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Distress as Function of Age in
Continuously Reinforced Concrete
Pavements: Models Developed for
Texas Pavement Management

Information System

TERRY DOsSeY AND W. RoNALD HUDSON

In 1989 FHWA required all states to implement a formal pavement
management system by February 1993. To comply with this mandate
the Texas Department of Transportation (TxDOT) is developing the
Pavement Management Information System (PMIS). PMIS will assist
Texas planners in providing cost-effective maintenance of the state
pavement inventory. To correctly priority rank pavement rehabilitation
and predict future needs, PMIS must accurately predict the development
of pavement distress with time under Texas conditions. By using a data
base containing 20 years of historical condition survey data taken on
continuously reinforced concrete pavements across the state, models
were developed for the following distress types: punchouts (minor and
severe), patches (asphalt and portland cement concrete), crack spacing,
loss of ride quality, and spalling. The significance of additional extrin-
sic factors relating to traffic, pavement structure, and environment was
also investigated. These factors may be incorporated into the distress
models at a later date, when the data base currently supporting the PMIS
is expanded.

In 1989 FHWA mandated that all states have a formal pavement
management system in place by February 1993. To comply with
this mandate the Texas Department of Transportation (TxDOT) will
implement the Pavement Management Information System (PMIS).
PMIS will allow TxDOT administrators to monitor statewide trends
in pavement condition. It will also assist in the monitoring, select-
ing, and priority ranking of paving projects and in estimating future
needs (7).

A rehabilitation strategy for a given pavement section may con-
sist of doing nothing, applying preventive maintenance, or per-
forming light, medium, or heavy rehabilitation. A decision to do
nothing in the current year may result in the need for more costly
rehabilitation later. For PMIS to perform a multiple-year optimiza-
tion it must be able to predict the development of pavement distress
as a function of age and other possibly significant factors such as
traffic, structural design, and the environment.

A literature survey was made to determine the important distress
manifestations for continuously reinforced concrete pavements
(CRCPs) In Texas. At the same time existing pavement perfor-
mance data bases were examined to determine what type of distress
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data had been collected. The principal data bases considered were
the Pavement Evaluation System data base maintained by TxDOT,
the Rigid Pavement Data Base developed by the Center for Trans-
portation Research (CTR) at the University of Texas, and the
COPES data base (FHWA) (2).

The CTR Rigid Pavement Data Base was selected for this phase
of the analysis because it was the only source of CRCP performance
data available that directly addressed Texas conditions and pro-
vided sufficient historical depth for the analysis. The CTR data base
(3) contains condition survey data taken on a regular basis since
1974 as well as associated traffic, environmental, and structural data
for the pavement sections.

The seven distress indicators selected for CRCP are minor
punchout, severe punchout, asphalt patching, Portland Cement
Concrete (PCC) patching, transverse crack spacing, loss of ride
score, and crack spalling.

INFERENCE SPACE FOR MODELS
The CTR rigid pavement data base was used for the analysis. The

first step was to examine the inference space in the data base used
for developing the models. This inference space, of course, deter-

_mines the applicability of any model derived from the data,

Pavement Age

Because the desired models all predict distress as a function of age,
several frequency distributions relating to pavement age were ex-
amined. Figure 1 shows the basic age distribution of the condition
survey data. Every observation in the data base from 1974 to 1987
(the last year a survey was performed) is considered separately.
Thus, a section built in 1964 and surveyed in 1974 and 1984 would

_produce two observations and be counted in the 10-year and 20-year

bars on the graph. As can be seen from Figure 1 many observations
are available over a wide range of pavement ages.

Using the date of first overlay field in the data base, a rough in-
dication of CRCP performance can be plotted. Figure 2 shows the
distribution of pavement life as indicated by years to first overlay.
The mean time to first overlay was 16.7 years; most of the pave-
ments were overlaid after 20 years.
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FIGURE 1 Age distribution of model inference space.

Temperature

Because environmental factors are expected to have an impact on
the distress curves, a distribution of average annual minimum tem-
perature (AAMT) was plotted. The AAMT (4) is the yearly mini-
mum temperature recorded at the weather station nearest the pave-
ment segment, averaged over the years 1951 to 1980. This is a
potentially important variable, because the interaction of tem-
perature with rainfall (freeze-thaw cycling) and the interaction of
temperature with coarse aggregate type (thermal expansion in the
aggregate) may play a role in cracking and punchouts. As shown by
Figure 3, low temperatures in Texas vary greatly, from a minimum
of 7.5°F to about 60°F (—9 to 15°C). A median low temperature of
30°F (—1°C) was selected as a separator level to differentiate “low”
temperature conditions from “high” temperature conditions.

