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EXECUTIVE SUMMARY 
 
 
This report documents the results of a study initiated by the Minnesota Department of 
Transportation (MnDOT), on behalf of the Local Road Research Board (LRRB), to evaluate the 
impact of enhancing residential roadway construction standards to accommodate greater axle 
loads on life-cycle costs.  Specifically, the study compared the life-cycle costs of residential 
roadways constructed using MnDOT 9- to 10-ton and 5- to 7-ton construction standards. 
 
The study results are outlined in a report entitled—Impact of Increasing Roadway Construction 
Standards on the Life-Cycle Costs of Local Residential Streets.  Chapter 1 of this report briefly 
describes the background and objectives of the study along with the scope of the study.  This is 
followed in Chapter 2 by a description of the data collection effort along with a summary of the 
data collected from MnDOT and selected Minnesota cities for analysis.  Chapter 3 describes the 
data assembly effort, including quality checks performed.  Chapter 4 describes the data analysis 
effort—specific issues discussed include identification of typical designs and maintenance and 
rehabilitation (M&R) treatments for 5- to 7-ton and 9- to 10-ton designs, determination of initial 
pavement life and M&R treatment lives, evaluation of unit cost data, development of life-cycle 
models, and conduct and results of the LCCA.  Chapter 5 presents the study conclusions and 
recommendations. 
 
Scope of Work 
 
This study focused solely on asphalt-surfaced residential streets. Thus, analysis of non-
residential roadways or non-asphalt surfaced residential roadways was excluded (i.e., concrete, 
composite, gravel roads). 
  
Analysis 
 
Life-cycle cost analysis (LCCA) was performed using the FHWA software RealCost v2.1 to 
identify the construction standard with the lowest cost over the entire pavement life (i.e., not just 
alternatives with the lowest initial costs).  LCCA was accomplished by performing the following: 
 

1. Identifying, collecting, and assessing pavement data associated primarily with the 9- to 
10-ton and 5-to 7-ton construction standards.  The pavement data of interest included: 

a. Design standards, layer types and thicknesses, traffic counts, and so on. 
b. Construction, maintenance, and rehabilitation histories (paving materials and 

thicknesses, years of placement). 
2. Identifying and collecting relevant cost information for LCCA (i.e., project bid year, bid 

item, low-bid or three lowest bids unit price, bid item quantity). 
3. Performing a LCCA to compare the life-cycle costs of 9- to 10-ton and 5-to 7-ton 

designs. 
4. Analyzing the results and developing recommendations. 

 
 



 

For this study, data were collected from six cities in Minnesota (see figure A) along with the 
MnDOT State-Aid office.  The information collected shows that 9- to 10-ton designs typically 
have three layers—two bituminous and an aggregate base/subbase layers placed over a prepared 
subgrade—while the 5- to 7-ton designs typically have two layers—a bituminous and an 
aggregate base/subbase layer placed over a prepared subgrade (see figure B for typical 
structures).  Typical cost data collected are presented in table A. 
 

Burnsville
Crystal
Eagan
St. Louis Park

Burnsville
Crystal
Eagan
St. Louis Park

 

Bituminous Wear
Bituminous Binder

Class 5
Aggregate Base

Subgrade

1.0-in
1.0-in

6.0-in

Infinite

Bituminous Wear

Bituminous Binder

Class 5
Aggregate Base

Subgrade

1.0-in

4.0-in

8.0-in

Infinite

5- to 7-ton 9- to 10-ton

Figure A.  Geographical locations of the 
six cities selected for detailed survey. 

Figure B.  Typical pavement structure for the 9- to 
10-ton and 5- to 7-ton designs. 

 
 
Typical M&R performed were 
patching, crack sealing, seal coat, 
mill and overlay/resurfacing, and 
reconstruction.  New 
construction and M&R service 
life was defined in this study as 
the life of a pavement structure 
from the time it is completed for 
use until application of the first 
significant rehabilitation 
treatment or reconstruction.  
Service lives were determined 
through modeling.  The 
modeling techniques applied 
were: (1) development of 5th 
order polynomial models using 
regression and (2) development 
of survival curves using survival 
analysis.  Figures C and D 
present examples of regression 
and survival functions/models 
developed in this study for 
determining service life. The 
service life estimates developed 
using these models were 
normalized to account for the 
effect of traffic and climate. 

Table A.  Summary of unit costs used to estimate activity 
costs. 

Bid Item Unit Unit Price 

Bituminous concrete (wearing Type 41) Ton $29.00 

Bituminous concrete (wearing Type MV3) Ton $35.57 

Bituminous concrete (nonwearing Type MV3) Ton $31.27 

Bituminous concrete (binder) Ton $31.50 

Bituminous concrete (base) Ton $31.00 

Sealcoat SY $1.98 

Bitumen for tack coat Gal $1.85 

Apply tack coat Hr $114.25 

Bitumen for prime coat Ton $222.00 

Select granular material CY $7.83 

Aggregate base, class 3 CY $12.56 

Aggregate base/subbase, class 4 CY $13.77 

Aggregate base, class 5 CY $18.03 

Remove bituminous pavement (milling) (2.0") SY $1.75 

Bituminous pavement (to stockpile) CY $9.00 

Bituminous pavement (in place) CY $11.95 

Salvaged milled aggregate from stockpile CY $6.00 

Removal of bituminous concrete pavement SY $3.75 

Removal of subgrade material CY $7.25 

Crack sealing LF $0.28 

Curb and gutter LF $8.58 

Curb and gutter, remove and replace poor sections LF $20.00 
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Figure C.  Plot of regression model for new 
bituminous concrete 9- to 10-ton designs. 

Figure D.  Survival distribution function for new 
bituminous concrete 9- to 10-ton designs. 

 
Life-cycle models that reflect the types and sequence of M&R activities expected to occur for a 
typical 9- to 10-ton and 5- to 7-ton pavement design were identified for which the costs were 
calculated.  Table B shows the alternative life-cycle models developed for the 9- to 10-ton and 5- 
to 7-ton representative designs.  Each design had the following additional characteristics: 
 

• Street type:  2-way local residential street. 
• Pavement width:  32 ft. 
• Shoulder type:  None (curb and gutter at the pavement edges). 
• Traffic:  Anticipated 2-way ADT—1,000 veh/day (with 2 percent trucks). 
• Discount rate: 4 percent. 
• LCCA analysis type: probabilistic. 
• Analysis period: 48 years. 

 
Summary of Life Cycle Cost Analysis Results 
 
The resulting life-cycle cost estimate (mean and standard deviation), based on 500 simulation 
runs for each design alternative (i.e., 9-to 10-ton and 5- to 7-ton construction standard), is 
presented in figure E.  Figure F shows a histogram of the distribution of computed life-cycle 
costs for all 500 iterations for 9-to 10-ton and 5- to 7-ton construction standards.  The results 
summarized in table C show that the difference in costs between the two construction standards 
(i.e., 9-to 10-ton and 5- to 7-ton) at both 50 and 90 percent probability levels are much less than 
10 percent (note that 10 percent is typically adopted as the threshold for determining if the 
difference in costs is significant).  A statistical t-test performed to determine whether there was a 
significant different in mean life cycle costs for the two design standards reported a p-value of 
0.387, indicating no significant difference at the 95 percent significance level.  Hence, it can be 
concluded that there was no significant difference in costs when a 9- to 10-ton design standard is 
used in place of the current 5- to 7-ton design standard.  The factors that come together to result 
in the similar life-cycle costs include: 
 

• The 9- to 10-ton design standard has a high initial cost (approximately 2.5 times the cost 
of a 5- to 7-ton design), which increases the life-cycle cost for the 9- to 10-ton design. 



 

• The 9- to 10-ton design has less frequent M&R needs, which reduces the life-cycle cost 
for this design section. 

• The initial design life of the 5- to 7-ton design is shorter than that of the 9- to 10-ton 
design. 

 

Table B.  Life-cycle cost models used for analysis. 
Activity Year 

5-7 Ton Design 9-10 Ton Design 
0 Initial construction Initial construction 
4 Crack Seal  
5 Sealcoat  
8  Crack Seal 
9 Crack Seal Sealcoat 
10 Sealcoat  
15 Overlay Crack Seal 
16  Sealcoat 
18 Crack Seal  
19 Sealcoat  
22  Crack Seal 
23  Sealcoat 
24 Overlay  
27 Crack Seal  
28 Sealcoat Overlay 
33 Overlay Crack Seal 
34  Sealcoat 
36 Crack Seal  
37 Sealcoat  
39  Crack Seal 
40 Reconstruction Sealcoat 
42  Reconstruction 
44 Crack Seal  
45 Sealcoat  
48  Crack Seal 
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Figure E.  Computed life cycle costs for the 

construction standards alternatives. 
Figure F.  Distribution of life-cycle costs for 9- to 

10-ton and 5- to 7-ton designs. 
 



 

 
Table C.  Detailed summary of the results of the LCCA for both design alternatives. 

Analysis Type Cost Variables 
9- to 10-ton design 5- to 7-ton design 

Percent Difference in 
Design Alternatives 

Estimated Agency Cost @ 50 percent 
Probability ($ per 2 lane-mi) 542,010 537,330 0.86 

Std. Dev., ($) 89,260 81,780 — 
Estimated Agency Cost @ 90 percent 

Probability, ($ per 2 lane-mi) 688,396 671,449 2.46 

 
All of the above factors, when taken into account using the LCCA, result in statistically similar 
present worth costs for the two designs. 
 
Conclusions  
 

• Initial Pavement and M&R Service Life—There was significant difference in initial 
pavement and M&R service lives measured in terms of pavement age in years (note that 
service life in years was normalized to reflect the effects of traffic and climate on 9- to 
10-ton and 5- to 7-ton designs). 

• Mean life cycle cost for the 9- to 10-ton design was $542,010. 
• Mean life cycle cost for the 5- to 7-ton design was $537,330. 
• There was no significant statistical difference (at the 95 percent significance level) 

between life cycle costs for the 9- to 10-ton and 5- to 7-ton designs. 
• Percent difference in 9- to 10-ton and 5- to 7-ton was 0.86 to 2.46 percent at the 50 and 

90 percent probability levels, respectively. 
 
Recommendations 
 
Generally, the design alternative with the lower life cycle cost is deemed to be the most cost 
effective.  For this study, there was no significant difference in life cycle costs for the two design 
alternatives evaluated.  Thus, the decision as to whether to apply a 9- to 10-ton or 5- to 7-ton 
design for residential streets must be made on a case-by-case basis.  Such a decision must 
consider, as a minimum, the following items: 
 

• Initial costs. 
• Phased construction. 
• Sources of roadway constriction and maintenance funding. 
• Availability of resources (personnel and financial) for performing frequent M&R 

activities. 
• Disruptions due to lane/road closures. 
• Underlying costs for additional treatment depending on the subgrade type (i.e., 

subexcavation or subgrade improvement costs). 
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CHAPTER 1.  INTRODUCTION 
 
 
BACKGROUND 
 
Municipal streets and roads in Minnesota are classified according to the magnitude of the traffic 
load they are designed to carry.  Typically, higher traffic volume "arterial streets" and "collector 
streets" are designed according to the Minnesota Department of Transportation’s (Mn/DOT’s) 9- 
to 10-ton design standard, while lower traffic volume "residential streets" are designed according 
to Mn/DOT’s 5- to 7-ton design standard.  A 9- to 10-ton design standard is one that is based on 
restricting spring time axle loads to between 18,000 and 20,000 lb, while a 5- to 7-ton design 
standard is one that is based on restricting spring time axle loads to between 10,000 and 14,000 
lb.  Outside of the spring load restriction period, the pavements are permitted to be loaded to the 
legal truck axle load limits in Minnesota. 
 
With increasing traffic, the adverse effects of climate on roadway performance, and frequent 
cutting and patching associated with underground utility work, municipal residential streets are 
experiencing a reduction in original pavement life and more frequent costly maintenance and 
rehabilitation (M&R).  The increase in M&R along with reduction in pavement life has resulted 
in significant increases in costs to be borne by cities with limited budgets. 
 
To rectify this situation, city managers and engineers are looking to improve current residential 
street design standards for bituminous pavements, which comprise the vast majority of city 
streets.  One such enhancement involves upgrading the structural capacity of residential 
roadways from the current 5- to 7-ton design standard to a 9- to 10-ton design standard.  
 
Adopting the 9- to 10-ton design standard for residential streets has the advantage of being able 
to carry greater vehicular/truck loads, resulting in improved performance and a reduction in both 
the frequency and cost of M&R activities.  Such benefits, however, may be offset by the added 
cost of a thicker initial pavement structure. 
 
OBJECTIVES  
 
Mn/DOT, on behalf of the Local Road Research Board (LRRB), initiated this study to evaluate 
the life-cycle cost impact of enhancing roadway design and construction standards to 
accommodate greater axle loads on local residential streets in Minnesota cities.  The objective of 
this study was to assess the life-cycle costs of bituminous-paved residential streets only.  Thus, 
analysis of non-residential facilities, such as highways, is excluded.  Also excluded are concrete 
pavements, composite (i.e., bituminous on top of concrete) pavements, and gravel roads. 
 
SCOPE OF WORK 
 
The project objectives were accomplished by performing the following five tasks: 
 

5. Identify, collect, and assess pavement data associated primarily with the 9- to 10-ton and 
5-to 7-ton construction standards.  The pavement data of interest included: 
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a. Design standards, layer types and thicknesses, traffic counts, and so on. 
b. Construction, maintenance, and rehabilitation histories (paving materials and 

thicknesses, years of placement). 
6. Identify and collect relevant cost information for life-cycle cost analysis (LCCA). 
7. Perform a LCCA to compare the life-cycle costs of 9- to 10-ton and 5-to 7-ton designs. 
8. Compare and analyze results and develop recommendations. 
9. Prepare final report. 

 
ORGANIZATION OF REPORT 
 
This final project report consists of five chapters.  Following this introductory chapter is a 
presentation of the data collection effort and a summary of the data collected from Mn/DOT and 
selected Minnesota cities (chapter 2).  Chapter 3 describes the data assembly effort, including 
quality checks performed.  Chapter 4 describes the data analysis effort—specific issues discussed 
include identification of typical designs and M&R treatments for 5- to 7-ton and 9- to 10-ton 
designs, determination of initial pavement life and M&R treatment lives, evaluation of unit cost 
data, development of life-cycle models, and conduct and results of the LCCA.  Chapter 5 
presents the conclusions and recommendations. 
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CHAPTER 2.  DATA COLLECTION 
 
 
INTRODUCTION 
 
This chapter describes the task of identifying and collecting data from Mn/DOT and selected 
Minnesota cities.  The data collection effort consisted of four essential steps: 
 

1. Identification of relevant pavement design, construction, rehabilitation, maintenance, and 
cost data required for LCCA. 

2. Preliminary survey of Minnesota cities and short-listing of cities with sufficient “good 
quality” data for analysis. 

3. Detailed survey and on-site data collection of the six short-listed cities.  
4. Collection of additional pavement data (inventory, traffic, costs, etc.) from the Mn/DOT 

State Aid for Local Transportation (SALT) division office. 
 
Detailed descriptions of the data collection effort are presented below according to the above 
four steps. 
 
STEP 1—IDENTIFICATION OF DATA REQUIRED FOR LCCA 
 
Based on the objectives of this study, the project team developed a detailed list of data required 
for performing LCCA.  The goal was to identify all relevant pavement information/data 
associated with Mn/DOT’s 5- to 7-ton and 9- to 10-ton design standards.  The list of information 
identified and required for LCCA is summarized in table 2-1. 

