was that of Section IV with N = 16,

The cracking process was simpler than the joint deterioration process
in the sense that a crack is an obvious, easily measured deterioration vari-
able. Unlike joint deterioration, cracking did not require the mixing of
fundamental survey variables (such as corner spalls, patching, corner
breaks, etc.)to providea deterioration variable amenable to sensible mea-
surement 7. Therefore, the crack model's predictions could easily be in-
terpreted since it treats only one simple fundamental survey variable.

The development of Section IV requires n + 1 parameters (one for each
state, plus oneto regulate time non-homogeneity). This requirement clear-
ly would "over parameterize' the crack model since 16 parameters would
be required. This circumstance would not only make optimization difficult,
but would seriously impair parameter reliability and, consequently, any
future interpretation or causal analysis. Moreover, it standsto reason that
at least the 16 state parameters would be related. The general nature of

® For a crack tobe countedas a transverse crack, it had to be within a 45-
degree angleto the transverse dimension and be at least 5 ft long, Thus,
cracks that did not completely traversethe slab width were counted as full
cracks.

~J

Recall that sensible measurement was not possible with fundamental joint
survey variables such as spalls because: 1) different types of deteriora-
tion affected the same joints (spalling, patching, corner breaks, etec.),
and, 2) as spalls enlarged with time they tendedto merge, thus decreasing

their number. Thus, spall count does not make Sense as a deterioration
neasure since unlike deterioration it does not monotonically increase with

time.
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this relationship can be reasoned as follows. When a slab is constructed,
it is automatically in State 1 (no cracks).. It takes some time before settle-
ment, traffic, frost heave (if any), etc., affect crack formation. There-
fore, the probability of passing from State 1 to State 2 is low.. More im-
portant, a State 1 slab surviving a number of years will probably continue
in this state since its uncracked survival suggests that base and subbase
soil conditions are good enough to allow the slab.to withstand whatever traf-
fic loading it encounters. However, once a slab has passed from State 1 to
State 2 by cracking once, the implication is that further cracking is more
likely to occur since conditions sufficient to allow at least one crack must
already exist. Therefore, passage from State 2 to State 3 may be more
probable than passage from State 1 to State 2. Nevertheless, the former
probability will stillbe fairly low because settlement, etec., is still occur-
ring. After some time, settlement effectively stops and the slab becomes
so cracked that loading stress is essentially relieved; the average distance
between cracks being only a few feet. At this point, the slab is more or -
less crack saturated and the probability of further cracking decreases to a
point where anadditional crack is very improbable. The general quantita-
tive relationship of state transition probabilities, if the above reasoning is
. correct, should look something like the function in Figure 36. -
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Figure 36. Hypothesized transverse crack
transition function.
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Formal provisionfor this reasoning was built into the model by speci-
fying a polynomial of the form:

2 2
= +b, +
a ; (ai b].l c)

With this form, the relationship between the states suggested by Figure 36
is possible, as well as simpler forms such as a constant or straight line.
' Notice that squaring the entire expression guarantees that the function will
never be negative; i.e., thatthe probability transition rates are always
positive. This must be so, since negative probabilities are not defined.
Optimization of the crack model was now possible with a reduced set of
parameters (from 16 to 4).

After optimizing most of the 43 projects, it became apparent that the
majority of polynomials turned out to be of the expected form; that is, with
state transition probabilities rising to a maximum value after which they
decrease sharply and approach zero. Closer examination of these polyno-
mials, which we shall call 'transition polynomials," revealed that all of
them were closely symmetric and could be well approximated with a bell-
shaped curve8. Thus, the transition polynomial typically turned out as
shownin Figure 37, with the maximum trangition probability often occur-
ring around States 4 or 5.

Il 2 34 56789 .. ....
STATE

Figure 37. Experimentally derived
transverse crack transition function.

