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Preface

his publication contains papers presented at the 12th AASHTO-TRB Maintenance

Management Conference held in Annapolis, Maryland, July 19-23, 2009. The objective of
this series of conferences is to provide a forum every 3 to 4 years for the exchange of new ideas
and developments in the maintenance and operations management of transportation facilities.
The conference was hosted by the Maryland State Highway Administration, and jointly
sponsored by TRB, AASHTO, and FHWA of the U.S. Department of Transportation. It was
integrated into the annual AASHTO Highway Subcommittee on Maintenance meeting and
includes papers on asset management, bridge monitoring and planning, environment,
maintenance issues in design and construction, management systems, outsourcing and safety,
pavement performance and preservation programs, performance-based contracting, quality
assurance, roadside, winter services, and workforce development.

The views expressed in the papers contained in this publication are those of the authors

and do not necessarily reflect the views of TRB, the National Research Council, or the sponsors
of the conference. The papers have not been subjected to the formal TRB peer review process.
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MMC09-042

MAINTENANCE QUALITY ASSURANCE

Use of Monte Carlo Simulation to Evaluate the Kansas Depar tment
of Transportation’s M aintenance Quality Assurance Program

STEVEN D. SCHROCK
C.BRYAN YOUNG
DEEPAK CHELLAMANI
University of Kansas

The Kansas Department of Transportation (KDOT) has had a Maintenance Quality Assurance (M QA)
program in place since 1999 to evaluate the effectiveness of maintenance activities. KDOT samples 3,360
0.1-mi inspection sites every October, and rates the effectiveness of specific elementsin the following
categories. pavement surface, shoulders, roadside, drainage, and traffic guidance. In order to spread this
workload out to each of KDOT's 112 subar ea maintenance offices, the inspection site selection scheme
selects 30 ingpection sitesin each subarea. Because of the manpower -intensive natur e of this effort, there
was a natural desireby KDOT to examine waysto improvetheir results without increasing the number of
sampled inspection sites. Threeresearch questions wer e addressed in thisresear ch. First, isthe MQA
selection model truly random, or istherean inherent biasin the system dueto selecting an even number of
inspection sites for each subarea? Second, how would the M QA process be affected if ther e were a buffer
included between selected inspection sites? Third, what would be the trade offsto changing the number of
inspection sites per subarea? By populating a database of all possible inspection sitesin the state network
with actual M QA data, filling in the unsampled inspection siteswith estimated data, and using Monte
Carlo simulation methods, it was possible to run tens of thousands of selection trials and to analyze the
distribution of resultsto understand the range of the possible maintenance ratings that might be expected
under various conditions. It was found that there was no apparent biasin the existing selection scheme, a
buffer of even 0.5 mi resulted in selection limitationsin some of the smallest subareas, and there appear ed
to belittle precision gained by increasing the number of sampled locations. There could be a benefit to
reducing the number of inspection sites selected each year, asthe distribution of observed overall
maintenance ratings changed little when the number of selected inspection siteswasreduced from 30to 15
per subarea.

aintenance quality assurance (MQA) is an important activity for departments of

transportation (DOTSs). Properly conducted MQA activities are meant to provide “the
planned and systematic actions needed to provide adequate confidence that highway facilities
meet specified requirements” (1). By sampling segments of the state highway system (or the
entire system), a DOT can estimate the effectiveness of its maintenance activities. Additionally,
maintenance managers can use the results as a planning tool to identify areas where maintenance
efforts were ineffective compared to expectations, providing information on how to prioritize
maintenance needs for the next maintenance season.



4 Transportation Research Circular E-C135: Maintenance Management 2009

BACKGROUND OF THE KANSAS M QA PROGRAM

The Kansas DOT (KDOT) has had a MQA program in place since 1999 to evaluate the
effectiveness of maintenance activities. Like many states with MQA programs, KDOT samples a
portion of their facility in the fall of each year. Specifically, KDOT samples 30 0.1-mi inspection
sites in each of the state’s 112 maintenance subareas in October of each year. KDOT subareas
were originally established so that each would have approximately equal roadway miles,
allowing similar workloads for such activities as snow removal and sign maintenance.