 
STEP 2—PRELIMINARY SURVEY AND SHORT-LISTING OF CITIES  
 
A list of approximately 20 representative cities in Minnesota was developed for preliminary 
survey.  The goal of this survey was to determine the suitability of their pavement data for this 
study and decide which six cities should be targeted for detailed survey and on-site data 
collection.  The criteria for inclusion in this list were as follows: 
 

• Size of the city (i.e., population, miles of roadway, traffic volume). 
• Location (i.e., within the inner ring of the twin cites of Minneapolis-St. Paul, within the 

outer ring of the twin cities, and outside the metro area [greater Minnesota]). 
• Residential street pavement types (bituminous or otherwise). 

 
The list of representative cities is presented in table 2-2. 
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Table 2-1.  Preliminary list of data types/categories required for analysis. 

 

 
 

Table 2-2.  List of cities identified for preliminary survey. 

 
Metro Inner-Ring Metro Outer-Ring Non-Metro (Greater Minnesota) 

• Crystal  
• Golden Valley 
• Maplewood  
• Oakdale 
• Richfield 
• Roseville 
• St. Louis Park 

• Bloomington  
• Burnsville  
• Coon Rapids  
• Eagan  
• White Bear 

• Brainard  
• Duluth  
• Fairmont  
• Hutchinson 
• Mankato 
• Moorhead 
• Rochester 

 
 
To determine whether the identified cities had sufficient good quality data, a preliminary survey 
was conducted.  This survey was completed by contacting engineering offices of the cities listed 
in table 2-2 and submitting a questionnaire by email to solicit responses. 
 
A total of nine cities responded to the questionnaire.  The results obtained from the preliminary 
survey along with the questions asked as part of the survey are presented in table 2-3.  The 
responses were evaluated in detail to determine the cities with apparently “good quality” data 
available in sufficient quantities for analysis.  Based on the evaluation results, a total of six cities 
were selected for detailed survey.  The six short-listed cities were as follows: 
 

Information Required Data Description 
Description of all roadway 
sections within the city 
network 

• Unique section identification number, pavement type (bituminous, 
concrete, composite), construction date, etc. 

Design types and standards • Design standards for 5- to 7-ton bituminous pavements. 
• Design standards for 9- to 10-ton bituminous pavements. 

Geotechnical reports 

• Geotechnical or other pavement reports showing pavement structure, in-
situ pavement layer thicknesses, material types, etc. for new construction, 
reconstruction, and rehabilitation. 

• Subgrade type (clay, silt, sand, etc.). 

Traffic • Historical traffic information (e.g., average daily traffic [ADT], percent 
trucks or heavy commercial vehicles). 

Cost • Construction cost unit rates. 

M&R history • Pavement construction, rehabilitation and maintenance history 
information. 

Condition • Pavement performance information, including PCI and/or key surface 
distresses (cracking, rutting). 



 

 

Table 2-3.  Summary of preliminary survey results for LCCA for local residential streets in Minnesota. 

 

 # =Annual bit. Street rating, * = Pavement construction and some rehabilitation, Y = Yes, N = No, MSA = State-aid roads. 
 

Item Faribault Bloomington Burnsville Crystal Eagan 
1)  Design standards for 5 to 7-ton 

bituminous roadway designs Y 4 Y 4 N - Y 4 Y 5 

2)  Design standards for 9-ton bituminous 
roadway design Y 4 Y 4 Y 5 Y 4 Y 5 

3)  List of bituminous roadways 
constructed to 5 to 7-ton standard Map 4 Y 4 N - Y 4 Y 5 

4)  List of bituminous roadways 
constructed to 9-ton standard Map 4 Y 4 Y 2 Y 4 Y 4 

5)  Geotechnical or other pavement reports 
for construction and rehabilitation N N Y 4 N - Y 4 Y 3 

6)  Historical traffic information (AADT 
and percent Heavy Vehicles) MSA MSA Y 3 Y&N 2 Y 4 Y 4 

7)  In-situ pavement layer thicknesses Y 1 Y 4 Y 3 Y 2 N  
8)  Subgrade type (clay, silt, sand, etc.) Y 2 Y 3 Y&N 2 Y 4 Y 1 
9)  Construction cost unit rates Y 4 Y 4 Y 4 Y 3 Y 5 
10)  Pavement construction, rehabilitation 

and maintenance history information Y 2 to 3 Y 4 Y 3 Y 3 Y 5 

11)  Pavement performance information, 
including PCI and/or key surface 
distresses (cracking, rutting) 

N N Y 4 Y 4 Y 5 Y 5 

5 



 

 

Table 2-3.  Summary of preliminary survey results for LCCA for local residential streets in Minnesota (continued). 
 

  # =Annual bituminous street rating, * = Pavement construction and some rehabilitation, Y = Yes, N = No, MSA = State-aid roads.

Item Fridley St. Louis Park Mankato Fairmont 
1)  Design standards for 5 to 7-ton bituminous roadway 

designs N  Y 1 — — Y 4 

2)  Design standards for 9-ton bituminous roadway 
design Y 4 Y 3 — — Y 4 

3)  List of bituminous roadways constructed to 5 to 7-ton 
standard N  Y 4 — — Y 3 

4)  List of bituminous roadways constructed to 9-ton 
standard Y 4 Y 4 — — Y 3 

5)  Geotechnical or other pavement reports for 
construction and rehabilitation Y 3 Y 3 — — N  

6)  Historical traffic information (AADT and % Heavy 
Vehicles) N  Y 4 — — N 2 

7)  In-situ pavement layer thicknesses Y 4 Y 2 — — Y 3 
8)  Subgrade type (clay, silt, sand, etc.) Y 3 Y 3 — — Y 4 
9)  Construction cost unit rates Y 3 N  — — Y 4 
10)  Pavement construction, rehabilitation and 

maintenance history information Y 4 Y 3 — — * 2 

11)  Pavement performance information, including PCI 
and/or key surface distresses (cracking, rutting) N  Y 5 — — # 3 

6 
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• Crystal and St. Louis Park (representing the inner ring of the twin cities). 
• Burnsville and Eagan (representing the outer ring of the twin cities). 
• Fairmont and Mankato (representing greater Minnesota). 

 
Figure 2-1 shows the geographical locations of the six short-listed cities. 

 

Burnsville
Crystal
Eagan
St. Louis Park

Burnsville
Crystal
Eagan
St. Louis Park

 
Figure 2-1.  Geographical locations of the six cities selected for detailed survey. 

 
 
STEP 3—DETAILED SURVEY OF SHORT-LISTED CITIES  
 
A detailed survey of the six short-listed cities was performed, consisting of the following: 
 

• Questionnaire (sent prior to office/site visits). 
• Office/site visits, comprised of interviews with city engineers and collection of pavement 

design, construction, M&R, and cost data. 
• Follow-up data clarification and collection of additional data. 

 
The information sought for this study was requested in the form of a questionnaire sent to each 
city prior to office/site visits.  The data were mostly collected on-site. 
 
Table 2-4 summarizes the cities visited along with the dates visited and personnel interviewed.  
Table 2-5 presents a summary of the data requested from each city. 
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Table 2-4.  Summary of site visits. 

 
City Date Personnel Interviewed 

Eagan Feb 14, 2005 Ms. Angie Ellison, Mr. John Gorder 
Crystal Feb 15, 2005 Mr. Tom Mathisen, Mr. David Fritze, and staff 

Fairmont Feb 16, 2005 Mr. Gary Schomberg 
St. Louis Park Feb 17, 2005 Ms. Maria Hagan 

Burnsville Feb 18, 2005 Mr. Marc Mogan and Mr. Jeffrey Radick 
Mankato* Feb 24, 2005 Mr. Stan Wills and Mr. Marc Rieber 

 *  Although the preliminary survey indicated that Mankato had available the requested 
     data, most of the data available could not be assembled in a useable form by city 
     personnel in a timely manner, to meet the time constraints imposed by this study. 

 

Table 2-5.  Summary of questionnaire used in detailed survey of cities. 

 
Item Information Requested 

Design Standards (for both 
5- to 7-ton and 9-ton 
bituminous roadway 
designs)  

1. Design Procedure (Mn/DOT or other, details of process) 
2. Design Life 
3. Design Traffic Criteria (No of allowable trucks/buses of specified weight) 
4. Reliability Factors 
5. Design Average Annual Daily Traffic (AADT) 
6. Projected Traffic (ADT, % or No. trucks/buses of specified weight, traffic 

growth rate) 
7. Design Layer Parameters (layer moduli, subgrade strength) 
8. Design Cross-Section (to satisfy criteria) 

List of Bituminous 
Roadways Constructed to 
5- to 7-ton and 9-ton 
Standards  
 

1. Road/Street Name 
2. Functional Class/Facility Type 
3. No. of Lanes and Directions 
4. Project Limits 
5. Year of Construction/Open to Traffic 

Geotechnical 1. Pavement Design Reports (for original construction and rehabilitation) 
Historical Traffic 1. AADT  

2. Percentage or number of heavy vehicles 
Original Pavement Cross-
Section 

1. Surface Layer 
2. Base Layer(s) 
3. Subbase Layer(s) 
4. Drainage Systems 

Subgrade Information 1. Type (clay, silt, sand, etc.) 
2. Strength, design or actual (CBR, resilient modulus, DCP, other) 
3. Variability 

Pavement M&R History  1. Type of Treatment 
2. Year of Treatment 
3. Limits of Treatment 
4. Treatment Thickness 
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Table 2-5.  Summary of questionnaire used in detailed survey of cities (continued). 

 
Item Information Requested 

Construction and M&R Unit Costs (for 
pavement structure items only [i.e., 
bituminous, granular base/subbase, 
etc.])  

1. Project 
2. Project Bid Year 
3. Bid Item 
4. Low-Bid or Three Lowest Bids Unit Price 
5. Bid Item Quantity 

Pavement Performance Information 
(time-series data)  

1. Key Distresses (e.g., cracking, rutting) 
2. PCI 
3. Ride Quality/Smoothness 

LCCA Information 1. Interest or Discount Rate Used 
 
 
A summary of design and M&R information obtained from the cities is as follows: 
  

• Design strategies—All the cities surveyed follow the Mn/DOT pavement design 
standards for local residential streets.  Local residential streets were designed to 
withstand 5- to 7-ton axle loads in the springtime.  Arterials and collectors along with 
industrial/commercial streets within the city were constructed mostly based on restricting 
springtime axle loads to 9- to 10-tons.  Outside of the spring period, the roadways are 
restricted only by the Minnesota legal axle load limits. 

 
The arterials and collectors were mostly State-aid highways (i.e., constructed and 
maintained using State funding) while the industrial or commercial streets were mostly 
maintained and constructed by the city.  For the 9- to 10-ton designs, bituminous layer 
thickness typically ranged from 4 to 9 in (i.e., bituminous wearing course, binder, and 
base) over a 4- to 12-in aggregate base (class 3, 4, or 5).  For most of the cities, the 
subgrade material is weak and clayey.  Where needed, weak subgrade material is 
generally removed and replaced with appropriate stronger materials.  For the 5- to 7-ton 
designs, bituminous layer thickness (including wearing and binder courses) typically 
ranged from 1 to 2 in, while aggregate base (class 3, 4, or 5) layer typically ranged from 4 
to 8 in.  Where needed, weak subgrade material is removed and replaced with appropriate 
stronger materials. 

• Maintenance strategies—The following maintenance strategies are typically used by 
Minnesota municipal agencies: 

 Patching. 
 Crack sealing. 
 Sealcoating. 

• Rehabilitation. 
 Mill and overlay/resurfacing.   
 Pavement removal and replacement.  

• Reconstruction. 
Detailed summaries of the data collected from each city are presented in the sections below. 
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City of Burnsville 
 
History 
 
The city of Burnsville is a relatively new community located in the inner ring of the twin cities.  
It was established in 1958.  Population (based on the 2000 census) is 60,220, making Burnsville 
the 10th largest community in the State. 
 
Pavement Network (Extent and Condition) 
 
Burnsville’s pavement network consists of 218 centerline-mi, of which 214.4 mi is bituminous-
surfaced pavement, 1.4 mi is gravel-surfaced, and 2.4 mi is concrete-surfaced.  The entire street 
network is composed of 1,060 total pavement management sections, most of which include 
multiple street blocks.  The breakdown of pavement sections by functional class is presented in 
figure 2-2. 
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Figure 2-2.  Breakdown of pavement sections by functional class for the city of Burnsville. 

 
Major roads in the city were mostly constructed by the city in the late 1970’s and 1980’s.  
Samples of the city’s pavement management sections are evaluated annually by city personnel 
and private contractors.  Each section is visually inspected using the Paver-based PCI 
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methodology.  The Paver methodology is based on a numeric rating system ranging from 100 for 
a newly surfaced pavement in excellent condition to 0 for a totally failed pavement. 
 
Based on the latest survey data (done mostly from 2001 through 2003), the average roadway PCI 
is 74.0.  Burnsville uses the Infrastructure Consultant (ICON) pavement management system and 
software. 
 
Design and Construction  
 
The city began a program of reconstructing deteriorated streets and roadways in 1990.  Annual 
construction is approximately 3.5 mi.  Thirty-five to 40 mi of roadway has been reconstructed 
since 1990.  For residential streets, the reconstructed pavement typically consists of a 3-in of 
bituminous surface over a 6-in class 5 aggregate base over the prepared subgrade.  Subgrade 
preparation ranges from grading and compaction of the mostly silty gravel subgrade to 
excavating local weak zones and replacing with select fill material to ensure a strong pavement 
foundation.  The residential street designs are in accordance to Mn/DOT 5- to 7- ton design 
standards. 
 
Commercial/industrial type roads and municipal State-Aid (MSA) roadways are designed in 
accordance with Mn/DOT 9- to 10- ton design standards.  They typically consist of 4 in of 
bituminous layer over a 12-in class 5 aggregate base and a prepared subgrade.  The city is 
generally satisfied with the quality of M&R and construction performed by contractors.  The 
major causes of pavement deterioration are cracking distress and utility cuts associated with 
repairs to broken pipes, cables, etc. 
 
M&R 
 
The city performs pavement maintenance activities regularly.  Typically, crack sealing and/or 
sealcoating is programmed approximately every 5 to 6 years.  Major rehabilitation in the form of 
milling and overlay (mill depth is approximately 1.5 in) after about 15 to 20 years in service. 
 
Traffic 
 
Although traffic data are collected regularly for MSA roadway facilities, they are not collected 
for the city’s residential streets.  For the bituminous pavements, design life is typically 30 years. 
 
Data  
 
The city provided required pavement design, M&R, traffic, and cost information on most of its 
streets/highways.  The information provided (in both electronic and paper formats) was 
assembled in the project database, which is described in chapter 3. 
 



 12

City of Crystal 
 
History 
 
The city of Crystal is an older community located in the inner ring of the twin cities.  It was 
incorporated in 1936 and has a population of 22,700 (2000 census). 
 
Pavement Network (Extent and Condition) 
 
Crystal’s pavement network consists of 1,239 pavement management sections representing a 
total of 109 centerline-mi of roadway.  The pavement management sections were classified as 
follows: 
 

• State roads—7 (totaling 1.7 centerline-mi). 
• County roads—125 (totaling 13.1 centerline-mi). 
• Local roads—1,105 (totaling 93.3 centerline-mi). 

 
Information on two sections totaling 0.4 mi was missing in the database.  Of the 1,105 “Local” 
sections in the database, 233 sections were municipal State-Aid (MSA) streets, totaling 19.7 mi.  
The total number of sections by functional class is presented in figure 2-3. 
 
Major roads in the city were mostly constructed by the city in the late 1930’s and 1960’s.  
Samples of the city’s pavement management sections (in the northern part of the city) have been 
evaluated recently by city personnel and private contractors. 
 
Each section was visually inspected using the PCI methodology.  Based on the survey data 
available, the average roadway PCI is 65.  The city of Crystal uses the ICON pavement 
management system and software. 
 
