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ABSTRACT 
The Colorado Department of Transportation (CDOT) has been working to implement 

a pavement management system since the late 1980’s.  CDOT has historically used a 
composite index, known as the overall pavement index (OPI), as the reporting criteria for the 
condition of the state highway network.  OPI was comprised of a weighted combination of 
ride quality, rutting, and cracking.   

Because OPI had a tendency to skew the apparent condition of the network towards 
ride and relied heavily on the apparent surface condition of the pavement, CDOT began 
shifting from a composite index to remaining service life (RSL) as the reporting criteria in 
1999.  For example, if a road element has 5 years of RSL, theoretically the pavement will 
reach the end of its serviceable life in 5 years, assuming no rehabilitation treatments are 
performed.  It is believed the shift to RSL will provide a more accurate and understandable 
representation of the pavement network condition for both elected/appointed officials and 
engineers. 

The shift to remaining service life has forced CDOT to completely revamp the 
pavement management system, starting with basic inventory information, through the 
candidate project identification process.  CDOT selected Deighton Associates to provide the 
pavement management software and to act as a consultant during the system update.  

The purpose of this report is to describe some of the technical details behind CDOT’s 
system, as well as the intended use of the system when fully implemented.  CDOT’s 
pavement management system is comprised of four major sections.  These include roadway 
data collection, calculation of RSL, identification of candidate treatments, and final treatment 
recommendation. 
 
ROADWAY DATA COLLECTION 

Roadway condition data is the substructure of any pavement management system.  
This data describes the current state of the roadway system and is used to forecast the 
impending conditions of the network.  The condition data is the basis for determining all 
pavement management calculations including the RSL, the cause and approximate time of 
pavement failure, the optimum treatment, and ideal year of applying that treatment.  The 
output is only as good as the input.  Hence, one of the essential elements to a successful 
pavement management system is high quality, reliable condition data.  Deciding what data to 
collect, how much to collect, how to collect the data, and how to ensure the quality of the 
data are crucial steps for building a solid pavement management foundation. 

There are an infinite number of variables that can be gathered on any given expanse 
of road.  CDOT has prioritized the data collection into two rough categories, required 
peripheral data and primary basis data.  The required peripheral data that CDOT collects 
includes shoulder type, shoulder width, shoulder condition, and rumble strip.  These data 
fields are not reported in detail.  Shoulder type is either none, flexible, gravel, or rigid.  
Shoulder width is not measured to the nearest inch, but is reported as 0 to 4 ft (0-1.2 m), 4 to 
6 ft (1.2-1.8 m), or  >6 ft (>1.8 m) wide.  Shoulder condition is not reported as a series of 
distresses and corresponding severities, but it is shown as either the same, better, or worse 
than the driving lanes.  Likewise, the rumble strip is reported as one of three possibilities, 
none, < 6 in (<152.4 mm) from the lane, or > 6 in (>152.4 mm) from the lane.  These are 
features that are helpful in framing the entire scope of work for CDOT’s predicted treatment.  
For example, if the Pavement Management software recommends a thin overlay on a specific 
highway segment in the upcoming year, knowing the shoulder is > 6 ft (> 1.8 m) wide 
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without a rumble strip and is in worse condition than the rest of the road further defines the 
requirements for the upcoming thin overlay. 

The primary basis data is the distress data that is used within the pavement 
management software to predict future conditions.  Currently, CDOT collects the following 
distresses: ride, rut, faults, spalling, fatigue cracking, block cracking, transverse cracks, 
longitudinal cracks, “D” cracking, scaling, corner breaks, patches, edge cracking, bleeding, 
and raveling.  Most of these distresses are further broken down into three levels of severity, 
low, moderate, and high.  Distresses are reported as a total count, square feet, or linear feet.  
Ride is reported as inches per mile and rut as hundredths of an inch.  Of these fifteen 
distresses, only half are prominent enough in Colorado to steer the pavement management 
system, ride, rut, fatigue cracking, block cracking, transverse cracks, longitudinal cracks, and 
corner breaks.  These are the distresses that are converted into index ratings and then 
regressed into performance curves that are used to calculate the RSL.  Even though CDOT 
collects a large amount of pavement data and distress data, the keystones of CDOT’s 
condition data are these seven distresses. 