The data collection process amounts annually to 3,360 inspection sites or about 3% of the
10,000-mi state roadway network. By spreading the inspection sites evenly across the subareas
the MQA workload was also evenly distributed. Additionally, it was believed that this would
allow for an even distribution of inspection sites both geographically and by roadway type.
These inspections focus on the condition of a variety of roadway categories, including:

Pavement surface,
Shoulders,
Roadside,
Drainage, and
Traffic guidance.

Raw data are collected on 31 individual elements, and reported as either a pass (rated a 1)
or a fail (rated a 0). Note that not all 31 elements are collected at each inspection site, as some
are mutually exclusive. For example, if the roadway is a flexible pavement there are four
elements to evaluate (presence of potholes, presence of cracking, presence of rutting, and
presence of deformation), but if the pavement is rigid there are four slightly different elements to
evaluate (presence of potholes, presence of cracking, presence of faulting, and deterioration of
joint sealant). The complete list of elements that could be evaluated at an inspection site is shown
in Table 1.

The threshold for passing or failing an individual element depends on the element. For
example, pavement surface cracking on a flexible pavement would be considered failing only if
more than 120 ft of cracks larger than ¥ in. were observed at the inspection site (2). For each
category there are several different elements that must be evaluated, and the input of each is
weighted based on a formula developed by KDOT to reflect the general importance of each
element.

Pavement surface comprises 29% of the total weight of the maintenance rating;
Shoulders comprise 19%;

Roadside comprises 11%;

Drainage comprises 14%; and

Traffic guidance comprises 27%.

These ratings were established based on customer surveys and internal reviews regarding
the relative importance of each of the categories.

The results of these inspections are published annually as the “Statewide Maintenance
Quality Assurance Inspection Results”. In this report, the data from all of the inspection sites are
aggregated and converted into a 0 to 100 scale for each of the categories listed above. As a
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TABLE 1 Statewide M QA Rating Elements

Categories Subcategories

Elements

Flexible pavements

Travelway

Presence of potholes
Presence of cracking
Presence of rutting
Presence of deformation

Rigid pavements

Presence of potholes

Presence of cracking

Presence of faulting

Presence of deteriorated joint sealant

Paved
Shoulder

Presence of joint separation
Presence of cracking
Presence of edge drop-off
Presence of deformation

Unpaved

Presence of edge ruts
Drainage conditions
Vegetation conditions

Roadside

Vegetation—weeds condition
Presence of litter

Fencing condition
Brush-tree condition

Slope erosion condition

Side road entrance conditions

Drainage

Condition of curb and gutter
Condition of ditch

Condition of erosion control devices
Condition of culvert pipes
Condition of edge and under drains
Condition of drainage inlets

Traffic guidance

Condition of warning-regulatory signs
Condition of other signs

Condition of guard attenuators—barriers
Condition of pavement markings

diagnostic tool, the overall results can be used to indicate a general level of the quality of the
inspected elements, and can be used to identify trends in these measures, as shown in Figure 1.
For example, if pavement quality is shown to have a downward trend over several years, KDOT
maintenance staff can use this information to focus additional resources to improve that

particular aspect of the roadway.

CONSIDERATIONSFOR CHANGESTO THE KDOT MQA PROCESS

Though the MQA program has produced useful results since 1999, there is a desire within
KDOT to determine if additional information or applications can be achieved through changes in
data collection methods. As a part of the formal MQA process, KDOT has an established MQA
committee consisting of maintenance supervisors and engineers from across the state. This group
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FIGURE 1 Typical statewide KDOT MQA report with
maintenance categories shown [adapted from (3)].

meets annually to plan training procedures maintenance forces that conduct MQA evaluations,
and also discuss possible changes to the overall methodology. Through this committee, KDOT
management, and University of Kansas researchers specific questions have arisen about possible
changes to the current methodology. This research was conducted to determine what impacts
might result from any changes along these lines.