Design and Construction 
 
There is very little information available on the design standards, construction methods, and 
M&R activities performed in the 1930’s through the later 1970’s.  The city began a program of 
reconstructing deteriorated streets and roadways in the 1980’s. 
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Figure 2-3.  Breakdown of pavement sections by functional class for the city of Crystal. 

 
The residential street designs since 1995 are in accordance with Mn/DOT 5- to 7- ton design 
standards.  They typically consist of a 3.5-in bituminous surface placed over a 6-in class 5 
aggregate base, a 12-in layer of select granular borrow, and a prepared subgrade.  
Commercial/industrial type roads and MSA roadways are designed in accordance with Mn/DOT 
9- to 10- ton design standards. 
 
The city is generally satisfied with the quality of M&R and construction performed by 
contractors.  The major causes of pavement deterioration are cracking distress and utility cuts 
associated with repairs to broken pipes, cables, etc. 
 
M&R 
 
The city performs pavement maintenance activities regularly.  Maintenance typically consists of 
sealcoating and pothole repair.  Since the 1980’s, a sealcoat has been applied every 7 to 8 years.  
There is some localized milling of damaged areas.  Since the early 1980’s, major rehabilitation 
has consisted of complete pavement removal and full-depth base repair of poorly performing 
areas.  Pavements are milled and overlaid as needed, not as part of regular rehabilitation. 
 
Traffic 
 
Although traffic data are collected regularly for MSA roadway facilities, they are not collected 
for the city’s residential streets. 
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Data  
 
The city provided required pavement design, M&R, traffic, and cost information on most of its 
streets/highways.  The information provided (in both electronic and paper formats) was 
assembled in the project database, which is described in chapter 3. 
 
City of Eagan 
 
History 
 
The city of Eagan is a relatively new community located in the outer ring of the twin cities.  It 
was incorporated in 1974 and its current population is approximately 66,500 residents, making it 
the 8th largest community in the State. 
 
Pavement Network (Extent and Condition) 
 
The city of Eagan has approximately 670 mi of city streets and local residential roads.  The 
breakdown of the city’s roadways is as follows: 
 

• Number of streets/roads. 
 State-aid = 337. 
 Local residential = 611. 
 Total = 948. 

• Number of roadway segments (according to functional class). 
 Industrial/commercial = 130. 
 Major collector = 133. 
 Minor collector = 227. 
 Minor arterial = 3. 
 Local residential = 1,699. 

• Centerline-miles (according to surface type). 
 Bituminous = 659.15. 
 Gravel = 1.91. 

• Centerline-miles according to functional class. 
 Industrial/commercial = 81.74. 
 Major collector = 65.68. 
 Minor collector = 72.91. 
 Minor arterial = 3.10. 
 Local residential = 435.73. 

 
Figure 2-4 shows a histogram of the breakdown of city of Eagan roadways according to 
functional class (centerline-miles). 
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Figure 2-4.  Breakdown of roadways (centerline-mi) according to functional class for the city of 

Eagan. 

 
 
The city of Eagan uses the ICON pavement management system and software.  Since the mid-
1990’s, street data in the city's pavement management system have been evaluated and updated 
annually.  The annual update includes inspecting and evaluating a portion of the city streets and 
re-assigning a condition rating based on the evaluation. 
 
Typically, for a given year the city’s pavement management consultant evaluates approximately 
65 mi of roadways while city personnel evaluate approximately 168 mi.  Thus, the total amount 
of roadway evaluated each year is approximately 233 mi, which is about one-third of the entire 
roadway infrastructure. 
 
Design and Construction 
 
Mostly residential streets and industrial/commercial streets are designed in accordance with 
Mn/DOT standards.  Currently, approximately 80 to 90 percent of all streets have been designed 
with these standards.  Design consists of a bituminous surface layer over a granular base and 
prepared subgrade. 
 
Layer thickness depends on anticipated traffic levels.  The subgrade material typically 
encountered is silty sand with some clay.  The material is fairly consistent, and, the R value is 
fair.  The material is not water-susceptible and is mostly inorganic.  For the past 15 years, the 
city has experimented with the use of SuperPave binders (i.e., PG 58-34) and recycled concrete. 
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M&R 
 
Maintenance typically consists of the placement of sealcoats.  Major rehabilitation is typically 
the placement of up to 1.5 in of a bituminous layer over the existing pavement surface.  The 
pavement may be milled prior to the placement of the overlay. 
 
Traffic 
 
Although traffic data are collected regularly for MSA roadway facilities, they are not collected 
for the city’s residential streets.  
 
Data  
 
The city provided required pavement design, M&R, traffic, and cost information on most of its 
streets/highways.  The information provided (in both electronic and paper formats) was 
assembled in the project database, which is described in chapter 3. 
 
City of Fairmont 
 
History 
 
The city of Fairmont is a relatively old community located in greater Minnesota.  It was 
incorporated in 1905 and its current population is approximately 20,500 residents. 
 
Pavement Network (Extent and Condition) 
 
The city of Fairmont pavement network consists of approximately 75 centerline-mi of 
bituminous- and concrete-surfaced pavement.  Of these, 40 mi are conventional bituminous 
pavements, 6 mi are bituminous-overlaid concrete pavements, 23.4 mi are concrete pavement, 
and 3.5 mi are gravel roads.  Fairmont was unusual, as it has a relatively high percentage of 
concrete pavements.  The total centerline-miles by pavement surface type are presented in figure 
2-5. 
 
For pavement management purposes, the city’s road network is divided into 785 sections.  
Samples of the city’s pavement management sections are evaluated regularly by city personnel 
and private contractors.  Each section is visually inspected using the PCI methodology.  Based 
on the latest survey data, the average PCI of the Fairmont pavement network ranged from 85.5 to 
88.3, according to pavement type as shown in figure 2-6. 
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Figure 2-5.  Breakdown of Fairmont pavement network, by surface type. 
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Figure 2-6.  Mean condition of Fairmont pavements, by surface type. 
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Design and Construction 
 
Most of the streets in the city were constructed or reconstructed sometime between the 1930’s 
and 2003.  Recent construction has consisted primarily of bituminous pavements with drainage 
provided as needed.  Residential streets are designed using the Mn/DOT 5- to 7-ton design 
standard while urban arterials and industrial/commercial streets are designed based on the 
Mn/DOT 9- to 10-ton design standard. 
 
For the 9- to 10-ton designs, the pavement structure typically consists of a 12-in bituminous layer 
placed over a 5-in class 5 aggregate material, a 12-in class 3 material, and a prepared subgrade.  
For the 5- to 7-ton designs, the pavement structure typically consists of a 6-in bituminous layer 
placed over a 5-in class 5 aggregate material, a 12-in class 3 material, and a prepared subgrade.  
The subgrade type encountered is moisture susceptible clayey material with a soil factor of 130.  
The design life applied is approximately 20 years. 
 
M&R 
 
Maintenance typically consists of sealcoats placed within 3 to 4 years of initial construction, 
after which they are placed regularly every 5 to 7 years.  Major rehabilitation generally consists 
of the placement of up to 2 in of a bituminous overlay.  The pavement may be milled prior to the 
placement of the overlay.  Overlays typically are placed after 20 years in service. 
 
Traffic 
 
Although traffic data are collected regularly for MSA roadway facilities, they are not collected 
for the city’s residential streets. 
 
Data  
 
The city provided required pavement design, M&R, traffic, and cost information on most of its 
streets/highways.  The information provided (in both electronic and paper formats) was 
assembled in the project database, which is described in chapter 3. 
 
City of Mankato 
 
The project team visited and interviewed city officials in Mankato.  However, the data required 
for this study could not be assembled in a timely manner for this study. 
 
City of St. Louis Park 
 
History 
 
The city of St. Louis Park is a relatively old community located in the inner ring of the twin 
cities.  It was incorporated in 1905 and its current population is 43,787. 
 



 19

Pavement Network (Extent and Condition) 
 
The St. Louis Park pavement network consists of 153 centerline-mi of predominantly bituminous 
surfaced pavement.  Of these, 31 mi are MSA and 122 mi are local streets.  Most streets were 
reconstructed sometime between the mid-1960’s and the early 1980’s.  Reconstruction included 
the provision of curb and gutter.  There has been minimal maintenance of the city’s pavements 
since original construction.  The total centerline-miles of roadway by functional class are 
presented in figure 2-7. 
 
For pavement management purposes, the city’s road network is divided into 820 management 
sections.  Samples of the city’s pavement management sections are evaluated periodically by city 
personnel and private contractors.  Each section is visually inspected using the PCI methodology.  
Based on the latest survey data (2003) collected for each sample section, the average PCI of the 
St. Louis Park pavement network ranged from 68 to 83 PCI, as shown in figure 2-8.  The city 
uses the ICON pavement management system and software. 
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Figure 2-7.  Total centerline of pavement by functional class. 
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Figure 2-8.  Mean pavement condition by functional class. 

 
 
Design and Construction 
 
Although recently constructed city streets have followed Mn/DOT design standards, most of the 
existing pavements were constructed without reference to Mn/DOT standards.  Recent 
construction has consisted primarily of bituminous surfaced pavements with drainage provided 
as needed.  For the recently constructed streets, pavement subgrade was excavated and replaced 
for roadway sections exhibiting localized failures due to the presence of poor soils/subgrade. 
 
Residential streets are designed using the Mn/DOT 5- to 7-ton design standard, while urban 
arterials and industrial/commercial streets are designed based on the Mn/DOT 9- to 10-ton 
design standard. 
 
For the 5- to 7-ton designs, the pavement structure typically consists of a 2-in bituminous layer 
placed over a 6-in class 5 aggregate material and a prepared subgrade.  This design standard has 
been modified for future designs by increasing the bituminous layer thickness to 3 in.  The 
bituminous layer thickness was increased to accommodate anticipated increases in truck traffic. 
 
Current pavement design life is 40 years.  The city intends to increase this to somewhere 
between 50 to 60 years.  Typical subgrade soils encountered are sandy soils.  The subgrade 
across the city is uniform, although there are pockets of wetlands.  The subgrade soil factor used 
in design is 75. 
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M&R 
 
Very little M&R has been done on the city’s pavements to date (i.e., a sealcoat is applied every 
15 years).  The city has however recently initiated an aggressive M&R program (began in 2003).  
The new maintenance program consists of the placement of a sealcoat once every 3 years.  This 
program is being strictly adhered to.  In the near future, the city is considering replacing the use 
of sealcoats with micro-surfacing.  Major rehabilitation under the recently initiated program will 
consist of milling of approximately 3 in of existing bituminous layer prior to the placement of a 
3-in bituminous overlay. 
 
Traffic 
 
Although traffic data were collected regularly for MSA roadway facilities, they are not collected 
for the city’s residential streets.  The city estimates that the range of residential street ADT is 
between 150 and 1500 veh/day, with typical values between 400 and 600 veh/day. 
 
Data  
 
The city provided required pavement design, M&R, traffic, and cost information on most of its 
streets/highways.  The information provided (in both electronic and paper formats) was 
assembled in the project database, which is described in chapter 3. 
 
STEP 4—COLLECTION OF DATA FROM MN/DOT STATE-AID OFFICE 
 
The Mn/DOT SALT personnel work closely with the cities to ensure the State maintains a safe, 
effective and coordinated highway network by providing funding support and technical 
assistance in highway design, construction, and maintenance.  SALT-funded MSA roads make 
up approximately 20 percent of all local roadways in Minnesota and are built to the 9- to 10-ton 
standard.  The SALT office has approximately 7 years of data on MSA local roads in 136 
Minnesota cities.  The data includes the following: 
  

• Inventory data (including design plans). 
• Traffic data (current year ADT). 
• Metro routes map. 
• County routes map. 
• City needs data by roadway segment. 
• Cost information (metro average bid price database, pay items, etc.). 

 
As part of the data collection effort, the project team obtained several published documents and 
data records from the Mn/DOT SALT office.  The pavement inventory, traffic, M&R, cost, and 
other information was used to augment data available in city pavement management databases 
for completeness and to verify the accuracy of the city databases. 
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CHAPTER 3.  DATABASE ASSEMBLY 
 
 
INTRODUCTION 
 
A summary of the database development and assembly process is presented in this chapter, along 
with a detailed overview of the data assembled.  The database assembly effort involved (1) 
merging the datasets obtained from each individual city into a single project database (an Excel® 
spreadsheet), (2) performing data quality checks by evaluating the assembled data (electronic or 
otherwise) for completeness and accuracy, and (3) performing remedial action to improve 
accuracy by correcting errors in the data, removing outliers, and filling gaps identified in the data 
with information from interview notes and data from the Mn/DOT SALT office. 
 
DATA ASSEMBLY DESCRIPTION  
 
As can be expected, data obtained from the six cities surveyed had different formats and varying 
levels of details.  Detailed descriptions of the data are provided in the following sections. 
 
City of Burnsville 
 
The data provided by the city of Burnsville was in an Access® format.  The access database 
included over 100 separate tables (linked by a sequence number to establish the pavement 
management database).  A majority of the tables had information that was not relevant to this 
analysis.  The pertinent information (such are maintenance records, condition index records, etc.) 
in each of the individual tables was retrieved and used to develop the project database for 
Burnsville. 
 
The Burnsville database did not include any traffic information.  However, the city did provide a 
hard copy of a city map with 2003 traffic volumes on the MSA streets.  A majority of the MSA 
streets had significantly higher traffic volume and only a handful (fewer than 30 sections) of 
MSA streets had traffic volume less than 5,000 ADT that could be used for purposes of 
comparisons with residential streets. 
 
City of Crystal 
 
The data provided by the city of Crystal was in a DBI™ dBase format and were accessible 
through Access®.  The pertinent information in each of the individual files was queried and used 
to create a project database in Excel® format. 
 
Although the electronic database provided by the city of Crystal did not include structural/layer 
information for any of the pavement management sections, the city did provide several 
geotechnical evaluation reports for several sections within the city.  These geotechnical 
evaluation reports contained very detailed boring logs for different pavement management 
sections.  Information from the boring logs was used to determine the pavement structure for 
selected pavement section representative of the Mn/DOT 9- to 10-ton and 5- to 7-ton designs.  
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The city also provided typical design layouts for the MSA streets and the local streets within the 
city’s jurisdiction. 
 
City of Eagan 
 
The data provided by the city of Eagan was in a dBase format and were accessible through 
Access®.  The data consisted of several tables with project-relevant information for the pavement 
sections within the city.  The information was assembled in Excel® spreadsheets.  The Eagan 
also provided historical traffic data for MSA streets in an Excel® spreadsheet file and detail 
plates of typical street cross-sectional design.   
 
City of Fairmont 
 
The city of Fairmont provided a data in Excel® format.  The database contained all the relevant 
pavement design, construction, condition, traffic, and M&R information in an Excel® 
spreadsheet for all pavement management sections within the city. 
 
City of Mankato 
 
The city of Mankato provided data in an Excel® format.  The database contained some pavement 
condition and M&R information in three Excel® spreadsheets.  The pavement condition 
information provided was the most recent PCI measurement for selected pavement management 
sections within the city.  The other spreadsheets contained information on selected city projects 
executed over the past 35 years and a listing of archived project documents. 
 
The Mankato database did not include any traffic information.  However, the city did provide a 
hard copy of a city map with 2001 and 2002 traffic volumes on the MSA streets and some city 
streets.  A majority of the MSA streets had significantly higher traffic volume, and only a 
handful of MSA streets had traffic volume less than 5,000 ADT that could be used for purposes 
of comparisons with residential streets.   
 