Currently, CDOT collects approximately 11,000 mi, or 17,702 km, of pavement data.  
For all two-lane highways (one lane in each direction), the primary (or increasing milepost) 
direction is collected one year and the secondary (or decreasing milepost) direction is 
collected the following year.  This biennial cycle allows for roadway data that adequately 
characterizes the overall road condition while highlighting variances between the primary 
and secondary directions.  In this manner the total annual miles collected is reduced, and a 
sizeable economic advantage is gained.  For all four-lane highways (two lanes in each 
direction), the far right lane is collected in both directions.  For instances when a direction 
takes up a third or fourth lane, data collection remains in the second lane from the right, 
excluding any on/off ramps or continuous acceleration/deceleration lanes.  When a concrete 
gutter pan extends into an asphalt driving lane, data collection is performed in the next lane 
over.  Truck climbing lanes are not counted when determining which lane is the data 
collection lane.  These basic guidelines ensure that larger highways are represented 
consistently in both directions every year.  By restricting data collection to the same lane 
from year to year, the pavement degradation is reported with more consistency.  This leads to 
better historical records of roadway deterioration and better predictions of future conditions.  
Jumping from one lane to another from year to year will not reveal the natural, progressive 
breakdown of the road.  These rules define an economical and representative approach to 
determining how much of Colorado’s highways need to be rated. 

Currently CDOT is contracting the data collection through Pathway Services Inc.  
Pathway Services Inc. drives an automated data collection van over all of the required 
highway miles and reports the data on 1/10-mile increments.  For rut data, the van is 
equipped with a five-sensor rut bar that measures rut to the hundredth of an inch.  Ride data 
is collected with an inertia profiler consisting of laser sensors, accelerometer, and distance 
transducer.  All measurements for ride are taken as inches per mile.  All other data, from 
pavement type to distress severity, is reduced from video footage.  The van is equipped with 
five video cameras, one windshield view and four pavement views (one over each wheel).  
All video data is recorded on Super VHS videocassettes and sent to the vendor’s data 
reduction office where the cassettes are viewed in slow motion and rated.  Distresses such as 
corner breaks and transverse cracks are counted and a sum is reported for each 1/10-mile 
segment.  For distresses similar to fatigue and block cracking, lengths are determined from 
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the video and are used in conjunction with predetermined default widths to produce a total 
area for the 1/10-mile segment.  Determining widths from the video is difficult and time 
consuming.  The use of default widths facilitates the review of the cassettes.  Default widths 
are based upon the severity of the distress.  For instance, low severity fatigue cracking is 
assigned a default width of 1.5 ft (0.5 m), while moderate severity warrants a 4 ft (1.2 m) 
width, and high severity is calculated with a 12 ft (3.7 m) width.  After all data has been 
processed, CDOT receives a set of Super VHS videocassettes containing a tri-view of all the 
required highway miles.  This tri-view includes the windshield view, a left wheel path view, 
and a right wheel path view.  Accompanying the tapes is a database reporting all variables 
from ride and rut to rumble strips and pavement distresses. 

Given the subjectivity of pavement rating, ensuring the quality of the condition data 
can be perplexing.  There are several levels of Quality Control / Quality Assurance (QC/QA) 
that help ensure acceptable data.  First, before the data collection van begins its trek across 
Colorado’s highways, the van must run several correlation sites and a profilograph 
certification course.  These sites are run five consecutive times.  This helps test instrument 
for initial repeatability.  These sites are then run again at the midway point of data collection 
and again after data collection has been completed.  This confirms that instrument 
repeatability has been maintained for the duration of data collection.  The next level of 
QC/QA occurs at the vendor’s data reduction office.  While videos are being rated, a Quality 
Control Officer inspects workstations, checking controls and monitors.  Then after the tapes 
have been rated, approximately 10% of all highway miles are spot-checked by the vendor 
before delivery.  While CDOT runs additional spot-checks on the videos and data, the 
condition database is processed through a computer program, developed by CDOT, that 
identifies inconsistencies within the data.  For example, the program finds any concrete 
sections that are reported to have fatigue cracking or any asphalt sections that are reported to 
have corner breaks.  The program will also check for duplicate records, missing highway 
segments, incorrect highway limits, wrong pavement types, and out of range distress values.  
In addition to these QC/QA efforts, CDOT has 24 condition data test sites scattered 
throughout the state.  These test sites are 1/10 mile long and were chosen to represent all 
distress types at varying severities.  On an annual basis, CDOT personnel manually rate these 
test sections in accordance with the Strategic Highway Research Program’s Distress 
Identification Manual for the Long-Term Pavement Performance Project (1).  These test sites 
are used to check the condition data vendor’s submittals for accuracy.  Once the data has 
been accepted CDOT creates a database and converts the raw data into index values. 

