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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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MAINTENANCE QUALITY ASSURANCE 
 

Use of Monte Carlo Simulation to Evaluate the Kansas Department 
of Transportation’s Maintenance 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 (MQA) 
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 elements in the following 
categories: pavement surface, shoulders, roadside, drainage, and traffic guidance. In order to spread this 
workload out to each of KDOT’s 112 subarea maintenance offices, the inspection site selection scheme 
selects 30 inspection sites in each subarea. Because of the manpower-intensive nature of this effort, there 
was a natural desire by KDOT to examine ways to improve their results without increasing the number of 
sampled inspection sites. Three research questions were addressed in this research. First, is the MQA 
selection model truly random, or is there an inherent bias in the system due to selecting an even number of 
inspection sites for each subarea? Second, how would the MQA process be affected if there were a buffer 
included between selected inspection sites? Third, what would be the trade offs to changing the number of 
inspection sites per subarea? By populating a database of all possible inspection sites in the state network 
with actual MQA data, filling in the unsampled inspection sites with 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 results to understand the range of the possible maintenance ratings that might be expected 
under various conditions. It was found that there was no apparent bias in the existing selection scheme, a 
buffer of even 0.5 mi resulted in selection limitations in some of the smallest subareas, and there appeared 
to be little precision gained by increasing the number of sampled locations. There could be a benefit to 
reducing the number of inspection sites selected each year, as the distribution of observed overall 
maintenance ratings changed little when the number of selected inspection sites was reduced from 30 to 15 
per subarea. 
 

 
 

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

M 
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BACKGROUND OF THE KANSAS MQA 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 ¼ 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 MQA Rating Elements 
 

Categories Subcategories Elements 

Flexible pavements 

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

Rigid pavements 

Presence of potholes 
Presence of cracking 
Presence of faulting 
Presence of deteriorated joint sealant 

Paved 

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

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. 
 
CONSIDERATIONS FOR CHANGES TO 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. 
 
Is the Inspection Site Selection Process Truly Random, or Is There Some Inherent 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 Change in the Way Inspection 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 Are the Trade-Offs to 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 Network 
 
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 MQA Network 
 

Year Total Possible Inspection Sites No. of Inspection Sites That 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 Methods 
 
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.e., only a 
sampling of data were available and they needed to be used to estimate the population. To 
provide statistical power during these times when deterministic approaches were insufficient, 
Monte Carlo methods were developed (4). Monte Carlo methods allow the generation of large 
samples of simulated data by taking the distribution of known empirical data—actual samples 
that were collected—and using that distribution to fill in the remainder of the unsampled 
population. The result is a model of the population with some actual data and some virtual 
estimated data. These methods tend to be used when it is infeasible or impossible to compute an 
exact result with a deterministic algorithm (5). 

The basic principle in Monte Carlo simulation lies in the observation of behavior of 
statistic when random samples are drawn. In order to achieve a pseudo population an artificial 
world is created. It resembles the data drawn from the true population. Then multiple trials are 
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not happen in the same Monte Carlo simulation trial as the lowest rating for the other roadway 
classifications. 

It was interesting to note, however, that the differences between the true percentages of 
each roadway classification were very close to the true percentage of inspection sites in the 
model. In fact, the largest difference observed was for Class B roadways, where the percentage 
in the model was 21.2% and the lowest sampled percentage was 18%, a difference of 3.2%. In 
95% of the trials it was found that differences were in the range of only 1% to 2% or less. These 
small differences overall are a good indication that indeed the MQA process does a good job of 
sampling the different roadway classifications adequately, and so no changes appear to be 
needed in this regard. 
 
Should There Be Some Change in the Way Inspection Sites Are Selected? 
 
Another area of interest for this research was what impact on the maintenance ratings would 
result from including a buffer area during the selection process. In order to assess this question, 
all 112 subareas were ranked from those with the most roadway miles to those with the fewest. 
Three subareas were selected: the subarea with the most number of roadway miles, one with a 
typical number, and one with the fewest. This selection process is shown in Figure 2. 
Monte Carlo simulation was used to evaluate the ability of the KDOT MQA selection algorithm 
to select 30 inspection sites per subarea with various buffer distances assigned; 10,000 Monte 
Carlo simulation trials were conducted for buffer distances from 0 to 4 mi in 0.5-mi increments; 
the goal was to determine when 30 inspection sites could not reliably be selected without 
violating the buffer. For the subarea with the largest number of roadway miles it was possible to 
reliably select 30 inspection sites even when the buffer area was 4 mi long. For the subarea with 
a typical amount of roadway miles the model could no longer reliably select 30 inspection sites 
once the buffer area reached 1.5 mi, and for the smallest subarea this occurred at only 0.5 mi. 

This means that if even a 0.5-mi buffer were incorporated into the system there would be 
a risk that at least for the smallest subareas that for a given year 30 inspection sites might not be 
 
 

TABLE 3  Distribution of Sampled Roadway Classification  
After 10,000 Monte Carlo Simulation Runs 

 
Distributions of Sampled Roadway 

Classification after 10,000 Runs 
 
 

Roadway 
Classification 

Total 
Inspection 

Sites in 
Model 

 
Percent 
of Total 
Model 

Lowest 
(%) 

2.5th 
Percentile 

Mean 
(%) 

97.5th 
Percentile 

Highest 
(%) 

A  13,071  12.1  11  12  12  13  14 
B  22,899  21.2 18 19 20 21 22 
C  23,968  22.1 19 21 22 23 24 
D  31,082  28.7 26 27 28 29 31 
E  17,227  15.9 13 14 15 16 17 

Total 108,247 100.0      
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FIGURE 2  Number of inspection sites in each subarea; three  

subareas selected for further analysis identified. 
 
 
able to be selected without violating the established buffer. While it would have been interesting 
to have determined how the maintenance ratings would have changed with the buffers, that 
analysis would be meaningless in light of the potential of the selection problems discussed 
above. 

Therefore, it was concluded that a buffer should be avoided by KDOT in their current 
selection scheme. If a buffer was considered essential KDOT would have to either allow an 
occasional violation of their buffer rules, or would have to fundamentally change the selection 
algorithm away from selection by subarea and move to a larger geographic unit, such as by 
district or statewide. 
 
What Are the Trade-Offs to Changing the Number of Inspection Sites per Subarea? 
 
The final research interest that was studied with Monte Carlo simulation was the impact on 
maintenance ratings by changing the number of inspection sites sampled per subarea. Using 
Monte Carlo simulation 10,000 trials were conducted for each of three different levels of 
sampling: 15 inspection sites per subarea, 30 inspection sites per subarea (the current KDOT 
sampling rate), and 60 inspection sites per subarea. The results are shown in Tables 4 through 6. 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109

N
u

m
b

er
 o

f 
In

sp
ec

ti
o

n
 L

o
ca

ti
o

n
s 

in
 a

 S
u

b
ar

ea
 

Subareas Arranged from Most to Least Inspection Locations 

Subarea with the most potential inspection sites. 
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TABLE 4  Statistical Distributions for Each MQA  
Element with 15 Inspection Sites per Subarea 

 

 
Minimum 2.5th 

Percentile
Mean 97.5th 

Percentile Maximum

 Overall maintenance rating 96.0 96.5 96.9 97.3 97.8 
Potholes 99.0 99.0 99.7 100.0 100.0 
Cracking 86.0 98.0 89.3 91.0 92.0 
Rutting 98.0 99.0 99.1 100.0 100.0 

Flexible 

Deformation 99.0 99.0 100.0 100.0 100.0 
Potholes 91.0 94.0 96.4 98.0 100.0 
Cracking 88.0 91.0 94.2 97.0 99.0 
Faulting 97.0 98.0 99.6 100.0 100.0 

Tr
av

el
w

ay
 

Rigid 

Joint sealant 90.0 93.0 96.1 98.0 100.0 
 Overall maintenance rating 89.5 90.1 91.0 91.8 92.4 

Joint separation 91.0 93.0 95.0 97.0 98.0 
Cracking 84.0 86.0 88.7 91.0 93.0 
Edge drop off 95.0 96.0 97.4 99.0 99.0 

Paved 

Deformation 98.0 98.0 99.2 100.0 100.0 
Edge ruts 76.0 78.0 80.8 83.0 86.0 
Drainage 92.0 94.0 95.3 97.0 98.0 

Sh
ou

ld
er

 

Unpaved 
Vegetation 81.0 83.0 85.8 88.0 90.0 

 Overall maintenance rating 87.6 88.3 89.1 89.8 90.4 
 Vegetation–weeds 85.0 87.0 88.1 90.0 91.0 
 Litter 94.0 95.0 95.9 97.0 98.0 
 Fencing 92.0 94.0 96.4 98.0 100.0 
 Brush–trees 98.0 99.0 99.1 100.0 100.0 
 Slope erosion 78.0 80.0 81.9 84.0 85.0 

R
oa

ds
id

e 

 Side road entrances 72.0 75.0 78.0 81.0 84.0 
 Overall maintenance rating 83.5 84.9 86.1 87.4 88.9 
 Curb and gutter 49.0 63.0 75.2 86.0 93.0 
 Ditch 91.0 92.0 93.1 94.0 95.0 
 Erosion control devices 81.0 87.0 90.9 95.0 97.0 
 Culvert pipes 69.0 72.0 75.3 78.0 81.0 
 Edge under drains 42.0 50.0 59.1 68.0 74.0 

D
ra

in
ag

e 

 Inlets 82.0 88.0 92.8 97.0 100.0 
 Overall maintenance rating 83.9 85.5 86.7 87.9 88.8 
 Warning–regulatory signing 64.0 67.0 70.6 74.0 78.0 
 Other signing 67.0 71.0 74.5 78.0 82.0 
 Guard attenuators–barriers 51.0 62.0 75.0 87.0 98.0 Tr

af
fic

 
gu

id
an

ce
 

 Pavement markings 96.0 96.0 97.3 98.0 99.0 
Overall maintenance rating 90.4 90.9 91.2 91.4 91.9 
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TABLE 5  Statistical Distributions for Each  
MQA Element with 30 Inspection Sites per Subarea 

 

 
Minimum 2.5th 

Percentile
Mean 97.5th 

Percentile Maximum

 Overall maintenance rating 96.3 96.6 96.9 97.2 97.4 
Potholes 99.0 99.0 99.7 100.0 100.0 
Cracking 87.0 88.0 89.3 90.0 91.0 
Rutting 99.0 99.0 99.0 99.0 100.0 

Flexible 

Deformation 99.0 100.0 100.0 100.0 100.0 
Potholes 92.0 95.0 96.4 98.0 99.0 
Cracking 90.0 92.0 94.3 96.0 97.0 
Faulting 98.0 99.0 99.5 100.0 100.0 

Tr
av

el
w

ay
 

Rigid 

Joint sealant 93.0 94.0 96.1 98.0 99.0 
 Overall maintenance rating 89.8 90.4 91.0 91.5 92.3 

Joint separation 93.0 94.0 95.1 96.0 97.0 
Cracking 86.0 87.0 88.7 90.0 92.0 
Edge drop off 95.0 96.0 97.4 98.0 99.0 

Paved 

Deformation 98.0 99.0 99.2 100.0 100.0 
Edge ruts 77.0 79.0 80.8 83.0 84.0 
Drainage 93.0 94.0 95.3 96.0 97.0 

Sh
ou

ld
er

 

Unpaved 
Vegetation 82.0 84.0 85.8 87.0 89.0 

 Overall maintenance rating 88.2 88.5 89.1 89.6 90.1 
 Vegetation–weeds 86.0 87.0 88.1 89.0 90.0 
 Litter 95.0 95.0 95.9 97.0 97.0 
 Fencing 93.0 95.0 96.4 98.0 99.0 
 Brush–trees 99.0 99.0 99.0 99.0 100.0 
 Slope erosion 79.0 81.0 81.8 83.0 85.0 

R
oa

ds
id

e 

 Side road entrances 74.0 76.0 78.0 80.0 82.0 
 Overall maintenance rating 84.3 85.3 86.1 87.0 87.8 
 Curb and gutter 59.0 67.0 75.2 83.0 88.0 
 Ditch 92.0 92.0 93.1 94.0 95.0 
 Erosion control devices 85.0 88.0 90.9 94.0 96.0 
 Culvert pipes 71.0 73.0 75.3 77.0 80.0 
 Edge under drains 48.0 53.0 59.0 65.0 71.0 

D
ra

in
ag

e 

 Inlets 86.0 90.0 92.8 96.0 98.0 
 Overall maintenance rating 84.7 85.9 86.7 87.6 88.4 
 Warning–regulatory signing 66.0 68.0 70.6 73.0 75.0 
 Other signing 70.0 72.0 74.4 77.0 79.0 
 Guard attenuators–barriers 53.0 66.0 75.0 83.0 89.0 

Tr
af

fic
 

gu
id

an
ce

 

 Pavement markings 96.0 97.0 97.2 98.0 98.0 
Overall maintenance rating 90.6 90.9 91.2 91.4 91.7 
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TABLE 6  Statistical Distributions for Each  
MQA Element with 60 Inspection Sites per Subarea 

 

 
Minimum 2.5th 

Percentile
Mean 97.5th 

Percentile Maximum

 Overall maintenance rating 96.5 96.7 96.9 97.1 97.3 
Potholes 99.0 99.0 99.7 100.0 100.0 
Cracking 88.0 89.0 89.3 90.0 91.0 
Rutting 99.0 99.0 99.0 99.0 100.0 

Flexible 

Deformation 99.0 100.0 100.0 100.0 100.0 
Potholes 94.0 95.0 96.4 97.0 98.0 
Cracking 91.0 93.0 94.3 96.0 97.0 
Faulting 98.0 99.0 99.4 100.0 100.0 

Tr
av

el
w

ay
 

Rigid 

Joint sealant 93.0 95.0 96.1 97.0 98.0 
 Overall maintenance rating 90.1 90.5 90.9 91.3 91.7 

Joint separation 93.0 94.0 95.1 96.0 97.0 
Cracking 86.0 87.0 88.7 90.0 91.0 
Edge drop off 96.0 97.0 97.4 98.0 98.0 

Paved 

Deformation 99.0 99.0 99.1 100.0 100.0 
Edge ruts 78.0 80.0 80.8 82.0 83.0 
Drainage 94.0 95.0 95.3 96.0 96.0 

Sh
ou

ld
er

 

Unpaved 
Vegetation 84.0 85.0 85.8 87.0 88.0 

 Overall maintenance rating 88.3 88.7 89.1 89.4 89.7 
 Vegetation–weeds 87.0 87.0 88.1 89.0 89.0 
 Litter 95.0 95.0 96.0 96.0 97.0 
 Fencing 94.0 95.0 96.4 97.0 98.0 
 Brush–trees 99.0 99.0 99.0 100.0 100.0 
 Slope erosion 80.0 81.0 81.8 84.0 84.0 

R
oa

ds
id

e 

 Side road entrances 75.0 75.0 78.0 80.0 81.0 
 Overall maintenance rating 84.9 85.4 86.1 86.8 87.2 
 Curb and gutter 65.0 69.0 75.1 80.0 85.0 
 Ditch 92.0 93.0 93.1 94.0 94.0 
 Erosion control devices 87.0 89.0 90.9 93.0 94.0 
 Culvert pipes 72.0 74.0 75.3 77.0 78.0 
 Edge under drains 51.0 55.0 59.0 63.0 69.0 

D
ra

in
ag

e 

 Inlets 88.0 91.0 92.9 95.0 96.0 
 Overall maintenance rating 85.6 86.1 86.7 87.3 87.8 
 Warning–regulatory signing 67.0 69.0 70.6 72.0 74.0 
 Other signing 71.0 73.0 74.5 76.0 78.0 
 Guard attenuators–barriers 63.0 69.0 74.9 81.0 85.0 

Tr
af

fic
 

gu
id

an
ce

 

 Pavement markings 97.0 97.0 97.1 98.0 98.0 
Overall maintenance rating 90.8 91.0 91.2 91.4 91.5 
 
 



16 Transportation Research Circular E-C135: Maintenance Management 2009 
 

Again a review of the trials were examined, and the lowest, 2.5th percentile, mean, 97.5th 
percentile, and the highest value were determined for each MQA element as well as the overall 
maintenance ratings. Overall it can be seen by comparing the three tables that there was little 
variation in values between the 15-, 30-, and 60-inspection site strategies for the overall 
maintenance ratings as well as the maintenance ratings for each of the main sections (travelway, 
shoulder, etc.). 

In terms of the statewide overall maintenance rating, as well as the individual sections’ 
maintenance ratings, there were only small changes as the number of inspection sites were 
changed. For example, the lowest and highest statewide maintenance rating varied as follows: 
 

� 90.4 to 91.9 when 15 inspection sites per subarea were selected; 
� 90.6 to 91.7 when 30 inspection sites per subarea were selected; and  
� 90.8 to 91.5 when 60 inspection sites per subarea were selected. 

