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Introduction

The Vermont Agency of Transportation (VTrans) oversees the ownership and maintenance of an
extensive network comprising 3,100 centerline miles of paved public roads. In 2004, VTrans
pioneered the development of pavement performance models, utilizing historical pavement
performance data categorized by the underlying structure and paving surface treatment. Since
that time, the agency introduced bonded wearing course and thin overlay paving treatments.
However, there are currently no performance models in place to project conditions for these
treatments. Additionally, Federal standards for National Performance Measures (NPMs) on
National Highway System (NHS) pavements have since been established, including metrics such
as rutting, cracking, and pavement smoothness. The existing VTrans Performance models
already includes deterioration rates for smoothness and rutting, but a model is needed for
cracking that is in alignment with NPM standards. This project aimed to fill this gap by
conducting a comprehensive review of the most recent historical pavement condition and
treatment history data. Existing performance models were updated, and new models were
established for bonded wearing course and thin overlay treatments and the NPM cracking metric.

Applied Pavement Technology, Inc. 1



Pavement Deterioration Models for PM Final Report

Data Receipt and Preparation
Datasets were furnished by VTrans via the Vermont SharePoint site. Datasets encompassed three
distinct categories of information, including:

1. Pavement condition data, detailing the current state of road surfaces.

2. Pavement surface type data, describing the composition and characteristics of the road
surfaces.

3. Pavement treatment history data, offering a comprehensive account of past maintenance
and intervention measures applied to the road infrastructure.

The structured presentation of these datasets served as a foundation for analyses for development
of new and revised performance models.

Pavement Condition Data

VTrans supplied a comprehensive dataset comprising eleven Microsoft Access databases, each
cataloging annual pavement condition data from 2012 to 2022. The data were provided in five
installments. Following a comprehensive review, a catalog of pertinent data attributes was
identified:

1. Length: This parameter delineates the extent of the pavement segment in miles.

2. AADT: Average annual daily traffic is a key metric representing the average volume of
daily traffic over the course of a year.

3. AVG_IRI: The average international roughness index (IRI) is a measure denoting the
pavement surface roughness, expressed in inches per mile.

4. AVG_RUT: This measure indicates the average amount of rutting on the pavement,
measured in inches.

5. COMP_INDEX: The average of the four indexes—RUT INDEX, IRI INDEX,
STRC_INDEX, and TRAN INDEX.

6. IRI_AVG: A metric unit representation of the roughness, indicating average IRI
pavement surface roughness in meters per kilometer.

7. IRI_INDEX: An indexed value ranging from 0 to 100, based on IRL

8. LastWork Year: The calendar year when the most recent maintenance or construction
work was performed on the pavement.

9. RUT_AVG: The average amount of rutting on the pavement surface measured in
millimeters.

10. RUT_INDEX: A numerical index ranging from 0 to 100, providing an assessment of
pavement rutting.

11. STRC INDEX: An aggregate index representing pavement structural condition on a
scale of 0 to 100. Transverse cracking is not included in the aggregate index.

Applied Pavement Technology, Inc. 2
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12. TRAN_INDEX: A numerical representation, ranging from 0 to 100, indicating the extent
of transverse cracking on the pavement.

13. NRPM_WP_CRK: An index ranging from 0 to 68, based on NPMs, assessing the level
of cracking specifically in the pavement wheel path.

14. Data_Date: The date that condition data was collected.

An initial summary of pavement condition data is presented in table 1. Based on the initial
assessment of these data, condition values appeared to be consistent and complete. For most data
rows in each pavement condition table, condition values reflect a roadway segment one-tenth of
a mile long. Some data segments that exist at the end of roadways occasionally were less than
one-tenth of a mile. Pavement condition data sets for each reporting year include condition data
for all rows, though collection of non-NHS routes occurred biennially. If data were not collected
for a non-NHS segment in the reporting year, the most recent value is brought forward. So, all
condition data tables included NHS condition data for the reporting year, approximately half the
non-NHS data for the reporting year, and the remaining non-NHS data brought forward from the
previous year. Data values that were collected the previous year were able to be identified in the
“Data_Date” column.

Table 1. Pavement condition data summary (number of occurrences).

Data Attributes | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022

Length 71,331

AADT 31,442 | 12,475 | 31,325 | 23,362 | 31,549 | 19,132 | 30,668 | 13,997 | 39,809 | 23,545 | 31,279

AVG_IRI 31,198 | 12,381 | 31,240 | 23,469 | 31,278 | 22,406 | 30,668 | 14,845 | 31,171 | 21,320 | 31,213

AVG_RUT 31,350 | 12,413 | 31,448 | 15,127 | 31,457 | 16,518 | 30,668 | 15,002 | 31,326 | 20,782 | 31,370

COMP_INDEX | 31,195 | 12,352 | 31,240 | 14,747 | 31,272 | 16,254 | 30,668 | 14,845 | 31,171 | 20,443 | 31,213

IRI_AVG 31,198 | 12,381 | 31,240 | 23,469 | 31,278 | 22,406 | 30,668 | 14,845 | 31,171 | 21,320 | 31,213

IRI INDEX 31,198 | 12,381 | 31,240 | 23,469 | 31,278 | 22,406 | 30,668 | 14,845 | 31,171 | 21,320 | 31,213

LastWork Year | 31,370 | 12,439 | 31,608 | 12,181 | 31,303 | 12,160 | 30,629 | 11,456 | 31,442 | 11,094 | 31,084

RUT_AVG 31,350 | 12,413 | 31,448 | 15,127 | 31,457 | 16,518 | 30,668 | 15,002 | 31,326 | 20,782 | 31,370

RUT INDEX [ 31,350 | 12,413 | 31,448 | 15,127 | 31,457 | 16,518 | 30,668 | 15,002 | 31,326 | 20,782 | 31,370

STRC_INDEX | 31,293 | 12,422 | 31,376 | 15,127 | 31,465 | 17,280 | 30,668 | 14,991 | 31,328 | 21,689 | 31,370

TRAN_INDEX | 31,293 | 12,393 | 31,376 | 15,127 | 31,460 | 17,280 | 30,668 | 14,991 | 31,328 | 21,689 | 31,370

NPRM_WP_CRK | 25,455 | 10,922 | 27,752 | 15,081 | 31,396 | 17,280 | 30.668 | 14,991 | 31,328 | 21,689 | 31,370

Applied Pavement Technology, Inc. 3
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Pavement Surface Type Data

VTrans furnished a Microsoft Access database detailing pavement surface types along with their
construction dates spanning from 1955 to 2014. This data set is essential to developing
performance models since pavement surface type is one of two data items VTrans uses to group
performance models. Based on discussions with VTrans, it was determined that the data attribute
Pave Type contained the relevant information. Table 2 summarizes the Pave Type values by
occurrence and mileage. Asphalt on concrete pavement types depicts a pavement with an asphalt
surface over a pre-existing concrete pavement. Thick on strong pavement types describe
pavements with a thick layer of asphalt over a strong base. No specific thickness threshold exists
for defining a thick asphalt layer or base strength, but these classifications are established on a
case-by-case basis. Thin on strong and thin on weak pavement types are similarly established for
thin asphalt layers. All pavement type data values had a “CreatedOn” value of 1/12/2021,
indicating the date that these values were recorded. If any change occurred to pavement type
values for a particular segment before or after this date, it is not expected to be captured in the
modeling data. Based on conversations with VTrans staff, the number of these change
occurrences is expected to be small. Following a virtual data review meeting with VTrans staff, it
was confirmed that models did not need to be developed for gravel or concrete surface
pavements.

Table 2. Pavement type data summary.

Number of
Pavement Type Occurrences Total Mileage
AONC-Asphalt on Concrete 234 245.6
THCK-Thick on Strong 551 1,590.4
TONS-Thin on Strong 321 368.3
TONW-Thin on Weak 138 316.8
GRVL-Gravel Surface 3 5.8
CONC-Concrete - Rigid Pavement 3 0.6

Pavement Treatment History

VTrans provided a dataset outlining pavement project histories and treatment dates spanning
from 1955 to 2022. Discussions with VTrans verified that the data attributes
“PHA_TreatmentFamily” from the project history application (PHA) and “Treatment Year”
encompass the pertinent information for the analysis. Table 3 summarizes the values identified in
the Treatment Year data column by occurrence and mileage. Following a data review update via
virtual meeting with VTrans staff, it was confirmed that models did not need to be developed for
values in the blank treatment families, which represents multiple miscellaneous scenarios that
did not need to be modeled.