 
CALCULATING RSL 
Index Values 

The first step toward determining a pavement’s RSL is to take the raw condition data 
and manipulate it through equations to transform it into index values.  The equations 
combine the raw data for a given distress, the maximum possible amount of distress, and the 
minimum amount of distress, then converts the raw data to a rating of 0 to 100.  This is the 
index value.  A rating of 100 indicates a perfect pavement and a rating of 50 or less indicates 
the pavement is beyond the range of its serviceable life.  The general form of the equation 
can be found in Figure 1.  Index values are calculated for ride, rut, alligator cracking, block 
cracking, longitudinal cracks, transverse cracks, load associated longitudinal cracks, and 
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corner breaks.  In order to combine low, moderate, and high crack severities into one index 
value for each cracking type, the following equation is used: 
 

(Avg. Low Distress + Avg. Moderate Distress + Avg. High Distress) – Min. Distress Crack 
Index = 

100 - (100) ( Max Distress – Min. Distress ) 
 

Table 1 displays the current minimum and maximum values used in the above 
equation.  Minimum and maximum values are based on 1/10-mile results. 

Alligator cracking and load associated longitudinal cracks are not collected by the 
condition data vendor, instead the vendor collects fatigue cracking.  Currently, alligator 
cracking and load associated longitudinal cracking index values are calculated as a derivative 
of the fatigue data.  CDOT’s goal is to eventually replace the alligator and load associated 
longitudinal indices with one fatigue index. 
 
Regression of Performance Curves 

The next step in determining a pavement’s RSL is to produce performance curves for 
the pavement section.  A performance curve is required for each distress type.  The 
performance curve models the deterioration of the index value for a specific distress versus 
time. Figure 1 and 2 depict examples of performance curves.  There are three levels of 
performance curves, site-specific, pavement family, and default curves.  The most desirable 
of these is the site-specific curve, however, if one is not available a pavement family curve 
will be used, and if a pavement family curve cannot be generated then the default curve will 
be assigned.   

Site-specific curves are generated on a project segments basis, the length of which 
can range from 0.5 mi (0.8 km) to 5 mi (8 km).  Site-specific curves are the most desirable 
form of performance curves because they inherently address the infinite number of variables 
for the unique stretch of road.  These curves are regressed using historical index values for 
the road section.  For site-specific regression, there must be at least 5 years of historical data 
available since the last rehabilitation or the site-specific curve cannot be used. Moreover, any 
section whose index standard deviation is greater than 10 is automatically assigned a family 
curve.  If the site-specific regression is being performed, the user must specify the minimum 
acceptable coefficient of regression (R2) for the curve.  If the desired coefficient of regression 
cannot be attained, the site-specific curve is not used.  An example of a site-specific 
performance curve can be found in Figure 2. The ultimate goal for the pavement 
management system is to have a unique performance curve for each index on each project 
section. This goal is often not fully attainable, as there are many factors that influence the 
performance index and raw data for each section. 

When site-specific curve criteria cannot be met the system will check for a pavement 
family curve. Pavement families are used to group pavements together that have similar 
characteristics. Pavements that have similar composition, traffic patterns, climate, and 
thickness generally have the same performance.  CDOT uses the following criteria to define 
the family curves: 

1. Pavement type (asphalt, asphalt over concrete, concrete, concrete over asphalt) 
2. Traffic (low, medium, high, very high, very very high) 
3. Climate (very cool, cool, moderate, hot) 
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4. Pavement thickness 0 – 4 in (0-102 mm), 4 – 6 in (102-152 mm), and > 6 in (152 
mm) for asphalt pavements. For concrete pavements < 8 in (< 203 mm) and >8 in (> 
203 mm) 