 
This compares well with the overall maintenance rating of 91.1 which would be achieved 

if all 108,247 inspection sites possible in the model were sampled. 
Even many of the individual elements do not show much variation, at least as long as 

there were many inspection sites that contained the element. There were several relatively rare 
elements—such as curb and gutter, edge and under drains, and guard attenuators–barriers—
where the variation was much larger. 

Overall there seems little to be gained from a statistical standpoint from increasing the 
sample size, at least for the overall maintenance ratings. If the only measure of interest to KDOT 
are the overall maintenance ratings there may be some financial advantage gained to lowering 
the required inspection sites from 30 to some lower number per subarea. More research would be 
needed to determine an appropriate level. However, if KDOT desires to use the maintenance 
rating for analyzing individual elements, reducing the number of inspection sites may be 
detrimental, especially for relatively rare elements. However, even doubling the number of 
inspection sites to 60 still leaves room for wide variations for the relatively rare elements, so 
using MQA data to analyze individual elements should be conducted with caution regardless of 
the number of inspection sites selected. 
 
 
FUTURE RESEARCH NEEDS 
 
There were several simplifying assumptions that were made in the creation of the statewide 
network model. For example, when the model was created any uninspected locations in the 
model were populated with estimated data and randomly distributed statewide without regard for 
the roadway classification. If there is a quality difference in some attributes between 
classifications, then this process may have oversimplified the completed model. A more refined 
approach could be to allocate the estimated data separately for each roadway classification, 
which should result in a more accurate model overall. 

There are several unanswered questions regarding ways that the KDOT MQA could be 
modified. One question raised by KDOT pertained to the examination of rare elements such as 
certain drainage structures only found in certain areas of the state. As the process used to 
populate the model assigned elements across the virtual network randomly, elements that were 
concentrated in certain areas of the state were not correctly represented. If the model population 
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process was modified so that individual elements were allocated randomly based on smaller 
geographic areas (such as districts, areas, or subareas) it might be possible to further increase the 
validity of the results of individual elements. 

Finally, there have been questions raised regarding the ability of the MQA data collection 
to evaluate locations smaller than the state level. For example, could the MQA data be used to 
evaluate the maintenance efficacy of on district, area, or even subarea compared to others? 
Because the algorithm used to populate the virtual network did not account for these geographic 
boundaries this was a question that could not be adequately researched. However, if the 
algorithm were updated to fill in inspection sites with data representative to the geographic unit 
in question (district, area, subarea) then this distinction could be made. However, as with any 
statistical procedure, the results should be used with caution due to the reduction in sample size. 
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This paper presents a comprehensive framework that can measure the overall efficiency of road 
maintenance operations and that can also consider the effects of external and uncontrollable factors (such 
as climate, traffic, etc.) on such overall efficiency. This efficiency measurement framework, when 
implemented, identifies: (a) the relative efficiency of different units in performing road maintenance 
services, (b) the benchmarks (peers) and targets that pertain to the inefficient units (in an effort to inform 
the decision-makers within such units of possible efficiency improvements than can be secured in the 
future), (c) the fundamental relationships between the maintenance levels of service and the budget 
requirements, (d) the effects of the environmental and operational factors on the road maintenance 
efficiency of units. It is important to note that items a and c, as listed above, relate to the maintenance 
management issues identified by TRB as “in need of comprehensive investigation” in 2006. The findings of 
the research outlined herein contributes new knowledge to the maintenance management field in the road 
infrastructure domain by providing a framework that is able to differentiate effective and efficient 
maintenance strategies from effective and inefficient ones; as such, the impact of such framework is 
broad, significant, and relevant to the decision-making process performed by the maintenance managers. 
 

 
 

ithin the last two decades, the preservation of the road infrastructure has been gaining a lot 
of attention. In 1988, a survey performed on about 10% of all U.S. infrastructure by the 

National Council on Public Works Improvement (as appointed by the president of United States) 
revealed that the nation’s roads were in better than fair condition. A number of similar surveys 
were performed by ASCE in 1998, 2001, 2003, and 2005. According to the most recent survey 
performed in 2005, the nation’s roads are in poor condition; indicating a severe deterioration 
over the last two decades (1). 

This has brought about institutional changes, predominant of which is the challenge for 
the state departments of transportation (DOTs) to achieve maximum performance in their road 
maintenance efforts (2). Such challenge makes it imperative to implement comprehensive 
systems that measure road maintenance performance. Therefore, maintenance managers should 
be provided with the mechanisms that allow for the measurement and analysis of maintenance 
performance, that assure that maximum performance is achieved, and that facilitate the 
realization of improvements, changes, and decisions (such as choosing between private 
contractors and in-house forces to perform maintenance) (2).  
 

W 
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SIGNIFICANCE OF THE PROBLEM AND PURPOSE OF THE RESEARCH 
 
As pointed out by TRB in 2006, even though the road maintenance performance measurement 
systems developed and implemented by the state DOTs elaborate on the maintenance level of 
service (LOS) (i.e., effectiveness of the road maintenance), the fundamental relationships 
between the maintenance LOS and the budget requirements (i.e., efficiency of road maintenance) 
need more investigation (2).  

For the purposes of this paper, effectiveness can be defined as the degree to which an 
output (product–service) conforms to the requirements. Efficiency, on the other hand, is the 
degree to which the process produces the output (product–service) at a minimum resource level 
(3). In other words, effectiveness can be stated as “doing the right things” and efficiency can be 
stated as “doing the things right” (4). Efficiency is an essential performance measurement 
dimension. As a matter of fact, Sink and Morris define performance as an “integrated 
relationship among seven dimensions: effectiveness, efficiency …” (5). 

Road users, as tax payers, expect not only a well-maintained road system, but also require 
it to be efficiently maintained (6). Moreover, given the proliferation of the asset management 
concept that calls for the delivery of effective and efficient services to the community (7), 
measuring only effectiveness and disregarding efficiency is an incomplete approach to 
performance assessment. Not knowing how efficient state DOTs are in being effective can lead 
to excessive and unrealistic maintenance budget expectations. Given this, there is a need to 
develop and implement a comprehensive framework that can measure the overall efficiency of 
road maintenance operations. 

This research develops and implements a comprehensive framework that can measure the 
overall efficiency of road maintenance operations and that can also consider the effects of 
external and uncontrollable factors (such as climate, traffic, etc.) on such overall efficiency. This 
efficiency measurement framework, when implemented, identifies: (a) the relative efficiency of 
different units in performing road maintenance services, (b) the benchmarks (peers) and targets 
that pertain to the inefficient units (in an effort to inform the decision makers within such units of 
possible efficiency improvements than can be secured in the future), (c) the fundamental 
relationships between the maintenance levels of service and the budget requirements, (d) the 
effects of the environmental and operational factors on the road maintenance efficiency of units. 
It is important to note that items b and c, as listed above, relate to the maintenance management 
issues identified by TRB as in need of comprehensive investigation in 2006 (2).  

The purpose of this paper is to introduce the developed road maintenance efficiency 
measurement framework and the main approach [data envelopment analysis (DEA)] that was 
used to develop such framework.  
 
 
DATA ENVELOPMENT ANALYSIS 
 
A commonly used measure of efficiency (8) is  
 
Efficiency = Output/Input (1) 
 

This measure is often inadequate due to the existence of multiple inputs and outputs in 
complex processes. Given the fact that there are many inputs used by, and outputs obtained as a 
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result of, the road maintenance process, the efficiency framework needs to incorporate all inputs 
and outputs to be able to identify the overall efficiency of a given unit’s road maintenance 
process. Also, since there are many external and uncontrollable factors that affect the road 
maintenance performance, such framework needs to incorporate all factors to provide leveled 
comparison for different units trying to maintain roads facing different circumstances. However, 
it is challenging to measure the overall efficiency of a process when such process is a multiple 
input–multiple output process and when such process is affected by multiple external and 
uncontrollable factors.  

To be able to develop the efficiency measurement framework, the authors have identified 
a number of approaches as possible candidates that may address both of the issues identified 
above. However, all but one approach have fallen short of addressing the challenges of this 
research as well as tackling the complex nature of the process (i.e., road maintenance) that is 
scrutinized in this research. Thus, the authors chose the only remaining approach, DEA, as the 
approach to utilize to develop the maintenance efficiency measurement framework.  

DEA is a mathematical method based on production theory and the principles of linear 
programming. It enables one to assess how efficiently a firm, organization, agency, or such other 
unit uses the resources available (inputs) to generate a set of outputs relative to other units in the 
data set (9,10). Within the context of DEA, such units are called decision making units (DMUs). 
A DMU is said to be efficient if the ratio of its weighted outputs to its weighted inputs is larger 
than the similar ratio for every other DMU in the sample (10). The weights for the inputs and 
outputs do not need to be identified by the decision maker and instead are determined and 
optimized by the DEA model in the best interest of DMUs (11). The selection of the weights is 
only subject to limitations that they should be nonnegative and they cannot result in an efficiency 
score larger than 100% (11,12).  

The main idea of DEA is to construct a frontier of efficient DMUs representing the best 
practices. DMUs located on such frontier (i.e., efficient frontier) act as the benchmarks (peers) 
for the inefficient DMUs in the data set. The challenge is to find the position of the efficient 
frontier and then compute the distance from it to each inefficient DMU to identify the efficiency 
score of such DMU. The efficiency score is constrained to the interval of 0% to 100% (13).  

Figure 1 presents the application of DEA for a process with two inputs and a single 
output. For example, let’s assume that the process under investigation is the road paving 
operation. The inputs of the process are: (a) the number of paving crews (x1) and (b) the time 
spent in days for the paving operation (x2). The output of the process is lane miles of road paved 
(y). The DMUs (e.g., different contractors undertaking this paving operation) shown in dots, are 
plotted on an x–y plane by using the values for their inputs (x1 and x2) and output (y). Then, the 
efficient frontier, containing the DMUs with 100% efficiency score (relative to the other DMUs 
in the data set), is drawn by identifying the efficient pairs. Efficient pairs are identified by 
picking adjacent pairs of DMUs and connecting them with a line segment. If the line segment 
has a non-positive slope and none of the other DMUs lies between such line segment and the 
origin, then chosen DMUs are stated to be efficient and otherwise they are stated to be inefficient 
(14). Hence, according to Figure 1, DMUs represented by “E,” “D,” “C,” and “F” have an 
efficiency score of 100%, and DMUs represented by “A” and “B” have efficiency scores that are 
between 0% and 100%. The efficiency score for any inefficient DMU can be calculated by 
measuring its relative distance from the efficient frontier. For example, the efficiency score of 
DMU B can be identified to be 63% by computing the ratio of BO �  to OB  as shown in Figure 
1. It is important to note that DEA not only identifies the efficiency score for each DMU but also  
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� Application of DEA requires a separate linear program be solved for each DMU in 

the data set. When there are many DMUs, the computation can be cumbersome. Nonetheless, 
this limitation has been minimized with the development of computer software that specifically 
deals with DEA problems. 

� Since DEA is an extreme point technique, errors in measurement or recording of data 
for input-output variables may result in significant problems. Thus, utmost care should be given 
to assure that input-output data is accurate.  

� As efficiency scores in DEA are obtained by running a series of linear program 
formulations, it becomes intuitively difficult to explain the process of DEA to the nontechnical 
audience or decision makers for the cases in which there are more than two inputs and outputs. 
An audience that does not have background in linear programming may not deem DEA as 
transparent and may find it difficult to comprehend its results. Nonetheless, this issue may be 
overcome by explaining the DEA process in simpler terms and by proper use of charts and tables 
to communicate the results. 

� DEA cannot deal with qualitative variables. Such variables need to be assigned 
numerical values to be used in the mathematical evaluation of efficiency as used in DEA. The 
common practice to perform this is to find some measurable surrogate variable which possesses a 
known relation to the varying levels of the qualitative variable.  
 
 
ROAD MAINTENANCE EFFICIENCY MEASUREMENT FRAMEWORK  
 
The DEA-based road maintenance efficiency measurement framework developed by the authors 
is depicted in Figure 2. This framework is composed of eight components. Each component 
identifies the best alternative possible given the different scenarios for which the framework is 
implemented. Such different scenarios relate to: (a) the different units of comparison, (b) 
availability of data in different degrees, and (c) different models utilized as a part of the DEA 
approach. A brief discussion of each component follows. The reader is referred to the work by 
Ozbek (18) which provides a comprehensive discussion on the DEA-based road maintenance 
efficiency framework. 
 
Component 1: Developing the Comprehensive List of Input–Output  
Variables and Uncontrollable Factors  
 
This component calls for the development of the comprehensive list of input–output variables 
and uncontrollable factors pertinent to the process under investigation. As an example, such a list 
for the bridge maintenance process, along with the explanations or metrics for each of the input-
output variables and uncontrollable factors is presented in Table 1. As can be seen in such list, 
the uncontrollable factors for the bridge maintenance process can be divided into two categories: 
(a) uncontrollable factors that affect the deterioration of bridges and (b) uncontrollable factors 
that affect maintenance efforts.  
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TABLE 1 (continued) Comprehensive List of Input–Output Variables and  
Uncontrollable Factors Pertinent to the Maintenance of Bridges 

 
Variable Name Variable Explanation or Metric 

Speed limit: effect on deterioration of the 
bridge 

Miles per hour  
 

Accidents damaging bridges: effect on 
deterioration of the bridges 

Count (of accidents damaging bridges) 
per year 

Subsurface conditions: effect on 
deterioration of the bridges 

Good, poor, rock soil, water table, etc. 
(give a grade based on effect) 

Thickness of the deck: effect on 
deterioration of the bridges  

Inches 
 

Type of paved lanes: effect on 
deterioration of the bridges 

Concrete, asphalt (give a grade based on 
the effect) 

Type of paved lanes: effect on 
maintenance efforts performed for 
meeting level-of-service requirements for 
the bridges (productivity of crews) 

Concrete, asphalt (give a grade based on 
the effect) 
 
 

Span information: effect on deterioration 
of the bridges 

Span length, span type, etc. 
 

Age of bridges: effect on deterioration of 
the bridges 

Years 
 

Location: effect on deterioration of the 
bridges 
 

Above a creek, major river, highway, 
railroad, etc. (give a grade based on 
effect) 

Location: effect on maintenance efforts 
performed for meeting LOS requirements 
for the bridges (productivity of crews) 

Above a creek, major river, highway, 
railroad, etc. (give a grade based on 
effect) 

Terrain: effect on deterioration of the 
bridges 

Slope, elevation, and orientation 
 

Terrain: effect on maintenance efforts 
performed for meeting LOS requirements 
for the bridges (productivity of crews) 

Slope, elevation, and orientation 
 
 

Input 
Variables and 
Uncontrollable 
Factors 

Total area served: effect on maintenance 
efforts performed for meeting LOS 
requirements for the bridges (productivity 
of crews) 

Sum of the area (deck length × deck 
width) of all of the bridges within the 
DMU 
 

Change in the condition of the deck of the 
bridge 

Deck ratingt1 – deck ratingt0 
 

Change in the condition of the 
superstructure of the bridge 

Superstructure ratingt1 – superstructure 
ratingt0 

Change in the condition of the 
substructure of the bridge 

Substructure ratingt1 – substructure 
ratingt0 

Change in the condition of the 
slope/channel protection of the bridge 

Slope/channel protection ratingt1 – 
slope/channel protection ratingt0 

Air pollution Emission amounts 
Water pollution Emission amounts 

Output 
Variables 

Noise pollution Emission amounts 
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Component 2: Deciding on the Size of the DMU 
 
DEA is a method to measure the relative efficiency of comparable units with an ultimate goal of 
improving their performance. Therefore, a homogenous set of units (DMUs) needs to be 
included in the analysis. 

One other issue that needs to be considered during the selection of DMUs is determining 
the size of the data set. Such determination is accompanied by a trade-off. The larger the 
population of the data set, the larger the probability of capturing high-performance DMUs that 
would form the efficient frontier. Furthermore, as the number of DMUs in the data set increases, 
it is possible to incorporate more variables into the analysis (due to the reason discussed in 
Component 4 below). On the other hand, the larger the population of the data set, the larger the 
probability of risking nonhomogeneity within such data set (19).  
 
Component 3: Addressing the Issue of Uncontrollable Factors 
 
There are many external and uncontrollable factors (as shown in Table 1) that affect the road 
maintenance performance such as the environmental factors (e.g., climate, location) and 
operational factors (e.g., traffic, load). The developed framework needs to incorporate all factors 
to provide leveled comparison for different units trying to maintain roads facing different 
circumstances. This is mainly because disregarding such external and uncontrollable factors may 
lead to unfair comparisons in which the performance of a maintenance strategy may look better 
than another just because the former is being executed in a road portion that is easier to maintain 
due to its advantageous location as far as such external and uncontrollable factors are concerned. 