Applied Pavement Technology, Inc. 4
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Table 3. Pavement treatment history data summary.
Number of
Treatment Family Occurrences Total Mileage

REC-Reconstruction 827 1,083.8
MAF-Mill and Fill 600 1,319.6
OVL-Overlay 3,424 8,048.2
PAO-Pulverize and Overlay 201 549.0
CROL-Cold Recycle and Overlay 30 88.3
HROL-Hot Recycle and Overlay 2 12.7
UNKN-Unknown 2,348 4,566.4
(Blank) 17 59.9

Applied Pavement Technology, Inc. 5
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Data Consolidation and Master Database Development

The three datasets provided were combined into a master database including all necessary
condition data, pavement surface type, and treatment history aligned in one data file. This master
database organized the pavement condition data to allow analysis tools to separate data by
pavement surface type or treatment family, allowing performance trends to be plotted. The
integration of pavement condition, pavement type, and pavement project treatment history data is
outlined as follows:

1.

Consolidation of Condition Data Tables: All unique entries within the historical
pavement condition data were consolidated into one single database using Microsoft
Access default features.

Elimination of Duplicate Entries: This process ensures that the master condition data
table remains free of redundant entries, maintaining data integrity. The most common
duplicate entry encountered was condition data values for non-NHS routes. Condition
data on these routes are collected biennially and included in condition data tables to
provide comprehensive reporting of network condition in each reporting year. Condition
data for these routes, which were collected in the previous year, were identified by the
Data Date and removed.

Removal of Non-NHS NPM Cracking Entries: Values shown in condition data tables
for NRPM_WP_CRK for NHS sections were part of Highway Performance Monitoring
System (HPMS) submittal requirements and considered to be valid. For some non-NHS
segments, entries were available. However, discussions with VTrans indicated data
quality for the entries was questionable. Therefore, these non-NHS NPM cracking values
were removed.

Adjustment of Overlay Treatment History Data to Consider Bonded Wearing
Courses and Thin Overlays: The initial pavement treatment history dataset did not
include bonded wearing course and thin overlay projects as a treatment family but rather
subsets within the OVL-Overlay treatment family. These treatments were able to be
identified within this group by reviewing the “Treatment Type” column data for all
OVL-Overlay records in the “PHA _treatment family” column. The data identified within
this data column in this model family are provided in table 4. Based on conversations
with VTrans staff, all treatment types within the OVL-Overlay treatment family other
than OVL-Overlay were considered thin overlays, including those identified as Novachip
or paver-placed surface treatment. Due to the small number of occurrences, this
adjustment was made by manually changing these entries to have a treatment family of
“TNOL-Thin Overlay.”

Applied Pavement Technology, Inc. 6
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Table 4. Overlay data by treatment type.

Number of
Treatment Type Occurrences Total Mileage
NOVA-NOVACHIP Surface Treatment 3 18.4
OVL-Overlay 3,233 6,930.0
PPST-Paver Placed Surface Treatment 42 117.8
TNOL-Thin Overlay 146 981.9
OVL-Overlay Family TOTAL 3,424 8,048.2

5. Incorporation of Pavement Treatment Project Histories: Unlike pavement condition
data that exist primarily in tenth-mile segments, pavement treatment data span larger
distances and multiple years. To address this incongruity, longer pavement treatment
project sections were subdivided into tenth-mile segments for compatibility with
pavement condition data. Following this subdivision, treatment histories were merged
into the master condition data file.

6. Correlation with Pavement Type Data: The product obtained from the step above was
similarly correlated with variable-length pavement type data to associate appropriate
pavement types with relevant treatment categories and condition.

7. Removal of Non-Uniform Sections: This combination of the three datasets resulted in a
substantial volume of data. In many locations, tenth-mile condition data segments include
a break in either treatment history or pavement type as shown in figure 1. This results in
condition data values that are represented more than once in data sets and are less than
one-tenth mile. To simplify the process of merging these tables of varied length and
reduce bias from partially matched segment less than one-tenth of a mile at the end of
project segments, segments less than one-tenth of a mile were excluded from the final
merged data set. Additionally, condition data values less than one-tenth mile exist at the
end of inventory lengths, such as State lines. These segments were also removed from the
final data set so that all data values used in the modeling process were homogeneous and
had equal bias towards the model.

This process of removing unnecessary data values and merging tables establishes homogeneous
segments to support development of performance models. The remaining data values were
organized for each grouping of pavement type, model family, and performance indicator to begin
the regression process of developing initial proposed models.

Applied Pavement Technology, Inc. 7
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Condition data values, 0.1-mi each
Condition Data Value Condition Data Value Condition Data Value

Treatment History Record A

Treatment History Record B

\

Overlap of 0.08-mi

|

Overlap of 0.02-mi

Figure 1. Example overlap of variable length data.

Data Completeness Check

To understand the nature of the completed data set, data were summarized through techniques
aimed at verifying completeness and reasonability. The distribution of performance indicators is
shown in table 5. The distribution observed for each performance indicator fell within the range
of expectations. For example, index values that are reported between 0 and 100 were confirmed
to not have any values in the data set outside of that range. NPM cracking did not demonstrate
any negative values or unreasonably high records.

Table 5. Overview of VTrans pavement data.

Percentile | AVG_IRI | AVG_RUT | COMP_INDEX | IRI_INDEX | NPWM_ WP CRK | RUT INDEX | STRC_INDEX | TRAN INDEX
10% 45 0.069 335 497 0.0 537 502 70.8
20% 54 0.108 52.8 66.8 0.0 64.5 702 85.6
30% 63 0.138 63.6 737 0.0 70.5 81.8 91.0
40% 74 0.177 70.6 777 05 744 89.0 942
50% 87 0.216 75.8 80.3 1.0 783 94.0 96.6
60% 103 0.256 80.1 823 3.0 823 974 98.5
70% 124 0.295 83.8 83.7 65 86.2 99.5 99.6
80% 154 0.354 87.3 84.8 135 89.2 100.0 100.0
90% 207 0.463 912 85.8 245 93.1 100.0 100.0

Once data completeness was confirmed, the master database was organized into individual
comma separated value (csv) files for each of the five performance indicators to be modeled.
Those indicators include:

International Roughness Index (IRI).

Rut index (RUT).

Transverse Cracking index (TRAN).
Structural Cracking index (STRC).
National Performance Cracking Metric (NPM).

Applied Pavement Technology, Inc.
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During the analysis process, the data were further reduced for each combination of pavement
type and treatment family as shown in table 6. No model is required for gravel surface and
concrete — rigid pavement types.

Table 6. VTrans pavement types and treatment families.

Pavement Type Treatment Family
Asphalt on Concrete (AONC) Reconstruction (REC)
Thin on Weak (TONW) Thin Overlay (TNOL)
Thin on Strong (TONS) Mill and Fill (MAF)
Thick on Strong (THCK) Overlay (OVL)
Gravel Surface (GRVL) Pulverize and Overlay (PAO)
Concrete - Rigid Pavement (CONC) Cold Recycle and Overlay (CROL)

UNKN-Unknown Treatment

Organized data were plotted to visualize each performance indicator versus age, which is the
nature of the intended performance models. These organized data plots were established for each
combination of pavement type, treatment family, and performance indicator. A total of 140
datasets were established for model building.

Assessing Data Variability and Preparing Datasets

Before performing regressions to establish initial recommended models, each dataset was
evaluated for variability. As shown in figure 2, box plots demonstrate the distribution and
variability of data in addition to identifying outliers in the data. These box plots were developed
for each prepared combination of pavement type, treatment family, and performance indicator.
The box plots were used to assess whether any data needed to be excluded from model building.
When the data were observed to have a positive trajectory, it was presumed that this increase in
performance resulted from either missing treatment data or undocumented maintenance
activities. Time-series box plots, such as the one in figure 3, were used to identify these changes
in trajectory. In figure 3, it can be observed that the median IRI index increases after year 10 and
the range of IRI index values beyond that age is broader and includes segments with index values
of 75. It is expected that these values reflect roadway segments that either received maintenance
in these later years or were repaved with treatments not documented in the master database. This
change in trajectory was commonly observed between years 12 and 25 when treatments tend to
reach their end of service life and are repaved. Since treatment life varies by pavement type and
treatment, this location of changing trajectory also varied accordingly. Since values beyond this
age are considered not representative of historical performance, they were excluded from model
building. This was done by identifying age values where the median performance indicator
began to increase and excluding values beyond that age value prior to performing regressions.