Isthe Inspection Site Selection Process Truly Random, or Is There Some I nherent Bias?

Additionally, KDOT categorizes its roadways into five classes: Classes A through E. At one end
of the spectrum, Class A roadways comprise the Interstate system, while Class E included minor
short-distance roadways that carry low traffic volumes. The MQA inspection site selection
process does not explicitly take roadway classification into account, and so it seems possible that
in a given year if the inspection sites are overrepresented in one class or another the maintenance
ratings could be skewed. Is there a need to include roadway classification in the site selection
criteria?

Should There Be Some Changein the Way | nspection Sites Are Selected?

The inspection sites are selected by an algorithm that randomly select 30 investigation sites per
maintenance subarea. As with any random procedure, there is almost surely going to be several
subareas each year that appear to have a concentration of inspection sites on a few roads, with
almost no inspection sites on other roads in the subarea. This naturally leads to questions by field
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personnel about why this is so. Additionally, there is concern that such a concentration could
impact the overall maintenance rating for the state if it happened to fall on a roadway that
recently had major rehabilitation versus a roadway that was in need of major rehabilitation. One
method of avoiding this concentration of inspection sites is the use of a buffer area between sites.
Would the inclusion of a buffer area have an impact on the statewide maintenance rating?

What Arethe Trade-Offsto Changing the Number of Inspection Sites Per Subarea?

Determining the number of sites to be inspected per subarea involves a number of trade offs. For
example, if the number of sites were increased it would be expected that the standard error of the
estimated maintenance rating could be reduced, resulting in improved precision. However, this
would mean that either more maintenance staff would need to be tasked with performing
inspections, or the same number of staff would be required to spend a longer time conducting the
inspections. Either way this would involve additional payroll expenses and would include the
opportunity cost of other activities that would be left undone. Conversely, reducing the number
of inspection sites would reduce the costs of collecting the MQA data and could free manpower
resources that could be used for other maintenance activities, but could result in increasing the
standard error of the estimate of the true maintenance rating. What are the expected statistical
changes that could result from changing the sample size of the MQA data collection process?

MQA DATA COLLECTION AND ANALYSIS

In order to answer the questions posed in this research, it was necessary to develop a better
understanding of the KDOT network. Answering the research questions would only be possible
if more data were available; without a more complete picture of the state network no answers
would be possible. This could best be accomplished in two ways: either collect the entire
population of data or use the previously sampled inspection sites to create a model of the entire
network. As it would be impractical to conduct an in-depth analysis of the entire 10,000-mi
KDOT roadway network, it was decided to create a virtual model of the network and analyze it
using Monte Carlo simulation.

Development of a Virtual State Roadway Networ k

The case of the MQA data for the state of Kansas is a good example of why modeling is used to
solve complex problems: it is impractical, if not impossible, to know all of the various
maintenance ratings on each element in each of over 100,000 possible inspection sites.
Developing a model using average values was not practical, as each rated element is supposed to
be given either a 0 or a 1; an average value (say 0.85 or 0.7) would make no sense in this context.

In order to accomplish this, a database of all possible inspection sites was created. Data
from 2000 to 2007 (provided by KDOT) were entered into the database. Several simplifying
assumptions had to be made in order to complete the population of this model of the state
network.

In order to include as much actual data as possible into the model, it was decided to
include all available data from inspection years 2000 to 2007. In reality it would be expected that
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a site sampled in 2000 would no longer have the same rating simply due to the passage of time,
natural aging of the facility that would take place, and annual maintenance activities to improve
any deficiencies. However, with no viable method to discount the older values compared to the
more current values, it was decided to simply include all data as given. Some locations were
randomly selected to be inspected more than once during the 2000 to 2007 timeframe, and so in
those instances only the most recent inspection results were used. It should be noted that the
1999 dataset was in a different format from the more recent data, and so was unusable for this
research.