As detailed in Ozbek (18), there are different approaches that can be used to address this 
issue. Depending on the specific case, a particular approach can be chosen to be used along with 
the appropriate DEA model to consider the effects of uncontrollable factors on the road 
maintenance efficiency. 
 
Component 4: Refining the Comprehensive List of Variables  
 
Running the DEA model using a large number of variables (as the ones shown in Table 1) would 
shift the compared DMUs towards the efficient frontier, resulting in a large number of DMUs to 
have high efficiency scores. The reason for this is as DEA allows flexibility in the choice of 
input-output variables’ weights, the greater the number of variables included in the analysis, the 
lower the level of its discrimination. A DMU for which one particular ratio of an output to an 
input is the highest can allocate all of its weight to this ratio and become efficient. The total 
number of such ratios will be the product of the number of inputs and outputs. This product is a 
practical indicator of the minimum number of efficient units that will result from the 
implementation of DEA. Thus, in a case with four inputs and four outputs, DEA would result in 
at least 16 efficient DMUs. A suggested rule of thumb to achieve a reasonable level of 
discrimination is that the number of DMUs should be at least 2×m×t where m×t is the product of 
the number of inputs and number of outputs (20, 21). Therefore, once the initial comprehensive 
list of variables is developed, such list needs to be reinvestigated and refined to be able to 
increase the discriminating power of the DEA models. Such refinement can be performed by 
means of a variety of approaches such as analytic hierarchy process, regression analysis, and 
principal component analysis (18). 
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Component 5: Preparation of the Data to Be Used in the DEA Models  
 
As in any data-intensive modeling approach, the raw data gathered for the input–output variables 
as well as the uncontrollable factors need to undergo a substantial amount of data processing 
such as: (a) mining and cleaning to be able to obtain accurate records that can be used in the 
DEA model and (b) conversion into the format suitable to represent the variables to be used in 
the DEA model. 
 
Component 6: DEA Model Selection  
 
DEA models can be mainly grouped as (a) the model for processes experiencing constant returns 
to scale (CCR model) or the model for processes experiencing variable returns to scale (BCC 
model) and (b) input-oriented model or output-oriented model.  

To select the right model, one needs to answer the following series of questions (9, 16): 
 
1. Are DMUs within the data set experiencing constant returns to scale or variable 

returns to scale? 
2. Are the decision makers more flexible and interested in changing (increasing or 

maximizing) the outputs of the DMUs or changing (reducing/minimizing) the inputs of the 
DMUs? 
 

The answer of the first question will help deciding on whether to use the CCR model (15) 
or the BCC model (22). Once such decision is made, the answer of the second question will 
identify whether to use an input-oriented or output-oriented model.  
 
Component 7: Running the DEA Model to Obtain the Results  
 
This is the phase in which the model as identified in Component 6 is run by including the 
variables identified in Component 1 (as refined in Component 4) and DMUs identified in 
Component 2. Given the heavy computation requirements of the DEA models, usually this phase 
is performed with the help of appropriate software that is specifically designed to solve DEA 
problems. 
 
Component 8: Deriving Overall Conclusions About the Results of the DEA Model 
 
As discussed earlier, the framework presented herein is able to identify (a) the relative efficiency 
of different units in performing road maintenance services, (b) the benchmarks (peers) and 
targets that pertain to the inefficient units (in an effort to inform the decision-makers within such 
units of possible efficiency improvements than can be secured in the future), (c) the fundamental 
relationships between the maintenance LOS and the budget requirements, and (d) the effects of 
the environmental and operational factors on the road maintenance efficiency of units. 

Even though DEA can identify inefficiencies, it does not directly pinpoint the underlying 
causes of inefficiencies of DMUs (23). Nonetheless, the results of DEA can be utilized to direct 
decision makers’ attention to developing a better understanding of the reasons why some DMUs 
are located on the efficient frontier and are thus efficient and why others are inefficient. DEA 
may trigger decision makers to try to identify the differences in formal structures, operational 
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practices (managerial practices, field practices, etc.), or other organizational factors of the DMUs 
that may account for the observed efficiency differences in these DMUs. The overall objective of 
DEA is to assign organizational meaning to the observed efficiency differences and to determine 
the organizational changes that the inefficient DMUs will need to undertake and how to 
implement such changes. The common methods used to reach such objective are benchmarking 
and describing and documenting the best practice processes of the DMUs that are efficient (i.e., 
located on the efficient frontier) (16). 
 
 
CONCLUSIONS 
 
This paper introduced a comprehensive framework that has been developed to measure the 
overall efficiency of road maintenance operations while considering the effects of external and 
uncontrollable factors (climate, traffic, etc.) on such overall efficiency. Such framework heavily 
relies on a modeling approach named DEA. DEA was utilized to develop the efficiency 
measurement framework mainly due to its ability to incorporate multiple inputs and outputs and 
accommodate external and uncontrollable factors, both phenomena common to road maintenance 
process. 

The framework developed by this research, by pointing out the efficiency improvements 
that can be obtained and by identifying the peers to work with to realize such efficiency 
improvements, becomes a possible tool that can be utilized by state DOTs that are searching for 
ways to achieve better road maintenance efficiency. 

It is important to note that the developed framework was successfully implemented to 
identify the relative road maintenance efficiencies of 8 counties of Virginia under the jurisdiction 
of the Virginia DOT (VDOT). Such implementation covered 215 mi of Interstate that fall within 
the limits of the following counties in Virginia: Albemarle, Alleghany, Augusta, Fauquier, 
Henrico, Roanoke, Rockbridge, and Spotsylvania. 

The findings of the research outlined herein contributes new knowledge to the 
maintenance management field in the road infrastructure domain by providing a framework that 
is able to differentiate effective and efficient maintenance strategies from effective and 
inefficient ones; as such, the impact of such framework is broad, significant, and relevant to the 
decision-making process performed by the maintenance managers 
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Constrained resources are increasingly impacting how many state transportation agencies evaluate and 
fund their transportation projects and priorities. Many states are looking for accounting tools and 
modified business practices to analyze transportation maintenance expenditures and justify ongoing 
maintenance budgets. There is an increasing demand on the part of the traveling public and within agency 
leadership for accountability and better understanding of the returns on maintenance investments. One 
approach to meeting these demands is to combine sound maintenance management principles with 
outcome-based maintenance performance measures through transportation maintenance quality 
assurance (MQA). The idea of quality in maintenance was first considered in the 1960s as a part of a 
maintenance management system concept. The notion of quality in highway maintenance has gained 
momentum in recent years as the national focus shifts from infrastructure design and construction to 
maintenance and rehabilitation. There is a general lack of understanding between the cost of MQA 
programs and the outcomes associated with those costs. States need specific examples of how funds put 
into an MQA program payoff. This presentation will draw from the proceedings and findings of the fall 
2008 national peer exchange on the subject and the results of an ongoing synthesis of state programs. The 
presentation will provide an up-to-date assessment and analysis of what and where MQA is, how 
programs are evolving, and what needs to occur to make MQA an established business activity in state 
agencies. On September 23–24, 2008, more than 50 transportation professionals from around North 
America gathered in Raleigh, North Carolina, for the second national peer exchange on highway MQA. 
The purpose of the peer exchange was to give an overview of MQA evolution, foster a professional 
network for sharing relevant information, provide a forum for comparing programs, and determine how 
MQA could be better integrated into overall asset management programs. Through break-out sessions, 
states will address best practices, targets and thresholds for winter operations, pavement, roadsides, and 
traffic signs and markings. The gathered professionals will also explore reaching a common definition of 
MQA programs nationally and discuss use of common measures. The companion synthesis effort closely 
looked at MQA programs being used today on a state-by-state basis and compared the evolution of those 
programs since a similar analysis in 2004. The 2008 update also provided guidance and insight into how 
maintenance quality has changed over the past 4years as states are developing more mature systems and 
dealing with budgetary issues. The proposed presentation will include state case studies to demonstrate 
and identify correlations between funding and maintenance. 
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In 2005, the North Carolina General Assembly passed legislation stating “the Department of 
Transportation may implement up to two performance-based contracts for routine maintenance and 
operations, exclusive of resurfacing.” This legislation began North Carolina Department of 
Transportaion’s (NCDOT’s) entrance into performance-based contracting with its pilot project in 
Charlotte. This project includes about 700 lane miles of Interstates 85, 485, 77, and 277. As NCDOT began 
to prepare a contract document, identifying the scope of the project became a major undertaking. Much 
was learned from states that had gone before North Carolina in this endeavor and armed with Virginia 
and Texas experiences and NCDOT’s own internal performance measures initiative a comprehensive 
contract document was prepared and advertised in June 2006. In March 2007, a performance-based 
contract was awarded to Infrastructure Corporation of America (ICA) and as with any new project both 
NCDOT and ICA had start-up challenges to overcome. Some of those included training DOT 
subcontractors and even ICA’s staff in a new method of contracting and performance measures, locating 
facilities, and working through various communication challenges. In order to verify the contractor’s 
performance, performance targets and semi-annual condition assessments are performed. The 
contractor’s payment is based on how closely he adheres to these targets. This paper outlines the process 
and issues involved in the development and administration of North Carolina’s performance-based 
contract including project selection, development of performance measures, lessons learned, and 
assessment methodologies.  
 

 
 

orth Carolina Department of Transportation (NCDOT) maintains the second largest 
highway system in the country with approximately 79,000 mi of roadway. This immense 

network of statewide, regional, and subregional roads covers every classification from Interstates 
to local collectors in every county. Needless to say, a system this extensive requires a large 
amount of maintenance resources and NCDOT’s 9,000 field employees can not perform it all 
themselves. North Carolina has long contracted a portion of its maintenance operations using 
traditional line item-based contracts. Whether mowing by the shoulder mile or guardrail repair 
by the linear foot, NCDOT has had much success with these traditional contracts. This 
contracting mechanism served NCDOT well when inspection staff could be assigned to each 
contract to measure the items of work and direct the contractor’s operations; however, as with all 
agencies, restrictions on hiring labor internally and an increased need for maintenance work to be 
performed has led to the need to try different types of contracts. 

In 2005, recognizing NCDOT’s need to try a new approach to contracting, the North 
Carolina General Assembly passed legislation stating “the Department of Transportation may 
implement up to two performance-based contracts for routine maintenance and operations, 
exclusive of resurfacing.” NCDOT viewed this legislation as a chance to pilot performance-

N 
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based contracting as a means to meet the growing needs of its highways and immediately began 
to assemble a team tasked with creating a contract document. 
 
 
CONTRACT DEVELOPMENT 
 
As NCDOT embarked on this endeavor, identifying the general scope of the project became a 
major undertaking. A contract development team reviewed documents from other states and 
engaged in a peer exchanges with Virginia Department of Transportation (VDOT) and Texas 
Department of Transportation (TxDOT) to learn from their experiences with this contracting 
method. Virginia had solely embarked on total asset management contracts in which they turned 
over all assets to the contractor in a defined corridor while Texas had experimented with 
narrower scope contracts such as rest areas or roadside items. The input gathered from both 
agencies along with an internal effort to develop performance measures led to a comprehensive 
contract document that was advertised in June 2006.  

Under the leadership of the department’s chief engineer, a team of in-house experts was 
assembled to more thoroughly investigate the scope and location of this first pilot project. This 
group consisted of experts in maintenance operations, North Carolina contract law, and contract 
administration. They began to identify the main factors which would influence the location and 
scope of this project. The major considerations were the regional availability of state personnel 
resources, traditional unit price contracting availability, the number of miles maintained in a 
given area, heavy traffic volumes, and the public demand for increased service.  

Once all of these factors were identified, the corridor selection for this contract was 
narrowed to the three major metropolitan areas of North Carolina. Charlotte, North Carolina’s 
largest city, was selected and has long been an area where contract resources were plentiful, 
recruitment of maintenance personnel difficult, the lane miles which required maintenance are 
growing rapidly as is traffic demand, and the public is increasingly demanding a higher level of 
service. With such a high-profile corridor, proceeding with a large fence to fence or 
performance-based contract seemed most appropriate. Some of the factors that weighed in this 
decision included the fact that most of the corridor was already maintained by multiple small 
contracts so letting one all-inclusive contract would be more effective. Turning over all assets 
within the section to the contractor would provide more clarity in roles of responsibility and 
would allow NCDOT personnel to focus their attention on other routes thereby improving the 
level of service there. 

With the type of contract and the corridor selected, NCDOT reached out to the 
contracting community to get input into what size and duration of project would be most 
successful. Industry partners indicated that a project of at least 100 road miles with a longer 
duration would maximize resources and reduce overhead expenses. With this information, 
NCDOT identified the more than 700 lane miles of I-85, I-485, I-77, and I-277 in and around 
Charlotte. As shown in Figure 1, the project consisted of I-85 from the South Carolina line to 
Cabarrus County, all opened portions of I-485 around Charlotte, I-77 from the South Carolina 
line to Iredell County, and all portions of I-277 around downtown Charlotte.  

As NCDOT began to prepare a contract document, it sought to learn from others who had 
experience with these contracts and established a dialogue with VDOT. VDOT agreed to partner 
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FIGURE 1  Routes identified as part of the performance-based contract. 
 
 
with NCDOT allowing the agency to learn from their 10 years of experience with this 
contracting method. Through peer exchanges with VDOT that included document reviews, 
conference calls, and personal visits from VDOT staff to discuss their lessons learned NCDOT 
gained much insight into performance-based contracting.  

Simultaneously, and unrelated to the project, NCDOT Operations began a major effort to 
fine tune it’s already existing performance measures for its own internal maintenance operations. 
These new performance measures, combined with VDOT’s contract documents were molded 
into a comprehensive contract document. Table 1 shows the 37 contract elements on which the 
contractor’s performance is rated. Each of these elements has several specific performance 
standards which were detailed in the contract document. 

While North Carolina was fortunate to have the basic pieces of a contract to start with, 
the development of a final document took several months and much iteration. Once the project 
corridor was established, the contract development team was expanded to include employees 
from the Charlotte area. This addition was extremely beneficial in providing a local perspective 
to the project as well as gaining buy in from the employees currently maintaining the routes and 
who would be tasked with administering the contract. The development team met several times 
to critique the draft contract and made repeated changes to the performance targets always with 
the goal of making them achievable at a reasonable cost. Through an iterative process of contract 
development, two question-and-answer sessions with the perspective bidders were held. The 
comments provided by the vendor community provided much insight into the pitfalls of the 
document and helped make North Carolina’s contract even better.  

North Carolina legislation allowed NCDOT to use a best-value procurement process 
without specifying the process. NCDOT chose to use its existing procurement process for 
design–build contracts to simplify things. This process included an initial request for 
qualifications (RFQ) phase in which the prospective bidders were narrowed to a short list bidders 
who were deemed qualified. During the initial RFQ phase, seven firms submitted their 
qualification packages and four firms were shortlisted. The shortlisted firms were Balfour Beatty, 
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TABLE 1  Contract Elements 
 
 Element Element 

Bridge decks Pipes and culverts 
Superstructure Retaining walls Bridges 
Substructure Channel and slope protection 
Asphalt pavement repair Concrete pavement repair Pavement repair Paved shoulder condition  
Low shoulder High shoulder Shoulder and ditch Lateral ditches  
Crossline pipe (blocked) Crossline pipe (damaged) 
Curb and cutter (blocked) Curb and gutter (damaged) Drainage 
Drop inlets, CBs, etc. (blocked) Drop inlets, CBs, etc. (damaged) 
Guardrail–cablerail Concrete median barrier Roadside appurtances Noise walls Impact attenuators 
Mowing Brush and tree control 
Turf condition Litter and debris removal 
Uncontrolled growth Landscape beds Roadside 

Slopes  
Pavement markings Pavement markers 
Ground-mounted signs Overhead signs 
Roadway lighting Words and symbols 

Traffic–Intelligent 
transportation systems (ITS) 

Sign lighting Delineators 
 
 
Blythe Construction, DeAngelo Brothers, Inc. (DBI), and Infrastructure Corporation of America 
(ICA). These qualified bidders were then provided with a draft contract document and invited to 
attend two question-and-answer meetings and produce an request for proposal (RFP) detailing 
their approach to the project. Each bidder was then given an opportunity to make a presentation 
about their company’s capabilities and introduce to the review committee staff that would be on 
site during the project. The contract was eventually awarded to ICA on March 12, 2007. 
 
 
CONTRACT AWARD AND START-UP 
 
Once the contract was awarded, the project was made available to ICA on July 1, 2007. The 
contractor, as well as NCDOT, immediately began making preparations for the start.  