 
For example, all pavement sections that are asphalt, have high traffic, cool climate, and a 
thickness between 0 – 4 in (0-102 mm) will be grouped together as a family.  Theoretically 
these sections should perform similar to one another.  Using these variables allows for 
approximately 200 pavement families.  Similar to site-specific curves, pavement family 
curves are regressed from individual distress index values that are separated per pavement 
family.  Figure 3 is an example of a pavement family curve.  Within the pavement family 
regression module, any pavement sections whose year of last work or age is invalid will be 
excluded from the family regression. This means that the points are not used; this does not 
mean that a family performance curve will not be regressed. If the number of points for any 
family is less than or equal to 9 after the points have been reduced, a family curve will not be 
generated. 

For instances when neither site-specific nor pavement family regression curves are 
available, a default curve is assigned.  Default curves are based upon the same pavement 
family criteria mentioned above, which means approximately 200 default curves have been 
established.  Default curves are not regressed from data, but are derived from the best 
engineering prediction as to how individual pavement groups will deteriorate.  Because 
default curves are not data based, they are the least desirable performance curve; however, in 
cases of inconsistent or lacking data default curves must be used. 
 
RSL 

Once a pavement segment has been assigned a performance curve, a threshold age 
can be determined for each distress type and the RSL can then be calculated.  The threshold 
age is the age at which the pavement is predicted to fail based on a performance curve.  
Knowing that pavements fail at an index value of 50, the threshold age can be determined 
from the regression curves.  In Figure 2, the site-specific performance curve deteriorates to 
an index value of 50 at year 16; hence, the threshold age is 16 years.  The RSL is the 
difference between the threshold age and the current age of the pavement.  If the pavement is 
9 years old then the threshold age minus the current age yields an RSL of 7 years.  
Analogously, the deterioration curve in Figure 3 intercepts an index of 50 at an age of 37 
years.  If this pavement is 3 years old then the RSL is 34 years.   

For a particular asphalt pavement segment an RSL is determined for each of these 
distresses: ride, rut, alligator cracking, block cracking, longitudinal cracks, transverse cracks, 
and load associated longitudinal cracks.  And, for a particular concrete pavement RSLs are 
determined for each of these distresses: ride, rut, longitudinal cracks, transverse cracks, and 
corner breaks.  The final RSL for the particular segment is reported as the lowest of the 
individual distress RSLs.   
 
IDENTIFICATION OF CANDIDATE TREATMENTS STRATEGIES 

It is important to distinguish between the term treatment and the term strategy.  
Both terms relate to activities that have the same general objective of improving the 
condition of a road network element, however, they are not interchangeable.  A treatment is a 
tactical action taken in any given year to improve any or all conditions of a road element.  A 
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strategy is a strategic action of applying a unique combination of treatments over a defined 
treatment application period to improve any or all conditions of a road element (2). 

After the index values are calculated and the RSL is determined, the next step is to 
decide which strategies are acceptable for each road network element.  CDOT developed the 
initial triggers based upon expert opinion from each of the 6 regions within CDOT.  
Individual treatments were separated into applications that are appropriate for asphalt 
pavements and then into treatments for concrete pavements.  Next, from the list of treatments 
used statewide each region was asked to select only those treatments that they use in their 
region, all other treatments will not be considered for that region.  These treatments are 
combined in the pavement management system to define viable strategies.  After the regional 
treatments were established, the regions assigned statewide RSL zones that define acceptable 
ranges of RSL for each treatment.  For example, if a section has a current RSL value of 5 
years and the treatment’s RSL zone is 3-15 years the criteria is met and the next trigger for 
that treatment is evaluated.  Lastly, the current pavement conditions are checked to determine 
if all the indices are within the prescribed parameters.  If the indices meet the treatment’s 
criteria then the treatment will be considered.  An example of the decision tree for a thin 
overlay can be found in Figure 4. 
 
FINAL TREATMENT STRATEGY RECOMMENDATION 

After a list of strategies is generated for each network road element, the final 
recommendations are developed using a heuristic optimization technique called Incremental 
Benefit Cost (IBC).  Deighton defines the IBC as, “…the ratio between the increase in 
benefit to the increase in cost between successive stradegies.”(3)  The IBC’s goal is to select 
the strategies that maximize the user defined benefit to the whole network while not 
exceeding the budget available.  A simplified example of the IBC analysis can be found in 
Figure 5. 