Applied Pavement Technology, Inc. 9
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Figure 2. Explanation of boxplots.
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Figure 3. Boxplot of IRI index data for the Asphalt on Concrete (AONC) pavement type and
Mill and Fill (MAF) treatment family.

To improve the reliability of data prior to developing regressions, an additional assessment of
variability was performed, and datasets were reduced. For each organized data set, the standard
deviation of the performance indicator was determined within each year. Values determined to
be within the mean value plus or minus 0.674 standard deviations were declared to be within a
“50 percent confidence interval.” This process of filtering data prior to performing regressions is
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the same process that was originally used to develop VTrans’ current performance models in
2003. The value 0.674 represents a common numerical assumption that normally distributed data
typically has fifty percent of its values within range of the median. Eliminating values outside of
this range reduces year-to-year variability, eliminates outliers, and improves the overall
reliability of data performed to develop models. The example provided in figure 4 (and table 7)
shows the same data from figure 3 with observations outside the allowable range shown as
hollowed circles. The remaining values to be used for model building are shown as solid circles.
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Figure 4. IRI index data for AONC MAF filtered based on standard deviation within each year.
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Table 7. IRI index data for AONC MAF.

IRI Index IRI Index IRI Index
Mean IRI Standard Minimum Maximum
Age (x) Index Deviation Value Value
0 70.7 23.0 552 86.2
1 77.8 7.0 73.1 82.5
2 753 10.7 68.0 82.5
3 74.4 10.7 67.2 81.6
4 72.5 133 63.6 81.5
5 69.1 18.4 56.7 81.5
6 66.6 204 52.9 804
7 66.5 21.9 51.7 81.3
8 55.7 25.3 38.7 72.8
9 56.2 25.3 39.1 73.2
10 50.5 26.0 33.0 68.1
11 55.8 25.3 38.8 72.9
12 48.6 25.0 31.7 65.4
13 50.8 27.8 32.1 69.5
14 54.7 27.0 36.5 72.9
15 41.6 31.1 20.6 62.6
16 41.2 28.4 22.0 60.3
17 40.0 31.0 19.1 60.9
18 41.1 29.1 214 60.7
19 48.8 294 28.9 68.6
20 38.6 29.9 18.4 58.8
21 51.7 31.6 304 73.0
22 41.1 377 15.7 66.5
23 40.7 335 18.1 63.2
25 534 NA NA NA

Data Sampling

A common practice used to verify that models can reasonably predict conditions with minimal
error involves setting aside a small sample of data for testing models. Typically, 5 percent of data
will be randomly selected and set aside for model testing. The remaining 95 percent will be used
to develop models. Once initial models are established, the sample data will be used to compare
actual observations to model predictions. The differences between the model-predicted and
actual values, known as residuals, are plotted against the control variable and visually checked
for distribution. A reasonable model should produce sample residuals that are symmetrically
distributed around a residual value of zero, indicating the prediction average is equivalent to the
sample observations. Residual plots should also not demonstrate any visible trends along the
horizontal axis, which may be an indication that the model does not adequately reflect the
relationship between the two variables. Additional discussion on residual plots and related
findings from this work are described later in this report.

Development of Recommended Models

Models were developed for the four VTrans index measures, plus NPM cracking. Since the
nature of the index values and NPM cracking are different, slightly different approaches were
used for establishing and evaluating models.
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Developing Models for Index Measures with Fixed Endpoints

Once each individual dataset was organized and filtered, regressions were performed using a
non-linear least squares regression based on the model forms currently used in the VTrans
pavement management system (PMS). The two model forms considered are the power model
form and the quadratic model form, shown as equations 1 and 2.

Quadratic Model Form:

Y=a—-bxX—cxX*

(1)
where:
Y Performance indicator (e.g., IRI index, RUT index).
X = Age.
a, b, ¢ = Model coefficients.
Power Model Form:
Y=a—-bXxXX"
2)
where:
Y Performance indicator (e.g., IRI index, RUT index).
X = Age.
a,b,c = Model coefficients.
Fixed Model Intercepts

Prior to performing regressions to identify model coefficients, model forms for indices were also
predefined to have a forced y-axis intercept according to VTrans procedures. For rutting,
transverse cracking, and structural cracking indices, the y-axis intercept is set at 100 to reflect a
brand-new pavement at year zero with no defects. For the IRI index, that value is set to 90. These
forced y-axis intercepts or year-zero values, however, may not always match actual performance
immediately after placement. For example, the average and median IRI index value for many
base type and treatment family combinations is less than 80. The VTrans PMS accounts for this
discrepancy using model fitting. Model fitting is an approach that accounts for available data by
adjusting performance models either horizontally or vertically to match the most recent available
condition value. An example of horizontal model fitting is shown in figures 5 and 6. This type of
model fitting helps ensure performance models use available historical data to make improved
performance predictions.
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Figure 5. Historical performance data compared to a default model.
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Figure 6. Performance model horizontally adjusted to fit historical data.

VTrans additionally restricts model forms to intersect the x-axis, commonly referred to as a fixed
endpoint. This approach depicts a point when the projected performance reaches an index of 0.
While it is unlikely that treatments will deteriorate to this point, the fixed endpoint is assumed to
be representative of the deterioration that would occur if no repairs were made to the road. This
“do nothing” condition is compared to a proposed treatment in the PMS network-wide analysis
to calculate a benefit value associated with the application of the treatment. These benefit
calculations for all possible treatment options in an analysis are compared to optimize treatment
selections for the entire network. Forcing models to have these fixed endpoints ensures benefit
area calculations are comparable between different treatments and base types.
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Using models with fixed x- and y-intercepts is reasonable pavement management practice but
can have a noticeable effect on the model-building process. Typically, when using historical
performance data to develop prediction models, the data are prepared, and model forms are
established as described above. Then, a least-squares regression is used to identify model
coefficients that have the least amount of prediction error. In this context, “error” refers to the
difference between an observed historical value and the model-predicted value at the same
pavement age. Error calculations are often squared to account for model predictions that are both
over- and under-predicting conditions, eliminating the effect of negative error values. When
unrestricted by forced intercepts, least-squares regressions identify coefficients that define a
model with the lowest possible total squared error. However, when performing regressions using
model forms with fixed endpoints, the resulting errors can be much higher. As noted above,
VTrans predefines a y-intercept of 90 for IRI models when actual values are closer to 80.
Forcing a model form to this fixed y-intercept results in predictions at year zero that are 10
points higher than the average observation, where an unrestricted regression would result in
predictions much closer to the mean value. Fixed endpoints forcing models to intercept the x-
axis have a similar effect on model errors. A typical fixed endpoint value might be 15, reflecting
an index value of zero at a pavement age of 15 years, while actual index observations can easily
be 60 or higher as shown in figure 7.
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Figure 7. Regression results for Mill and Fill, Thin on Strong IRI index with forced y-intercept =
90 and fixed endpoint = 19.

It can be observed in figure 7 that without model fitting, the resulting models consistently over-
predict performance until approximately year 10. This can be further identified by observing the
sample residuals identified shown in figure 8.
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Figure 8. Quadratic residual plot for Mill and Fill, Thin on Strong IRI index with forced y-
intercept = 90 and fixed endpoint = 19.