City of St. Louis Park 
 
The city of St. Louis Park provided data in Excel® format.  The database contained all the 
relevant pavement design, construction, condition, traffic, and M&R information in an Excel® 
spreadsheet for all pavement management sections within the city.  Pavement condition data 
provided were the most recent PCI measurements.  The St. Louis Park database did not include 
any traffic information.  However, the database did include design traffic in equivalent single 
axle loads (ESALs) for each pavement management section in the database. 
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DATABASE DEVELOPMENT 
 
Project database development entailed the following steps: 
 

1. Merging the datasets containing data from each individual city into a single project 
database. 

2. Performing data quality checks. 
3. Performing remedial action, as needed. 

 
A description of each step is provided in the sections below. 
 
Step 1—Merging Datasets 
 
Merging the datasets obtained from the six cities involved changing the format of the raw data 
received into a common electronic format (Access®) with a standard schema (same units of 
measurements, etc.).  Using the schema developed, pavement management sections from all the 
cities with the relevant data were merged into a single database.  The common schema used in 
standardizing the data for merging was as presented in table 3-1.  The merged database with the 
assembled data was then subjected to quality checks as described in the following section. 
 
Step 2—Data Quality Checks 
 
Following the completion of Step 1, the assembled data was thoroughly and meticulously 
reviewed for quality by identifying missing and anomalous/erroneous data.  Specific items 
looked for and addressed were inadequate detailed information of pavement structure (i.e., layer 
thicknesses), functional class, pavement condition, and so on.  Also of interest were 
inconsistencies information describing pavement type, construction date, M&R history, and 
questionable time intervals (too short or too long) between M&R events. 
 
Step 3—Performance of Remedial Action 
 
For each pavement management section where inconsistencies in data or erroneous or missing 
data were identified, such sections were flagged as having missing, anomalous, or erroneous 
data, and efforts were made to rectify the anomaly.  Anomalies were rectified using any or a 
combination of the following: 
 

1. Verifying information in the database with data from other sources, such as MSA 
databases, city records, adjacent pavement sections with similar designs, construction, 
and M&R histories. 

2. Replacement of erroneous or missing data from the sources listed above. 
3. Use of sound engineering judgment to develop reasonable estimates of missing data. 
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Table 3-1.  Schema used for database development and merging. 

 
Data Category Variables 

Section identification • Segment ID. 
• Street name. 
• Segment start. 
• Segment end. 

Functional class • — 
Dimensions • Segment length. 

• Segment width. 
• Number of lanes. 

Traffic • AADT. 
• Year traffic data collected. 

Subgrade • Soil type. 
• Soil classification. 
• R-value. 
• Soil factor. 

Initial construction or 
reconstruction 
 

• Date. 
• Layer thicknesses. 
• Layer materials. 

Overlay 
 

• Date. 
• Overlay thickness. 

Maintenance • Date. 
• Activity. 

Condition • Date. 
• PCI. 

 
 
Where the anomaly could not be resolved, the pavement management section in question was 
removed from the database.  Also, pavement sections with characteristics not applicable to the 
analysis were removed.  The removed pavement sections included concrete pavements, 
composite (bituminous over concrete) pavements, and gravel roads.  Sections for which PCI data 
were not available were also removed from the assembled database.  Pavement sections with 
structures and/or M&R histories significantly different from what was typical for the given city 
were removed.  Finally, pavement sections subjected to very high traffic (Interstates, major 
arterials, and collectors) were not included in the database.  This was done to reduce the impact 
of traffic in the comparison of the performance and M&R histories of 9- to 10-ton and 5- to 7-ton 
design sections.  Thus, the typical 9- to 10-ton section selected was a minor collector or 
thoroughfare, while the typical 5- to 7-ton design section was a residential street. 
 
DATA OVERVIEW  
 
The final database used in the performance prediction modeling and survival analysis included a 
total of 5,059 pavement management sections.  The breakdown by city was as follows: 
 

• City of Burnsville—1,247. 
• City of Crystal—734. 
• City of Eagan—1,764. 
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• City of Fairmont—291. 
• City of Mankato—454. 
• City of St. Louis Park—569. 

 
For each pavement management section, pavement design, construction, and M&R history 
information was assembled as follows: 
 

• Section identification—city, segment ID, street name, segment start and end locations. 
• Pavement structure, design type, etc. 
• Roadway/lane width. 
• Segment length. 
• History of pavement condition (pavement condition index along with age if available). 
• History of M&R activities where available (i.e., the last activity prior to condition 

assessment and the age at which the activity was performed). 
 
Based on all of the information available for each section for each city (such as structure, 
functional class, traffic, soils, and MSA cost estimates), a determination was made as to whether 
the original design of a section could be classified as 5- to 7-ton or 9- to 10-ton.  A total of 741 
of the 5,059 sections were classified as low volume (less than 5,000 ADT) 9- to 10-ton design 
sections.  The remaining 4,318 sections were classified as 5- to 7-ton design sections with a 
typical ADT less than 1,500 veh/day.  The assembled data were used for data analysis (i.e., 
development of performance models, survival analysis, development of typical M&R histories 
for 9- to 10-ton and 5- to 7-ton designs, and development of typical for 9- to 10-ton and 5- to 7-
ton structures), as described in chapter 4 and appendix A. 
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CHAPTER 4.  DATA ANALYSIS 
 
 
INTRODUCTION 
 
Data analysis for this project consisted of the following: 
 

• Determination of typical 9- to 10-ton and 5- to 7-ton designs (i.e., pavement structure and 
layer material types) and typical M&R activities performed throughout the lives of these 
pavements. 

• Pavement performance analysis to determine service lives of initial construction and 
M&R activities. 

• Development of life-cycle models. 
• Performance of LCCA. 
• Performance of sensitivity analysis. 

 
Detailed descriptions of the analyses performed in this study are presented in the remaining 
sections of this chapter. 
 
DETERMINATION OF TYPICAL PAVEMENT STRUCTURES (INITIAL 
CONSTRUCTION AND OVERLAYS) AND M&R ACTIVITIES 
 
Several pavement sections representing typical 9- to 10-ton and 5- to 7-ton designs were selected 
and used for determining (1) as-constructed pavement structure and (2) actual M&R activities 
applied over the pavement life.  To ensure that the sections selected were representative of 
typical designs and M&R activities, information gathered on these sections was reviewed for 
accuracy by personnel of the respective cities in which they were located.  Information regarding 
design and M&R history is presented in the following sections. 
 
Typical 9- to 10-Ton and 5- to 7-Ton Initial Design Structure 
 
Typical pavement structure (i.e., layer thickness and material type) was determined for selected 
pavements representative of the two pavement design types of interest from four of the six cities 
targeted for data collection.  A list of all the selected pavement sections is presented in table 4-1.  
Pavement structure information for the listed roadways was obtained from the data assembled for 
this study (see chapter 3).  Information obtained from the database on pavement structure was 
further reviewed by city personnel (during follow-up interviews) to determine reasonableness 
and accuracy.  Modifications were made as needed to improve the accuracy of the information 
presented.  Summaries of the pavement structures selected for 9- to 10-ton and 5- to 7-ton 
pavements are presented in tables 4-2 and 4-3, respectively. 
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Table 4-1.  Summary of the selected highway segments used in developing LCCA models. 
City Design Type Highway/Street Segment Designation Construction Year 

Chicago 9T-1 1975 
Judicial  9T-2 1976 
Plymouth  9T-3 1989 
Upton  9T-4 1968 
Parkwood 9T-5 1970 
Highland Dr.  9T-6 1968 
Greenhaven Dr. 9T-7 1986 

9- to 10-ton 

Portland 9T-8 1978 
Upton  7T-1 1964 
140th  7T-2 1964 
141st  7T-3 1966 
Highland View  7T-4 1968 
Manor Dr.  7T-5 1966 

Burnsville 

5- to 7-ton 

122nd 7T-6 1971 
Adair St.   9T-1 1965 
Kentucky St. 9T-2 1962 
39th St. 9T-3 1963 
43rd St. 9T-4 1958 
Hampshire St. 9T-5 1962 
Louisiana St.  9T-6 1963 

9- to 10-ton 

Maryland St. 9T-7 1978 
Brunswick  7T-1 1962 
Welcome  7T-2 1961 
Jersey  7T-3 1960 
48th  7T-4 1964 

Crystal 

5- to 7-ton 

Valley Pl. 7T-5 1968 
Denmark 9T-1  
Elrene 9T-2  
Gold  9T-3  
Federal 9T-4  

9- to 10-ton 

Slater 9T-5  
Carnelian 7T-1  
Covington 7T-2  
Turquoise 7T-3  
South Hay Lake 7T-4  
South Hills 7T-5  
Metcalf 7T-6  
Hickory Hill 7T-7  

Eagan 

5- to 7-ton 

Crestridge 7T-8  
Interlaken  9T-1 1975 
Woodland  9T-2 1981 
10th  9T-3 1976 
Anna  9T-4 1977 
Ward  9T-5 1983 
Falcon Dr.  9T-6 1987 
Dorothy  9T-7 1977 

9- to 10-ton 

Orient 9T-8 1984 
Amber Lake  7T-1 1974 
De-Lu  7T-2 1969 
Elm   7T-3 1972 
Hall 7T-4 1960 
Hampton  7T-5 1971 
Interlaken  7T-6 1973 

Fairmont 

5- to 7-ton 

Margaret 7T-7 1979 

 



 

 

Table 4-2.  Summary of the pavement structure including layer types and thicknesses for 9- to 10-ton designs. 

 
Thickness, in 

City Layer Description 
9T-1 9T-2 9T-3 9T-4 9T-5 9T-6 9T-7 9T-8 Mean Std. Dev 

Count 

Bit. wear 1.5 2 1.5 2.25 1.5 1.5 0.75 1.5 1.6 0.4 8 

Bit. binder 1.5 2 3.5 2 1.5 1.5 2.5 7 2.7 1.9 8 

Bit. Base 3 — 6 1 — — 3 1.5 2.9 1.9 5 

Class 5 agg. subbase 4 5 — 5 5 5 6 — 5.0 0.6 6 

Class 4 agg. subbase — 10  6 4 10   7.5 3.0 4 

Class 3 agg. subbase — — — — — — — — — — — 

Burnsville 

Subgrade — — — — — — — — Infinite — — 

Bit. wear 1.5 2 1 2 2 — — — 1.7 0.4 5 

Bit. binder 2.5  2 2 2 — — — 2.1 0.3 4 

Bit. Base — — — — — — — — — — — 

Class 5 agg. subbase 10 6 6 6 6 — — — 6.8 1.8 5 
Class 4 agg. subbase — — — — — — — — — — — 
Class 3 agg. subbase — 9 — 8 — — — — 8.5 0.7 2 

Eagan 

Subgrade — — — — — — — — Infinite — — 

Bit. wear 1 1.5 1 0.75 0.75 1 0.75 1 1.0 0.2 8 

Bit. binder — 1.5 — 2 2 3 — 2 2.1 0.5 5 

Bit. Base 4 5.5 7 5.75 3 3 5.75 3 4.6 1.6 8 

Class 5 agg. subbase — — — — — 3 — 3 3.0 0.0 2 

Class 4 agg. subbase — — — — — — — — — — — 

Class 3 agg. subbase 3 — — — — — — — 3.0 — 1 

Fairmont 

Subgrade — — — — — — — — Infinite — — 

Bit. wear 1 1 1 1 1 1 1  1.0 0.0 7 

Bit. binder 4 2.5 2 2 3 3.5 4.5  3.1 1.0 7 

Bit. Base — — — — — — — — — — — 

Class 5 agg. subbase — — — — — — — — — — — 

Class 4 agg. subbase 6 6.5 15 13 10  7  9.6 3.7 6 

Class 3 agg. subbase — — — — — 6 — — 6.0 — 1 

Crystal 

Subgrade — — — — — — — — Infinite — — 
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Table 4-3.  Summary of the pavement structure including layer types and thicknesses for 5- to 7-ton designs. 

 
Thickness, in 

City Layer Description 
5T-1 5T-2 5T-3 5T-4 5T-5 5T-6 5T-7 5T-8 5T-9 Mean Std. 

Dev 

 
Count 

Bit. Wear 2 2 2 2 2 2 — — — 2.0 0.0 6 
Bit. binder — — — — — — — — — — — 0 
Bit. Base — — — — — 1 — — — 1.0 — 1 
Class 3 agg. subbase 2 2 — — — 9 — — — 4.3 4.0 3 
Class 4 agg. subbase   4 4 4  — — — 4.0 0.0 3 
Class 5 agg. subbase 2 2 4 4 4 5 — — — 3.5 1.2 6 

Burnsville 

Subgrade — — — — — — — — — Infinite — — 
Bit Wear 1 1 1 1 1 1 1 1 1 1.0 0.0 9 
Bit Binder 2 2 2 2 2 2 2 2 2 2.0 0.0 9 
Bit Base — — — — — — — — — — — 0 
Class 5 agg. subbase — — — — — — — — — — — 0 
Class 4 agg. subbase — — — — — — — — — — — 0 
Class 3 agg. subbase 6 6 6 6 6 6 6 6 6 6.0 0.0 9 

Eagan 

Subgrade — — — — — — — — — Infinite — — 
Bit Wear 2 1 2 2 2 2 2 1.5 — 1.8 0.4 8 
Bit Binder        2 — 2.0 — 1 
Bit Base — — — — — — — — — — — 0 
Class 5 agg. subbase — — — — — — — — — — — 0 
Class 4 agg. subbase — — — — — — — — — — — 0 
Class 3 agg. subbase 6 8 6 12 6 6 6 6 — 7.0 2.1 8 

Fairmont 

Subgrade — — — — — — — — — Infinite — — 
Bit Wear 2 2 1.75 2 2.5 — — — — 2.1 0.3 5 
Bit Binder — — — — — — — — — — — 0 
Bit Base — — — — — — — — — — — 0 
Class 5 agg. subbase — — — — — — — — — — — 0 
Class 4 agg. subbase 6 3 5.5 5 9 — — — — 5.7 2.2 5 
Class 3 agg. subbase — — — — — — — — — — — 0 

Crystal 

Subgrade — — — — — — —   Infinite — — 
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The information presented in tables 4-2 and 4-3 shows that 9- to 10-ton designs typically have 
three layers—two bituminous and an aggregate base/subbase layers placed over a prepared 
subgrade.  Bituminous thickness ranged from 5 to 10 in, while the aggregate base/subbase 
thickness ranged from 6 to 15 in.  The 5- to 7-ton designs typically had two layers—a bituminous 
and an aggregate base/subbase layer placed over a prepared subgrade.  Bituminous thickness 
ranged from 1.5 to 3.5 in, while the aggregate base/subbase thickness ranged from 5 to 10 in. 
 
Using the information presented in tables 4-2 and 4-3 and information collected on typical future 
designs during data collection, the project team developed typical pavement structures for the 9- 
to 10-ton and 5- to 7-ton designs that represent past and future designs.  The typical structures 
are presented in figure 4-1. 
 
 

Bituminous Wear
Bituminous Binder

Class 5
Aggregate Base

Subgrade

1.0-in
1.0-in

6.0-in

Infinite

Bituminous Wear

Bituminous Binder

Class 5
Aggregate Base

Subgrade

1.0-in

4.0-in

8.0-in

Infinite

5- to 7-ton 9- to 10-ton  
 

Figure 4-1.  Typical pavement structure for the 9- to 10-ton and 5- to 7-ton designs. 

 
 
Typical 9- to 10-Ton and 5- to 7-Ton Overlay Thickness 
 
The information gathered in the database assembled shows that, for both 9- to 10-ton and 5- to 7-
ton designs, bituminous overlay thickness typically ranges from 1.5 to 2.5 in, with a mean of 2.0 
in. 
 