A list of possible strategies (T1-T7) is generated and plotted based on the cost and 
associated benefit for each strategy.  The upper most strategies on the graph are joined 
together with a segmented line.  Each segment is drawn by starting at the do-nothing strategy 
and drawing the segments in such a way that no strategy points exist above the line and no 
line segment has a bigger slope than the previous segment.  This segmented line is called the 
Efficiency Frontier.  The slope of each successive line segment is called the incremental 
benefit cost of going from one strategy to the next.  The recommended strategy will most 
likely fall on the Efficiency Frontier because the treatment will have the highest benefits for 
the lowest cost.  Furthermore, a second parallel line can be plotted to create the Efficiency 
Envelope.  Deighton defines the Efficiency Envelope as, “The efficiency envelope is used… 
to expand the efficiency frontier.  Without an efficiency envelope only the strategies on the 
efficiency frontier would be used in selecting strategies during optimization…”(4) Currently 
CDOT has selected an Efficiency Envelope of 10%.  An example of the strategy selection 
process is located on Table 2. 

Once the list of recommended strategies for the statewide network is established the 
strategy costs for each region will be totaled and this dollar amount will become the region’s 
budget for the next round of construction projects.  The regions will then optimize region 
specific treatments based on their assigned budget amounts.  To avoid large swings in budget 
from year to year for the regions, CDOT envisions that a list of projects for the next 5 years 
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will be generated from the statewide network and a 5-year average budget will then be 
created for the regions. 
 
GOALS 

CDOT has established several goals for use of the newly updated pavement 
management program. 

One goal for the system is to provide reliable representation of the current condition 
of the state highway network, in terms of RSL.  This is accomplished through both bar graph 
representation, as well as maps depicting the condition of various roads.  This information is 
currently reported on an annual basis to the Transportation Commission and the engineering 
regions, and compared with existing Transportation Commission goals for system quality. 

As noted above, future use for the system is to drive funding allocation 
recommendations to the regions.  Additionally, the Chief Engineer has established a goal that 
the system should drive 60 –70 % of the regional project selections by October 2003.  A first 
draft recommendation for regional funding allocation has been developed, but has not yet 
been implemented because of regional concerns.  CDOT has also established a baseline for 
project selection and is striving to meet the Chief Engineer’s objective for 60-70% match. 

Ultimately, as CDOT begins utilizing the system to its full capacity and as confidence 
grows, the system will serve to show impacts of funding level decisions on the eventual 
condition of the highway network.  This will allow the budget-level decision-makers to make 
rational, data based, decisions regarding funding for the Surface Treatment Program. 

CDOT also intends to use information from the pavement management system to 
update performance life assumptions used in the pavement life cycle cost analysis and 
provide designers information about the potential performance life of various treatments 
based upon the condition of the pavement prior to treatment. 

As with any management system, the evolutionary process is never complete and 
CDOT will be continually striving to improve the assumptions made during the development 
process. 
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FIGURE 1 General Equation Form For Index Values 
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By similar triangles: 
 
AB / AC = BE / FC 
 
Substituting value definitions: 
 
(100 – Index) / 100 = (Average distress – Min distress) / (Max distress – Min distress) 
 
Solving for index: 
 
Index = 100 – [(Average distress – min distress) * 100] / (max distress – min distress) 
 
Where: 
 
Average distress is the average of raw data for the selected segment. 
Min distress is the statewide minimum raw data. 
Max distress is the statewide maximum raw data. 
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FIGURE 2 Site-specific curve 
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FIGURE 3 Family curve 

Project: 002A-1-003000   Last Work: 1998

IRI Family Curve

Pavement Group: 1242
Pavement: Asphalt,  Traf_Z: Medium,  Env_Z: Cool,  Depth: <6 in (<152 mm)
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FIGURE 4 Example of treatment trigger 
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3. Is the current RSL for that section in the range of 3-15 years? 
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5. Is the current block cracking index ≥ 65? 
6. Is the current alligator cracking index ≥ 65? 
If the answer to all of the above questions is “Yes” the treatment will be considered for this 
section.  If the answer to any of the above questions is “No” the treatment is not acceptable 
for this section and another treatment will be considered. 
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FIGURE 5 IBC analysis 
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TABLE 1 Minimum and Maximum Condition Data Values 