KDOT does not maintain state routes that run through cities, and so these sections of
the highway network are not selected as possible MQA inspection sites. As there was no easy
way to remove these small sections they were left in the model. This resulted in a slight increase
in the number of possible inspection sites in our model compared to what is available in the real
MQA process.

The KDOT MQA process does not inspect bridges, frontage roads, ramps, or
segments under construction at the time of the inspection. Bridges are already inspected as part
of another KDOT bridge inspection program; some possible inspection sites that fall entirely on
long bridges are not included in the MQA program. Again, with no easy way to locate and
remove such inspection sites, these were also left in the model, which resulted in a slight increase
in modeled inspection sites.

Some elements could be attributed to specific roadway sections, such as pavement
type (rigid versus flexible) based on the actual inspections done on each roadway. But some
relatively rare elements were not as easily attributed to specific roadways. For example, KDOT
maintains some fencing along the edge of their right of way, but only a small percentage. Where
they do it would to be in specific locations and not randomly distributed. Another consideration
was that some elements tended to be concentrated in certain parts of Kansas; a good example is
that types of under pavement drains varied by region due to soil and climatic variations.
However, with no specific information on the geographic distribution of these types of elements,
it was decided to simply distribute them statewide in a random fashion. While this provides a
reasonable statewide representation of these elements, it may not appear realistic when viewing
individual elements.

In the final result, the model developed included 108,247 possible inspection sites, which
is slightly more than KDOT’s number used in the past few years, as shown in Table 2. The total
number of inspection sites that could have been selected varies slightly from year to year because
sections of roadway that are under construction and also those sections that are maintained by
cities (i.e., outside of KDOT maintenance activities) are removed from possible selection.

Out of these possible inspection sites and eliminating duplicate times when the same
inspection sites were sampled, actual MQA data were available for 17,923 locations using the

TABLE 2 Comparison of Modeled Network Versus Actual KDOT M QA Network

Y ear Total Possblelnspection Sites | No. of Ingpection SitesThat Met All Criteria
2006 114,619 91,560
2007 114,139 92,797
2008 112,275 89,440
Prepared model | 108,247 108,247
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2000 to 2007 data. This represented about 16.6% of the database, leaving 83.4% to be filled in
with estimated data. In order to fill in all of the remaining inspection sites with estimated data,
the following procedures were developed.

The actual inspection data were reviewed for pavement type and shoulder type for all
of the roadways in the state network. Each roadway was reviewed separately, and if it was
determined that it was a flexible pavement then all of the possible inspection sites along that
roadway were set as flexible pavements. When it was found that a roadway transitioned from
flexible to rigid pavement (or vice versa) there was almost always several inspection sites
between the last known inspection site of flexible pavement and the first known inspection site
for rigid pavements. The inspection sites between these were split evenly to reflect the closest
known sites. The same process was conducted for the shoulder category.

The presence of specific elements was allocated throughout the virtual network to
reflect the same presence proportions of the actual known inspection data. For example, only
about 36% of all inspected locations had warning or regulatory signing. So when the rest of the
virtual network was filled in this proportion was kept so that only 36% of the virtual network
would have warning or regulatory signing present.

For each applicable maintenance element, a pass (1) or a fail (0) was assigned
according to an algorithm that kept the statewide proportion of passes and failures the same as
the known data. For example, if 75% of the actual inspection sites had received a passing rating
for the condition of their culverts, then the algorithm randomly allocated passes and failures
throughout the remainder of the network so that the entire network also had a 75% pass rate.

This resulted in a virtual roadway network of the state of Kansas with all of the MQA
data completed for all 108,247 possible inspection sites. With this necessary step completed it
was then possible to use the Monte Carlo simulation method to examine the research questions
related to the statistical validity of the KDOT MQA program.

Monte Carlo Simulation M ethods

In the 1930s and 1940s computational methods had developed enough to allow large quantities
of data to be generated and studied, allowing complex models to be built and used in a wide
variety of fields including mathematics and physics. The natural problem for many models was
that it was not possible to gain perfect knowledge of the system being studied, i