Start-up challenges faced by NCDOT included identifying the project administration staff 
and preparing them to manage this very different type of contract. Armed with advice from 
VDOT, job descriptions were created and positions identified to function as project manager and 
project inspectors. Having no idea how much staff would be needed to handle the 131-centerline-
mile project, NCDOT elected to start with a small staff of three full-time employees and bring in 
others as needed. These employees were brought in to all project meetings and trained on the 
differences between traditional and performance-based contracts. VDOT again offered to have 
these individuals come to Virginia and spend time with their contract staff on existing projects. 
Two of these training trips were made to Virginia by NCDOT staff; one by division managers to 
talk with their VDOT counterparts about the start-up and assessment process and one by project 
administration staff to review day-to-day project operations. 
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Other NCDOT preparations included locating staff office space, training employees, 
developing detailed assessment methodologies, determining and acquiring hardware and 
software needs to administrator the contract, and setting up a partnering workshop with ICA. 
Additionally, procedures had to be developed on how to track and monitor contractor’s daily 
performance, such as timeliness measures, and how to communicate this information to the 
contractor. Several meetings were held in Charlotte with central maintenance staff, division 
managers, and the project team to discuss expectations and challenges.  

ICA also had start-up challenges in locating their operations facility, defining their 
project team, and educating local subcontractors on the performance-based contracting method 
of work. ICA expected its subcontractors to also sign performance-based subcontracts and many 
contractors did not completely understand the concept. The resistance from subcontractors 
required ICA to expend some effort on education to finally get contracts with their subs. 

On May 8, 2007, a partnering workshop was held between ICA and NCDOT with FHWA 
facilitating. This session established a working relationship and set out common goals for the 
project. As this was the first project of this type in North Carolina, everyone was very interested 
in seeing it be successful and using FHWA as the facilitator set the tone for their involvement in 
the projects success. Some of the outcomes of this workshop included a project charter which 
developed a mindset of cooperation between all parties and a dispute resolution process which 
gave everyone a roadmap of how to escalate any issue where agreements could not be made at 
the project level. 

As with all new contracts, growing pains occurred during the first year of the contract and 
these were compounded by the fact that this was a new type of contract for NCDOT. A major 
contracting issue faced during the first year was all project personnel becoming familiar with 
performance-based contracting as opposed to traditional line item contracts where the NCDOT 
staff direct the contractor’s operations. This brought challenge to NCDOT staff that would see 
needs and want to direct the contractor go and make repairs. It was also challenging to ICA staff 
and subcontractors to not ask for direction from the NCDOT project staff. This was particularly 
challenging when subcontractors moved from traditionally reactive NCDOT maintenance 
contracts which provided much direction to this contract where the expectations of the contractor 
were more proactive with a lower degree of NCDOT direction. These situations defeated the 
purpose of performance-based contracting where the contractor is encouraged to plan and work 
as he sees fit to meet the performance targets allowing him to maximize his resources and be 
innovative.  
 
 
CONDITION ASSESSMENTS 
 
During the development phase of the contract, NCDOT decided to rate the contractor’s 
performance at 6-month intervals. Defining an assessment methodology was a challenging 
process. NCDOT had an existing condition assessment methodology for its own internal use and 
after much investigation NCDOT chose to modify its own assessment methodology. NCDOT’s 
contract assessment process samples 0.2-mi roadway sections for linear features as well as 
pulling random samples from inventories of point features such as pipes and bridges. Once these 
sections are identified, assessment teams are brought in to complete the rating and record their 
findings in a data collector device.  
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The decision was made to keep the day-to-day project personnel segregated from the 
assessment process to protect their daily objectivity. Instead, NCDOT pulls in assessors from 
other local division resources. All assessments are managed by central maintenance staff, again 
trying to protect the objectivity of the local division personnel. Central staff pulls the random 
samples, trains the assessors, answers questions, and conducts spot checks during the rating 
period and finally compiles the results and distributes the scores. 

To get a realistic idea of the condition of the identified roadways prior to award, an initial 
assessment was completed by NCDOT and this data was given to all potential bidders. This 
assessment was done in part to give the bidders a general idea of the condition but also to allow 
NCDOT to evaluate the targets set in the contract. By analyzing the initial assessment data and 
the performance targets it became clear that the contractor would not be able to meet the contract 
requirements in the first 6 months of the project. A decision was made to lower some initial 
targets and raise them incrementally during the first 2 years of the contract. This allowed the 
contractor to steadily work at increasing some of the lower scores without having to expend a 
massive amount of effort on the front of the project thereby lowering the bid price. Table 2 
shows how each element’s performance targets increase during the first 2 years of the contract. 

This contract included a partial payment based on performance clause in which the 
contractor’s payment is based on how successfully he meets established targets. Another way 
NCDOT attempted to help the contractor meet the performance targets was to waive the pay for 
performance provision for the first 6-month assessment. This meant that the contract payment for 
the first year would not be affected by any assessment. This decision achieved two outcomes. 
First, it took the pressure off the contractor giving him 1 year to achieve the initial targets and it 
gave both NCDOT and ICA a chance to get oriented to the North Carolina assessment process 
and work out any discrepancies that arose.  

While the contractor’s payment was not affected during the first year, all subsequent 
monthly payments were subject to the performance fee structure outlined in the contract and 
payments can be reduced in the future for failure to meet the targets. To date, there have been 
two completed assessments and one assessment is currently underway. As shown in Figure 2, the 
overall condition of the project has increased from 77 when the contractor took over the project 
to 85 at the spring assessment.  

In June of this year, the department completed its second assessment of the project and 
while results were improved, the contractor’s performance was still below the established targets 
on several items. In this second assessment, the contractor met the performance targets on 73% 
of the contract elements and failed to meet the targets on 27% of the elements. Figure 3 shows a 
sampling of the scores and targets for the traffic elements category in the June assessment. In this 
category, the items failing to meet the performance targets were pavement markings, pavement 
markers, roadway lighting, and sign lighting. This contract covers some very old sections of I-85 
and I-77 and determining the reason for lighting failures was difficult. After a joint investigation 
into the roadway and sign lighting elements, NCDOT and ICA came to the conclusion that 
enough ambiguity existed as to the reason for the failures of these items that the contractor was 
not held responsible. The contract specifically states that the contractor is only responsible for 
the lighting fixtures from the ground up and many of these lights are not functioning because of 
the underground wiring. 
 



Arnold, Brandenburg, and Watkins 43 
 
 

 
 
 
 

TABLE 2  Element Performance Targets 
 
 Element 2007 Target 2008 Target 2009 Target 

Bridge decks 80 85 90 
Superstructure 80 85 90 
Substructure 80 85 90 
Pipes and culverts 90 90 90 
Retaining walls 90 90 90 

Bridges 

Channel and slope protection 90 90 90 
Asphalt pavement repair 95 95 95 
Concrete pavement repair 95 95 95 Pavement 
Pavement shoulder condition 90 90 90 
Low shoulder 85 90 95 
High shoulder 85 90 95 Shoulder 

and ditch 
Lateral ditches 85 90 95 
Crossline pipe (blocked) 85 90 95 
Crossline pipe (damaged) 85 90 95 
Curb and gutter (blocked) 85 90 95 
Curb and gutter (damaged) 85 90 95 
Drop inlets, CBs, etc. (blocked) 85 90 98 

Drainage 

Drop inlets, CBs, etc. (damaged) 85 90 98 
Guardrail–cablerail 95 95 95 
Concrete median barrier 95 95 95 
Noise walls 95 95 95 

Roadside 
appurtances 

Impact attenuators 95 95 95 
Mowing 90 90 90 
Brush and tree control 85 90 90 
Turf condition 80 85 90 
Uncontrolled growth 70 70 70 
Litter and debris control 95 90 95 
Landscape beds 70 80 80 

Roadside 

Slope  95 95 95 
Pavement markings 85 90 95 
Pavement markers 85 90 95 
Ground signs  92 92 92 
Overhead signs 92 92 92 
Roadway lighting 90 90 90 
Words % Symbols 85 90 95 
Sign Lighting 90 90 90 

Traffic–ITS 

Delineators 90 90 90 
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FIGURE 2  Overall project assessment scores and targets. 
 
 

 
FIGURE 3  Traffic elements assessment scores. 
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To ensure that the assessment scores are valid, the numbers of samples needed to ensure 
statistical accuracy have varied in each assessment. The department is utilizing the statistical 
sampling methodology developed by Jesus M. de la Garza for VDOT’s performance-based 
contracts to determine the appropriate sample sizes needed for each assessment. This 
methodology requires that the sample size needed be dictated by the confidence level required 
and the condition of the asset as determined in the previous assessment; high ratings yield small 
sample sizes and low ratings yield larger sample sizes. This fluctuation in the number of samples 
required has affected the duration of completion of the assessments. These assessments have 
taken an average of 25 working days with 10 two-person teams to complete them, However, 
improvements in the technology used to assess the items has led to great reductions in work 
effort and time involved.  

For the initial assessment completed prior to contract award, paper forms were completed 
and then hand entered into a database. Recreational-grade Global Positioning System (GPS) 
devices were used to locate inventory items. Subsequent assessments were conducted with 
handheld PDA-type devices with recreational grade GPS receivers which led to difficulty finding 
the sample sections and inventory items. The assessment currently underway is being conducted 
using tablet PCs, ArcPad Data Collection software, and Bluetooth recreational-grade GPS 
receivers. This change in technology appears to be significantly reducing data collection time by 
allowing the user to more quickly locate and assess the identified 0.2-mi sample sections and 
inventory items required for the assessment.  

It is too early to determine the overall impact of the deployment of this new technology, 
but it appears that the assessment time has been reduced from 25 working days to 15 working 
days and from 10 teams to eight teams. It is anticipated that this will further reduce the number 
of teams in the future to no more than six teams and have the assessment completed within 20 
working days.  
 
 
ISSUES AND CHALLENGES 
 
Throughout the development, advertising, awarding and administration of North Carolina’s first 
performance-based contract there have been issues to overcome. From the very beginning, 
NCDOT knew this would be a very challenging, but also a highly rewarding contract and it has 
not disappointed. Various issues have loomed large at different times in the contract process 
making this one of North Carolina’s most challenging ventures. 

During the contract development phase, defining the scope and performance targets of 
the contract became critical components. The entire success or failure of the contract would be 
determined by these components. NCDOT, wanting to have a successful and challenging 
contract, believed the location of Charlotte was a good choice. NCDOT was fortunate to have 
existing performance measures for its own staff and having the access to VDOT and TxDOT 
data was invaluable. This data gave realistic comparisons to existing contracts and NCDOT was 
better able to create reasonable performance measures.  

Other challenges during the development phase included obtaining buy in from internal 
NCDOT staff. NCDOT employees were apprehensive and had to be assured that their jobs 
would not be lost. 

Challenges during the contract advertising and award phase included conducting the 
initial assessment to give the contractor an idea of condition. It was only after NCDOT was 
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underway with the RFP process that everyone realized how critical determining this initial 
condition became. This resulted in a delay of the letting date but provided the opportunity to 
resolve a number of assessment issues. Also, contractor question and answer sessions were also 
crucial to gathering input from industry on the hidden pitfalls in the draft contract document. An 
additional challenge was preparing the engineer’s estimate, specifically, adjusting for increased 
level of service, overhead, profit, and risk. 

The responsibility of snow and ice response was one challenge that was faced throughout 
all phases of the project development. Early on, NCDOT struggled with whether to release snow 
and ice control to the contractor. North Carolina, and particularly Charlotte, does not have many 
days in a year where snow and ice are problems and there was a concern over the cost to provide 
this service. Contractors would have all the same supply and environmental issues NCDOT 
already had and NCDOT was not going to get out of the business of snow and ice control 
because of its other roadways. In the end, NCDOT chose to bid snow and ice control as an 
alternate to get an idea of the price. Once bids were in, NCDOT chose not to pursue the snow 
and ice option due to cost opting to continue to perform this work in house. All the contractors’ 
bids for snow and ice were at least 20 times what NCDOT spends in an average winter on snow 
and ice control. Issues surrounding the contractor’s price were availability and placement of 
material stockpiles, availability of subcontractors to perform the work within the time 
requirements of the contract, and the cost of just being immediately ready. NCDOT believed the 
price put on this level of preparedness was not cost effective. 

During the contract start up phase, challenges included identifying project staff and 
familiarizing everyone with the performance-based contract process. This complete reverse of 
mindset did not happen overnight and took much effort on the part of NCDOT and ICA staff.  

And finally during the contract assessment phase, issues have arisen about the 
reasonability of performance targets. When NCDOT set some of its performance targets, it 
understood that they were high goals to achieve. In the contractor question and answer sessions 
these targets were always discussed and contractors were asked how they would pursue 
obtaining these goals. Now over a year into the contract performance targets have proven to be 
an issue. Recently, given the effort shown by the contractor and the appearance of the project, 
NCDOT has begun to reevaluate some performance targets. ICA and NCDOT staff have met on 
site to evaluate some targets in the field and continue to discuss the targets; however, no 
agreements have been made. 

All of these issues have been faced head on in cooperation with the contracting industry, 
specifically ICA, and that approach has led to a contract that North Carolina and the industry can 
be proud of.  
 
 
LESSONS LEARNED 
 
NCDOT has learned many valuable lessons along the way. Without the support of other state 
highway agencies and the contracting industry that was already using this contracting method 
many hours would have been spent needlessly on inventing what already existed. The major 
lessons learned that would benefit any agency beginning the pursuit of a performance-based 
contract include the following. 
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Find a Mentor 
 
Develop a partnership with one or more states that have pursued these contracts and obtain 
copies of their contract documents. Meet with them on a regular basis as you develop your 
contract and discuss issues that have come up. 
 
Develop a Detailed Scope Early in the Process 
 
Decide what you want your contract to include and not include early in the process. Always refer 
back to this scope as things come up and questions arise about adding to the project. 
 
Be Reasonable with Deadlines 
 
Developing a contract of this type takes time. Be realistic with how long it will take to move 
through the phases. Give ample time to thoroughly read and digest the contract. Shortening the 
time line will only lead to errors and contract negotiations later. 
 
Listen to the Contracting Community 
 
Be open to the contracting community’s advice. They have vast experience in these contracts and 
various states’ perspectives. Don’t be too proud to hear them out. They may have solutions that 
have worked on other contracts that you never thought about. Hold question-and-answer 
sessions. 
 
Use Technology 
 
Technology can be a tremendous help. Take the time to ensure the right technology is employed 
from the start. Most of the technology needed for data collection purposes is readily available off 
the shelf and can be easily customized for your agency’s needs. 

Recreational-grade GPS equipment is inexpensive and easy to acquire and use, however 
the coordinate information it provides is not accurate enough for all inventory purposes. 
However, recreational-grade GPS, when utilized in conjunction with relatively current aerial 
photography and the appropriate software for assessment purposes, communicates relative 
location information to the user very effectively and helps to overcome the significant error that 
can accrue with recreational-grade GPS devices. Mapping-grade GPS devices should be utilized 
for initial inventory purposes. 

Put a great deal of thought into your database up front. Make sure you create a format 
that allows room for as much expansion and modification in the future as possible.  

 
There Is No Such Thing as Too Much Detail 
 
The more detail provided up front in a contract the less questions that come up later. Fully define 
what is expected of the contractor and what specific requirements he must meet. For example, if 
there are special environmental requirements or traffic control issues include them in the 
contract.  
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Conduct an Initial Assessment and Take Pictures 
 
Develop a detailed inventory and know the condition of the project’s elements before award and 
share this info with the bidders. While the contractor is responsible for gathering this data 
himself, giving him your data will only make the project better. Taking pictures of inventory 
items also helps you remember what things looked like prior to contract award. 
 
Be Open with Your Agency Employees 
 
These types of contracts make employees question their job security like no others. Keep open 
lines of communications with all employees providing updates on the status of the project and 
reassuring them of job stability. Be sure to include the local employees who will be most 
affected by the contract in all contract discussions as early as possible. This develops buy in and 
overcomes issues of bias and conflict later on. 
 
Be Reasonable About the Size and Scope of the Project 
 
Contractors also have overhead expenses that must be factored into their bids and the more these 
costs can be distributed through a project the better the pricing. Projects of around 100 mi in total 
length tend to be good break points. Smaller projects are not cost effective for the contractor 
while larger projects may be difficult to manage. 
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In the fall of 2006 the Indiana Department of Transportation (INDOT), initiated a study to investigate 
performance-based contracting of maintenance operations. One of the main impetus for the study is that 
INDOT started a 10-year road building program called Major Moves that will add more than 1,000 lane 
miles to the current network. With this addition and coupled with a trend of reduction in maintenance 
personnel, INDOT is planning how maintenance will be performed. One option is the use of performance-
based contracting (PBC). This study evaluated many aspects of PBC and produced an in-depth analysis of 
PBC. Information on how to implement, pros and cons, and recommendations to consider are described in 
this paper. Other options are discussed in the paper. This information should be helpful to agencies 
contemplating PBC for maintenance operations. 
 