Rainfall

In a similar manner the distribution of rainfall was examined
(Figure 4). A separator level of 30 in./year (75 cm) was chosen (5)
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FIGURE 2 Pavement age at first overlay.
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FIGURE 3 Average minimum temperature distribution (30°F
= —1°C)

to distinguish between high and low rainfall conditions in Texas;
the median rainfall amount of 33 in./year (83 cm) found in this
analysis agreed with that finding. Rainfall amount may also interact
with soil type (swelling or nonswelling), which is already available
in the data base. : '

Pavement Thickness

It is expected that thicker pavements will exhibit distress later (in
terms of time and loading) than thinner pavements. Unfortunately,
most survey sections in the data base are 8-in. (20-cm). Some
thicker sections have been added recently and are being monitored.
At this time, however, there are too few thick sections to contribute
significantly to the analysis.

Traffic

It is expected that traffic history will have a significant effect on
pavement distress. For the purposes of this analysis 18-kip equiva-
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FIGURE 4 Distribution of average annual rainfall
(1in. = 2.56 cm).
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lent single axle loads (ESALs) will be used. To fit into the prede-
termined PMIS scheme, traffic will not be treated as a continuous
variable but as an adjustment to the time-distress curve in terms of
high or low traffic.

Because loading has a cumulative effect on pavement perfor-
mance, cumulative ESALs were calculated for each section from
the time of construction to the date the section was surveyed. These
detailed data were available only for a limited number of sections.
At this point the data were analyzed only to determine a breakpoint
for ESALSs per year, which could be used to differentiate high traf-
fic from low traffic. Figure 5 shows the average cumulative ESALs
versus age for all the sections in the data base with detailed traffic
data. From this analysis 1.4 million ESALSs per year was chosen as
the dividing line between high and low traffic.

ESAL figures given thus far are two-way ESALs across all lanes.
Because only outside lanes were surveyed, a traffic distribution fac-
tor must be assumed. Approximately 75 percent of the data is for
pavement with two lanes in each direction.

ANALYSIS OF VARIANCE

An analysis of variance (ANOVA) was performed to determine
which factors were significant predictors for each distress type
(Table 1). Age, cumulative ESALSs since construction (CTRAF),
average annual minimum temperature (TEMP), average yearly
rainfall in inches (RAIN), coarse aggregate type (CAT), subbase
treatment (SBT), swelling content of soil (SOIL), and their two-way
interactions were examined. HT is highway type [Interstate high-
way (IH) or US highway] and is significant in terms of maintenance.
On the basis of that analysis the following factors (in addition to
age) were determined to be highly significant.

DISTRESS CURVES

Because pavement age was highly significant for every distress type
and because few predictors may be available in the early imple-
mentation of the state PMIS, a preliminary analysis was performed
by using only age as a predictor. Pavement sections older than 15
years were not used in the analysis, because after 15 years more than
half of the sections had been overlaid and the remaining sections
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FIGURE 5 Average cumulative ESALs for data
base sections.
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TABLE1 Significant Factors from ANOVA

SIGNIFICANT FACTORS
Minor SOIL, SOIL*CAT, TEMP*CAT,
PUNCHOUT RAIN*SOIL
Severe CAT*AGE, AGE*TEMP, SOIL,
PUNCHOUT TEMP*RAIN
Port. Cmnt. AGE*CAT, AGE*SBT
PATCHES AGE*RAIN, AGE*HT
Asphalt AGE*TEMP, AGE*RAIN
PATCHES AGE*HT
CRACK TEMP*CAT, CTRAF*RAIN, RAIN,
SPACING RAIN*AGE
Loss of RIDE * ANOVA not performed
SPALLED AGE*CAT, AGE*RAIN, AGE*SBT
Cracks

began to exhibit a “survivor effect.” That is, any remaining data in
the data base are nonrepresentative, because those 8-in. pavements
that were weaker than average have already been overlaid. The
NLIN procedure of SAS, a nonlinear least-squares analysis (6), was
used to find the best-fit coefficients for the generalized sigmoidal
function specified by TxDOT.

D=q« e—(x:rm)B

where?

D = predicted level of distress,
N = age of the pavement,
a, B, and p = shape parameters estimated by regression,
Xx = a factor to adjust for traffic,
€ = a factor to adjust for environment, and
o = a factor to adjust for pavement structure.