As noted earlier, prediction errors occurring in earlier years are accounted for in the PMS model
fitting process. Errors that occur in later years of prediction result from the fixed endpoints and
are accepted based on the premise that fixed endpoints provide more value to the PMS
optimization process. Plus, most roadways are anticipated to be repaved prior to the reaching the
fixed endpoint age. So, the lower prediction accuracy for later years is not considered a high risk.
These fixed intercepts do, however, limit the number of approaches available for establishing the
best-fit models. For example, models from traditional linear regressions are commonly assessed
using the coefficient of determination, also known as r-squared. This value ranges from 0 to 1
with values closer to 1 representing models that have a high goodness of fit. For a nonlinear
regression performed on data with fixed x- and y-intercepts, this value is not a practical measure
of fit for comparing models. Also, as shown above in figure 8, the common practice of reviewing
residuals of sample data can become more difficult. Typically, the objective of that process is to
verify that residuals are evenly distributed, which is unlikely in this situation.

To evaluate goodness of fit for the index measure models, the mean squared error (MSE) was
calculated for each regressed model. The MSE is the mean value of the squared error for all
observations in the regression set. A low MSE indicates a better model fit than a higher value.

Applied Pavement Technology, Inc. 16
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For most models, default predictions tend to underpredict in early years of prediction, reach a
period where predictions are relatively accurate, and then eventually enter a stage of
underpredicting. As fixed endpoints are increased, the second phase where prediction accuracy
improves happens in increasingly later years of prediction. This causes the MSE to decrease with
increasing fixed endpoints. For example, in figure 7, the existing agency model with a fixed
endpoint of 15 has a narrow range of years where the model predicts near the mean observed
value. Alternatively, the quadratic and power models for a higher fixed endpoint predict near the
median of observed values for 5 or more years. This reduces the total amount of model error
demonstrated by the MSE. A range of MSE values determined for TONS MAF IRI data using a
quadratic form are shown in figure 9. Based on this visualization, the lowest MSE value occurs
when using a fixed endpoint of 40. However, little improvement in the MSE is observed above
25. Selecting a model with the highest possible fixed endpoint results in a model that does not
properly fit the shape of historical performance after fitting. This can affect the area calculation
used in the PMS optimization process, causing bias towards treatments with higher benefit area
calculations. It is better to select a fixed endpoint that reflects a more realistic “end of life”
scenario for the treatment even if it is only theoretical and unlikely that the pavement section will
ever deteriorate that far. To select the most appropriate model, fixed endpoints were selected that
minimized the MSE without going so high that diminishing returns were observed. Typically, the
first fixed endpoint that improved the MSE by less than 5 percent was selected.
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Figure 9. Example quadratic MSE values for a range of fixed endpoints.
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Based on these observations, the approach selected for developing preliminary recommended
index models while accounting for fixed endpoints was as follows:

1. Fix model forms to the y-intercept established by VTrans.

2. Establish non-linear least square regression models for the power and quadratic forms at
various fixed endpoints in increments of 5 years.

Review MSE values for the preliminary models.

4. 1If considered beneficial, establish models at smaller increments of 1 to identify the
optimum fixed endpoint.

5. Determine the MSE of the preexisting agency model to verify the new models improve
prediction.

6. Select the model with the lowest MSE without selecting a fixed endpoint that produces
diminishing returns.

Least-squares regressions were performed for all organized combinations of index type,
pavement type, and treatment family where enough data existed to perform one. Datasets that did
not have enough observations to have 30 or more values within each year for at least 12 years
were considered too small to form a model. For those scenarios, a surrogate model was
recommended based upon available data, other preliminary models, and a general understanding
of the treatment and pavement type.

Developing Models for NPM Cracking Measures

The NPM cracking measure differs from VTrans’ index measures and required a slightly
different approach for model development. Defined in the HPMS Field Manual' as cracking
percent, this measure represents the percentage of the total pavement area with visible fatigue-
type cracking in the wheelpath. For new pavements, values are expected to be zero. As
pavements age, cracking percentages increase. Percentages are determined based on the amount
of cracked wheelpath divided by the total pavement areas. For a 12-ft-wide asphalt pavement, the
maximum value expected for fully cracked wheelpaths is 54 percent.

The approach for establishing preliminary models for NPM cracking considered quadratic and
power forms with models fixed to the origin, forcing all models to start at year 0 with 0 percent
cracking. Linear models were also considered and are described in the section on results. For
NPM cracking models, r-squared was considered a reasonable measure of fit and was used as the
primary measure of model fit.

1 Federal Highway Administration (FHWA). 2016. Highway Performance Monitoring System Field
Manual. Control No. 2125-0028. FHWA Office of Management & Budget (OMB), McLean, VA.
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Findings and Model Recommendations

Model recommendations for all measures are provided below in tables 8 through 12. Boxplots
and regression plots used to establish model recommendations are provided in appendix A and
appendix B, respectively. Once initial model recommendations were established, each model
recommendation was presented to VTrans staff in a virtual review meeting. Some models have
been adjusted from their original recommended forms based on feedback received during those
meetings. Those adjustments are described below.

Index Measures
Recommended models were established for the four index measures and each treatment family.
General observations made during the model development include:

e Reconstruction models were not developed for the AONC base type.

e Little data existed for the CROL treatment family for all index measures and base types.
Surrogate models are recommended based on other treatment families.

e Little to no data existed for TNOL and PAO in the AONC base type.
e Little to no data existed for TNOL, PAO, and REC in the TONS and TONW base types.

e Surrogate models are recommended for groupings that did not have sufficient data for
establishing satisfactory models.

Applied Pavement Technology, Inc. 19
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Table 8. IRI index preliminary models.
Current Current Current Power Proposed
Pavement | Treatment Model Fixed Current Model Model Quadratic Proposed Fixed End
Type Family Current Model Form End Point| Model MSE | Comments Power Model MSE Quadratic Model Model MSE | Model Form Point Comments
AONC REC None None None - - None - - - None None -
AONC TNOL None None None - - - - - - Quadratic 22 USE AONC
MAF IRI
AONC MAF y=90 - 3.43523 *x- 0.05324 *x"2 Quadratic 20 119.1935 - y=90 - 1.85944985059771 *x" 1.25508758425172 95.9330 y=-0.070032351428573 *X"2+-2.55019735948048 *x+ 90 90.59921 Quadratic 22 -
AONC OVL y=90 - 1.97301 *x* 1.4107 Power 15 276.7018 - y=90-0.758270360057848 *x” 1.48391090915138 51.50935 y=-0.0900582313676101 *X"2+-1.34854421580975 *x+ 90 45.8089 Quadratic 25 -
AONC PAO None None None - - - - - - Quadratic 22 USE AONC
MAF IRI
AONC CROL y=90 - 1.97301 *x* 1.4107 Power 15 - Use AONC - - - - Quadratic 22 USE AONC
OVL IRI MAF IRI
AONC UNKN y=90 - 6 *x Linear 15 174.692 - y=90 -2.82075130669501 *x” 1.15591317375702 75.2269 y=-0.0653721498833724 *X"2+-3.19255700233255 *x+ 90 70.81554 Quadratic 20 -
THCK REC y=90 - 0.84028 *x" 1.31459 Power 35 134.2518 - y=90 - 0.0341515069726031 *x" 2.21547 33.28495 y=-0.0767848596504574 *X"2+ 0.116041516337439 *x+90 35.43739 Power 35 -
THCK TNOL None None None - - y=90-0.261771409590264 *x" 1.67026474452015 15.80495 y=-0.0644716637196745 *X"2+-0.59970782452347 *x+ 90 13.45549 Quadratic 33 -
THCK MAF y=90-0.67816 *x" 1.5186 Power 25 96.25353 - y=90-0.0621266490918531 *x” 2.20835867077781 | 24.72237 y=-0.129449355836971 *X"2+0.16179927426489 *x+ 90 26.3705 Power 27 -
THCK OVL y=90 - 0.038 *x- 0.1794 *x"2 Quadratic N/A 31.96096 - y=90 - 0.0836067322954315 *x" 2.14279743437375 18.84055 y=-0.133510547320691 *X"2+0.00973576879951477 *x+ 90 19.50695 Power 26 -
THCK PAO y=90-0.52109 *x- 0.12316 *x"2 Quadratic 25 20.76154 - y=90 -0.56577057254605 *x” 1.50547399399838 20.19697 y=-0.0703466851047492 *X"2+-1.06339440782434 *x+ 90 16.94161 Quadratic 29 -
THCK CROL y=90-0.87982*x-0.07067*x"2 Quadratic 30 - - - - - - Power 26 Use THCK
OVL IRI
THCK UNKN y=90-4.1 *x Linear ~22 - - y=90 - 0.0584357459781494 *x” 2.20263706373629 | 58.38467 y=-0.120029395910178 *X"2+0.146537371199271 *x+ 90 60.986 Power 28 -
TONS REC None None None - - - - - - Quadratic 26 Use TONS
OVL IRI
TONS TNOL None None None - - - - - - Quadratic 26 Use TONS
OVL IRI
TONS MAF y=90 - 1.83388 *x- 0.27774 *x"2 Quadratic 15 209.7635 - y=90-0.121816738169839 *x” 2.24322773432055 60.51306 y=-0.25822301208311 *X"2+0.169395124315942 *x+ 90 63.1308 Power 19 -
TONS OVL y=90-0.3959 *x- 0.449 *x"2 Quadratic ~15 232.6597 | Expert Curve | y=90 -0.663904848239608 *x" 1.50683874883885 41.69345 y=-0.0853762511637839 *X"2+-1.24175593128008 *x+ 90 37.24553 Quadratic 26 -
TONS PAO y=90-0.1685%x-0.295*x"2 Quadratic ~17 - Expert Curve - - - - Power 19 Use TONS
MAF IRI
TONS CROL y=90-1.83458%x"1.29951 Power 20 - - - - - - Power 19 Use TONS
MAF IRI
TONS UNKN y=90 - 6.4 *x Linear ~14 - - y=90 -0.870800950683414 *x" 1.30455624822114 88.87498 y=-0.0321106252486369 *X"2+-1.44755668772628 *x+ 90 80.6149 Quadratic 35 -
TONW REC None None None - - None - - - None None -
TONW TNOL None None None - - - - - - Quadratic 26 Use TONW
OVL IRI
TONW MAF y=90-0.3959 *x- 0.449 *x"2 Quadratic ~15 552.3093 Use TONS | y=90-0.0198112143747811 *x" 2.76605509128007 | 93.50405 y=-0.231925157129553 *X"2+0.58471401400633 *x+90 109.71033 Power 21 -
OVL IRI
TONW OVL y=90 -2.93924 *x" 1.33401 Power 13 818.9362 - y=90 - 1.38675261083317 *x” 1.28076159161742 88.90683 y=-0.0564374955439016 *X"2+-1.99416357739702 *x+ 90 80.96287 Quadratic 26 -
TONW PAO y=90-0.49832*x-0.28211*x"2 Quadratic 17 - - - - - - Quadratic 26 Use TONW
OVL IRI
TONW CROL y=90-0.49832*x-0.28211%*x"2 Quadratic 17 - Use TONW - - - - Quadratic 26 Use TONW
PAO IRI OVL IRI
TONW UNKN y=90-6.9 *x Linear ~13 1252.978 - y=90-0.918317666128009 *x" 1.42441704075504 107.89766 =-0.0779386512932772 *X"2+-1.65153371766807 *x+ 90 96.3066 Quadratic 25 -
Applied Pavement Technology, Inc. 20
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Table 9. RUT index preliminary models.