 
 

 question that has been raised during the last few decades is why outsource road assets, 
activities, or services? It has been agreed that without tentative attention, roadway 

conditions will continue to worsen. Government agencies are faced with uncertain fiscal results 
and public contestation; hence, government needs to “do more with less” (Zietlow, 2005). 
Outsourcing through public–private partnerships (PPPs) offers a solution to improve quality and 
save money. The goals that government agencies typically seek to achieve by outsourcing road 
segments are as follows (Segal et al., 2003): 
 

� Reduce costs. Achieving cost savings is one of the most important reasons for 
outsourcing road and highway construction and maintenance operations. However, cost savings 
is not the only issue; level of service (LOS), quality of the constructed, maintained, and operated 
assets, and human resources are often disregarded. Hence, cost savings should not be considered 
as the only factor in determining whether to outsource or not. 

� Increase efficiency. Literature has shown that a competitive system is more efficient 
and effective than traditional single-provider systems. In order to obtain the maximum possible 
value for money, some government agencies have outsourced their projects as part of efforts to 
improve overall system efficiency through competition and specialization. Outsourcing 
introduces competition, resulting in improvement of the government agencies’ services. Since 
government services are threatened by a probable privatization, they need to become more 
efficient and finally provide better services to compete with the private sector. 

� Improve quality. In order to be more competitive, private agencies need to produce 
high-quality work and ensure high performance. One of the most important factors for the 
awarding of contracts is past performance; hence, delivering low-quality service could reduce the 
likelihood that a private agency is awarded future contracts. 

A 
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� Motivate innovation. Outsourcing through PPPs can produce innovative solutions. 
Since the overall goal to private agencies is profit, they try to achieve it by applying new 
methods in all levels; this way, they become both more competitive and capable of producing 
higher-quality services. 

� Access expertise. Competitive private agencies typically have worked on various 
projects. As such, their experience is very significant. Government agencies that employ such 
expertise can gain access to new or specialized expertise that is not available in house. 

� Precipitate project delivery. Government agencies do not have the required work 
force to maintain the existing infrastructure. On the other hand, the private sector is flexible on 
shifting human resources in order to meet time constraints. 

� Increase flexibility. Outsourcing to increase flexibility is related to meeting peak 
demand. Agencies can use contractors when needed, an option that is not feasible in the case of 
the agency employees. 
  

At the current time, there is considerable global experience with the practice of 
performance-based contracts (PBCs). This experience is accompanied by contestation on the true 
outcomes produced by PBCs with regard to qualitative (offered LOS) and quantitative (cost 
savings) results. Collected cost data indicates that PBC is not effective in saving agency money 
as reported in previous reports. Overall trends, advantages, and disadvantages are reported 
herein.  

While U.S. agencies and other foreign road administrations are increasingly 
implementing performance-based contracting, a number of challenges are also being identified. 
First, agencies tend to be concerned that they may lose valuable in-house expertise due to the 
reduction of their involvement in roadway maintenance, as a result of outsourcing. Another issue 
is the LOS required for the outsourced facilities (or activities) that are included in the PBC. 
There is also concern regarding the risk allocation from the road agency to the contractor, and 
the ways the latter can manage it. Finally, there is a need to evaluate whether and under what 
conditions PBCs will lead to overall assets’ improvement, and if they are cost effective in the 
long term. 
 
 
MAINTENANCE PLAN 
 
Officials from several U.S. state departments of transportation (DOTs), international road 
agencies, and several major contractors were contacted to discuss, suggest, and comment on their 
experiences regarding outsourcing of roadway maintenance operations, including PBC. 

Major conclusions from these discussions are summarized:  
 
1. Do not incorporate snow removal activities in PBC. 
2. Initially, launch a 2-year PBC where few activities are incorporated in minor 

highways or secondary roads. 
3. Experienced agencies and contractors may move towards a long-term (20 years) 

comprehensive PBC. 
4. “Best value” should be the selection bid criterion. 
5. The performance measures for specifying the PBC’s characteristics are the cost 

savings, LOS, and public–political acceptability. 



McCullouch and Anastasopoulos 51 
 
 

6. Cost savings can only be realized from well-qualified contractors, strong competition, 
and long-term contracts. 

7. The liability issue is an important concern in the United States. 
8. Hybrid contracts are the “right” approach to increase competition (and for the agency 

to feel more comfortable); the hybrid approach utilizes agency forces as the foundation for 
maintenance services and the use of contractors to supplement. 

9. “24/7” callout is manageable by the contractors (however, cleaning crash scenes in a 
timely fashion is difficult). 

10. Outsourcing roadway assets located near the contractor’s facilities would be 
beneficial for both parties. 

11. Performance monitoring should be performed at a frequency and level to adequately 
determine contractor performance. 

12. Requirements should be developed to assure contractor meets requirements 
throughout the life of the contract.  

13. Clearly identify the contractor and agency responsibilities in the contract, and develop 
a risk management sharing system. 

 
With falling gas tax revenue, maintenance budgets are being cut. At the same time more 

is being built to maintain. So what are an agency’s options?  
  

1. Increase resources: equipment and personnel. This is highly unlikely. 
2. Increase maintenance subcontracts including snow and ice removal activities. 
3. Implement a PBC program that includes winter operations. 
4. Reduce the LOS across the network. 

 
Items 1, 2, and 3 require additional funding. Item 4 lowers the quality of the end product, 

but saves money. How will this play out with an agency? The following lays out information for 
evaluating and selecting these options. 
 
Option: Increase Resources 
 
Indiana Major Moves projects will add approximately 1,341 lane miles to Indiana Department of 
Transportation’s (INDOT’s) current network. Other capacity will be added through the normal 
work program. These additional requirements if maintained with state forces will require 
additional equipment, material, and people. INDOT analysis says that 40 new trucks will be 
needed to man the additional snow routes. From average lane mile cost data the additional annual 
maintenance expenditure will be close to $6,000,000. From a cost basis, this is the best option, 
but from a political perspective maybe the least preferred option because it grows government 
numbers.  
 
Option: Increase Subcontracts 
 
INDOT currently has a well-developed maintenance subcontract program. Activities such as 
mowing, guardrail repair, cable barrier repair, and other activities are done through subcontracts. 
With this experience and capability INDOT can easily expand this option and this would require 
the following:  
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� More contract managers will have to be developed. 
� Inspection criteria may need to be refined or developed for new activities. 
� An evaluation of the subcontracting industry by state region. This evaluation involves 

looking at activities and the availability of qualified and adequate number of subs for 
competition reasons. This evaluation will take time and should be performed by each district. 

� Develop a training program for contract managers and inspectors to insure a uniform 
and well-structured program.  
 
Option: PBC Program 
 
Typically these programs are driven by political reasons and not business ones. PBC will allow 
INDOT to shrink its workforce and equipment needs. PBC will utilize private contractor 
resources to supplement public resources, a form of “redistribution” of resources. Other facets 
such as innovation are advantageous and documented herein. Plusses and minuses of this option 
have been well documented by other studies. Lessons learned from evaluating the PBC approach 
include:  
 

� Most PBC programs are initiated for political reasons and not business reasons. 
� PBC contracts are generally not cost effective for geographic contracts. 
� PBC contracts that are facility specific (e.g., rest areas, bridge maintenance) have 

proven to be cost effective. 
� PBC contracts create an environment for innovative solutions. 
� PBC contracts have not handled snow and ice events well. Costs are for extreme 

weather events over a long time period for risk reasons. Most contractors are not equipped for 
extreme events while agencies can pull resources from less affected areas. 

� PBC requires an agency to create a new organization, develop LOS criteria, perform 
baseline assessments, develop an assessment program, and produce a training program. 

� Determine state contracting community’s interest in performing maintenance 
activities. 

� Snow and ice subcontracts are a viable option. 
 
 
Option: Lower LOS 
 
This is certainly not a desirable option but one that most agencies are trying to identify. As 
maintenance budgets are cut this will be reflected in lower LOS for most activities including 
snow and ice removal activities in the snow belt states. The impact on LOS requires an agency to 
evaluate expenditures for each activity and LOS standards and evaluate the impact on LOS with 
budget reductions. Certainly the robbing Peter to pay Paul principle will occur with this 
approach. For example, salt costs have increased significantly since the 2007–2008 winter. And 
next year’s costs could double over this year. So will an agency order less salt and incur the risk 
of running out? They most likely will not for safety and commerce reasons. So to cover this 
increase, other activities LOS will have to be cut. To determine the ramifications from this action 
an agency needs to have well defined LOS criteria and corresponding activity costs.  

The next section describes the essentials components and requirements for establishing a 
PBC program. 
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PBC PROGRAM COMPONENTS 
 
A PBC program consists of an organization and two major phases, developing contracts and 
contract administration. This section describes this organization and what should occur in the 
different phases of the program. 
 
PBC Team 
 
A PBC program requires a new organization within an agency. This organization will be 
responsible for staffing, developing contracts, overseeing contracts, performing assessments, and 
determining contractor conformance and compliance to contract requirements. This organization 
must be put into place before contract development and selection occurs. What does this 
organization look like? 

Initially a PBC program will run from the central office even though an agency may be 
decentralized like INDOT. An individual in maintenance will be in charge of developing the 
program. Initially this individual will spend a majority of his time in developing a contract. After 
that phase is completed, less of his time will be required to administer the contract.  

For explanation purposes this individual will be called the PBC Administrator. To 
describe this individual and the PBC organization, the below tables (Tables 1 and 2) contain a 
job description and time requirement estimates for each program phase.  

Contract development activities can be performed in parallel. This phase will take 
approximately 18 months to develop the initial contract. This phase may involve up to 10 
employees and will require a full time administrator. 

The administration phase is the execution of the contract and Table 2 describes the 
administrator duties. 

This phase will not require a full time administrator. That individual will be available for 
other maintenance duties. This phase does require a fulltime contract administration team, 
consisting of a supervisor and inspectors. North Carolina DOT (NCDOT) had three full-time 
employees in their contract, FDOT uses two employees per contract, and VDOT has three 
employees involved in each transportation asset management contract. 
 
LOS Program 
 
An important component of a PBC program is establishing appropriate LOS criteria. This criteria 
is needed for establishing contract LOS requirements, developing a cost estimate, and for 
performing assessment evaluations of the contractor performance. These criteria must be clearly 
understood by the agency, the assessment team, and the contractor. The individual items must be 
described in language that leaves little room for misinterpretation and dispute. 
 
Agency and Contractor Comparison 
 
One aspect of a PBC analysis is to compare agency and contractor. Table 3 is a comparison of 
the various factors. This comparison helps to identify the strengths and weaknesses of a PBC 
program as well as requirements. 

A PBC program is comprised of many different activities and participants; these fall into 
two main phases: contracts and administration.  
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TABLE 1  PBC Administrator: Contract Development Phase Duties 
 

Phase Activities Estimated Time 
Requirements 

Project selection. Determine project location, project length, and 
activities to include. 

1 month 

Baseline assessment.This requires a team of approximately two to 
three to perform a field inventory of asset condition.  

2 months 

Engineers estimate.This is created from the baseline assessment. 
Also, LOS criteria will establish engineer’s estimate. Engineers 
estimate is adjusted by LOS requirements. 

1 month 

Develop and test performance standards. Do standards exist? 
Other state standards should be consulted for comparison or for 
developing particular standards. The same team that performed the 
baseline assessment will be involved in this activity.  

6 months 

Legislative action. Develop bill for legislative approval for best 
value and best and final offer bids. This is the preferred contract 
form. 

12 months 

Develop contract language. This requires putting together a team 
comprised of legal, contracts, contract field manager, contractor 
association members, and others. Use other agency contracts as a 
guide.  

12 months 

Develop assessment program. Issues to be decided are: who will 
perform the assessments, how many teams needed, rating system 
used. 

2 months 

 
Contract 

Development 

Training program. Training programs need to be developed for 
assessment teams and contract inspectors. 

2 months 

 
 

TABLE 2  PBC Administrator: Administration Phase Duties 
 

Develop field team and guidelines for inspecting 
and documenting. Establish a partnering 
arrangement with the contractor. 

1 month 

Perform assessments and determine contract pay 
amounts. 

At specified intervals. 

 
 
 
 

Administration 
Administer annual training for assessment teams. 1 month 
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TABLE 3  Agency and Contractor Comparison 
 

Factors INDOT Contractor 
Cost Lane mile costs are lower with DOT 

forces.  
Liability and insurance costs 
are added expenses. 

Cost control  Long-term contracts with 
fixed costs over a multiyear 
period control costs and helps 
plan budgets. 

Innovation  More innovation due to fewer 
restrictions on private 
companies. More motivation 
to reduce costs through 
innovation. 

Experience Higher levels, more local knowledge. National firms will bid and 
sub out up to 90% of work. 

Manpower needs Fixed, reduced through attrition. Flexibility in responding to 
manpower needs.  

Equipment resources Fixed Construction equipment; 
respond better to changing 
needs. 

Snow and ice removal Experience and resources; able to 
shift resources in emergency 
situations. 

Higher costs due to planning 
for worst case scenario. 
Extreme event experience and 
resources are questionable. 

Administration Less administration required for PBC 
contracts. 

 

PBC contract development Requires up to 18 months involving 
five to 10 INDOT employees. 

 

Best value versus low bid Best value preferred but requires 
legislation. 

 

Baseline assessment program Standards and baseline inspection 
program has to be developed. 

 

Inspection program Requires inspection program 
development, administration, and 
training. 

 

Facilities Fixed Lease space. Typically do not 
own or lease a DOT facility. 

Long-term impact Loss of experience and facilities. Less competition over time. 
 
Contracts 
 
Developing an initial PBC contract takes a considerable amount of time and effort. Contract 
development may take up to 18 months to develop an initial contract involving up to 10 
individuals. Items to consider for inclusion in the contract are the following. 
 

� Work items. May include from right of way (ROW) to ROW or variations. Be 
specific and descriptive. 
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� Performance standards. Try to eliminate any gray and make the requirements. There 
should be very little room for interpretation. 

� Selection criteria: best value. Combination of cost and technical qualifications, 70% 
technical proposal and 30% cost proposal or some variation. Best and final offer used if bids 
exceed engineer’s estimate. Do not release engineer’s estimate.  

� Bond requirements. Bonds should be viewed as costs for the DOT to take over the 
contract if the contractor defaults. Instead of requiring a bond for the total contract (total 
duration), only a portion of the contract (1 year or 6 months). 

� Liability limitations. Usually limited to a percentage of annual contract cost. One 
example is contractor out of pocket expense for unrecoverable property damage is 20% of the 
annual contract cost. Expenses over that will be picked up by the agency. Shared liability helps 
to keep costs down. 

� Contractor assumes third-party risk with no limits on claims. For example, a $1 
million limit on third-party lawsuits. Contractors have insurance to cover these expenses and the 
premiums are included in the contract. 

� Response times, performance requirements, and penalty clauses must be clearly 
defined to minimize misunderstandings. 

� Change order provisions help give the contract flexibility when conditions change. 
� Make it a living contract so that current specifications and standards apply. 
� Define how assessments will be done, frequency, who will perform, etc. Also, 

payment penalties for lack of performance should be clearly explained. Contested assessments 
and allowable recourses should have a provision. 
 

Risk analysis should be performed when developing a PBC contract. An important aspect 
of this analysis is risk-sharing allocation. A proper balance between agency and contractor is the 
right approach because it affects the contract cost and performance expectations. A risk analysis 
looks at both agency and contractor responsibilities and tries to minimize exposure by looking at 
strengths and weaknesses of each.  

A contractor tries to minimize risk. As perceived risk increases this is reflected in 
increasing contractor cost. For those risks that are unpreventable by the contractor, often 
insurance is sought to cover these. So it is mutually beneficial to evaluate risk and include the 
results of this analysis in the contract. Table 4 lists some typical risk factors that need to be 
considered while developing the contract. 
 
Administration 
 
Contract administration is the activities performed during the execution of the project. This 
mainly consists of daily supervision requirements and the assessment program. 
 
For a typical size project, approximately 130 road miles, usually three individuals are needed 
including the field manager, costing approximately $150,000 annually. A field office or one 
close to the contract is needed. 