Description of M&R Activities Commonly Applied Across Cities 
 
The project team developed the typical M&R histories of 9- to 10-ton and 5- to 7-ton designs 
using information available in the assembled database.  The developed histories were checked 
for accuracy and reasonableness by the city personnel.  A description of the commonly applied 
maintenance activities for both 9- to 10-ton and 5- to 7-ton designs over their service lives are 
presented in the following sections. 
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Patching  
 
Patching was done to fill potholes in the pavement or to fill up holes caused by the removal of 
the damaged portions of the pavement.  Filling consisted of the placement of bituminous material 
in the holes followed by compaction.  In situations where subgrade correction was required, the 
entire pavement structure in the area of failure was removed and patched.  Patching is typically 
done approximate 1 to 2 years before scheduled sealcoating. 
 
Crack Sealing 
 
Crack sealing is the placement of a sealant (typically, a rubberized bituminous material) in 
existing cracks on the pavement surface.  It prevents or limits the infiltration of water into 
pavement cracks, thereby minimizing moisture damage.  Crack sealing is typically performed 
prior to a sealcoat. 
 
Sealcoat 
 
Sealcoating is the surface application of a bitumen emulsion followed by the placement of small-
graded aggregate (rock) to improve pavement surface friction and/or to seal the existing surface 
to prevent oxidation and moisture damage.  Sealcoating typically is performed periodically over 
the pavement life and is considered part of an intensive pavement maintenance program.  Timing 
depends on many factors, including pavement age, existing condition, and scheduled overlay or 
reconstruction.  As expected and as seen in the results in the appendix, there is a significant 
variation in the service life of sealcoated pavements.  This is highly influenced by the age of the 
pavement at which time the sealcoat is applied. 
 
Mill and Overlay/Resurfacing 
 
Resurfacing in the form of milling and placement of a bituminous overlay is done when the 
upper surface of the bituminous layer (1 to 3 in) is heavily deteriorated (oxidized) or damaged.  
Milling typically is tapered (i.e., grinding approximately 2 in of the existing bituminous surface 
at the pavement outside edges while leaving the pavement crown virtually intact). 
 
Depending on the extent of the surface distresses present, the entire pavement width may be 
milled to a uniform depth.  Typical bituminous overlay thickness (for both 9- to 10-ton and 5- to 
7-ton designs) ranges from 1.5 to 2.5 in.  Bituminous overlays are applied uniformly across the 
milled pavement surface.  In some situation, bituminous overlays are placed without prior 
milling.  This is not commonly done due to restrictions placed by the presence of curbs in urban 
areas.  There is a wide spread in the service life of the mill and overlay rehabilitation activities, 
which is likely influenced by the condition of the pavement at the time of resurfacing. 
 
Reconstruction 
 
Reconstruction involves removing the entire pavement structure and replacing it with a new 
pavement structure.  Pavement removal may also involve subgrade soil removal and replacement 
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to improve zones with local weakness.  The typical structure for a reconstructed pavement is the 
same as that of new design and construction. 
 
M&R Sequencing 
 
A summary of the M&R activities for the 9- to 10-ton and 5- to 7-ton design sections for each 
individual city is presented in appendix B.  Information presented in Appendix B shows that 
typical M&R activities are as follows: 
 

• 9- to 10-ton designs: 
 Sealcoats are placed periodically.  On average they are placed every 5 to 8 years. 
 Milling and overlay is done approximately 25 years following initial construction or 

reconstruction. 
 The pavement is reconstructed after 40 to 45 years in service. 

• 5- to 7-ton designs: 
 Sealcoats are placed periodically.  On average, they are placed every 5 to 6 years. 
 Milling and overlay is done approximately 20 years following initial construction or 

reconstruction. 
 The pavement is reconstructed after 40 to 45 years in service. 

 
The M&R histories for the 9- to 10-ton and 5- to 7-ton designs are presented in figures 4-2 and 
4-3, respectively.  It must be noted that the M&R activities presented represents current practices 
that may not necessarily consider pavement network condition. 
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Figure 4-2.  Typical M&R activities for 9- to 10-ton design sections for the cities of Burnsville, 
Crystal, Eagan, and Fairmont. 
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Figure 4-3.  Typical M&R activities for 5- to 7-ton design sections for the cities of Burnsville, 
Crystal, Eagan, and Fairmont. 

 
DETERMINATION OF SERVICE LIVES USING PERFORMANCE ANALYSIS 
 
Pavement service life was defined in this study as the life of a pavement structure from the time 
it is completed for use until application of the first significant rehabilitation treatment or 
reconstruction (it is important to note that this would be the first significant cost expenditure for 
the pavement also).  Thus, any occurrence of an overlay or reconstruction signaled the end of a 
pavement’s serviceable life and time to first significant cost expenditure.  The same definition 
was applied to overlays and reconstruction.  Note that the application of maintenance (crack 
sealing, sealcoats, etc.) was not considered significant enough to indicate the end of a pavement 
service life. 
 
Service lives were determined for each of the commonly applied M&R activities and initial 
construction for the 9- to 10-ton and 5- to 7-ton designs.  Service lives were determined through 
modeling.  The modeling techniques applied were: (1) development of 5th order polynomial 
models using regression and (2) development of survival curves using survival analysis.  A brief 
description of modeling techniques applied in both regression models and survival analysis are 
presented in the following sections. 
 
Regression 
 
Regression consisted of selecting an appropriate model form for modeling pavement condition 
deterioration and using the method of least squares to determine the best fit model regression 
coefficients.  This method calculates the best-fitting line for the observed data by minimizing the 



 35

sum of the squares of the vertical deviations from each data point to the line (if a point lies on the 
fitted line exactly, then its vertical deviation is 0).  Because the deviations are first squared, then 
summed, there are no cancellations between positive and negative values.  After reviewing 
published literature on modeling pavement condition, the project team adopted the 5th order 
polynomial developing pavement condition deterioration for this study.  The model adopted is as 
shown below: 
 
 PCI = α1X5 + α2X4+ α3X3+ α4X2+ α5X+ α6 Eq.1 
 
where:  PCI   =  Pavement condition index. 
       Age   =  Pavement age (since construction or reconstruction), years. 
        αi    =  Model regression coefficients. 
 
The data assembled and used in model development were also checked for outliers and erroneous 
data before modeling was done.  Regression and curve fitting was completed using the SAS© 
statistical package.  Tentative models developed were checked for reasonableness by examining 
possible trends in plots of residuals (the deviations from the fitted line to the observed values) 
versus predicted pavement condition.  The presence of trends in such plots questioned the 
validity the assumption that the 5th order polynomial was the correct model type for the data.  
Tentative models that were deemed reasonable were finalized and used in analysis. 
 
Survival Analysis 
 
Survival analysis has been used extensively in pavement evaluations to study the effect of site 
conditions, design features, construction techniques, maintenance treatments, and rehabilitation 
activities on pavement service life.  In survival analysis, data associated with the time (measured 
in terms of pavement age or truck traffic applications) until a major cost event occurs (overlay or 
reconstruction) is used in a non-parametric or parametric procedure to produce estimates of a 
survival distribution function, conventionally denoted by S, and defined as follows:  
 
 S(t) = Pr(T>t) Eq. 2 
  
where:  t   =  Time or age of pavement (or cumulative number of truck loadings). 
       T  =  Time or age of pavement at failure (or cumulative number of truck 
             loadings at failure. 
       Pr  =  Probability. 
 
Survival functions have the following characteristics: 
 

1. It assumes that S(0) = 1 (although it could be less than 1 if there is the possibility of 
immediate pavement failure due to construction error). 

2. Survival probability decreases with increasing life (i.e., S(u) < S(t) if u > t).  This 
expresses the notion that survival is only less probable as the pavement ages or as more 
trucks are applied to the pavement. 
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3. Survival probability is usually assumed to approach zero as pavement age or traffic 
applications increases without bound (i.e., S[t] → 0 as t [measured as pavement age of 
the number of truck applications] → ∞). 

 
For this study, the parametric (Kaplan-Meier) and non-parametric (actuarial) approaches were 
used to develop survival functions using the SAS© statistical package.  
 
RESULTS OF PERFORMANCE ANALYSIS (ESTIMATES OF SERVICE LIVES FOR 
INITIAL CONSTRUCTION AND M&R ACTIVITIES) 
 
Table 4-4 presents a summary of the results of the performance analysis (regression and survival 
analysis) done to determine initial design and M&R service lives for 9-to 10-ton and 5- to 7-ton 
pavement designs.  This table shows estimates of service life in years for 9- to 10-ton and 5- to 7-
ton designs obtained from regression and parametric and non-parametric survival analysis.  
Based on the composite data obtained from the various cities in Minnesota, the service life is 
based on an initial construction PCI of 100 and a terminal PCI of 75 for bituminous-surfaced 
roadways and 70 for sealcoat-surfaced roadways. 
 
Figures 4-4 and 4-5 present examples of regression and survival functions/models developed in 
this study (one each for the combination of design type and treatment [new construction or 
reconstruction, overlays, sealcoats]).  A detailed description of the regression and survival 
models development effort is presented in appendix C. 
 
The results presented in table 4-4 show very little difference in the service lives of the 9- to 10-
ton and 5- to 7-ton designs when service life is characterized using pavement age.  This is as 
expected, since pavements are typically designed with similar design lives (regardless type, 
functional class, and so on); thus, when service life is characterized using the age of the 
pavement, the expected service life will be close. 
 
The estimated service life must therefore be normalized to account for the effect of traffic since 
the 9- to 10-ton collector/industrial/commercial pavements used in analysis carry significantly 
heavier traffic loading than the typical residential street.  The procedure used for normalization 
of service lives computed using regression and survival models for the 9- to 10-to designs is 
described below. 
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Table 4-4.  Estimates of service lives for new construction and M&R. 

 
Service Life, years 

Activity Terminal 
PCI Regression 

Model 

Survival 
Analysis 
(Lifetest) 

Survival 
Analysis 
(Lifereg) 

Average 

New construction (9- to 10-ton) 75 18.64 19.91 16.89 18.48 

New construction (5- to 7-ton) 75 15.79 16.05 14.42 15.42 

2-in bit. overlay (9- to 10-ton) 75 10.85 7.03 9.39 9.09 

2-in bit. overlay (5- to 7-ton) 75 10.37 10.01 11.10 10.49 

Sealcoat (9- to 10-ton, placed at 
age 10 to 20 years) 70 6.01 5.12 6.85 5.99 

Sealcoat (5- to 7-ton, placed at 
age 10 to 20 years) 70 5.02 4.47 6.12 5.20 

 
 

New Construction/Reconstruction
(9- to 10-Ton Design Standard Sections)

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25
Age Since Last New Construction/Reconstruction (Years)

Pa
ve

m
en

t C
on

di
tio

n 
(P

C
I)

 
Figure 4-4.  Plot of regression model for new bituminous concrete 9- to 10-ton designs. 
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Figure 4-5.  Survival distribution function for new bituminous concrete 9- to 10-ton designs. 

 
 
Normalization of Service Life Estimates for the Effect of Traffic 
 
The three factors that have significant influence on pavement service life and thus must be 
considered in the procedure for normalizing estimates of service life are (1) traffic, (2) climate, 
and (3) cutting and patching.  Their effect on pavement service life and how they were 
characterized for use in a normalization process are described in the following sections. 
 
Traffic 
 
It has been long recognized that the level of traffic applied has a significant effect on the rate of 
deterioration of a given pavement.  For highly trafficked pavements with relatively high levels of 
truck traffic (10 to 20 percent), pavement deterioration is mostly due to damage inflicted by truck 
traffic.  This, however, may not be the case for the residential streets being analyzed in this 
study, since extremely low levels of truck traffic are applied to these streets.  Thus, the dominant 
cause of pavement deterioration could be damage due to other vehicles types, climate, and utility 
cuts and patching. 
 
To determine the most appropriate method for characterizing traffic for this study (all vehicles 
versus heavy truck only), a comparison of pavement deterioration due to truck traffic and traffic 
due to other vehicles types (passenger cars, light trucks, etc.) was completed.  The comparison 
consisted of subjecting a typical residential street to both truck traffic and traffic from other 
vehicle types.  The properties of the residential streets analyzed were as follows: 
 

• Bituminous layer thickness—2.0 in. 
• Bituminous layer modulus—ranged from 0.5 to 2.5 million psi annually, representing 

deep freeze (winter), warm, and hot (summer) climates. 
• Bituminous layer binder type—Superpave PG 58-34. 
• Crushed gravel base thickness—6.0 in. 
• Crushed gravel base resilient modulus—ranged from 11,000 to 1,000,000 psi, 

representing deep freeze (winter), warm, and hot (summer) climates. 
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• Subgrade type—AASHTO class A-7-5. 
• Subgrade resilient modulus—ranged from 7,000 to 150,000 psi representing, deep freeze 

(winter), warm, and hot (summer) climates. 
• ADT = 1,000 veh/day (all vehicles). 
• Percent trucks—2 percent (160,000 trucks after 20 years). 
• Truck axle type and load—18-kip single axles. 
• Percent other vehicles—98 percent (7.8 million vehicles after 20 years). 
• Other vehicles axle type and load—6-kip single axles. 
• All traffic growth—2.5 percent compound. 
• Location—Metro-area (St. Paul). 

 
Using the inputs listed above, fatigue cracking and rutting (the two distress types used to assess 
the structural condition of a bituminous pavement) were estimated for the typical residential 
street using mechanistic-empirical (M-E) pavement performance models developed under 
NCHRP Project 1-37A (ARA, 2004).  The predicted distresses are presented in figures 4-6 and 
4-7 for fatigue cracking and rutting, respectively. 
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Figure 4-6.  Plot of predicted fatigue “alligator” cracking for typical residential street. 
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Figure 4-7.  Plot of predicted rutting for typical residential street. 

 
The plot of predicted fatigue cracking shows that the amount of cracking due to other vehicle 
types was approximately three times that due to trucks.  Rutting due to other vehicle types was 
approximately 1.3 times that due to trucks.  The results show that all traffic must be considered 
since truck traffic is not the dominant cause of fatigue failure for residential streets. 
 
Climate, Cutting, and Patching 
 
Although traffic is the primary cause of pavement deterioration, the significant reductions in 
pavement traffic load carrying capacity from the adverse effects of climate (e.g., deterioration of 
paving materials, loss of pavement strength, etc.) could significantly increase the rate of 
pavement deterioration. 
 
The effect of climate on the typical 5- to 7-ton design was characterized using the NCHRP 
Project 1-37A pavement analysis software.  The distress type used in analysis was transverse 
(thermal) cracking—a key indicator of pavement deterioration due to climate.  Modeling and 
distress prediction was done by predicting transverse cracking for the same level of traffic 
(730,000 vehicles) over a period of 5-, 10-, and 20 years.  Design inputs for analysis were as 
described previously. 
 
Figure 4-8 shows how prolonging the exposure of a typical pavement to climate (for the same 
traffic level) from 5 to 20 years significantly affects pavement deterioration manifested as 
transverse cracking.  This situation is worsened if the pavement is subjected to frequent utility 
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Figure 4-8.  Plot of predicted transverse (thermal) cracking for typical residential street. 
 
cuts and patching which further weakens the pavement structure by allowing moisture to 
infiltrate into the pavement.  The infiltrated moisture causes a loss of foundation strength, 
pumping of granular base and subgrade materials leading voids beneath the pavement, and a loss 
of pavement load carrying capacity. 
 
Normalization Process 
 
Using the information on the effect of traffic, climate, etc., on pavement service life, a simple 
procedure was developed for normalizing pavement service life.  The stepwise procedure is 
described as follows. 
 
Step 1—Determine New Pavement/Reconstruction and M&R Activity Service Life  
 
Service lives of new or reconstructed 9-to 10-ton collector/industrial/commercial roadway and 5- 
to 7-ton residential streets and M&R treatments were determined using regression and survival 
models.  Estimates of service life obtained were summarized previously in table 4-4. 
 