Current Current Current Proposed
Pavement | Treatment Model Fixed end Current Model Power Quadratic Proposed Fixed
Type Family Current Model Form point Model MSE | Comments Power Model Model MSE Quadratic Model Model MSE | Model Form | Endpoint Comments
AONC REC None None None - - - - - - Quadratic 35 Use AONC
OVL RUT
AONC TNOL None None None - - - - - - Quadratic 35 Use AONC
OVL RUT
AONC MAF y=100 - 4.98403 *x-0.05502 *x2 | Quadratic 30 382.2606 - y=100 - 10.0966374590604 *x" 0.667727514949184 130.6719 y=0.0610479681852826 *X" 2+ -5.11829346535666 *x+ 100 174.7763 Linear 31 See table 12
AONC OVL y=100 - 0.70308 *x-0.13188 *x"2 | Quadratic 25 555.9582 - - 246.5308 y=-0.0176442875440442 *X"2+-2.23959279310131 *x+ 100 234.8378 Quadratic 35 -
AONC PAO None None None - - - - - - Quadratic 35 Use AONC
OVL RUT
AONC CROL y=100 - 4.98403 *x- 0.05502 *x*2 | Quadratic 30 - - - - - - Quadratic 35 Use AONC
OVL RUT
AONC UNKN y=90-4.0 *x Linear 22.5 - - y=100-4.01693565516721 *x" 0.945152688345123 442.5689 y=-0.0169670571839759 *X"2+-2.82432161781406 *x+ 100 437.0103 Quadratic 30 -
THCK REC y=100 - 0.5798 *x- 0.06507 *x"2 Quadratic 35 141.429 - y=100-1.59151786061551 *x” 1.16457852345187 72.55417 y=-0.0234709495625873 *X"2+-2.0356596224523 *x+ 100 64.53668 Quadratic 35 -
THCK TNOL None None None - - y=100 - 9.28416147266985 *x" 0.698830452465597 80.74535 y=0.0626256384458466 *X 2+ -5.21210248670873 *x+ 100 114.8119 Power 30 -
THCK MAF y=100 - 2.14855 *x-0.07406 *x*2 | Quadratic 25 139.2185 - y=100 - 4.3840856331223 *x” 0.919437701643232 84.4752 y=0.00964927642221464 *X"2+-3.62281162599977 *x+ 100 88.55867 Power 30 -
THCK OVL y=100 - 0.00443 *x-0.1533 *x"2 Quadratic ~26 306.7188 | Expert Curve y=100 - 4.82288208299687 *x” 0.891391517127972 87.46757 y=0.0105890887439329 *X/ 2+ -3.65100599565132 *x+ 100 94.26947 Power 30 -
THCK PAO y=100 - 0.28688 *x-0.2131 *x"2 Quadratic 21 678.0375 - y=100 - 1.40613017010375 *x” 1.32478823261023 310.8407 y=-0.0767186060406421 *X"2+-2.08203484898395 *x+ 100 302.034 Quadratic 25 -
THCK CROL y=100 - 1.78403 *x- 0.05164 *x*2 | Quadratic 30 - - - - - - Quadratic 25 Use THCK
PAO
THCK UNKN y=90-4.0 *x Linear 22.5 - - y=100 - 2.5544733425037 *x* 1.00102699667485 155.2588 y=-0.00533021189706997 *X"2+-2.35622430011684 *x+ 100 152.792 Quadratic 39 -
TONS REC None None None - - - - - - Quadratic 25 Use TONS
OVL
TONS TNOL None None None - - - - - - Quadratic 25 Use TONS
OVL
TONS MAF y=100-6.80114 *x" 0.8351 Power 25 225.5869 - y=100 - 1.40849817634436 *x” 1.32426549029097 118.83551 y=-0.0733091550020505 *X"2+-2.16727112494874 *x+ 100 106.23229 Quadratic 25 -
TONS OVL y=100-0.31097 *x-0.19248 *x*2 | Quadratic 22 1445.841 - y=100 - 1.81822968165904 *x” 1.24493987301625 744.0182 =-0.0576346931781825 *X"2+-2.55913267054544 *x+ 100 737.6057 Quadratic 25 -
TONS PAO y=100- 1.85397*x- 0.08584*x"2 Quadratic - - - - - - - Quadratic 25 Use TONS
OVL
TONS CROL y=100 - 2.3536 *x- 0.01438*x"2 Quadratic 35 - - - - - - Quadratic 25 Use TONS
OVL
TONS UNKN y=90-4.5 *x Linear 20 - - y=100-0.758767506519484 *x" 1.42144677873129 172.8021 y=-0.0546135466125084 *X"2+-1.53278650662514 *x+ 100 153.3485 Quadratic 31
TONW REC None None None - - - - - - Quadratic 25 Use TONW
OVL
TONW TNOL None None None - - - - - - Linear 25 See table 12
TONW MAF y=100-0.17121 *x-0.40133 *x2 | Quadratic 16 193.5603 - y=100 - 1.8766803367547 *x” 1.23511000877307 107.8605 y=-0.0615844888494049 *X"2+-2.46038777876488 *x+ 100 101.11289 Quadratic 25
TONW OVL y=100-0.17121 *x-0.40133 *x*2 | Quadratic 16 1106.264 - y=100-2.01477918974505 *x” 1.21305101292843 236.5335 y=-0.0586750956815233 *X"2+-2.53312260796192 *x+ 100 217.1896 Quadratic 25
TONW PAO y=100-0.17121 *x-0.40133 *x*2 | Quadratic 16 - Use TONW - - - - Quadratic 25 Use TONW
OVL RUT OVL
TONW CROL y=100-0.17121 *x-0.40133 *x*2 | Quadratic 16 - Use TONW - - - - Quadratic 25 Use TONW
OVL RUT OVL
TONW UNKN y=90-6.25 *x Linear 14.4 - - y=100 - 0.581379654990413 *x” 1.52868109322457 158.5295 y=-0.0711874884391763 *X"2+-1.38383869733285 *x+ 100 140.7504 Quadratic 29
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Table 10. STRC index preliminary models.
Current Current Proposed
Pavement | Treatment Model Fixed Current Current Model Power Quadratic Proposed Fixed End
Type Family Current Model Form End Point | Model MSE Comments Power Model Model MSE Quadratic Model Model MSE | Model Form Point Comments
AONC REC None None None - - - - - - None None -
AONC TNOL None None None - - - - - - Quadratic 25 Use AONC OVL STRC
AONC MAF y=100 - 1.59425 *x" 1.52832 Power 15 144.9089 - y=100 - 1.06477936120122 *x" 1.49199182262147 33.02993 y=-0.142062042933177 *X"2+-1.77860186030804 *x+ 100 34.65042 Power 21 -
AONC OVL y=100 - 0.57963 *x" 2.34411 Power 9 974.6083 - y= 100 -2.42349441197073 *x” 1.15567046318352 26.74011 y=-0.0417435705679669 *X"2+-2.95641073580083 *x+ 100 26.55584 Quadratic 25 -
AONC PAO None None None - - - - - - Quadratic 25 Use AONC OVL STRC
AONC CROL None None None - - - - - - Quadratic 25 Use AONC OVL STRC
AONC UNKN y=100-11.1 *x Linear 9 - - y=100-0.391664196297824 *x" 1.61401901182554 105.936 =-0.0708196916681739 *X"2+-1.03039600989951 *x+ 100 95.01396 Quadratic 31 -
THCK REC y=100-0.21655 *x" 1.80381 Power 30 134.8055 - y=100 - 0.000335502004946159 *x” 3.74337552979852 2091728 y=-0.178864525928487 *X"2+ 1.73879538985716 *x+ 100 37.17746 Power 29 -
THCK TNOL None None None - - y=100-0.219176573980294 *x" 1.722207693941 7.22653 y=-0.06892990755911 *X"2+ -0.444596092574008 *x+ 100 6.570074 Quadratic 35 -
THCK MAF y=100 - 0.02839 *x" 2.88257 Power 17 820.7129 - y=100-0.338555897885194 *x" 1.67242168385824 70.03362 y=-0.0863932446298805 *X"2+-0.74153599443692 *x+ 100 67.34728 Quadratic 30 -
THCK OVL y=100-0.02839 *x" 2.88257 Power 17 20.44477 - y=100-0.171897917227021 *x" 1.97771676051064 13.30908 =-0.156397385255984 *X"2+-0.0900653686004111 *x+ 100 13.23332 Quadratic 25 -
THCK PAO y=100 - 0.02839 *x" 2.88257 Power 17 17.72227 - y=100 - 0.052181174793456 *x” 2.52299036799456 12.69263 y=-0.302814515916928 *X"2+1.05629031833856 *x+ 100 14.1632 Power 20 -
THCK CROL y=100 - 0.02839 *x" 2.88257 Power 17 - Use THCK - - - - Power 20 Use THCK PAO STRC
MAF STRC