 



McCullouch and Anastasopoulos 57 
 
 

TABLE 4  Risk Factors 
 
1. Best value contract is preferred because it allows for a better evaluation of contractor capabilities 

and performance than using low bid to award. 
2. Contract renewal. Establish a contract provision that provides for renewal to the existing contractor 

based on performance. 
3. Bond amount and duration. This should be set for a time duration and amount that will provide the 

agency the means to recover from a contractor default. 
4. Unrecoverable property damage limits. Monetary limits for this type of damage could be a certain 

percentage of the annual contract amount and for a single incident. 
5. Emergency response requirements. Describe any response requirements or remove completely 

from the contract and let the agency handle these emergencies. 
6. Optional assessments. Allow the contractor recourse if there is disagreement in the assessment 

scores. 
7. Weather effects. Remove actions required to respond to weather events such as flood and tornados. 
8. Third-party lawsuit limits. Most state agencies have protection in this area. The contractor should 

be provided some form of protection as well. 
9. Response time requirements. Response times should be reasonable for contractors. For example, 

describe how much time is allowed for replacing downed signs. 
10. Cost escalation clauses. Allow for cost increases either set by a certain annual percentage or by cost 

indices. 
11. Assessment criteria. Contractor performance measures should be written that eliminates 

misinterpretation and removes misunderstanding. 
 
 

� Partnering should be a part of any PBC contract. 
� The assessment program is very important. Administrating will take time and 

resources. Objectivity, speed, accuracy, and safety are key ingredients. NCDOT is spending 
approximately $90,000 per assessment.  
 

Annual training is important for assessors, inspectors and contract administrators. 
Training should happen before the contract starts and annually throughout the life of the contract. 
 
Contractor Innovation 
 
PBC contracts provide an environment that fosters contractor innovation. Contractors have the 
latitude to meet the performance standards and the time (multiyear contracts) to be innovative. A 
long-term contract allows for spending upfront money that pays off over the contract life through 
innovation. Some cited examples are: 
 

� Different types of pavement treatments. 
� Incident management. 
� Roadway lighting. 
� Contractors have more flexibility in negotiating subcontracts and developing subs 

over the contract period. 
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Outcomes 
 
This section describes some outcomes experienced by agencies that have used PBC for a long 
time or just starting. 
 

� The Virginia DOT (VDOT) program started in 1997 mandated by the state 
legislature. Its goal is to use PBC on all Interstates by 2009. To date no layoffs have occurred but 
reduction of approximately 2,000 employees through attrition. Currently there are approximately 
5,700 employees in maintenance. 

� The Florida DOT (FDOT) program started in 2000 and as a result maintenance forces 
have been reduced 25% through attrition. In 1994, FDOT performed 60% of maintenance work 
and contracted out 40%. In 2008, 20% of maintenance is performed in house, 40% through asset 
management, and 40% with traditional contracts. Some maintenance yards have closed and 
consolidated. FDOT has lost capabilities due to lack of experience. 

� Some Canadian provinces have privatized all maintenance, so they have reached a 
point of no return. 

� Typically, PBC contractors subcontract out most of their work, 75% to 80%. 
Subcontractors are usually local contractors. 

� Contractor performance at end of contract period has been a problem due to lack of 
penalty. If assessment times are known then contractor performance will fluctuate. Minimum 
performance is a sore point. For example if LOS is 80, then filling eight of 10 potholes meets the 
standard.  

� NCDOT completed the first year (July 2008) of their initial PBC contract. The 
contractor is not satisfying performance requirements, so the monthly pay of $482,976 is being 
reduced $90,000 until the next assessment, which is done every 6 months. 

� Contracts have worked well in high-incident areas. 
� Contracts have not worked well in emergency conditions. 
� One agency is spending less on rest stops and security through PBC.  

  
PBC is driven by performance standards which tend to focus contractors on the short 

term. This can have a negative effect on long-term asset condition. 
 
Possible Sources of Savings 
 

� Less management overhead due to consolidating subcontracts into one and less 
inspection required. 

� In some cases a contractor can lower labor costs through improved productivity and 
lower labor rates. 

� More efficient use of equipment. 
 
 
SNOW CONTRACTS 
 
In snow belt states, snow and ice removal activities account for a significant portion of the 
overall maintenance budget and equipment needs. Approximately 33% of INDOT’s maintenance 
budget is spent on snow and ice removal. For INDOT, new snow routes are being planned and 
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additional resources will be needed. One option is to use subcontracts. Virginia includes snow 
and ice removal in their PBC contracts. North Carolina has developed subcontracts. Both these 
approaches are described. 

VDOT says that snow and ice removal is the largest cost item since contractor plans on a 
50-year extreme case occurring during the contract life. In one transportation asset management 
contract approximately 50% of the contract cost was for snow and ice removal. Also, it has been 
witnessed in Virginia and Oklahoma that contractors do well on average storms and not on larger 
winter events.  

NCDOT uses two types of subcontracts. 
 
� Contractor provides trucks equipped with spreader and plow. NCDOT provides 

material. Contractor is reimbursed on hourly basis. 
� Contractor bids on outfitting truck and NCDOT sets the hourly rate. A 5-year contract 

is established, so the contractor is reimbursed 20% annually for the equipment. Brine distribution 
is included in the contract.  
 

Call out requirements is included in both contracts. 
The option of INDOT receiving more equipment and personnel in maintenance 

operations is unlikely. INDOT will need to develop a subcontracting program for snow and ice. 
This program should be tested over a couple of winter seasons before implementation. The 
program should evaluate how private companies can best supplement INDOT efforts under what 
weather conditions and on what road type.  
 
 
INDIANA CONTRACTORS 
 
One reason for utilizing contractors particularly for winter operations is they have equipment and 
personnel available during this time of the year. This is their slow season and these resources are 
usually idle. So why not utilize these resources for snow and ice removal. 

Multiple meetings were held with Indiana contractors in which PBC contracts were 
explained and discussed. Out of these discussions came the following: 

 
� Liability issues are a big concern. Protection from third-party lawsuits and 

indemnification is desired by the contractor. 
� Most contractors have the resources to do all maintenance activities with a few 

exceptions. Those exception activities they can respond through subcontracts. 
� Recommend starting the program with a short-term contract (2 years) to evaluate 

approach. 
� Escalation clauses desired for materials and fuel.  

 
 
LEGAL–POLITICAL ENVIRONMENT 
 
Legal issues and risk have a significant impact on the PBC approach. Most states have 
indemnification protection from lawsuits. This protection usually limits damages to a certain 
amount. Contractors do not have this protection so this risk is covered through insurance and 
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these premiums are in their costs. Contractors generally view these risks very conservatively by 
planning and charging for the worst case scenario. These hidden costs significantly influence 
PBC costs. The current legal environment or atmosphere in this country increases these risks.  

Currently Indiana’s political environment is swinging away from privatization. Audits 
and studies are revealing that some privatization programs are costing taxpayers more money 
than if the services were performed by a state agency. These findings can make it politically very 
difficult to get legislative approval for these contracts. 
 
 
COST ANALYSIS 
 
A good cost analysis requires all comparison factors to be equal or close to each other. This is 
very difficult when comparing PBC contracts with in-house costs. Factors such as varying LOS, 
activities included and excluded, the way agencies record and track costs, overhead costs, are 
factors that influence these cost comparisons. 
 
Agency In-House Unit Costs 
 
Cost data collected from the below agencies are compared on a lane mile cost basis. These 
calculations are not shown due to space limitations but are summarized below. An equal basis is 
important with any comparison and that was the goal with these numbers. 
 

� INDOT: $4,500* per lane mile on Interstates; includes snow and ice control (* 
estimated subcontract costs at $300/lane mile). 

� INDOT: $3,747 per lane mile on Interstates; does not include snow and ice removal. 
� NCDOT: $3,800 per lane mile on Interstates; includes snow and ice control. 

 
PBC Contract Costs 
 

� FDOT: $5,000 per lane mile; does not include snow and ice control. 
� NCDOT: $7,200 per lane mile; does not include snow and ice control. 
� VDOT: $10,000–$18,000 per lane mile; includes snow and ice control. 

 
These comparisons can be disputed as not being on equal basis, which is probably true. 

But you cannot ignore the magnitude of difference between PBC and in-house costs. With this 
much difference, transportation agencies are not saving money by using PBC contracts. 
 
 
PBC PROGRAM RECOMMENDATIONS 
 
If an agency decides to pursue PBC for maintenance operations, what is the best way to 
implement and what are some precautions? The recommendations are as follows.  
 

1. Central office PBS administrator work with ICA to market the concept and develop 
contractor interest. Survey contractors and develop a list of capabilities that contractors possess for 
maintenance activities. Analyze what areas of the state would be conducive for implementing PBC 
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contracts which is dependent on contractor resources and availability. Develop state legislation to get 
best and final offer contract type approved. This will take lobbying effort and time. 

2. After determining the best fit district, select district PBC manager. Central office PBC 
administrator and district manager select road network to develop contract. Optimum PBC contract 
length is 120 to 140 road miles.  

3. Develop budget for PBC contract and determine where the funds will come from. PBC 
contracts can cost up to five times as much as in-house costs. Besides contract cost the budget needs 
to include administration costs, which could be in the range $150,000 annually, the assessment cost 
(NCDOT is spending $92,500 per assessment), and training costs. 

4. PBC team. The PBC administrator and manager needs to assemble a team(could involve 
up to 10 senior individuals) to develop the following, which will probably take up to 18 months. 

- Develop LOS criteria; test and evaluate criteria before using. 
- Perform baseline assessment. 
- Determine scope of work. 
- Develop engineer’s estimate. 
- Develop contract requirements and bidding documents. 
- Develop assessment program. Determine frequency, assessors, inspection tools, and 

software requirements. Specify confidence level (e.g., 95%) as this will determine the number of 
inspection segments. 

- Develop contract administration guidelines and job descriptions. Select contract manager 
and assign to the contract development team. 

- Develop training program for contract administrator and inspectors, and the assessment 
program. 

- Develop public relations approach targeting current INDOT employees. Internal morale 
could suffer so measures should be taken to address this issue.  

5. Contract requirements: 
- Look at other agency PBC contracts. 
- Describe the contractor selection procedure. 
- Most PBC contracts duration is between 3 to 7 years.  
- Describe performance criteria. 
- Decide on anti-icing and de-icing activities.  
- Determine limits on subcontracts (percent level, e.g. 70%–80%) and inspection 

requirements of contractor.  
- Establish payment penalty requirements. Requirements are needed for the last evaluation 

period to insure contractor performance. 
- Rehabilitation items should not be included in PBC contracts. 
- Determine minority participation requirements. 
- Make the contract dynamic in that current specs and procedures apply. 
- Adequately define responsiveness requirements. 
- Include the ability to write work orders to the contractor to assist the agency when 

additional help is needed. 
- Develop report requirements. 
- The level of effort at this stage is very important. Since this is a new contract type be 

careful about requirements and risk allocation. Partnering should be included in the contract. 
6. Contract administration: 
- Develop inspection procedures 



62 Transportation Research Circular E-C135: Maintenance Management 2009 
 
 

- Implement a partnering arrangement with the contractor 
- Establish a meeting pattern with the contractor. 
- Comply with reporting requirements. 
- Monitor incident response and emergency repairs. 
- Evaluate and approve traffic control plans. 

 
Maintenance Plan 
 
Below are recommendations for an agency to consider while analyzing its maintenance plan.  
 

� Private contractors are a viable option. 
� If snow and ice activities are the critical ones, develop subcontracts to utilize private 

contractors. 
� Determine maintenance needs and develop a more comprehensive subcontract 

program. This referred to as a “hybrid approach” where private local contractors are used to 
supplement agency forces and in some cases work together. Work with your state contractor 
association to develop this program by growing the amount and number of available 
subcontractors. 

� Identify and inventory activities and compare to availability of private sector entities 
throughout the state. 

� Mowing, 
� Sign maintenance activities, 
� Road maintenance activities, 
� Bridge maintenance activities, and  
� Road painting activities. 

� Risk is the biggest factor affecting contractor pricing. Minimize and share risk. 
� An agency needs a LOS requirements description. This helps to establish a baseline 

and helps to establish budget numbers for higher or lower LOS. This will be necessary for 
building a request for additional maintenance funds from the legislature. 
 
 
RECOMMENDATIONS 
 

� PBC will require development time, new organization, capabilities, resources, and 
training.  

� PBC will not save money in most cases. There are some cases where money has been 
saved through PBC contracts, for example, rest areas, movable bridges, and security contracts.  

� Local contractors are interested and capable of performing maintenance activities. 
� Current conditions, such as declining income and growing network, require that an 

agency needs a plan.  
� In Indiana, with 1,350 additional lane miles at $4,500 per lane mile (very 

conservative) equals a $6,075,000 annual increase in operations budget. This will most likely be 
difficult to obtain. 

� Due to economic realities the PBC option has a lower ranking.  
� In snow belt states, anti-icing and de-icing subcontracts should be pursued. 
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� An agency should investigate a “hybrid” approach where in-house forces are 
supplemented through subcontracts with private contractors. This approach starts with an 
analysis of contractors and their capabilities and resources by districts. This analysis will reveal 
what services are available and what services need to be developed. 
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The District of Columbia’s Department of Transportation (DCDOT) has entered into an asset 
management contract for the preservation of the District’s tunnels, which includes the maintenance, 
rehabilitation, and management of 17 tunnels in Washington, D.C. This agreement is a 5-year 
performance-based contract where predefined service levels are established and a private contractor is 
responsible for maintaining and managing the tunnel assets. These contracts are not new to DCDOT, but 
can be considered a novel approach as compared to traditional contracts. Many of the tunnels in the 
District are in need of various levels of rehabilitation and timely maintenance to keep them in good 
condition and to preserve their value. The tunnel contract includes structural, mechanical, electrical, 
management, and lighting maintenance categories. The work entailed in this effort is very challenging in 
terms of project scope, technical requirements, heavy traffic, and resource management and coordination.  
Regardless, the contract requires a consistent, high level of service to ensure that residents and visitors 
across the city are well served. Consistent with performance-based contracting, the challenges are 
balanced by tiered financial incentives and disincentives for consistently meeting or not meeting the level 
of service requirements defined in the contract. The contract includes 87 performance measures and an 
equivalent number of time and response measures. The presentation shares information on the 
performance measures, the performance results to date, start-up considerations, and the lessons learned 
from an urban performance-based tunnel project.  
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Opened to traffic on November 15, 1929, the Ambassador Bridge is an international crossing spanning the 
Detroit River between Detroit, Michigan, and Windsor, Ontario, Canada. At that time, the bridge’s 1,850-
ft suspended span was the longest of any bridge in the world. It is owned, operated, and maintained by the 
Detroit International Bridge Company (DIBC). It is the number one U.S.–Canadian commercial crossing 
in terms of trade volume, carrying 23% of all surface trade between the two countries. The Michigan 
Department of Transportation (MDOT), with the support of FHWA and cooperation from DIBC and 
other local stakeholders, has broken ground on the largest single construction contract that MDOT has 
ever undertaken, the $170 million Ambassador Bridge Gateway Project (ABGP). The ABGP is a major 
freeway reconstruction effort that will enhance commercial access to the Ambassador Bridge while 
improving traffic flow and safety on local roads. The project, which began in the summer of 2007, will 
include a reconstructed I-75–I-96 interchange with new connections to the Ambassador Bridge Plaza. The 
DIBC has a long history of aggressive inspection, maintenance, repair, and reconstruction of its 
Ambassador Bridge transportation asset. Working with Modjeski and Masters, Inc., the DIBC formalized 
its plan for the continued preservation of the bridge through the development and implementation of an 
asset management plan. The plan assures MDOT, FHWA, and other interested stakeholders that the 
structure will continue to be maintained at a level that will be compatible with ABGP and able to safely 
and efficiently handle any additional traffic that will be generated upon its completion of construction in 
2009. The asset management plan for the Ambassador Bridge has been developed with the entire life cycle 
of the bridge in mind. It is based on guidance issued by FHWA including the Asset Management Primer, 
dated December 1999, as well as bridge specific documents such as annual inspection reports. It focuses on 
the existing bridge but takes into consideration that its remaining useful life, until a major rehabilitation 
is undertaken, may be limited. The plan includes planning, programming, engineering, construction, 
inspection, maintenance, and operations. It recognizes that continued and sometimes significant 
investment must be made with respect to a broad set of objectives, including physical preservation, 
congestion relief, safety, security, economic productivity, and environmental stewardship. This paper and 
presentation will document the development and implementation of the plan by the DIBC and how its 
continued implementation facilitates the safe and efficient movement of goods and services between the 
two countries, enhances tourism, and improves the quality of life in communities near the bridge. 
 