& Theterm 'bell-shaped, " ratherthan "mormal, " isused here to avoid con-
fusion with the normal density function which, of course, the transition
polynomizal is not.
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Re-optimization of the 43 projects with the bell-shaped curve specifi-
cation provided as good results asthe polynomial optimization and also pro-
vided the additional benefit of more meaningful parameters®. Results of
the bell curve optimization are shown for each project in the Appendix. It
is not understood why this particularform specifies the behavior of the crack
state transitions; hence, further examination of these curves in connection
with construction and environmental variables is required. However, it
can be said that slabs in a low state (such as 1, 2, or 3) have a relatively
good chance of remaining in that state for a specified time interval; slabs
in anintermediate state @, 5, or 6) arcunstable and have a relatively good
chance of cracking further within this interval; and slabs ina high state
(such as 7, 8, or over) will probably not crack again for some time. In
other words, slabs that are eithernot cracked or slightly cracked are some-
what stable; slabsthat are moderately cracked are unstable, and slabs that
are highly cracked again tend toward stability. Also, projects exhibiting
the bell-shaped curve for probability transition rates had what canbe termed
a 'critical state, ' designated as State C. This state was the most unstable;
hence the most short-lived. Thus, slabs withthe eritical number of cracks
will probably crack again before any other slabs in the project. The criti-
cal crack number for each project is plotted as a function of time in the
Appendix,

There are various ways of evaluating the model's fit to survey data.
Included in the Appendix are: :

1) The probabilities of all or selected states over time. Because pre-
sentation of all 16 states wouldbe cumbersome, States 1and C are present-
ed. The behavior of State 1 is interesting since it specifies the probability
of a slab remaining uncracked as service life progresses.

2) Theactual and fitted crackdistributions atsome point in time, such
as 15 years.

3) The plot of actual vs, estimated probabilities for all states of all
survey times for each project. This gives perhaps the best feeling for the
model's ability to reproduce field experience. As can be seen from these
plots, the model does very well for many projects, moderately well for
some, and only fairly well for a small number.

® The polynomial coefficients are not easily interpreted, whereas the bell
curve parameters (meanand standarddeviations) areceasily related to the
curve's form and to interpretation. For example, the mean designates
the most unstable state.
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4) Expected average number of cracks vs. time for the three survey
years. The expected state indicates the number of cracks per slab, which
on the average one would expectto find for any survey time. As can be seen
fromthese graphs, the model traces most crack histories quite well. These
histories are extrapolated beyond 15 years, and when 20-year survey data
become available these predictions can be evaluated.

5) The actual expected state vs. the predicted expected state for years
for which any slabs remain uncracked. The fit in this case will not be as
good as in the other plots since for some plotted probabilities, such as Py;
(10, 15), the probability of going from one erack at 10 yvears to j cracks at
15 years is based on'a small number of slabs and is, therefore, not very

reliable. All project plots of these probabilities and expected states are

presented in Figures 38 and 39. As can be seen from these plots, most
probabilities are reasonably well estimated. Most probabilities which are
poorly estimated are based on a very small number of slabs in State 1 (no
cracks) attimes other than t = 0, suchas t =5, ort=10. These probabi-
lities could be expected to be unreliable,
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Serial Correlation of Slab Cracking

An interesting. feature of jointed pavement performance variables is
that they occur in slabs that are ordered -- deterioration in any given slab
can be related to deterioration in slabs either adjacent or some specified
distance away. Thus, one can consider slab performance in the light of the
performance of neighboring slabs. Specifically, slab crack count for each
of the three survey periods was correlated with neighboring slab counts.
This correlation was then- plotted as ‘a function of slab separation (serial
correlation). These plots,. presentedin the Appendix, show that cracking
incidence inneighboring slabs (up to aboutthree slabs removed) tends to be
similar for most projects. However, slabs tend to crack independently of
one anotherif separated by greaterdistances. Thus, considering that slabs
in this study are about 100 ft long, similar cracking behavior tends to
characterize slabs spanning about 300 ft, but no further.  This may be the
typical length of local base and subbase conditions. Some projects, on the
other hand, show the same serial correlation forall distances, thereby sug -
gesting that soil conditions are uniform and not subject tovariation sufficient
to result in differential cracking behavior.
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CONCLUSIONS

1) The 19 condition survey variables discussed in Section I are not in-
tercorrelated enough to warrant combining them into a general index of
pavement performance. While some projects show ahigh incidence of nearly
all survey variables, many do not. Thus, a project that experiences a high
incidence of blowups may not show excessive transverse cracking, etc.
While some forms of spalling are well correlated with blowups, for example,
the general index approach would require stronger relationships among the
remaining variables.