Step 2—Estimate Cumulative Traffic 
 
Cumulative traffic was estimated for the 9- to 10-ton and 5- to 7-ton designs as follows: 
 

• 9- to 10-ton designs are mostly collectors or industrial/commercial type facilities.  They 
can experience an AADT of up to 8,000 veh/day.  The typical range of AADT however, 
is somewhere between 1,000 and 4,000 veh/day.  Typical AADT used in this study to 
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estimate cumulative traffic was 2,500 veh/day.  For collectors or industrial/commercial 
type facilities, heavy truck traffic is very low and not significant.  Truck traffic present on 
such facilities mostly consists of school buses, garbage trucks, and delivery 
vehicles/trucks the provide services frequently to commercial facilities.  Thus, 
approximately 2 to 3 percent of ADT can be assumed to be trucks. 

• 5- to 7-ton designs are mostly residential streets.  They can experience AADT of up to 
4,000 veh/day.  The typical range of AADT, however, is somewhere between 300 and 
1,500 veh/day.  Typical AADT used in this study to estimate cumulative traffic was 
1,000 veh/day.  For residential streets, heavy truck traffic is very low.  Truck traffic 
present on such facilities mostly consists of school buses, garbage trucks, and occasional 
delivery vehicles/trucks. 

 
Step 3—Select Normalization Factor 
 

Normalization factors to account for the effects of climate and utility cuts and patching were 
selected as follows: 

• New construction/reconstruction—NF = 0.8. 
• Overlays—NF = 0.8. 
• Sealcoat—NF = 0.7. 

 
Step 4—Normalize Service Life Estimates for 9- to 10-ton Designs 
 
Normalized service life was computed as follows: 
 
  Eq. 3 
 
where:  SL9-N   =  Normalized service life in terms of age. 
       SL9    =  Estimate of service life for 9- to 10-ton design from step 1. 
       CT9   =  Estimate of cumulative traffic for 9- to 10-ton designs. 
       CT5   =  Estimate of cumulative traffic for 5- to 7-ton designs. 
       CUAF =  Adjustment factor to account for the effect of climate and utility 
              cuts/patching on pavement deterioration. 
 
Using equation 3 and the factors presented in step 3, normalized service lives were computed.  
The results are presented in table 4-5. 
 
 
 

CUAF
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CTSLSL N **

5
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Table 4-5.  Summary of normalized service lives for 9- to 10-ton designs. 

 

Activity Service 
Life, years 

AADT, 
veh/day

Growth 
Rate, 

percent 

Cumulative 
AADT CUAF 

Normalized 
Service Life, 

years 
New construction (9- 
to 10-ton) 18.48 2,500 4 7,930,622 0.80 28.5 

New construction (5- 
to 7-ton) 15.4 1,000 2 4,118,084 1.00 15.4 

Bit. overlay (9- to 10-
ton) 9.09 2,500 4 5,723,244 0.80 13.4 

Bit. overlay (5- to 7-
ton) 10.5 1,000 2 3,099,959 1.00 10.5 

Sealcoat (9- to 10-ton, 
placed at age 10 to 20 
years) 

5.99 2,500 4 4,280,203 0.70 10.5 

Sealcoat (5- to 7-ton, 
placed at age 10 to 20 
years) 

5.2 1,000 2 1,708,724 1.00 5.2 

  Note:  AADT of 2,500 veh/day was assumed for collectors, industrial/commercial 9-to 10-ton design and 1,000 
              veh/day was assumed for the 5- to 7-ton residential streets. 
 
 
DEVELOPMENT OF LIFE-CYCLE MODELS 
 
Life-cycle models reflect the types and sequence of M&R activities that can be expected to occur 
for a particular original pavement structure over the chosen analysis period.  To evaluate the life-
cycle costs of typical 9- to 10-ton and 5- to 7-ton pavement design, a variety of scenarios were 
identified for which the costs of the two approaches could be calculated. 
 
Table 4-6 shows the alternative life-cycle models developed for the 9- to 10-ton and 5- to 7-ton 
representative designs depicted earlier in figure 9.  The models are presented graphically in 
figures 4-9 and 4-10.  Each design had the following additional characteristics: 
 

• Street type:  2-way local residential street. 
• Pavement width:  32 ft. 
• Shoulder type:  None, curb and gutter at the edges. 
• Traffic:  Anticipated 2-way ADT is 1,000 veh/day with 2 percent trucks, yielding an 

estimated 7,300 trucks/year (both directions). 
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Table 4-6.  Life-cycle cost models used for analysis. 

 
Activity Year 

5-7 Ton Design 9-10 Ton Design 
0 Initial construction Initial construction 
4 Crack Seal  
5 Sealcoat  
8  Crack Seal 
9 Crack Seal Sealcoat 
10 Sealcoat  
15 Overlay Crack Seal 
16  Sealcoat 
18 Crack Seal  
19 Sealcoat  
22  Crack Seal 
23  Sealcoat 
24 Overlay  
27 Crack Seal  
28 Sealcoat Overlay 
33 Overlay Crack Seal 
34  Sealcoat 
36 Crack Seal  
37 Sealcoat  
39  Crack Seal 
40 Reconstruction Sealcoat 
42  Reconstruction 
44 Crack Seal  
45 Sealcoat  
48  Crack Seal 
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Figure 4-9.  Life-cycle model for 9- to 10-ton design. 
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Figure 4-10.  Life-cycle model for 5- to 7-ton design. 

 
 
Performance analysis results indicated a service life of 66.4 years for the 9- to 10-ton design and 
15.4 years for the 5- to 7-ton design (based on anticipated local residential street design traffic 
levels).  A coefficient of variation of 20 percent was utilized to characterize the variability of the 
estimated service lives.  Bituminous overlay service life was 23.6 and 10.5 years, respectively, 
for the 9- to 10-ton and 5- to 7-ton designs, while sealcoat service life was 20.7 and 5.2 years, 
respectively.  (Note that this is for sealcoats applied after the pavement has been in place for 10 
years and not more than 20 years). 
 
As shown in table 4-6, the frequency of M&R activities for the 5- to 7-ton designs was based on 
the expected lives of the treatments applied as shown in table 4-5.  The application of sealcoats 
was, however, more aggressive to reflect actual practices across the State, which varied quite 
significantly.  The 9- to 10-ton designs according to the service lives estimates should require 
very little maintenance or rehabilitation.  However, to reflect current M&R practices, an 
aggressive maintenance schedule and a major rehabilitation activity was assumed.  Thus, the life-
cycle models presented reflect both city practices and estimates of service lives, making them 
robust and reasonable.   
 
EVALUATION OF UNIT COST DATA 
 
City and State-Aid Construction Costs 
 
One of the most critical aspects of LCCA is establishing the direct agency costs associated with 
initial construction, maintenance, rehabilitation, and reconstruction of pavements.  Having the 
best unit price estimates possible for the various pay items associated with initial construction 
and periodic M&R, and ultimate reconstruction goes a long way toward ensuring a fair 
assessment of life-cycle costs. 
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Unit cost data for this study were obtained from multiple sources—Burnsville, Crystal, Eagan, 
Fairmont, St. Louis Park and the Mn/DOT SALT office.  The city and State-Aid construction 
costs received were the individual costs (in $1,000) of the initial pavement structure and each of 
the subsequent maintenance, rehabilitation, and reconstruction events/activities.  Cost data were 
in the form of average costs of the two to three lowest bid items or pay items with projects put to 
bid in the 1990 to 2004.  The data were collected and analyzed carefully.  Best estimates were 
then developed covering a range of initial pavement structures, material types, and M&R 
treatments.  Table 4-7 provides a sample of the data collected from the city of Burnsville and 
used in the study. 
 
Development of Unit Cost Best Estimates 
 
Development of unit costs began with computing the average unit price of the 2 to 3 lowest bid 
or pay items for small- to mid-sized projects (as they are more representative of the projects 
under evaluation in this study) in the cost database assembled.  Next, the average costs were 
adjusted for inflation to 2004 prices as follows: 

 
 $F = $P * (1 + i)n Eq. 4 
 
where:  $F  =  Current year (1999) cost adjusted for inflation, $. 
       $P  =  Past year cost, $. 
       i   =  Inflation rate, decimal (0.04 or 4 percent assumed). 
       n   =  Number of years between cost date and 2004. 
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Table 4-7.  Sample cost data obtained from bid items (Burnsville 1990 to 2004). 

 
Year and Unit Costs* 

Item Unit 1990 1991 1992 1993 1994 1995 1996 1997 2000 2001 2002 2003 2004 
Common 
Excavation CY 3.90 3.65 4.00 4.00 5.00 5.40 5.78 6.50 5.25 7.00 7.11 8.90 8.75 

Subgrade 
Excavation CY 3.90 3.65 3.00 4.00 6.00 5.40 6.10 7.00 5.25 6.00 7.11 8.90 8.75 

Salvaged Aggregate 
& Bituminous - EV 
(In Place) 

CY 4.90 4.80 6.00 1.75 3.75 7.80 7.35 2.75      

Salvaged Aggregate 
& Bituminous - EV 
(To/From Stockpile) 
(Paid 2 Times) 

CY      8.70 8.00 7.00      

Salvaged Aggregate 
& Bituminous - EV 
(To Stockpile) 

CY         5.75 9.00 9.25 10.75 9.22 

Salvaged Aggregate 
& Bituminous - EV 
(From Stockpile) 

CY         8.00 6.00 7.75 6.75 6.23 

Stabilizing 
Aggregate - LV CY 5.80 5.90 6.20 6.70 7.00 6.00 6.90 6.50 8.10 9.00 8.50 8.20 8.70 

Geotextile Fabric SY 3.00 0.70 0.80 1.50 1.25 0.85  1.00 1.00 1.10 0.70 1.50 1.50 
Aggregate Base 
(Class 5, 5 Mod., 
5A) 

Ton 7.50 6.45 7.00 7.25 7.00 5.65 6.90 7.25 8.60 10.00 9.25 10.25 8.70 

Type 31 Base 
Course Mixture Ton 10.75 19.12 16.90 17.50 20.00 20.90 20.00 20.50 25.60 23.00 26.45 10.25 8.70 

Type MV3 Non-
Wearing Course 
Mixture 

Ton            32.05 28.00 

Type 41 Wearing 
Course Mixture 

Ton 12.25 21.90 19.30 20.00 22.00 23.40 22.80 23.00 28.30 28.00 29.45   

Type MV3 Wearing 
Course Mixture 

Ton            35.46 31.00 

Bituminous Material 
for Tack Coat 

Gal 1.00 1.00 1.00 1.25 1.25 1.20 1.80 1.35 1.50 1.80 1.50 2.00 2.00 

*In $1000. 
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The computed costs are summarized in table 4-8.  For the probabilistic LCCA, a coefficient of 
variation of 20 percent was applied to each event/activity cost to reflect variability.  Additional 
cost items used in the LCCA were as follows: 
 

• Traffic control costs—Average daily cost of traffic control, including Traffic Control 
Labor (4 people, 10 hr days), Sequential Arrow Sign, and Traffic Control Supervisor.  A 
daily cost of $1,080 was used. 

• Mobilization—An average mobilization cost of 5 percent of the project total cost was 
used. 

• Sales Tax—An average sales tax of 7.6 percent of the project total cost was used. 
• Engineering and Contingencies—An average engineering and contingency cost of 15 

percent of the project total cost was used. 
• Preliminary engineering costs—An average preliminary engineering cost of 10 percent of 

the total construction cost was used. 
 
 

Table 4-8.  Summary of pay item unit costs used to estimate event/activity costs. 

 
Bid Item Unit Unit Price Quantity Per Day

Bituminous concrete (wearing Type 41) Ton $29.00 2,000 
Bituminous concrete (wearing Type MV3) Ton $35.57 2,000 
Bituminous concrete (nonwearing Type MV3) Ton $31.27 2,000 
Bituminous concrete (binder) Ton $31.50 2,000 
Bituminous concrete (base) Ton $31.00 2,000 
Sealcoat SY $1.98 40 
Bitumen for tack coat Gal $1.85  
Apply tack coat Hr $114.25  
Bitumen for prime coat Ton $222.00  
Select granular material CY $7.83 2,500 
Aggregate base, class 3 CY $12.56 2,500 
Aggregate base/subbase, class 4 CY $13.77 2,500 
Aggregate base, class 5 CY $18.03 2,500 
Remove bituminous pavement (milling) (2.0") SY $1.75 14,000 
Bituminous pavement (to stockpile) CY $9.00 14,000 
Bituminous pavement (in place) CY $11.95 14,000 
Salvaged milled aggregate from stockpile CY $6.00 14,000 
Removal of bituminous concrete pavement SY $3.75 22,000 
Removal of subgrade material CY $7.25 22,000 
Crack sealing LF $0.28  
Curb and gutter LF $8.58 1 
Curb and gutter, remove and replace poor sections LF $20.00 1 
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LCCA 
 
LCCA Program Selection 
 
For this study, LCCA was performed using a probabilistic approach, as it accounts for real-world 
variability and/or uncertainty associated with the various input parameters (e.g., costs, 
performance) that are used to compute life-cycle costs.  The program used in analysis was the 
FHWA’s LCCA spreadsheet program, RealCost Version 2.1 (FHWA, 2004). 
 
RealCost applies a simulation technique that entails defining individual input parameters by a 
frequency (or probability) distribution (rather than by discrete values, as is done in deterministic 
LCCA) and computing an array of life-cycle costs through iterative sampling of the pre-defined 
frequency distributions of each input variable.  The resulting array of life-cycle costs form a 
unique probability distribution, which can then be examined and compared with the cost 
distribution of a competing design alternative.  The simulation technique utilized by RealCost for 
probability simulation is the Monte Carlo simulation and is illustrated in figure 4-11 (Walls and 
Smith, 1998). 
 
 

 
Figure 4-11.  NPV distribution generation (Smith & Walls, 1998). 

 
 
RealCost computes life-cycle costs in the form of net present value (NPV), which is defined as 
follows: 
 
  Eq. 5 
 
where:  NPV  =  Net present value, $. 
         i     =  Discount rate, percent. 
       N    =  Time of future cost, years. 
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LCCA Inputs 
 
Figure 4-12 shows the overall program layout for RealCost.  The layout shows the various 
function and inputs of the program and inputs required for analysis.  A summary of the functions 
and inputs are as follows: 
 

• Project-level inputs—Inputs common to both alternatives under consideration such as 
traffic, project details, analysis options, and so on. (Note that for this study user costs 
were not considered in LCCA). 

• Alternative-level inputs—Inputs specific to a given design alternative (i.e., 9- to 10-ton 
and 5- to 7-ton design alternatives).  The information required includes initial 
construction and subsequent M&R activity and reconstruction cost and service lives and 
anticipated maintenance costs and frequency. 

• Activity work zone inputs. 
• Input warning—Warnings trigger by possible errors in input data. 
• Simulations and outputs—Inputs for actual running of the LCCA such the number of 

simulations and so on and reported results. 
• Administrative functions.  

 
 
 

 
 

Figure 4-12.  Overall program layout for RealCost. 
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The project details (inventory type information) are as shown in figure 4-13.  The LCCA was 
performed to evaluate the 2-lane local roads designed using Mn/DOT 9- to 10-ton and 5- to 7-ton 
design standards.  Figure 4-14 presents the analysis options applied for this analysis, namely an 
analysis period of 45 years, an assumed discount rate of 4 percent over the analysis period, and 
the inclusion of agency cost remaining life value in the analysis.  Note that user costs were not 
considered in this analysis, as they are not critical for local residential streets with low traffic 
volumes and thus minimal delays caused by M&R. 
 