To more clearly show the trend with time, weighted average values
were used for the analysis. For all the following analyses ¥, €, and
o were fixed at 1.0, because it was expected that data would not be
available in the initial implementation of PMIS to determine their
values. Table 2 gives the best-fit coefficient values calculated for
each distress type.

DISCUSSION OF RESULTS
Minor Punchouts

Figure 6 shows the fit for minor punchouts. A punchout is consid-
ered minor when several cracks have intersected but have not yet
totally isolated a block of pavement. Data for punchouts (minor and
severe) do not include repaired punchouts (patches). Considerable
scatter is still evident (presumably because of extrinsic environ-
mental, structural, and loading factors), but a clear trend with age is
visible. This model will give a reasonable estimate when age is the
only available predictor.
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TABLE 2 Best-Fit Coefficients for Sigmoidal Function

a B p
MPO/mi 82.9 1.33 18.6
SPO/mi 35 577 144
ACP/mi 9.72 0.86 36.2
PCP/mi 146 1.23 40.3
P
CRARe | a9 | 100 0.06
CRAESK SP | 19.79 1.06 0.05
Loss of 0.269 | 1.00 1.00
Spallin
(pSRG)g 2.02 6.06 10.0
Spalling
(LS) 0.325 1.00 20.0

Severe Punchouts

Figure 7 shows the fit for the severe punchout model. A punchout
is considered severe only if the affected block is completely de-
tached from surrounding pavement. In contrast to minor punchouts,
the data show that severe punchouts take longer to begin develop-
ment, but once they are started their development accelerates
rapidly.

Asphalt Patches
Figure 8 shows the fit for the asphalt patch model. As for severe
punchouts, the onset of patching is slow to begin, but once it has

started it increases rapidly after 5 to 6 years.

1.0
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FIGURE 6 Prediction curve for minor
punchouts.

PCC Patches

Figure 9 shows the prediction model for PCC patches. A very clear
trend with age is evident; no pavements in the sample were patched
within the first 5 years, and an inflection point is present around 10
years, after which the rate of patching increases steeply. Punchout
and patch models give the number of occurrences per mile; multi-
ply by 0.625 to find the number per kilometer.

Crack Spacing

An increase in the number of cracks per 100 ft (decrease in crack
spacing) indicates poor pavement condition. Unlike the other dis-
tresses crack spacing does not vary drastically with age. Typically,
most early-age cracking occurs within days of slab placement, and
nearly all cracking has taken place by the end of the first winter after
placement (7). Consequently, several other factors have as much or
more influence than age, particularly coarse aggregate type. Be-
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FIGURE 7 Prediction curve for severe punchouts.
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FIGURE 8 Prediction model for asphalt patching.

cause of this two separate curves were fitted, one for limestone (LS)
aggregate and another for siliceous river gravel (SRG) aggregate.
The results are shown in Figure 10.

Figure 10 shows that crack spacing in LS aggregate pavements
tends to decrease from around 8 ft to 5 ft (2.4 to 1.5 m) (20
cracks/100 ft) in a fairly short period of time and then stay basically
constant thereafter. SRG pavement crack spacing often decreases
with time to under 3 ft (0.9 m; 33 cracks/100 ft). Because 3 ft is the
critical level for this distress, the slight rise in SRG crack spacing
observed from 9 to 15 years is probably an early-age survivor effect
because many of these pavements are overlaid at an early age. Ad-
ditional scatter in the plot may be explained by other extrinsic fac-
tors, such as temperature and season of placement (especially if the
peak temperature coincided with peak heat of hydration), which are
only approximately known. Subbase friction, percent steel, and slab
thickness may also play a role. Minimum temperature is included in
the data base, and its interaction with aggregate type was found to
be significant. This is probably because of the large difference in
thermal coefficient between the two aggregate types (5). The crack
spacing model predicts the number of cracks per 100 ft; this would
be the same as the number per 30 m.
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FIGURE 9 Prediction model for PCC Patches.
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FIGURE 10 Crack spacing performance curves for LS and SRG
aggregates.

Ride Score

Additional data for ride score (and spalling) were available from
archives of historical condition surveys conducted periodically by
CTR in 1974, 1978, 1980, 1982, and 1984 (8). Approximately 300
projects were selected across the state. A project consists of a con-
tinuous length of pavement with homogeneous properties such as
pavement thickness, coarse aggregate type, and traffic.

Figure 11 shows the distribution of the data relative to pavement
age. Of the total of 8,878 sections surveyed, most were between
6 and 9 years old when surveyed. Although the distribution was
skewed toward middle-age pavements, a sufficient number of
younger and older pavements were available to proceed with the
analysis.