 
 

urrently, many transportation systems are reaching the end of their service lives due to 
increased truck traffic and increased vehicular loading. More owners are taking a hard look 

at their budgets, the age of their systems, increased traffic demands, and increased loads and are 
developing new strategies to extend the useful service life of their facilities and get the most out 
of their transportation dollars. The Detroit International Bridge Company (DIBC), owner and 
operator of the 79-year old Ambassador Bridge, is doing the same thing. Their solution is an 
asset management plan that essentially follows the business processes that embody the principles 
of performance-based planning, programming, and management as promoted by FHWA and 
AASHTO. This document is based on guidance issued by the FHWA including the Asset 
Management Primer, dated December 1999.  

C 
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Essentially, asset management involves taking what is already there, caring for it, 
upgrading and improving it where practical, and making it last as long as possible. As applied to 
bridges, this concept means examining an existing bridge and performing all the necessary 
maintenance and preventive treatments to make it last as long as possible, or until it costs more 
to keep up than building a new one.  

This document outlines the asset management plan of the existing Ambassador Bridge as 
it relates to the activities being performed by Modjeski and Masters, Inc. It is not meant to be an 
all-inclusive plan. The DIBC has other projects underway, either in the design or construction 
stages that may affect access to the existing bridge, improvement of toll facilities, and system 
and operational improvements. They are not incorporated into this document.  

 
 

THE AMBASSADOR BRIDGE 
 
Description 
 
Opened to traffic on November 15, 1929, the Ambassador Bridge is an international crossing 
spanning the Detroit River between Detroit, Michigan, and Windsor, Ontario. The structure is a 
suspension bridge with a main span that consists of a 1,850-ft stiffened suspended span and 
unloaded deck truss backstay spans with lengths of 817 ft in Canada and 973 ft in the United 
States. The current roadway is 47 ft wide and carries four lanes of traffic with an 8 ft wide 
sidewalk on the West side. The suspended span channel clearance ranges from 135 ft near the 
towers to 150 ft at midspan. 

The main towers are 363 ft measured from the top of pier to the main cable saddle. The 
center-to-center spacing between the east and west cables is 67 ft. The compacted diameter of 
each cable is 19 5/16 in., consisting of 37 strands with 218 No. 6 cold-drawn double-galvanized 
steel wires per strand (8,066 total wires per cable). Refer to Figure 1 for general suspended span 
details. 

In addition to the main bridge crossing, there is approximately 2,410 ft. of approach 
structure on the Canadian side and 1,430 ft. on the U.S. side. The Canadian approach consists of 
42 plate girder spans while the U.S. approach contains 25 plate girder spans with a deck truss 
span over Fort Street. The approach span roadways are supported by transverse floor joists 
spaced at 6 ft. on center and setting on top of the simply supported built-up plate girders. Refer to 
Figure 2 and Figure 3 for a general plan and elevation of the United States and Canadian 
approach structures, respectively. 
 
Alterations and Repairs 
 
Numerous repairs and alterations have been performed to the Ambassador Bridge since it opened 
in November of 1929. A summary of the more significant items is presented in Table 1. 
 
 



 

 

 
FIGURE 1  Plan and elevation of suspended span. 



 

 

 

 
FIGURE 2  Plan and elevation of U.S. approach spans. 



 

 

 
FIGURE 3  Plan and elevation of Canadian approach spans. 
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TABLE 1  Major Alterations and Repair by Decade 
 

Date Event 
1940s Entire roadway resurfaced and new sidewalks constructed 
1940s Approach superstructures, main cables, and steel bents partially painted 
1950s Main span stiffening trusses repainted 

1970s Replacement of wearing surface along with full-depth deck repairs on the Canadian 
approach spans 

1970s Removal of granite wearing surface and placement of asphalt wearing surface on U.S. 
approach spans 

1970s Curbs and sidewalk replaced on Canadian and U.S. approach spans 
1970s Main towers repainted 
1970s Corrective and preventative maintenance program officially established 
1970s Replacement of all cable band bolts 
1980s Deck replacement on U.S. approach and truss spans 
1980s Rocker links replaced 
1980s Numerous items repainted 
1980s Necklace of lights added 
1990s U.S. plaza expanded 
1990s–2000s Entire bridge blast cleaned and repainted 

2000s 
Replacement of many expansion joints in approach spans; replacement of selected 
suspender ropes for evaluation of existing ropes; specifications adopted for washing and 
paint rehabilitation of structural steel 

 
 
MODJESKI AND MASTERS, INC. 
 
Modjeski and Masters has been continually working with the DIBC since 2006 on the 
development, refinement, and implementation of this asset management plan. It may be of 
interest to the reader to gain an understanding of the capabilities of Modjeski and Masters to 
develop such a plan for this very important international crossing. 
 
History 
 
Modjeski and Masters’ tradition as a leader in bridge engineering dates back to 1893. The firm is 
one of the oldest consulting engineering firms in the nation. Today, Modjeski and Masters is 
widely respected for its specialized technical expertise in design, inspection, and rehabilitation of 
all types of bridges. It has designed eight suspension bridges in its 115-year history and inspected 
and rehabilitated scores more. Currently, we are providing engineering services for 10 
suspension bridge projects. 
 
Experience with the Ambassador Bridge 
 
Modjeski and Masters’ initial assignment for the Ambassador Bridge was to act as a consultant 
to the owner in the approval of all plans specifications and construction activities for the new 
bridge. This engagement lasted from approximately 1927 through 1930. At that time the firm 
was known as Modjeski and Chase.  



Britt and Borzok 75 
 
 

Modjeski and Masters was engaged in the early 1980s to complete an in-depth inspection 
of the bridge. This was followed by an assignment to develop contract documents for the 
redecking of the U.S. approach spans and provide associated construction inspection services. In 
the early 1990s the firm was again engaged to provide inspection services for the expansion 
joints of the main bridge. 

Most recently, Modjeski and Masters is providing annual inspections of the bridge and 
design and construction support services for the main cable investigation, suspender rope 
replacement, and structural steel repairs. 
 
 
OVERVIEW OF ASSET MANAGEMENT IN TRANSPORTATION 
 
Definition of Asset Management 
 
Transportation asset management is a set of guiding principles and best practice methods for 
making informed transportation resource allocation decisions, and improving accountability for 
these decisions. The term “resource allocation” covers not only allocation of money to program 
areas, projects, and activities but also covers deployment of other resources that add value (staff, 
equipment, materials, information, real estate, etc.). While several of these principles and 
practices were initially developed and applied within the domain of infrastructure preservation, 
most established definitions of asset management are considerably broader. The Asset 
Management Guide, recently adopted by AASHTO, defines asset management as: 
 

...a strategic approach to managing transportation infrastructure. It focuses 
on...business processes for resource allocation and utilization with the objective of 
better decision-making based upon quality information and well-defined 
objectives. 

 
Asset management is concerned with the entire life cycle of transportation decisions, 

including planning, programming, construction, maintenance, and operations. It emphasizes 
integration across these functions, reinforcing the fact that actions taken across this life cycle are 
interrelated. It also recognizes that investments in transportation assets must be made considering 
a broad set of objectives, including physical preservation, congestion relief, safety, security, 
economic productivity, and environmental stewardship. 
 
Summary of Process 
 
Figure 4 illustrates the strategic resource allocation process promoted by the DIBC that embodies 
the following elements: 
 

� Goals and objectives supported by performance measures are established through the 
system planning process and used to guide the overall resource allocation process. 

� Analysis of options and trade offs includes examination of options within each 
investment area, as well as trade offs across different investment areas.  

� Resource allocation decisions are based on the results of trade-off analyses. These 
decisions involve allocations of financial, staff, equipment, and other resources to the different 
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investment areas or to different strategies, programs, projects, or asset classes within an 
individual investment area. 

� Program and service delivery is accomplished in the most cost-effective manner 
which again involves consideration of different delivery options (e.g., use of contractors, 
consultants, in-house forces), as well as a delivery tracking process involving recording of 
actions taken, costs, effectiveness, and lessons learned to guide future activity. 

� System conditions and service levels are tracked to see the extent to which 
established performance objectives are being addressed. This information is used to refine goals 
and priorities (e.g., put more emphasis on safety in response to an increase in crash rates). 
 
Transportation Investment Categories 
 
In Figure 4, the box labeled Analysis of Options and Tradeoffs shows three types of investment 
categories—preservation, operations, and capacity expansion. These are defined as follows: 

 
� Preservation encompasses work to extend the life of existing facilities (and associated 

hardware and equipment), or to repair damage that impedes mobility or safety. The purpose of 
system preservation is to retain the existing value of an asset and its ability to perform as 
designed. System preservation counters the wear and tear of physical infrastructure that occurs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4  Strategic resource allocation process. 



Britt and Borzok 77 
 
 
over time due to traffic loading, climate, crashes, and aging. It is accomplished through both 
capital projects and maintenance actions. 

� Operations focus on the real-time service and operational efficiency provided by the 
transportation system for both people and freight movement on a day-to-day basis. Examples of 
operations actions include real-time traffic surveillance, monitoring, control, and response; 
intelligent transportation systems; high-occupancy vehicle lane monitoring and control; ramp 
metering; weigh-in-motion; road weather management; and traveler information systems. 
Operations will not be discussed in this paper.  

� Capacity expansion focuses on the actions needed to expand the service provided by 
the existing system for both people and freight. Capacity expansion can be achieved either by 
adding physical capacity to an existing asset, or acquiring or constructing a new facility. 

 
These categories are defined in order to show that 

 
� Asset management is not just about preservation of highway network assets; it is 

about making investment decisions that address a wide range of policy goals. 
� The three categories provide a simple, useful way for DIBC decision makers to align 

program investment categories and priorities with key policy objectives. For example, many 
owners have established “preservation first” goals or favor maximizing efficiency of operations 
prior to investing in new capacity. 

� The categories may present alternative ways of meeting a policy goal. For example, it 
may be appropriate to consider operational improvements to address a congestion problem as an 
alternative to adding a new lane. 

� Decisions about the resources allocated to each category cannot be made 
independently. Meeting many goals (e.g., safety) may require a mix of investments across these 
categories. Similarly, an increase in capacity expansion investments may require increased 
operations and preservation expenditures at some point in time. 
 

As noted above, trade off analysis may be done across investment categories as well as 
within them. An owner might wish to define investment areas coincident with the categories 
discussed above, or they may define a different set of categories. For example, DIBC has chosen 
to redefine the capacity expansion category and rename it as capacity enhancement.  
 
 
ASSESSMENT OF CONDITION OF THE AMBASSADOR BRIDGE 
 
As mentioned previously, the asset management planning process began in earnest in 2006. The 
basis, or foundation, of the process was the most recently completed annual inspection of the 
bridge. Many of the deficiencies and recommendations identified in that inspection report were 
incorporated into the asset management plan.  
 

The 2006 annual inspection, as performed by Modjeski and Masters, indicated that the 
Ambassador Bridge was in overall fair condition. There were several structural components that 
were identified as needing priority attention to improve the overall condition of the bridge. Other 
items were identified as requiring maintenance work of a continuing nature to be performed 
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annually. The major inspection findings, concerns, and or recommendations for the bridge in 
general and, specifically, for its major components were as follows: 
 

� The cable system was in need of several specific repairs including the metalwork of 
the stiffening truss hanger assembly and the gaps in the wrapping wire around the main cables. 

� An in-depth cable investigation on the main cables to evaluate the condition of the 
interior wires was recommended. An in-depth inspection and subsequent rehabilitation, if 
needed, would help extend the service life of the main cable, a primary structural component of 
the bridge. 

� Many main cable suspender ropes exhibited corroded or several broken wires at the 
suspender rope socket connections to the floor beams, especially the east cable ropes.  

� Corrosion product and staining were observed on the underside of the splay castings 
and on the outer main cable wires entering the splay castings in each anchorage. Missing and 
deteriorated caulking at all cable hoods was observed.  

� The primary structural metalwork of the suspended main span, truss spans, and girder 
spans is in fair to good condition; however, several repairs are recommended for these and other 
components. The major items included: rehabilitating the ends of several stringers in the main 
span, replacing the severely deteriorated main span floor system metalwork near both towers, 
replacing the finger dams and the finger dam support metalwork, rehabilitating the stiffening 
truss link assemblies at both towers, replacing the deteriorated wind transfer plates in the truss 
span top chords, replacing or repairing significantly deteriorated truss and girder span joists, 
replacing or repairing the deteriorated truss bracing and connection plates adjacent to the 
bearings at several bents, and modifying the floor system support metalwork at a limited number 
of roadway joints reduce vertical deflection.  

� There were operational and potential safety problems associated with the inspection 
and maintenance travelers in the main span.  
 

The condition of the concrete deck of the approach spans has been improved since the 
2003 inspection by completing replacement of nearly all of the expansion joints and underlying 
support joists. The deck of the U.S. truss spans was in generally good condition while the deck of 
the Canadian truss spans was in generally fair condition. The deck of the U.S. girder spans was 
in fair-to-good condition while the deck of the Canadian girder spans was in fair-to-poor 
condition. The main span concrete deck was in poor condition and was nearing the end of its 
service life. Remedial action was needed on the sidewalk and bridge railings to strengthen 
against vehicle loading or impact.  

The main span maintenance walkway railing may have met past requirements but did not 
meet the current Occupational Safety and Health Administration standards for guardrail systems.  
 
 
APPLICATION OF AN ASSET MANAGEMENT  
PLAN FOR THE AMBASSADOR BRIDGE 
 
The asset management plan for the Ambassador Bridge has been developed with the entire life 
cycle of the bridge in mind. It focuses on the existing bridge but takes into consideration that its 
remaining useful life, until a major rehabilitation is undertaken, may be limited. The plan 
includes planning, programming, engineering, construction, maintenance, and operations. It 
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recognizes that continued and sometimes significant investment must be made to consider a 
broad set of objectives, including physical preservation, congestion relief, safety, security, 
economic productivity, and environmental stewardship. 

The key stakeholders in the development and implementation of the plan are the 
management of DIBC and Modjeski and Masters. The plan was supported and reviewed by the 
Michigan Department of Transportation (MDOT) and FHWA. The plan was undertaken to meet 
the needs of the Ambassador Bridge transportation facility itself and also the needs of the 
transportation system in and around the facility.  

Again, the asset management plan of the existing Ambassador Bridge relates to the 
activities being performed by Modjeski and Masters, Inc. It is not meant to be an all-inclusive 
plan. The DIBC has other projects underway, either in the design or construction stages, which 
may affect access to the existing bridge, improvement of toll facilities, or system and operational 
improvements, etc. They are not incorporated into this document.  

The asset management plan presented herein focuses on preservation and the possibility 
of crossing enhancement. Capacity enhancement could simply mean constructing a new facility 
(e.g., replacing the existing Ambassador Bridge). In a more aggressive interpretation, capacity 
enhancement could mean adding physical capacity to an existing asset. Both interpretations are 
accounted for in the plan. The asset management plan for the Ambassador Bridge is presented in 
flowchart form in Figures 5 and 6.  
 
Preservation 
 
The first portion of the asset management plan focuses on preservation. The Ambassador Bridge 
is a vital link for heavy commercial traffic and international trade between the United States and 
Canada. In order to ensure the continued safety and security of this crossing and an uninterrupted 
flow of traffic and trade across the bridge, the DIBC has allocated substantial capital resources to 
preserve the structural integrity of the bridge.  

As is expected for a 79-year-old structure, the plan emphasizes preservation and 
encompasses tasks whose purpose is to retain the existing value of the bridge as well as its ability 
to perform as designed. A two-pronged approach addresses the preservation efforts: bridge 
inspection and suspender rope and main cable evaluation (refer to Figure 5).  

A bridge inspection program is vital to any bridge preservation effort. FHWA requires 
bridges to be inspected at least once every 2 years in accordance with the National Bridge 
Inspection Standards (NBIS). The DIBC is inspecting the Ambassador Bridge annually, 
exceeding the requirements of the NBIS. The bridge inspection is used to identify maintenance 
and rehabilitation needs. It also serves as the basis for the development of bridge load capacity 
ratings. Modjeski and Masters was retained by DIBC to perform load capacity ratings for the 
bridge using the load factor method. The 2005 structural rating of the Ambassador Bridge was 
submitted to the DIBC in December 2005. An updated report will be submitted in mid-summer 
2007.  

The rating report identified deficient members and established a basis for the 
development of repairs of deficient members. The initial set of members identified included 
those whose rating factor was less than 1.1 at the operating rating. Contract documents for the 
repair of those members was completed and submitted to DIBC at the end of July 2006. 
Subsequently, the highly redundant joists were subject to an instrumentation program to 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 5  Flowchart for asset management plan. 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 6  Flowchart for asset management plan. 
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determine if marginally deficient members were actually experiencing the specified live 
loadings. It was determined that joist live loading, as per the specifications, was conservative. 
This resulted in the removal from the deficient list of a significant number of joists. 