Figure 4-15 presents information on the traffic data used in analysis.  Total ADT for both 
directions of the local residential streets was 1,000 veh/day.  This is the typical value obtained 
from the survey of cities and follow-up interviews.  The percent of trucks was assumed to be 1 
percent single unit trucks and 1 percent combination trucks.  This implies an estimate of 20 
trucks a day consisting of single unit delivery vehicles, school buses, and garbage trucks.  A 
typical speed limit of 35 mi/hr for local residential streets was assumed.  Default roadway traffic 
capacity values obtained from the Realcost user guide were assumed (FHWA, 2004).  Figure 4-
16 presents the default traffic hourly distribution (obtained from RealCost representing hourly 
traffic distribution for urban environments). 
 
 
 
 

 
 

Figure 4-13.  Summary of project details. 
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Figure 4-14.  RealCost analysis options applied and used for computing life-cycle costs. 

 

 
 

Figure 4-15.  Traffic data used for analysis. 
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Figure 4-16.  Hourly traffic distribution (default) used for analysis. 

 
 
Figures 4-17 through 4-23 present the activity cost, service life, and activity work zone inputs for 
the first four activities of the 5- to 7-ton design alternative and the first three activities for the 9- 
to 10-ton design alternative.  The activities were initial construction rehabilitation 1 through 3 
and initial construction rehabilitation 1 and 2, respectively.  Note that these activities are 
repeated as subsequent rehabilitation activities (rehabilitation 3, 4, 5, etc.) and thus are not 
presented.  Sources of the information presented in these figures have been described in 
preceding sections of this report. 
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Figure 4-17.  Activity cost, service life, and activity work zone inputs for initial construction of 

the 5- to 7-ton design alternative. 

 

 
 

Figure 4-18.  Activity cost, service life, and activity work zone inputs for rehabilitation 1 (first 
bituminous overlay) of the 5- to 7-ton design alternative. 
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Figure 4-19.  Activity cost, service life, and activity work zone inputs for rehabilitation 2 (second 
bituminous overlay) of the 5- to 7-ton design alternative. 

 

 
Figure 4-20.  Activity cost, service life, and activity work zone inputs for rehabilitation 3 

(reconstruction) of the 5- to 7-ton design alternative. 



 56

 
 

Figure 4-21.  Activity cost, service life, and activity work zone inputs for initial construction of 
the 9- to 10-ton design alternative. 

 

 
Figure 4-22.  Activity cost, service life, and activity work zone inputs for rehabilitation 1 (first 

bituminous overlay) of the 9- to 10-ton design alternative. 
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Figure 4-23.  Activity cost, service life, and activity work zone inputs for rehabilitation 2 (second 

bituminous overlay) of the 9- to 10-ton design alternative. 

 
 
LCCA Results 
 
For this study, a normal probability distribution was assumed for all probabilistic inputs.  A total 
of 500 simulations were performed for the LCCA (see figure 4-24).  The resulting life-cycle cost 
estimate (mean and standard deviation) based on the 500 simulation runs for each design 
alternative (i.e., 9-to 10-ton and 5- to 7-ton design standard) is presented in figure 4-25.  Figure 
4-26 shows a histogram of the distribution of computed life-cycle costs for all 500 iterations for 
9-to 10-ton and 5- to 7-ton designs. 
 
Life-cycle costs computed for 9- to 10-ton and 5- to 7-ton designs were compared to determine if 
there was any significant difference between the estimates for 9- to 10- ton and 5- to 7-ton 
designs.  This comparison was done by performing a t-test (statistical analysis).  The t-test was 
used to determine if the difference in computed life-cycle costs is large enough to warrant a 
rejection of the null hypothesis that in fact such differences are due to "chance" (i.e., life cycle 
costs for the 9- to 10-ton and 5- to 7-ton designs are not significantly different).  The result of the 
t-test is presented in table 4-9.  The results show a “p” value (two-tail) of 0.387 (i.e., greater than 
0.05).  This implies that the null hypothesis is valid at the 95 percent significance level and there 
is no significant difference in life-cycle costs between the two designs. 
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Figure 4-24.  Input screen showing sampling scheme, number of iterations, and convergence 
tolerance for LCCA. 

 
 
 
 

 
Figure 4-25.  Output screen showing computed life cycle costs for the design alternatives along 

with basic descriptive statistics. 
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Figure 4-26.  Histogram showing the distribution of life-cycle costs for 9- to 10-ton and 5- to 7-
ton designs. 

 
 

Table 4-9.  Summary of t-test results. 

 

Statistics 5- to 7-ton 
Design 

9- to 10-ton 
Design 

Mean Construction Cost ($ per 2 lane-mi) 537,329.90 542,010.20 
Cost Variance ($ per 2 lane-mi) 6688.63 7966.70 
Number of Cost Iterations 500 500 
Hypothesized mean difference 0  
Degrees of freedom 998  
t –test statistic -0.8645  
P(T<=t) one-tail 0.193  
t Critical one-tail 1.646  
P(T<=t) two-tail 0.387  
t Critical two-tail 1.962  
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Given the above information, the question basically reduces to whether the likely cost ranges 
overlap (in which case, the means could be the same and the null hypothesis may not be rejected) 
or not (in which case, the difference is most likely not due to chance and the null hypothesis may 
be rejected).  To report the variety of possible outcomes—from means not "significantly" 
different to means in fact "significantly" different—the probability that the difference is due to 
chance is reported.  Reject the null hypothesis if P is "small". 
 
The mean summary of the test results in table 4-9 indicate that, from a statistical standpoint, the 
life-cycle cost of the 5- to 7-ton design is the same as the life-cycle cost of the 9- to 10-ton 
design, when considering initial construction cost and the costs of M&R. 
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CHAPTER 5.  CONCLUSIONS AND 
RECOMMENDATIONS 

 
 
This study examined the performance and costs of the Mn/DOT 9-to 10-ton and 5- to 7-ton 
design standards when used for local residential streets.  Both the initial pavement structure type 
and the series of M&R treatments applied to each design alternative over a 48-year period were 
evaluated to compare the cost-effectiveness of the 9- to 10-ton design and 5- to 7-ton design 
alternatives. 
 
Pavement life and M&R treatment performance for both design alternatives were evaluated using 
regression and survival analysis techniques.  Unit costs of initial construction and M&R pay 
items were analyzed to develop best estimates for use in the LCCA process. 
 
Using the results the various pavement performance analyses and pay item unit costs, a 
comprehensive comparative LCCA was performed using life-cycle models developed for each 
design alternative.  The established models, along with the best estimates of unit costs, were then 
entered into the FHWA probabilistic LCCA spreadsheet program, RealCost, whereupon life-
cycle costs were computed using a 48-year analysis period and 4 percent discount rate. 
 
CONCLUSIONS 
 
Initial Pavement and M&R Service Life 
 
On average, there was no significant difference in initial pavement and M&R service lives 
measured in terms of pavement age in years.  However, when the estimated service life was 
normalized (to reflect the traffic carried with the period of service life in years), the service lives 
of initial pavement and M&R treatments of the 9- to 10-ton design alternatives significantly 
outperformed the 5- to 7-ton design alternative.  This is as expected, since the 9- to 10-ton design 
alternative is designed to carry significantly more traffic than the 5- to 7-ton design. 
 
Construction and M&R Pay Item Unit Costs 
 

• Sufficient data were available to develop best estimates of unit costs for use in the 
LCCAs conducted in this study.  All original cost data were inflated to 2004 values and, 
where appropriate, were reprocessed to filter out the effects of projects having large 
quantities. 

• For pay items with limited or no cost data, best estimates were developed using all 
available cost information and engineering judgment. 

 
Interpretation of Results 
 
A detailed summary of the results of the LCCA is presented for both design alternatives in table 
5-1.  This table shows the NPV for each alternative at both the mean (50 percent) and 90 percent 
probability levels.  Based on the probabilistic modeling completed for this project, the 50 percent 
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probability means that 5 times out of 10, the pavement costs will be higher than that indicated in 
table 5-1.  The 90 percent probability means that 9 times out of 10, the cost of the pavement will 
be less than that shown in table 5-1. 
 
The results show that, at both probability levels, the difference in costs between the two designs 
was less than 10 percent (note that 10 percent is typically adopted as the threshold for 
determining if the difference in costs is significant).  Hence, it can be concluded that there was 
no significant difference in costs when a 9- to 10-ton design standard is used in place of the 
current 5- to 7-ton design standard.  The factors that come together to result in the similar life-
cycle costs include: 
 

• The 9- to 10-ton design standard has a high initial cost (approximately 2.5 times the cost 
of a 5- to 7-ton design), which increases the life-cycle cost for the 9- to 10-ton design 
section. 

• The 9- to 10-ton design has less frequent M&R needs, which reduces the life-cycle cost 
for this design section. 

• The 5- to 7-ton design has a lower initial cost and therefore the contribution of the initial 
cost to the overall life-cycle cost is lower for this design section. 

• The 5- to 7-ton design requires more frequent M&R treatments, resulting in a higher 
contribution to the life-cycle cost of this section. 

• The initial design life of the 5- to 7-ton design is shorter than that of the 9- to 10-ton 
design. 

 
All of the above factors, when taken into account using the LCCA, result in statistically similar 
present worth costs for the two designs. 
 

  

Table 5-1.  Detailed summary of the results of the LCCA for both design alternatives. 

 

Analysis Type 
Cost Variables 

9- to 10-ton design 5- to 7-ton design 

Percent Difference 
in Design 

Alternatives 

Estimated Agency Cost @ 50 
percent Probability 
($ per 2 lane-mi) 

542,010 537,330 0.86 

Std. Dev., ($) 89,260 81,780 — 

Estimated Agency Cost @ 90 
percent Probability, ($ per 2 

lane-mi) 
688,396 671,449 2.46 
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RECOMMENDATIONS  
 
The results of the analysis presented in this report show that the life-cycle costs for the 9- to 10-
ton and 5- to 7-ton designs are essentially the same, based on agency cost only.  Thus, there is no 
cost saving derived by choosing one construction alternative over the other. 
 
The 9- to 10-ton design would, however, have significantly increased initial costs, though the 
frequency of maintenance activities will be reduced when using this design standard. 
 
For both designs, significant damage caused by frequent placement and maintenance of utilities 
activities would occur. 
 
Based on the results presented, the decision as to whether to apply a 9- to 10-ton or 5- to 7-ton 
design must be made on a case-by-case basis.  Such an evaluation must consider the following 
items: 
 

• Initial costs. 
• Phased construction. 
• Sources of roadway constriction and maintenance funding. 
• Availability of resources (personnel and financial) for performing frequent M&R 

activities. 
• Disruptions due to lane/road closures. 
• Underlying costs for additional treatment depending on the subgrade type (i.e., 

subexcavation or subgrade improvement costs). 
 
For example, shifting to a thicker pavement structure will result in much higher initial 
construction costs.  While this may be a manageable scenario for a relatively new city, this 
would be very difficult for older more established cities where there is a backlog of pavement 
rehabilitation needs.  Spending more money on a few streets would likely result in a significant 
backlog of rehabilitation needs and an overall lower level of service throughout the city. 
 
Phased construction would defer the placement of the bituminous surface course for up to several 
years to permit any settlements to occur or for construction to be completed in new development 
areas.  The impact of traffic (including construction traffic) can cause significant damage to 
relatively thin pavement structures (e.g., 5- to 7-ton design).  In this situation, it would likely be 
better to select the higher design standard, as it has a thicker base and bituminous surface 
structure. 
 
The selection of one alternative over another will likely be influenced by the sources and 
availability of funding and city resources (e.g., levies, State funding, developer funding, etc.). 
 
In high traffic or critical use areas (high use commercial areas, etc.), consideration should be 
given to using the 9- to 10-ton design standard, as this will result in reduced frequency of 
maintenance and thus disruption to local businesses. 
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The selection of the most appropriate design standard may also be influenced by the type and 
condition of the local subgrades.  For example, it would likely be more cost-effective to use the 
5- to 7-ton design for good quality subgrade areas (e.g., sandy subgrades).  The influence of 
traffic loading and environmental damage will be less for pavements built over higher quality 
subgrades. 
 
FUTURE WORK 
 
While the results of the analysis completed in this study are considered to be representative of 
typical Minnesota conditions, they are based on a fairly limited sampling of municipal pavement 
performance data.  Consideration should be given to expanding the database of performance and 
cost information. 
 
Consideration of user costs in LCCA may result in a significantly different outcome.  The project 
team recommends that future analyses include at least a preliminary assessment of user costs. 
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APPENDIX A—SELECTION OF REPRESENTATIVE 
PAVEMENT SECTIONS 

 



 A-1

INTRODUCTION 
 
For the cities of Burnsville, Crystal, Eagan, and Fairmont approximately 5 to 10 representative 9- 
to 10-ton and 5- to 7-ton pavement sections were selected to be used to determine typical 
pavement design (i.e., structure) and history of M&R activities.  For the selected sections, all 
relevant data regarding traffic, pavement structure, and M&R activities was gathered from the 
assembled project database.  The information gathered was set back to the respective cities for 
verification (i.e., check for accuracy).  Using the responses from various cities, typical pavement 
structures were developed. 
 
CITY OF BURNSVILLE 
 
Figures A-1 and A-2 show typical 9- to 10-ton design sections for the city of Burnsville and 
figure A-3 shows a typical 5- to 7-ton design structure for the city of Burnsville.  While the 5- to 
7-ton design is typically a 3-in bituminous surface over 6 in aggregate base, the 9- to 10-ton 
design structure consists of a 4- to 5-in bituminous surface over 6 to 12 in of aggregate base. 
 
 
 
 
 

2-in bituminous wear course

3-in bituminous base course

6-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil Factor 70-100)

2-in bituminous wear course

3-in bituminous base course

6-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil Factor 70-100)

 
 

Figure A-1.  Typical 9- to 10-ton design section for the city of Burnsville. 
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2-in bituminous wear course

2-in bituminous base course

12-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil factor 70-100)

2-in bituminous wear course

2-in bituminous base course

12-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil factor 70-100)

 
 

Figure A-2.  Typical 9- to 10-ton design section (alternate structure) for the city of Burnsville. 
 
 
 

1.5-in bituminous wear course

1.5-in bituminous base course

6-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil factor 70-100)

1.5-in bituminous wear course

1.5-in bituminous base course

6-in class 5 (crushed) base

Compacted subgrade
(Silty Gravel, Soil factor 70-100)

 
 

Figure A-3.  Typical 5- to 7-ton design section for the city of Burnsville. 
 
 

CITY OF CRYSTAL 
 

Figures A-4 and A-5 show typical 9- to 10-ton design sections for the city of Crystal and figure 
A-6 shows a typical 5- to 7-ton design structure for the city of Crystal.  The 5- to 7-ton design is 
typically 2 in bituminous over 6 in aggregate base and the 9- to 10-ton design structure consists 
of 3 to 5 in bituminous over 6 to 14 in of aggregate base. 

 
 



 A-3

1-in bituminous wear course

2-in bituminous base course

14-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

1-in bituminous wear course

2-in bituminous base course

14-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

 
 

Figure A-4.  Typical 9- to 10-ton design section for the city of Crystal. 
 
 
 

2-in bituminous wear course

3-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

2-in bituminous wear course

3-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

 
 

Figure A-5.  Typical 9- to 10-ton design section (alternate structure) for the city of Crystal. 
 
 

1-in bituminous wear course

1-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

1-in bituminous wear course

1-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand)

 
 

Figure A-6.  Typical 5- to 7-ton design section for the city of Crystal. 
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CITY OF EAGAN 
 
Figure A-7 shows a typical 9- to 10-ton design section for the city of Eagan and figure A-8 
shows a typical 5- to 7-ton design structure for the city of Eagan.  The 5- to 7-ton design is 
typically 3 in bituminous over 6 in aggregate base and the 9- to 10-ton design structure consists 
of 4 in bituminous over 14 in aggregate base. 
 