2) For a divided freeway, it is possible to develop a method which al-
locates roadway traffic volumes to traffic and passing lane sub-volumes,
depending onthe overall average daily traffic. These volumes, in turn, can
be used to generate a variety of transverse cracking models which predict
crackaccumulation forany timeup to15 years of service. The model which
seems to [it the data best is the so-called "Markov Chain, " using a state
transition period of about two months.

3) When joint performance is considered separately, it is possible to
model and predict deterioration using continuous time Markov chain methods.
This method assumes that a measure of joint performance is available. In
the present study it was the total percent of transverse joint length affected
by the relevant survey variables (interiorandexterior s‘palls, deterioration,
blowups, etc.). These percentages can be grouped into classes or states
(0 to 25 percent, 26 to 50 percent, etc.) and the proportion of joints in each
state canbe well predicted provided early survey data are available. In the
present study, 5 and 10-year survey data were used to predict future per-
formance. The 15-year performance predictions often were remarkably
close toactual 15-year survey findings. It is concluded that this technique
can be usedto identify projects which will undergo serious joint deteriora-
tion, including blowups.

4) Causes of joint deterioration are difficult to identify from the his-
torical data available. Traffic, temperature, constructionyear, and coarse
aggregate types were examined in an effort to find correlations. The only
variable that was not rejected was coarse aggregate type. It was found that
pits containing relatively pure natural aggregates, with very low or very
high carbonate gravels, were associated with good joint performance. On
the other hand, pits containing gravel-limestone mixes or pure crushed
limestones were associated with both poorand good joint performance. In-
clusion of this finding in the joint performance prediction model improved
the predictions materially.

T




5) It is possibleto model (again, by continuous time Markov methods)
transverse cracking. The fitwith fielddata is good and future cracking be-
“havior canbe estimated. The particular model used in this study identifies
a critical cracknumber or state for each slab, A slab with this number of
cracks is the one most likely to crack again. Slabs which have either less
-or more cracks thanthe critical number are less likely to crackagain. The
critical number is usually between three and five, depending on the project.
The criticalnumber does not seem to be related to original soil conditions.

6) Slab crackingbehavior tendsto be similar for groups of up to three
contiguous slabs. This suggests that local base and subbase conditions are
similar up to 300 ft, but dissimilar beyond this distance.

7} Original soil conditions based on regional evaluations do not corre-
late with any kind of pavement performance herein examined. Baged on
these data, one would conclude that local upgrading of conditions through
importing granularsoils usually rectifies subbase deficiencies to the extent
that transverse cracking cannot be predicted from soil boring information.

8) Michigan's joint performance does not appear to have significantly
changed sincethe post-warperiod. This conclusionholds for projects con-
structed through 1963. Technically, there is a slight improvement despite
increased loading and salting over the 1946 - 1963 construction period.

=78~




=

b

RE COMMENDATIONS

1) For most condition survey variables, nothing much happens during
the first5 years. By 10 years, however, some projects begin to show sub-
stantial deterioration. Therefore, we recommend that the 5~year condition
survey be eliminated in favor of a 7, 8, or even 10-year survey. Thus,
more information could be obtained froman 8, 12, and 16-year survey pro-
gram than from the 5, 10, and 15-year program now in effect in Michigan.

2) We recommend that careful attention be given to acceptance testing
programs designed for coarse aggregate pits known to contain gravel-lime-
stone mixes in roughly a 50/50 proportion. These sources are likely to
contain large amounts of deleterious materials, and projects constructed
from these sources do not generally exhibit as good joint performance as
those constructed from either high or low carbonate gravel sources. In
particular, we recommend that the extent of aggregate sampling for dele~
terious material detection purposes be based on the gravel-limestone pro-
portion known to characterize each aggregate source. I this were done,
sampling and testing efforts could be distributed such as to maximize the
possibility of poor material detection.

3} We recommend that early survey information (such as that obtained
from 5 and 10-yearfield examinations) beused toestimate future joint per-
formance. If this is facilitated with models developed in this report, good
estimates can be made of 15-yearperformance. These estimates could then
be used to alert maintenance personnel as to potential joint problems such
as blowups. The joint model will allow projects to be rank ordered in terms
of anticipated joint problems and attention can be given to the top priority
projects inthe form of preventive maintenance stich as joint reconstruction.