THCK UNKN y=100 - 5.88 *x Linear 17 - - y=100-0.138783291664424 *x" 1.93461627269196 109.8522 y=-0.102178325811813 *X"2+-0.267983558978934 *x+ 100 108.01446 Quadratic 30 -
TONS REC None None None - - - - - - Power 25 Use TONS OVL STRC
TONS TNOL None None None - - - - - - Power 25 Use TONS OVL STRC
TONS MAF y=100 - 0.53595 *x" 1.98134 Power 15 1266.074 Use TONS y=100 - 0.0731961755238311 *x* 2.24295147906356 53.7689 y=-0.169946675589616 *X"2+0.2486668897404 *x+ 100 55.77801 Power 25 -
CROL STRC
TONS OVL y=100 - 0.53595 *x" 1.98134 Power 15 197.9974 Use TONS y=100 - 0.944758884229627 *x” 1.44833040248975 30.16098 y=-0.0970307853857209 *X"2+-1.57423036535698 *x+ 100 31.89051 Power 25 -
CROL STRC
TONS PAO y=100 - 0.53595 *x” 1.98134 Power 15 - Use TONS - - - - Power 25 Use TONS OVL STRC
CROL STRC
TONS CROL y=100 - 0.53595 *x” 1.98134 Power 15 - - - - - - Power 25 Use TONS OVL STRC
TONS UNKN y=100-7.1 *x Linear 14 131.6681 - y=100-2.04213886185316 *x" 1.43689081690862 37.2477 =-0.253712996307849 *X"2+-2.86097172204893 *x+ 100 36.05846 Quadratic 15 -
TONW REC None None None - - - - - - Power 20 Use TONW OVL STRC
TONW TNOL None None None - - - - - - Power 20 Use TONW OVL STRC
TONW MAF y=100 - 0.35526 *x" 2.44945 Power 10 5128.029 Use TONW y=100 - 0.0627101085281565 *x” 2.29098704361582 58.37271 y=-0.176703815912478 *X"2+0.417595397811946 *x+ 100 60.22599 Power 25 -
OVL STRC
TONW OVL y=100 - 0.35526 *x" 2.44945 Power 10 407.9178 - y=100 - 0.938028831820309 *x” 1.55859881742665 4231343 y=-0.176874971093963 *X"2+-1.46250057812075 *x+ 100 43.50469 Power 20 -
TONW PAO y=100-0.36979 *x" 2.25360 Power 12 - - - - - - Power 20 Use TONW OVL STRC
TONW CROL y=100 - 0.35526 *x" 2.44945 Power 10 - Use TONW - - - - Power 20 Use TONW OVL STRC
OVL STRC
TONW UNKN y=100-10 *x Linear 10 467.9359 - y=100-0.703092018300134 *x" 1.99501968752309 37.60189 y=-0.684228185174981 *X"2+-0.122595111233565 *x+ 100 37.54991 Quadratic 12 -
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Table 11. TRAN index preliminary models.
Current Current Proposed
Pavement | Treatment Model Fixed Current Current Model Power Quadratic Proposed Fixed End
Type Family Current Model Form End Point | Model MSE Comments Power Model Model MSE Quadratic Model Model MSE | Model Form Point Comments
AONC REC None None None - - None - - - None - -
AONC TNOL None None None - - - - - - Power 31 Use AONC
OVL TRAN
AONC MAF y=100 - 11.77815 *x* 0.86077 Power 12 3313.169 - y=100 - 0.0243028122358305 *x" 2.58547823658003 107.51546 y=-0.178974201468379 *X"2+0.474355036709466 *x+ 100 121.59589 Power 24 -
AONC OVL y=100 - 16.0988 *x" 0.67444 Power 15 3661.608 - y=100 - 0.000121818282732263 *x” 3.96569628378936 150.2186 y=-0.125249773944872 *X 2+ 0.656936540678141 *x+ 100 206.3027 Power 31 -
AONC PAO None None None - - - - - - Power 25 Use AONC
MAF TRAN
AONC CROL None None None - - - - - - Power 25 Use AONC
MAF TRAN
AONC UNKN y=100 - 6.66 *x Linear 15 3087.102 - y=100 - 0.00110690689108092 *x" 3.35509958508663 158.0289 y=-0.13101748437012 *X"2+0.597191197770273 *x+ 100 194.2941 Power 30 -
THCK REC y=100-0.15937 *x* 1.93316 Power 28 325.2008 - y=100 - 2.94966856583463e-05 *x" 4.22923510650145 22.6056 y=-0.124030826439217 *X"2+1.48393606822975 *x+ 100 36.94026 Power 35 -
THCK TNOL None None None - - y=100-0.216412553870519 *x" 1.80399377596292 20.85882 y=-0.0958270324221418 *X"2+-0.45852236066908 *x+ 100 19.46541 Quadratic 30 -
THCK MAF y=100-0.1188 *x"2.37732 Power 17 368.5173 - y=100 - 0.0590375583312646 *x” 2.30973546238473 102.87111 y=-0.167515604230628 *X"2+0.18789010576569 *x+ 100 108.46109 Power 25 -
THCK OVL y=100-0.02839 *x" 2.88257 Power 17 392.3071 - y=100 - 0.0138052770350467 *x” 2.61316047106726 26.41472 y=-0.121107939666652 *X"2+0.299904856666222 *x+ 100 30.62862 Power 30 -
THCK PAO y=100-0.05491 *x" 2.84466 Power 14 548.533 Use THCK y=100 - 0.000650655987740055 *x” 3.71020826146839 11.653658 y=-0.213562662302479 *X"2+1.33906655756197 *x+ 100 23.37203 Power 25 -
CROL TRAN
THCK CROL y=100 - 0.05491 *x" 2.84466 Power 14 - - - - - - Power - Use THCK
PAO TRAN
THCK UNKN y=100 - 5.88 *x Linear 17 1537.623 - y=100 - 0.00239510009649341 *x” 3.49463689582578 88.17099 y=-0.325374610547411 *X"2+2.07096205959087 *x+ 100 135.75093 Power 21 -
TONS REC None None None - - - - - - Power 30 Use TONS
OVL TRAN
TONS TNOL None None None - - - - - - Power 30 Use TONS
OVL TRAN
TONS MAF y=100 - 0.37759 *x" 2.2452 Power 12 2904.323 - y=100 - 0.000407866169927698 *x” 3.85530300434875 43.33421 y=-0.221451121156946 *X"2+1.53627802892365 *x+ 100 71.66763 Power 25 -
TONS OVL y=100 - 0.54993 *x" 2.25969 Power 10 69196.86 - y=100 - 0.00228301584200834 *x” 3.1422546118464 266.8964 y=-0.141285515057523 *X"2+0.905232118392356 *x-+ 100 289.8885 Power 30 -
TONS PAO y=100-0.12456 *x"2.41224 Power 16 - - - - - - Power 25 Use TONS
MAF TRAN
TONS CROL y=100 - 0.12140 *x" 2.54403 Power 14 - - - - - - Power 25 Use TONS
MAF TRAN
TONS UNKN y=100 - 10 *x Linear 10 - - y=100 - 4.57775546798527e-05 *x" 4.53477786644565 95.90707 y=-0.259988157692534 *X"2+2.49970394231334 *x+ 100 195.10142 Power 25 -
TONW REC None None None - - - - - - Power 25 Use TONW
OVL TRAN
TONW TNOL None None None - - - - - - Linear 22 Use TONW
OVL TRAN
TONW MAF y=100 - 1.08942 *x" 1.88479 Power 11 3677.942 Use TONW y=100 - 0.000518383568623962 *x" 3.82937670203385 59.35448 y=-0.257969765006567 *X"2+2.02460769349093 *x+ 100 86.31906 Power 24 -
OVL TRAN
TONW OVL y=100 - 1.08942 *x" 1.88479 Power 11 26591.92 - y=100 - 0.00013775084840326 *x" 4.19253020966832 838.9041 y=-0.248993247650247 *X"2+2.22483119125617 *x+ 100 919.1929 Power 25 -
TONW PAO y=100 - 0.14126 *x" 2.55846 Power 13 - - - - - - Power 24 Use TONW
MAF TRAN
TONW CROL y=100 - 1.08942 *x" 1.88479 Power 11 - Use TONW - - - - Power 24 Use TONW
OVL TRAN MAF TRAN
TONW UNKN y=100 -9 *x Linear None - - y=100 - 0.00453501251050058 *x” 2.94046375452177 62.48283 y=-0.148414384069925 *X"2+1.11909818876441 *x+ 100 79.64692 Power 30 -
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During the review of preliminary recommended models with VTrans staff, it was noted that two
recommended AONC MAF and THCK TNOL RUT index models had an undesirable upward
concave shape as shown in figure 10. VTrans staff requested that different models be developed