Ride score was modeled as serviceability index (SI) loss versus
age, normalized to a hypothetical initial SI of 4.5. The normalized
SIloss (NSL) was calculated as follows:

NSL = (4.5 — PSI)/4.5

where PSI is present serviceability index. NSL ranges from 0
(PSI = 4.5) to 1 (PSI = 0). For example, if the PSI of a section is
3.5, then the section is assumed to have lost 1 SI unit of ride qual-
ity, giving an NSL of 0.22. This means that the section has lost 22
percent of its initial smoothness. Figure 12 shows the fit to the data.
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FIGURE 11 Age distribution of ride scores at
time of survey.
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FIGURE 12 Best-fit model for loss of ride score.

When examining Figure 12 it should be remembered that the
model was fit to the weighted average values of PSI; many more
datum points were available for medium-age pavements than for
14- and 15-year old pavements (see Figure 11). Thus, the curve
shown in Figure 12 passes through the 12- and 13-year points,
which are heavily weighted, but is pulled down from the 14- and
15-year points, for which there were very few observations, and
thus they had less of an effect on the regression.

Spalled Cracks

Data for spalling were obtained from the same source as the ride
data. Spalling data were divided into two categories, minor and se-
vere. Minor spalling was defined as “edge cracking where the loss
of material has formed a spall of one half inch wide or less” (9). Be-
cause the PMIS definition of spalling (/0) specifies spalling of “at
least 1 inch (25 mm) wide,” a decision was made to consider only
the CTR severe spalling in the analysis.

As shown in Table 1 the interaction of age with coarse aggregate
type was the best predictor for crack spalling; this was followed
by the cumulative rainfall on the section (AGE - RAIN), the age of
the section, and the interaction of age with the type of subbase
treatment.

Figure 13 shows the development of severe spalling with age for
several commonly used coarse aggregates. It is clear from Figure 13
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FIGURE 13 Spalled cracks by age and coarse
aggregate type.
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FIGURE 14 Effect of subbase treatment on spalling in
SRG Pavements.

that spalling develops with age, apparently at an exponential rate.
Pavements constructed with SRG coarse aggregate exhibited an av-
erage rate of spalling more than 10 times the rate of LS pavements.
The aggregate type “other” in Figure 13 consists of blended LS and
river gravel or sometimes slag blended with LS or gravel. These are
grouped together because there are relatively few of them compared
with the number of LS and SRG pavements. Because they often in-
clude some SRG material, it is reasonable that their rate of spalling
would lie somewhere in between “pure” LS and SRG aggregates.

Figure 14 illustrates the relative effectiveness of the various sub-
base treatments, which were identified by the ANOVA as signifi-
cant in predicting spalling rate. From the limited data available
crushed stone gave the best performance; this was followed by
asphalt-treated subbase. The worst choice by far was cement-treated
subbase. However, the design of pavements in the field is not a con-
trolled experiment; consequently, the choice of subbase treatment
is not evenly distributed. If more study in this area is desired, a
closer examination of the inference space in terms of subbase treat-
ment is needed. ]

These extrinsic factors, aggregate type, rainfall, age, and subbase
treatment, explain in part why many pavements exhibit no crack
spalling at all whereas others are severely spalled. Because of the
extremely different performances of LS- and SRG-based pave-
ments, at least two curves are needed to adequately model spalling.

Spalling for CRCPs was expressed as the number of spalled
cracks per 100 ft (30 m) of pavement. Weighted average values
were used for the analysis. A composite curve modeling both ag-
gregates would do justice to neither, so separate curves are sug-
gested. Figure 15 shows the fit to the SRG pavement data.

Pavements made with LS coarse aggregate were much less prone
to spalling. Figure 16 shows the fit to the LS pavement data.

CONCLUSIONS AND RECOMMENDATIONS

For the seven distress types modeled, all but two can be adequately
described as functions of pavement age. In the cases of crack spac-
ing and spalling the choice of coarse aggregate used is so important
that it overwhelms age as a consideration and must be included in
the model. Results from the ANOVA show that all the models could
be improved by considering additional environmental, structural,
and loading variables; the sigmoidal equation suggested by TxDOT
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FIGURE 15 Spalling model (SRG).

provides these factors. At the present time supporting data for the
Texas PMIS are limited, and simple age-dependent models are all
that is required. More work is needed to quantify the influences of
these additional factors so that the models can be refined and im-
proved as the data base expands.
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