4} We recommend that this same performance estimation program be
used tofocus attentionon problem projects so that additional condition sur-
veys can be made. Thus, if a project's 15-year expected condition was
good, a 15-year survey could be delayed. However, if the expected condi-
tion was poor, additional surveys could be made. This type of program
would havethe effect of concentrating survey efforts on those projects which
experience the highest incidence of deterioration.

5) We recommend that future research on pavement performance take
account of our favorable findings with the continuous time Markov chain.
The assumptions of this model seem reasonable and good results have been
obtained with it., We would suggest, however, that future research with this
model make use of more states than the four we used for joint condition.
If we were to redo the problem, we would consider perhaps 10 states, in-
cluding a zero-percent deterioration state.
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NOTES ON INTERPRETING THE APPENDIX

In Chapters V and VI we discussed how joint deterioration and trans-
verse crack survey data was transformed into the so~called "transition
probability, " Pjj ( T , t)defined in Chapter IV. The model developed in
Chapter IV was then used to estimate the actual transition probabilities.
The results of this fitting procedure have been explained verbally and graphi-
cally in Chapters V and VI. For the convenience of the reader, we now de~
tail these results in the following sample appendix, The results for all 43
projects are available in a separate appendix on request.

Each of the projects presented, has 11 figures, Figures 1 through 7
pertain to transverse cracking'(Chapter VI) and Figures 8 through 11 per-
tain to joint performance (Chapter V), Figure 1 shows how well the model
fit the actual transverse crack data. If the model fit the data perfectly,
every joint would fall on the 45 degree line shown in Figure 1, Each point
represents the probability of a specific number of cracks at either the 5,
10, or 15~-year survey time. TFigure 2 fdllows from Figure 1 by the process
of averaging, That is to say, each pointin Figure 2 represents the average
crack count to be expected at 5, 10, and 15 years given no cracks initially,
or theaverage crack count to be expected at 10 or 15 years given the crack
count at 5 or 10 years, The graph shows the relationship between the
model's prediction of average state and the average state obtained from the
survey data,

Using the optimal parameters obtained from the model, we computed
and plotted in Figure 3 the estimated (theoretical) transition probability
P11 (0, t) and Py, (0, t). In this figure, the solid line specifies the prob-
ability that a slab will remain uncracked aftert years. The dotted line
specifies the probability that a slab will reachthe critical number of cracks
aftert years. It will be recalled that the critical number occurs when the
probability of further cracking is greatest.

Figure 4 shows thetrend of the estimated expected (average) state over
time. The pointsin thisfigure represent the actual data. Again, this figure
partially demonstrates how well the model fits the actual survey data.

Figure 5 shows the actual (bars) and estimated (curve)transition prob-
ability of the various states for the three survey periods. As we mentioned
in Chapter VI, the cracking transition rate is well characterized by a bell-
shaped curve.

The curve in Figure 6 is optimal for the corresponding project and
shows the relative likelihood of further cracking for each state (crack count).
The critical state corresponds to the peak of each curve.
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- Figure 7, serial correlation, shows how cracking in any given slab can
be related to cracking in slabs either adjacent or some specified distance
away. - The curves in this figure tend to fluctuate randomly for slab sepa-
rations greaterthan three indicating that for most projects slabs have simi~
lar crack counts with neighboring slabs up to about three slabs away or
about 300 feet. When the brokenlines fall near zero, we infer no relation-
ship between a slab and other slabs the indicated distance away. The shaded
areain Figure 8 shows the error in estimating the transition frequency dis-
tribution for joint deterioration. It is obvious that small shaded areas re-
present a good fit of the model. '

Since we defined four states of joint condition, it is interesting to know
how the transition probability changes for the different states over time.
This is shown in Figure 9. The probability of a joint being in any of the
four states can beseen by locating the desired service time on the horizon-
tal axis and noting the corresponding probability on the vertical axis. Since
State IVis 8o important (mostly blowups), we would like to know the chance
- that a givenslabin State III (highly but not completely deteriorated) as time
ti , will deteriorateto State IV (blowup) as time t. Figure 10 gives this
information for three values of T .

Figure 11 shows the trend of expected (average) state of joint condition
over time., Again, the three actual survey points were plotted to show how
well the model fit the data.
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