that did not have this form.
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Figure 10. Preliminary recommended AONC MAF RUT index models with upward concave

shape.

To address the concave behavior of the two regressed models, a linear model was considered for
the two base type and model family groupings. Recommended linear models are provided in

figures 11 and 12 as well as table 12.

Applied Pavement Technology, Inc.

24



Pavement Deterioration Models for PM

Final Report

100 Current Fixed End Point: ~17
E g B3 85, < | ProposedFixed Endpoint: 24
588g f.8° °% MSE (current): 3823
. L IHINIHHLE MSE (linear): 208.9
A EEEE g inear): .
g 1IN HELE
| L o
% 80 £ ! I ! IS PR Recommended Model:
E : LA l i g3, .8, y=100 - 4.1667 *x
= L URE N E
T 40 $ Dgg B s E!!lf‘é\ fv 00 o
B ERAS
H H o o
20 I gﬁﬁgﬁgago Ea\
L EH E RN
) apocBHe o8 :
o 83 g o g B g § o \0
0 o o8l oHBoo o o
0 10 20 0 40 50
Age
2 RawData * Filtered Data —® Current Model =—*- Proposed Linear Model
Figure 11. Proposed RUT index linear model for AONC MAF.
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Figure 12. Proposed RUT index linear model for THCK TNOL.
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Table 12. RUT index preliminary models—Iinear models.

Current Current Current Proposed
Pavement Treatment Model Fixed end Current Model Linear Fixed
Type Family Current Model Form point Model MSE | Comments Linear Model Model MSE Endpoint Comments
AONC MAF y=90 - 3.43523 *x- 0.05324 *x"2 Quadratic 20 382.2606 - y=100 - 4.1667 *x 208.9 24 -
TONW TNOL None None None - - y=100 - 4.5454 *x 129.4 22 -
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National Performance Measure (NPM) Cracking

Due to lack of historical data until recently, VTrans did not previously have models for NPM
cracking. So, when developing models, no comparison to pre-existing models was performed.
Some initial regressions produced power and quadratic models that demonstrated an upward
curvature that projected cracking values beyond what is considered reasonable, as shown in
figure 13. Others projected values less than ten percent as far out as 15 years, as shown in
figure 14. Models developed using the quadratic model form were found to have an eventually
upward curvature that projected values well above what is reasonable.
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Figure 13. NPM cracking power and regression models for THCK REC.
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Figure 14. NPM cracking power and regression models for TONS MAF.

To establish models that are more consistent with expectations, linear models were developed for

each grouping. To evaluate the relative predictive characteristics between each linear model,

projected values at year 20 were compared between all model families and base types, shown in

figure 15.
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Figure 15. Linear projected NPM cracking values for year 20.

Some treatment families such as CROL did not have sufficient data to develop a linear model.
Therefore, a surrogate model is required. For other groupings, sufficient data was available to
build a model, but the resulting linear model did not produce a slope that was intuitive when
compared to other groupings. For example, the projected NPM cracking at year 20 for THCK
MATF is higher than for TONS MAF, implying that a mill and fill treatment on thin pavements
outperforms thick pavements when placed on the same base type. Lastly, some regressed models
projected unrealistically low cracking values for 20-year-old pavements. To account for this and
establish models with realistic relative performance, the following surrogate recommendations
are made:

The THCK MAF linear model is recommended for predicting NPM cracking on THCK
REC, THCK TNOL, THCK OVL, TONS REC, TONW REC, and AONC REC.

The THCK PAO linear model is recommended for predicting NPM cracking on THCK
CROL.

The OVL linear model is recommended for predicting NPM cracking on TNOL, MAF,
PAO, and CROL for the TONS, TONW, and AONC base types.

Linear projected year 20 values including surrogate and replacement recommendations are
provided in figure 16.
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Figure 16. Linear projected NPM cracking values for year 20 including surrogate
recommendations.