During the same time period, the suspender ropes and main cable were being evaluated. 
This process began with a testing program of recently removed suspender ropes to determine 
their factors of safety. The program also identified deficient suspender ropes for replacement. A 
total of 47 suspender rope pairs were replaced based on the wire break findings during the annual 
inspections. A final report of the suspender rope investigation was submitted to the DIBC and the 
field portion of the suspender rope replacement program began at the end of May of 2007 and 
has been successfully concluded.  

The main cable investigation program was developed in accordance with NCHRP Report 
534: Guidelines for Inspection and Strength Evaluation of Suspension Bridge Parallel Wire 
Cables. The ultimate purpose is to calculate factor of safety of the cable and determine the 
acceptability of the factor. This is a major decision point in the asset management plan. A very 
low factor of safety will have significant impact on the feasibility of rehabilitating the bridge. 
The field portion of the cable investigation began in July 2006 and concluded in December 2006. 
A draft report of the findings will be delivered to the DIBC in mid-summer 2007. The result was 
that the factor of safety appears to be acceptable. 
 
Preventative Maintenance Program 
 
A vital component of system preservation is the implementation of a preventive maintenance 
program. Preventive maintenance can be defined as the act of keeping a structure in its as-built 
condition or slowing the inevitable deterioration due to environment, traffic vibration, and 
deicing chemicals. In some cases, structures are built with flaws such as cracks in concrete which 
require action to prevent moisture and chlorides from infiltrating the microstructure and causing 
early deterioration. A structure starts to deteriorate sometimes even before the day its 
construction is completed, and it is the duty of the owner to slow the deterioration as much as 
practical using methods and materials that are considered best practices. Only addressing 
functional or structural needs after the needs have manifested themselves is normally more 
expensive than proactively implementing a preventive plan or activity on a routine basis. This 
methodology is similar to keeping a car’s finish waxed or touching up minor scratches or stone 
chips before the next stage of deterioration which is rust attack. Similarly, at one’s home, it is 
always cheaper to repair a minor leak in the roof as soon as it is noticed rather than waiting until 
the underlying roof sheeting is rotted. 

DIBC has put in place a preventive maintenance program to allow their facility to 
function the way it was designed to perform. A listing of the preventive maintenance items is 
shown in Table 2. Many of these items can be performed by DIBC’s in-house maintenance 
personnel. Some of the more specialized items, such as cable openings and underwater 
inspections, would need to be performed by a qualified contractor.  

Affordable structural health monitoring technologies are now currently available that 
allow owners to more clearly understand what’s happening in existing steel and concrete 
structures. DIBC is considering the use of acoustic monitoring on the main cables and suspender 
ropes in order to get real-time information on the future condition of these two prime load-
carrying members. This technology is very useful for bridges that have known defects and  
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TABLE 2  Ambassador Bridge Preventative Maintenance Program 
 

Frequency Preventive Maintenance Item 
Annually NBIS inspection 
Every 5 years Main cable investigation (cable openings) 
Ongoing Structural health monitoring 
Annually Anchorage cleaning 
Every 5 years Underwater inspection of main tower piers 
As needed Debris removal 
As needed Cleaning of drainage system 
Annually Cleaning of abutment tops 
As needed Cleaning of finger joints 
Annually Cleaning and washing of bridge 
Annually Crack sealing in pavement and curblines 
Annually Masonry pointing and crack sealing in piers 
As needed Maintenance of roadway bridge lighting 
As needed Maintenance of “necklace of lights” 
Every 3 months Cleaning and lubrication of wind tongues 
As needed Painting of steel (entire bridge) 
Every 3 to 5 years Spot painting 
Annually Traveler maintenance  
As needed Maintenance of electrical systems 
Winter Snow removal 

 
 

suspect load-carrying capacity to help optimize life-cycle costs, reduce risks, and develop long-
term capital expenditure plans. 
 
Crossing Enhancement 
 
The second major portion of the asset management plan is capacity enhancement. Its major 
components include a new bridge study, design and construction, and the feasibility of short- and 
long-term rehabilitation of the existing bridge assuming the preservation legs of the plan have 
been satisfied.  

DIBC has contracted with a consulting firm to develop documents with the purpose of 
obtaining environmental clearance for the design and construction of a new bridge. DIBC is 
proposing to construct a six-lane cable stayed bridge over the Detroit River, just west of the 
existing Ambassador Bridge. The new bridge will connect directly into the existing plazas in 
both Windsor and Detroit. The new structure will be 102.5 ft wide and 6,200 ft long, with 
approximately 2,200 ft traversing the Detroit River. No supporting structures (piers and towers) 
will be placed in the Detroit River. The development of contract documents and construction of 
the new bridge is independent of any short- or long-term rehabilitation of the existing bridge.  

Initially, the feasibility of short-term repairs will be evaluated. Next, the feasibility of 
rehabilitating the existing bridge will be evaluated. As seen in Figure 6, the major rehabilitation 
effort will begin with a bridge deck evaluation. To commence this effort, a sequential fatigue 
evaluation of the superstructure will be undertaken. The intent is to determine the remaining 
fatigue life of the bridge. Soon thereafter a global deck replacement study will be undertaken. 



 
 

Should the remaining fatigue life be acceptable or if minor rehabilitation of the fatigue prone 
details is necessary, a sequential deck replacement program would be undertaken. The replaced 
deck would include the same number of lanes as the existing bridge; however, lane and shoulder 
widths would be improved. The feasibility of deck replacement is the next major decision point 
in the plan. The big question is can the existing bridge deck remain serviceable until the new 
bridge is opened. Or, if the permitting process becomes lengthy, what staging is necessary for the 
redecking of the existing under traffic prior to the construction of the new bridge. Both scenarios 
are woven into the plan. The plan also considers alternative options if the bridge or major 
components of the superstructure have a very limited remaining fatigue life. This finding will 
also have significant impact on the feasibility of rehabilitating portions of the bridge. 

Should it be feasible to rehabilitate the existing bridge, it would ideally be rehabilitated 
after the new bridge is opened to traffic. Rehabilitating the existing bridge after opening the new 
bridge is fairly straightforward. Contract documents for rehabilitation could be developed during 
the construction period of the new bridge. The rehabilitation contract could be let near the end of 
construction of the new bridge. Construction activities associated with the rehabilitation would 
commence sometime after the new bridge is opened to traffic. This would be the best possible 
scenario for all stakeholders.  
 
Access Improvements 
 
Improving access to the existing and proposed bridges is also an emphasis area for DIBC. On the 
U.S. end of the bridge, DIBC has entered into a public–private cooperative effort to improve 
access to the Ambassador Bridge. This project is known as the Ambassador Bridge–Gateway 
Project. This project specifically addresses the need for long-term congestion mitigation and 
direct access improvements between the Ambassador Bridge and Michigan’s trunk-line 
highways, which include I-96 and I-75 of the Interstate system. MDOT will be letting a project 
for the construction of this link. DIBC has hired an engineering consultant to develop a set of 
contract plans for performing alterations to their facility to dovetail with the MDOT’s gateway 
project.  

On the Canadian end of the bridge, the DIBC is in the process of expanding the customs 
plaza in the area of Huron Church Road. They have contracted with a consultant to provide 
engineering services for the design of a new ramp as part of this expansion. 
 
 
SUMMARY 
 
The DIBC has been collaborating with Modjeski and Masters for several years to develop, refine, 
and implement this asset management plan. Significant resources have been dedicated to seeing 
this plan through to fruition including financial and in-house consultant and contractor staff. The 
plan has been developed around the guidance offered by the FHWA and AASHTO. Resource 
allocation decisions are based on an explicitly stated set of goals and objectives—to cost 
effectively maintain the safety and security of the facility while minimizing congestion. It is 
performance based utilizing information from a number of activities such as annual bridge 
inspections, cable and suspender rope investigations, and load capacity ratings. Decisions are 
based on quality information and analyses of options and tradeoffs. Performance results are 
monitored to provide clear accountability and feedback. For example, factors of safety of the 
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main cable and suspender ropes have been used to justify necessary repairs and the completion 
of repairs is observed and monitored for compliance with specifications. These core principles 
are the basis of the asset management plan.  

The plan has four legs: two dealing with preservation and two dealing with enhancing the 
crossing. The initial preservation leg, bridge inspection, has been completed with the 
construction of the interim steel repairs. The second preservation leg, suspender rope and main 
cable evaluation, has been successfully traversed with the completion of the main cable 
investigation completed and the suspender rope replacements. The two legs of the crossing 
enhancement are underway with the completion of the new bridge study, the conclusion of the 
permitting process, and the initiation of the fatigue evaluation of the Canadian approach 
structures. DIBC has taken a sound and aggressive approach in the development and 
implementation of this asset management plan. 
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Sensors for monitoring corrosivity in concrete that are miniature, wireless, and embeddable, are now a 
reality. Made using emerging innovations in electronics, and reliable and well-tested electrochemical 
techniques, our embeddable sensors are durable and accurate. We have built and validated them against 
bench-top commercial instruments. Called the smart aggregate, the sensor includes both the sensing 
elements and the electronics for measurement and data transfer, all within a small volume of 1-inch-
diameter and ½-in. tall, hermetically-sealed ceramic housing. Some of the early prototype sensors capable 
of measuring temperature and conductivity are currently embedded in bridge decks in Maryland. More 
recent embodiments are capable of monitoring corrosivity are described in this document. 
 

 
 

teel reinforcing bars in concrete bridge decks are known to corrode for a wide variety of 
reasons (1,2). Figure 1 shows a collection of factors, physical and chemical, affecting rebar 

corrosion. After the unfortunate collapse of the bridge on I-35W in Minneapolis (3), there is an 
increased awareness of the decaying highway infrastructure around the nation. Rebar corrosion, 
generally speaking, does not cause catastrophic failure of bridge decks; there is no evidence 
relating the collapse of the bridge on I-35W to corrosion of rebars. However, rebar corrosion 
tends to separate the rebar from the mortar, progressively weakening the deck until the bridge 
becomes unusable. Therefore, sensors monitoring a bridge deck for corrosivity could serve as an 
early warning system, facilitating less expensive remediation modalities. This paper provides an 
account of some of the recent advances made in our laboratory in the area of wireless, miniature, 
embeddable corrosivity sensors called smart aggregates that are being developed and tested in a 
few bridges across Maryland. 

There have been numerous attempts around the world to develop sensors for monitoring 
bridges and other large structures (4). A concise account of embeddable sensors in concrete is 
found in a recent book by Broomfield (1); it includes reference electrodes (measures corrosion 
potential, Ecorr), electrodes for electrical resistance measurements (measures conductivity of 
concrete), galvanic corrosion cells, and electrodes for monitoring polarization resistance (Rp, 
related to corrosion rates) as embeddable sensing elements. Sensors such as the ones described in 
Broomfield (1) and Sensors and Smart Structures Technologies for Civil, Mechanical, and 
Aerospace Systems 2007 (4) have certain practical limitations. They require wires or cables 
running through concrete and periodic cleaning and electrolyte replacement. In spite of these 
limitations, there is a real advantage to using them, especially the ones that measure Ecorr and Rp. 
They provide a measure of corrosion caused by the combined effect of all the agents in concrete, 

S 
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FIGURE 1  Factors that are generally known to influence corrosion of  
rebars embedded in concrete are shown schematically. There have been  

several attempts to develop and use embeddable sensors to monitor  
chloride, pH, humidity, etc., to monitor and follow the  

corrosivity of concrete. An alternative approach is to use surrogate rebars  
as sensors, and monitor their corrosion as an indicator of the  

corrosivity of concrete. In all cases, the size, power consumption,  
mode of data transfer, and longevity are critical aspects of the sensor design. 

 
 
not just a single one. This approach is much more practical than the alternative of having 
individual sensors, one for each agent (Figure 1), and then somehow attempting to predict the 
effect of each on corrosion. With the evolution of ever-shrinking and lower power electronic 
components, the Rp-type sensors can be made wireless and completely embeddable without the 
need for batteries or wired connections to the outside world. When appropriately tooled, they can 
also be reasonably accurate in estimating the corrosivity of concrete. 
 
 
DESIGN CRITERIA FOR SENSORS MONITORING CORROSIVITY IN CONCRETE 
 
It is now commonplace for sensors to be miniature, wireless and carry an electronic ID number. 
The critical design factors for embeddability, though, are  
 

1. The sensing elements that should remain free of maintenance; 
2. Miniature instruments to measure corrosivity, corrosion rate, etc.; 
3. Battery- or cable-free power for operating the embedded instrument and transmitter; 

and 
4. Life expectancy for the entire unit, including the sensing elements and the electronics 

that is comparable to the life of the structure being monitored. 
 

Steel as a sensing element is compatible with concrete; once embedded, it lasts as long as 
the rebars and requires no cleaning during its service life. It is ideally suited for two widely used 
techniques: AC impedance, also known as electrochemical impedance spectroscopy (EIS), and 
electrochemical noise (EN) measurements. Their sensitivity to corrosive agents such as salt is 
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adequate: according several earlier reports (5,6), the maximum recommended Cl limit is 1 lb per 
cubic yard of cement, an equivalent of 11 mM in water. The Maryland State Highway 
Administration (MDSHA) uses the criteria that chloride ions (Cl) in excess of 33 mM leads to 
extensive corrosion. Using these criteria, we have designed sturdy, long-lasting sensors that 
operate on just mWs of power.  

The smart aggregate has built-in instrumentation for conducting EIS, which is one of the 
most powerful and versatile tools available to measure corrosion rates and monitor corrosivity. 
EIS utilizes a very small perturbation ac current signal (1- to 3-µA/cm2 amplitude, and 15 to 20 
different frequencies applied simultaneously); the measurements are conducted at or close to 
Ecorr, and the technique is essentially nondestructive. In the past, the complexity, cost, and 
sophistication of the instruments had limited the widespread application of EIS. Within the last 
decade, electronic hardware manufacturing industry, aided by the demand for multifunctional, 
multimedia devices (cell phones and iPods), has revolutionized programmable miniature 
electronics to commercial, off-the-shelf, affordable, high-fidelity, and versatile levels. Adapting 
these new innovations into EIS, and incorporating stable sensing elements, chemical-resistant 
housing, and hermetic sealing to the design provides an embeddable sensor that is accurate, 
cheap and has a life expectancy that can be in excess of the life of the structure. 

The EN implementation, also built into the smart aggregate, measures the 
electrochemical current noise that is intrinsic to the sensing elements; it does not perturb them 
with external current or voltage signals. The instrumentation is essentially a zero-resistance 
ammeter (ZRA). 

Besides the cost and wireless aspects, our embeddable sensor is also user-friendly. First, 
the perturbation, response measurements, and the analysis capabilities reside in the sensor itself, 
so almost anyone with a little training could make the measurement and obtain the end results. 
The built-in ID allows the user to have multiple sensors in a single structure, and not have to 
worry about data mix up. Users are free to choose their own procedures and protocols for data 
transfer and down-the-line use. It also comes with complimentary devices such as embedded 
temperature sensors; additional features can be augmented with ease. The sensor described in 
this work has the potential to match a number of industries’ requirements described in a recent 
article (7). 
 
 
THE WIRELESS MINIATURE EIS–EN SENSOR 

 
Figure 2a shows a photograph of a prototype miniature wireless sensor made for encapsulation 
and embedding in concrete. The process of installing the sensor in rebars in a bridge deck is 
shown in Figure 2b: it consists of a sensor holder (made of polyurethane that snap fits onto the 
rebars) with a recessed cavity into which the sensor snap fits. Figure 2c shows the process of 
pouring concrete over the sensors. Currently, we have about 20 such sensors, capable of making 
temperature and conductivity measurements, embedded in three bridges in Maryland.  
 
Power 
 
The sensor contains no battery for power; it is powered by an induction technique by placing a 
coil carrying an electric current a few inches above the concrete surface. A smaller coil in the 
embedded instrument (seen in Figure 1a around the circular periphery of the instrument) is  
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Figure 5 - C ompleted Smart Aggregate before final assemblyFigure 5 - C ompleted Smart Aggregate before final assembly

 
(a) 

 

 
 (b) (c) 
 

FIGURE 2  (a) A 1-in. diameter embeddable corrosivity sensor that operates entirely in 
wireless mode. This sensor measures temperature and electrical conductivity. (b) The 

sensor is installed using V-shaped holders that snap-fit onto rebars. (c) Concrete is poured 
over the sensors following conventional procedures used in the absence of sensors, and 

virtually every sensor survives this process. 
 
 
inductively coupled to the driving coil and powers the instrument. The power consumed by the 
sensor during each measurement is about 6-mW; it takes less than 100 s to complete a single set 
of measurements. 
 
Electronic Noise 
 
The footprint of the instrument is quite small such that the pickup of electrical noise from the 
environment is minimal. Furthermore, as the length of the wires (cable) between the instrument 
and the sensing element is small (~1-mm), there is also little noise pickup by the wires. 
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