Index Pavement Type Minimum Maximum 
Ride Interstate Concrete 50 (in/mi) 

790 (mm/km) 
400 (in/mi) 

6,310 (mm/km) 
 Interstate Asphalt 30 (in/mi) 

470 (mm/km) 
350 (in/mi) 

5,520 (mm/km) 
 All Others 35 (in/mi) 

550 (mm/km) 
675 (in/mi) 

10,650 (mm/km) 
Rut All Pavements 0.15 (in) 

3.8 (mm) 
0.95 (in) 
24 (mm) 

Alligator Cracking All Asphalt 0.0 (ft^2) 
0.0 (m^2) 

5,000 (ft^2) 
465 (m^2) 

Block Cracking All Asphalt 0.0 (ft^2) 
0.0 (m^2) 

7,200 (ft^2) 
670 (m^2) 

Fatigue Cracking All Asphalt 0.0 (ft^2) 
0.0 (m^2) 

7,800 (ft^2) 
725 (m^2) 

Load Associated 
Longitudinal Cracking 

All Asphalt 0.0 (ft^2) 
0.0 (m^2) 

3,000 (ft^2) 
280 (m^2) 

Transverse Cracking All Asphalt 0.0 (counts) 110 (counts) 
 All Concrete 0.0 (counts) 70 (counts) 

Longitudinal Cracking Asphalt & Concrete 0.0 (ft) 
0.0 (m) 

2,000 (ft) 
610 (m) 

Corner Breaks All Concrete 0.0 (counts) 50 (counts) 
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TABLE 2 Example of the Strategy Selection Process 

Highway IBC Benefit Cost (thousands) Treatment 
1 0.18 18 100 T3 
2 0.16 12 75 T2 
3 0.14 7 50 T1 
1 0.10 20 200 T4 
4 0.10 12 125 T5 
2 0.09 9 100 T6 
3 0.04 8 200 T7 

 
1. An agency has a budget of $500,000.  
2. All of the acceptable strategies for the network are sorted from highest to lowest IBC. 
3. The strategy with the highest IBC (T3 = 0.18) is evaluated first.  Does the agency have 

enough budget to support this strategy?  If the answer is yes, the strategy is recommended 
for HWY 1 and the cost is deducted from the budget.  Revised Budget = $400,000. 

4. The next highest IBC (T2 = 0.16) is evaluated.  Since there is enough money remaining 
in the budget T2 is recommended for HWY 2 and the cost is deducted from the budget.  
Revised budget = $325,000. 

5. The next highest IBC (T1 = 0.16) is evaluated.  Since there is enough money remaining 
in the budget T1 is recommended for HWY 3 and the cost is deducted from the budget.  
Revised budget = $275,000. 

6. The next highest IBC (T4 = 0.10) is evaluated.  Because both T3 and T4 are possible 
strategies for HWY 1 and since T3 has already been recommended T4’s benefit is 
evaluated first.  If T4’s benefit (20) is higher than T3’s (18), T4’s cost is then reviewed, if 
T4’s benefit was lower the strategy would be rejected and the next strategy is reviewed.  
Since the revised budget is $275,000 and T4 costs $200,000, T4 will be selected for 
HWY 1 because the benefit is higher than T3 and there is still enough money in the 
budget to perform this strategy.  The revised budget = $275,000 - $200,000 (T4) + 
$100,000 (T3) = $175,000. 

7. T5 for HWY 4 is next to be recommended.  Revised budget = $50,000. 
8. T6 for HWY 2 is compared against T2 that has already been recommended for this same 

highway.  Since the benefit for the previously recommended strategy T2 (12) is higher 
than T6 (9), T6 is rejected and the budget remains $50,000. 

9. T7 for HWY 3 is compared against T1.  The benefit for T7 (8) is greater than T1 (7) 
therefore, the cost of T7 is reviewed against the current budget.  Since the cost of T7 
($200,000) is greater than the current budget ($50,000) T7 is rejected and T1 remains the 
recommended strategy for HWY 3. 

10. Thus, the recommended strategies would be T4 for HWY 1, T2 for HWY 2, T1 for HWY 
3, T5 for HWY 4, and a remaining $50,000 in the budget. 
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