NPM cracking values should generally not exceed 54 percent for 12-ft lane width, 59 percent for
11-ft lanes, or 65 percent for 10-ft lanes. These models are to be used for predicting overall
NPMs and are not expected to be used in PMS analyses that extend beyond 20 years. The
recommended models from this approach are provided in table 13 are considered the most
reasonable NPM cracking predictions without extending beyond the typical maximum range
during PMS analysis.
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Table 13. National Performance Measure cracking metric preliminary models.

Projected NPM | Projected NPM
Cracking at Cracking at Year
Year 20 Using 20 Using the
NPM the Regressed Recommended
Cracking Pavement Type Treatment Family Regressed Linear Model | Linear R? Comments Recommended Model Model Model
NPM Thick on Strong Reconstruction (REC) y=0.130555216302446 *X 0.093 Use THCK MAF NPM | y=0.366837163042623 *X 2.6 73
Cracking (THCK)
NPM Thick on Strong Thin Overlay (TNOL) y=0.136154201937893 *X 0.344 Use THCK MAF NPM | y=0.366837163042623 *X 2.7 7.3
Cracking (THCK)
NPM Thick on Strong Mill and Fill (MAF) y=0.366837163042623 *X 0.529 - y=0.366837163042623 *X 7.3 7.3
Cracking (THCK)
NPM Thick on Strong Overlay (OVL) y=0.257386886742593 *X 0.261 Use THCK MAF NPM | y=0.366837163042623 *X 5.1 7.3
Cracking (THCK)
NPM Thick on Strong Pulverize and Overlay y=0.602782571641634 *X 0.462 - y=0.602782571641634 *X 12.1 12.1
Cracking (THCK) (PAO)
NPM Thick on Strong Cold Recycle and Overlay - - Use THCK PAO y=0.602782571641634 *X - 12.1
Cracking (THCK) (CROL)
NPM Thick on Strong Unknown Treatment y=0.652737572837288 *X 0.548 - y=0.652737572837288 *X 13.1 13.1
Cracking (THCK)
NPM Thin on Strong Reconstruction (REC) - - Use THCK MAF NPM | y=0.366837163042623 *X - 7.3
Cracking (TONS)
NPM Thin on Strong Thin Overlay (TNOL) - - Use TONS OVL y=1.23317261661403 *X - 24.7
Cracking (TONS)
NPM Thin on Strong Mill and Fill (MAF) y=0.177751138214778 *X 0.179 Use TONS OVL y=1.23317261661403 *X 3.6 24.7
Cracking (TONS)
NPM Thin on Strong Overlay (OVL) y=1.23317261661403 *X 0.727 - y=1.23317261661403 *X 24.7 24.7
Cracking (TONS)
NPM Thin on Strong Pulverize and Overlay - - Use TONS OVL y=1.23317261661403 *X - 24.7
Cracking (TONS) (PAO)
NPM Thin on Strong Cold Recycle and Overlay - - Use TONS OVL y=1.23317261661403 *X - 24.7
Cracking (TONS) (CROL)
NPM Thin on Strong Unknown Treatment y=0.983934992436393 *X 0.754 - y=0.983934992436393 *X 19.7 19.7
Cracking (TONS)
NPM Thin on Weak Reconstruction (REC) - - Use THCK MAF NPM | y=0.366837163042623 *X - 73
Cracking (TONW)
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Table 13. National Performance Measure Cracking Metric Preliminary Models (continued).

Projected NPM | Projected NPM
Cracking at Cracking at Year
Year 20 Using 20 Using the
NPM the Regressed Recommended
Cracking Pavement Type Treatment Family Regressed Linear Model | Linear R? Comments Recommended Model Model Model
NPM Thin on Weak Thin Overlay (TNOL) - - Use TONW OVL y=1.31513237725725 *X - 26.3
Cracking (TONW)
NPM Thin on Weak Mill and Fill (MAF) - - Use TONW OVL y=1.31513237725725 *X 320 263
Cracking (TONW)
NPM Thin on Weak Overlay (OVL) y=1.31513237725725 *X 0.505 - y=1.31513237725725 *X 263 26.3
Cracking (TONW)
NPM Thin on Weak Pulverize and Overlay - - Use TONW OVL y=1.31513237725725 *X - 26.3
Cracking (TONW) (PAO)
NPM Thin on Weak Cold Recycle and Overlay - - Use TONW OVL y=1.31513237725725 *X - 26.3
Cracking (TONW) (CROL)
NPM Thin on Weak Unknown Treatment y=1.73253045290867 *X 0.804 - y=1.73253045290867 *X 34.7 34.7
Cracking (TONW)
NPM Asphalt on Concrete | Reconstruction (REC) - - Use THCK MAF NPM | y=0.366837163042623 *X - 7.3
Cracking (AONC)
NPM Asphalt on Concrete | Thin Overlay (TNOL) - - Use AONC OVL y=1.40938821258466 *X - 28.2
Cracking (AONC)
NPM Asphalt on Concrete | Mill and Fill (MAF) - - Use AONC OVL y=1.40938821258466 *X 139 28.2
Cracking (AONC)
NPM Asphalt on Concrete |Overlay (OVL) y=1.40938821258466 *X 0.757 - y=1.40938821258466 *X 28.2 28.2
Cracking (AONC)
NPM Asphalt on Concrete | Pulverize and Overlay - - Use AONC OVL y=1.40938821258466 *X - 28.2
Cracking (AONC) (PAO)
NPM Asphalt on Concrete | Cold Recycle and Overlay - - Use AONC OVL y=1.40938821258466 *X - 28.2
Cracking (AONC) (CROL)
NPM Asphalt on Concrete | Unknown Treatment y=0.897884037908817 *X 0.750 - y=0.897884037908817 *X 18.0 18.0
Cracking (AONC)
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Conclusions and Recommendations

This project developed new and updated prediction models for VTrans’ pavement condition
indicators, including an IRI index, rutting index, transverse cracking index, structural cracking
index, and the National performance measure for cracking. Historical pavement surface
condition data were compiled for condition years ranging from 2012 to 2022 and merged into a
master database, including four different base types and treatment history data for six treatment
families. The data were organized into individual master datasets for each performance indicator
to establish time-series plots for each combination of performance indicator, base type, and
treatment family. Box plots were developed for 140 different family combinations. After
reviewing boxplots for data variability and filtering datasets, nonlinear regressions were
performed to establish models for all index family combinations using power and quadratic
forms. Models were compared to previously existing models used by VTrans, and the model
with the lowest MSE was selected. The MSE was reduced for all combinations that had pre-
existing models, reducing prediction error for all cases. For family combinations where
insufficient data was available, surrogate models were recommended based on similar groupings
where models were able to be established. Two index family combinations returned regressions
with undesirable prediction characteristics and were replaced with linear models. For NPM
cracking, initial models were considered using power and quadratic forms, but returned
undesirable prediction characteristics and were replaced with linear models. A review of 20-year
NPM predictions for all base types and treatment families was conducted. Surrogate and
replacement models were recommended.

It is recommended that VTrans consider using these new and updated models in all PMS
analyses. When using these new models for establishing work programs, it is advisable to
consider parallel analyses with the new and current models to review work program differences.
If work programs are considered reasonable or improved when using these new models, it is
recommended the new models replace the previous models. A similar assessment may be
performed when using the NPM cracking models to predict NPMs. An initial analysis can be
performed to test the reasonableness of overall NPM predictions.

It is best practice to continuously evaluate PMS predictions and other outputs in conjunction with
daily PMS work activities. If a prediction is observed that appears to be out of range, it may be
reviewed to verify model predictions are still considered reasonable. Another recommended best
practice is to routinely review treatment history data when reviewing historical and projected
performance for individual segments. If incorrect, missing, or improperly dated work activities
are identified for a segment, the segments should be corrected. Surface age is the most
significant predictor of pavement condition, and high-quality treatment history is required to
identify accurate age values for segments. Furthermore, including maintenance history in the
PMS can identify segments that are no longer representative of the treatment family or pavement
age.

These model recommendations are recommended for use in the VTrans PMS for no more than
10 years. After 10 or more years, an updated review is recommended. If desired, reviews may be
conducted more frequently. If changes to design or construction practices may alter pavement
performance, model reviews are recommended.
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