 
 

1.5-in bituminous wear course

2.5-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand with Clay)

8-in Class 3 subbase

1.5-in bituminous wear course

2.5-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand with Clay)

8-in Class 3 subbase

 
 

Figure A-7.  Typical 9- to 10-ton design section for the city of Eagan. 
 
 
 

1-in bituminous wear course

2-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand with Clay)

1-in bituminous wear course

2-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Silty Sand with Clay)

 
 

Figure A-8.  Typical 5- to 7-ton design section for the city of Eagan. 
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CITY OF FAIRMONT 
 
Figure A-9 shows a typical 9- to 10-ton design section for the city of Fairmont and figure A-10 
shows a typical 5- to 7-ton design structure for the city of Fairmont.  The 5- to 7-ton design is 
typically 3 in bituminous over 6 in aggregate base and the 9- to 10-ton design structure consists 
of 8 in bituminous over 14 in aggregate base. 
 
 

2-in bituminous wear course

6-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Clay, Soil Factor 130)

8-in Class 3 base

2-in bituminous wear course

6-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Clay, Soil Factor 130)

8-in Class 3 base

 
 

Figure A-9.  Typical 9- to 10-ton design section for the city of Fairmont. 
 
 
 

1-in bituminous wear course

2-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Clay, Soil Factor 130)

1-in bituminous wear course

2-in bituminous base course

6-in Class 5 (crushed) base

Compacted subgrade
(Clay, Soil Factor 130)

 
 

Figure A-10.  Typical 5- to 7-ton design section for the city of Fairmont. 



 

APPENDIX B—SUMMARY OF M&R ACTIVITIES FOR 
SELECTED REPRESENTATIVE PAVEMENT SECTIONS 

 
 
 



B-1 

The responses from various cities regarding M&R activities for selected pavement management 
sections were used to develop typical M&R activities for each individual city.  A summary of 
M&R activities for the selected 9- to 10-ton and 5- to 7-ton design sections are summarized in 
tables B-1 through B-9.



 

 

B-2 

Table B-1.  Summary of M&R activities (9- to 10-ton design sections) for the city of Burnsville. 
 

Chicago Judicial Plymouth Upton Parkwood Highland Dr. 150th Portland Typical
Initial Construction Year 1975 1976 1989 1968 1970 1968 1986 1978 0

Seal Coat 3 5 5 6 2 5 6 4 5
Crack Seal 12 11
Seal Coat 12 12 15 10 15 13 11 12

Crack Seal 19 19 15 22 17 18
Seal Coat 19 19 16 22 16 22 18 19

Crack Seal 23
Seal Coat 23

Crack Seal 29 34
Seal Coat 30 35

Overlay 28 28
Reconstruction

Crack Seal 34 34
Seal Coat 35 35

Age

 
 



 

 

B-3 

Table B-2.  Summary of M&R activities (5- to 7-ton design sections) for the city of Burnsville. 
 

Upton 140th 141st Highland View Manor Dr. 122nd Typical
Initial Construction Year 1964 1964 1966 1968 1966 1971 0

Seal Coat 9 8 9 6 8 4 8
Crack Seal 16
Seal Coat 19 16 18 15 17 13 17

Crack Seal 25 26 25 25
Seal Coat 23 25 26 25 18 25

Crack Seal 27 23
Seal Coat 27 23

Crack Seal 35 36
Seal Coat 36 37

Overlay
Reconstruction 26 35 35 35

Crack Seal 30
Seal Coat 31

Age
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Table B-3.  Summary of M&R activities (9- to 10-ton design sections) for the city of Crystal. 
 

Adair Kentucky 39th 43rd Hampshire Louisiana Maryland Typical
Initial Construction Year 1965 1962 1963 1958 1962 1963 1978 0

Seal Coat 7 8 8 10 8 7 7 8
Crack Seal
Seal Coat 15* 16 15 17 16 15 13* 16

Crack Seal 20
Seal Coat 28 24* 22* 25* 25* 23* 25*

Crack Seal 29 27 30 27
Seal Coat 35 32 27 32 34 33 32

Crack Seal
Seal Coat 41

Reconstruction 42 41 46? 42 41 19 42

*Repair- replaced 20% of pavement

Age

 
 

Table B-4.  Summary of M&R activities (5- to 7-ton design sections) for the city of Crystal. 
 

Brunswick Welcome Jersey 48th Valley Pl. Typical
Initial Construction Year 1962 1961 1960 1964 1968 0

Seal Coat 10 8 8 8 8 8
Crack Seal
Seal Coat 18 15 15 16 16* 16

Crack Seal
Seal Coat 29* 22* 23* 22* 23*

Crack Seal
Seal Coat 30 30 33 30

Crack Seal
Seal Coat

Reconstruction 44 29

*Repair- replaced 20% of pavement

Age
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Table B-5.  Summary of M&R activities (9- to 10-ton design sections) for the city of Eagan. 
 

Denmark Elrene Gold Tr Federal Slater Typical
Initial Construction Year 1981 1974 1968 1976 1979 0

Seal Coat 6 5 8 5 7 6
Crack Seal
Seal Coat 12 10 12 12

Crack Seal
Seal Coat 19 17 23 19

Crack Seal
Seal Coat

Crack Seal
Seal Coat

Overlay 17
Reconstruction 25 25

Crack Seal
Seal Coat 22 29 29  

 
Table B-6.  Summary of M&R activities (5- to 7-ton design sections) for the city of Eagan. 

 
Carnelian LnCovington LnTurquoise Tr S Hay Lake S Hills Metcalf Hickory Hill Crestridge Ln Typical

Initial Construction Year 1969 1981 1966 1983 1974 1975 1975 1975 0

Seal Coat 5 5 5 3 6 5 6 6 5
Crack Seal
Seal Coat 12 10 9 14 13 12 13 12

Crack Seal
Seal Coat 19 17 18 12 20 18

Crack Seal
Seal Coat 20

Crack Seal
Seal Coat

Overlay 22 24
Reconstruction 25 27 27 21 27

Crack Seal
Seal Coat 29 31 26 24 29 31

Age
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Table B-7.  Summary of M&R activities (9- to 10-ton design sections) for the city of Fairmont. 
 

Interlaken Woodland 10th Anna Ward Falcon Dr. Dorothy Orient Typical
Initial Construction Year 1975 1981 1976 1977 1983 1987 1977 1984 0

Seal Coat 5 5 3 5
Crack Seal
Seal Coat 8

Crack Seal
Seal Coat 12 14

Crack Seal
Seal Coat 20 19 17

Crack Seal
Seal Coat

Overlay 21 25 25 25 25
Reconstruction

Seal Coat 29

Age

 
 

Table B-8.  Summary of M&R activities (5- to 7-ton design sections) for the city of Fairmont. 
 

Amber Lake De-Lu Elm Hall Hampton Interlaken Margaret Typical
Initial Construction Year 1974 1969 1972 1960 1971 1973 1979 0

Seal Coat 7 3 7 5 7 3 6
Crack Seal
Seal Coat 10 11 12 10 13 8 12

Crack Seal
Seal Coat 13 15 14 13

Crack Seal
Seal Coat 21

Crack Seal
Seal Coat 29

Overlay 22 32 24 24 22 22
Reconstruction 16

Seal Coat 28 27 31 31 28
Seal Coat 41

Age

 



 

 



 

 

APPENDIX C—SUMMARY OF REGRESSION AND 
SURVIVAL MODEL DEVELOPMENT 

 
 



 

C-1 

PAVEMENT PERFORMANCE ANALYSIS 
 
Modeling of the performance of initial construction/reconstruction, overlay, and sealcoats was 
undertaken using the database assembled for this study.  The modeling was done primarily using 
two methods (1) regression analysis and (2) survival analysis.  The model development effort is 
described throughout this appendix. 
 
Analysis of Life of New Construction/Reconstruction 
 
The regression model developed using data from five cities (Burnsville, Crystal, Eagan, 
Fairmont, and Mankato) for the performance of newly constructed or reconstructed 9- to 10-ton 
design bituminous pavements is shown in Equation C-1 and in figure C-1.  A summary of data 
used in the analysis showing the number of sections from each individual city is shown in table 
C-1.  The model shows the decrease in PCI of the pavement as a function of age since 
construction.  The model shows that the PCI for 9- to 10-ton design sections falls to 90 after 
approximately 10 years and to 80 after approximately 16 years. 
 
 PCI  =  -8.1376 × 10-5 Age4 + 5.8928 × 10-3 Age3 - 0.16677 Age2  

 
 + 0.24737 Age + 100 Eq. C-1 
 
Statistics 
 
N  = 176 (120*) 
R2  = 0.698 (0.669*) 
SEE  = 5.22 (6.23*) 
 
* Without using data of rehabilitation age less than 1 year. 
 
Figure C-2 shows the survival distribution function for newly constructed or reconstructed 9- to 
10-ton design bituminous pavements.  The survival distribution function shows the fraction of 
sections surviving at any given age, where failure is defined as the decrease in PCI below a 
predetermined terminal PCI. 
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Figure C-1.  Plot of regression model for new bituminous 9- to 10-ton design sections. 

 
 
 
 

 
 

Figure C-2.  Survival distribution function for new bituminous 9- to 10-ton design sections 
(terminal PCI = 75). 

 
 
 
 
 



 

C-3 

Table C-1.  Summary of data used in regression/survival analysis for new bituminous 9- to 10-
ton design sections. 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

8 0 34 86 48 176 

7* 0* 6* 63* 44* 120* 
* Without using data of rehabilitation age less than 1 year. 
 
 
The estimates of service life of new construction/reconstruction for 9- to 10-ton design sections 
to various levels of terminal PCI are shown in table C-2.  For newly constructed 9- to 10-ton 
design pavements, a terminal PCI of 75 is reached after approximately 18.5 years.  The data from 
St. Louis Park were used to validate the models, as shown in figure C-3. 
 
 

Table C-2.  Estimates of service life for new bituminous 9- to 10-ton design sections. 
 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

80 16.03 - - 16.03 

75 18.64 19.91 16.89 18.48 

70 21.20 22.34 18.59 20.71 

65 23.68 - 20.04 21.86 
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Figure C-3.  Plot of regression model for new bituminous 9- to 10-ton design sections and data 

points from the city of St. Louis Park. 
 
 
The regression model developed for the performance of newly constructed or reconstructed 5- to 
7-ton design bituminous pavements is shown in the equation below and in figure C-4.  A 
summary of data used in the analysis showing the number of sections from each individual city is 
shown in table C-3.  The model shows that the PCI for 5- to 7-ton design sections falls to 90 after 
approximately 10 years and to 80 after approximately 14 years. 

 
 PCI  =  1.33581 × 10-4 Age4 - 6.2530 × 10-3 Age3  
 
 + 3.1780 × 10-3 Age2 - 0.59934 Age + 100 Eq. C-2 
 
Statistics 
 
N  = 603 (404*) 
R2  = 0.677 (0.630*) 
SEE  = 7.60 (9.17*) 
 
* Without using data of rehabilitation age less than 1 year. 
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Figure C-4.  Plot of regression model for new bituminous 5- to 7-ton design sections. 

 
 
Figure C-5 shows the survival distribution function for newly constructed or reconstructed 5- to 
7-ton design bituminous pavements.  The survival distribution function shows the fraction of 
sections surviving at any given age, where failure is defined as decrease in PCI below a 
predetermined terminal PCI.  The estimates of service life of new construction/reconstruction for 
5- to 7-ton design sections to various levels of terminal PCI are shown in table C-4.  For newly 
constructed 5- to 7-ton design pavements, a terminal PCI of 75 is reached after approximately 
15.5 years.  Insufficient data were available from the city of St. Louis Park for validation. 
 
Analysis of Overlay Life 
 
The regression model developed using data from five cities (Burnsville, Crystal, Eagan, 
Fairmont, and Mankato) for the performance of overlay of existing 9- to 10-ton design 
bituminous pavements is shown in equation C-3 and in figure C-6.  A summary of data used in 
the analysis showing the number of sections from each individual city is shown in table C-5.  
The model shows the decrease in PCI of the pavement as a function of age since construction.  
The model shows that the PCI for 9- to 10-ton design sections falls to 80 after approximately 8 
years. 
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Figure C-5.  Survival distribution function for new bituminous 5- to 7-ton design sections 
(terminal PCI = 75). 

 
 
Table C-3.  Summary of data used in regression/survival analysis for new bituminous 5- to 7-ton 

design sections. 
 

Burnsville Crystal Eagan Fairmont Mankato Total 

146 0 203 25 229 603 

129* 0* 127* 1* 147* 404* 
* Without using data of rehabilitation age less than 1 year. 
 
 

Table C-4.  Estimates of service life for new bituminous 5- to 7-ton design sections. 
 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

80 14.08 - - 14.08 

75 15.79 16.05 14.42 15.42 

70 17.35 18.13 17.28 17.59 

65 18.80 20.96 19.11 19.62 
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PCI=-7.3541 × 10-4 Age4 + 1.5015 × 10-2 Age3 - 0.10494 Age2  
 
 - 1.7037 Age + 96.857 Eq. C-3 
 
Statistics 
 
N  = 95 (75*) 
R2  = 0.652 (0.544*) 
SEE  = 6.03 (6.51*) 
 
* Without using data of rehabilitation age less than 1 year. 
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Figure C-6.  Plot of regression model for overlay of existing 9- to 10-ton design sections. 

 
 
Figure C-7 shows the survival distribution function for overlay of existing 9- to 10-ton design 
bituminous pavements.  The survival distribution function shows the fraction of sections 
surviving at any given age, where failure is defined as decrease in PCI below a predetermined 
terminal PCI. 
  
The estimates of service life of overlay of existing 9- to 10-ton design sections to various levels 
of terminal PCI are shown in table C-6.  For overlay of existing 9- to 10-ton design pavements, a 
terminal PCI of 75 is reached after approximately 9 years.  Insufficient data were available from 
the city of St. Louis Park to validate these results. 
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Figure C-7.  Survival distribution function for overlay of existing 9- to 10-ton design sections 
(terminal PCI = 75). 

 
 

Table C-5.  Summary of data used in regression/survival analysis for overlay of existing 
bituminous 9- to 10-ton design sections. 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

2 0 47 39 7 95 

2* 0* 33* 33* 7* 75* 
* Without using data of rehabilitation age less than 1 year. 
 
 

Table C-6.  Estimates of service life for overlay of existing bituminous 9- to 10-ton design 
sections. 

 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

80 8.58 - - 8.58 

75 10.85 7.03 9.39 9.09 

70 12.67 8.43 11.71 10.94 

65 14.10 11.38 13.41 12.96 
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The regression model developed for the performance of overlay of existing 5- to 7-ton design 
bituminous pavements is shown in equation C-4 and in figure C-8.  A summary of data used in 
the analysis showing the number of sections from each individual city is shown in table C-7.  
The model shows that the PCI for overlays of 5- to 7-ton design sections falls to 80 after 
approximately 8 years and to 70 after approximately 12 years. 
 
 PCI  =  2.3260 × 10-5 Age4 - 1.0989 × 10-4 Age3 - 7.1389 × 10-2 Age2  
  
 - 1.5257 Age + 98.649 Eq. C-4 
 
Statistics 
 
N = 491 (291*) 
R2 = 0.752 (0.664*) 
SEE = 8.08 (10.36*) 
 
* Without using data of rehabilitation age less than 1 year. 
 
Figure C-5 shows the survival distribution function for overlay of existing 5- to 7-ton design 
bituminous pavements.  The survival distribution function shows the fraction of sections 
surviving at any given age, where failure is defined as decrease in PCI below a predetermined 
terminal PCI.  The estimates of service life of overlay of existing 5- to 7-ton design sections to 
various levels of terminal PCI are shown in table C-8.  For overlay of existing 5- to 7-ton design 
pavements, a terminal PCI of 75 is reached after approximately 10.5 years. 
 
Analysis of Sealcoat Life (Pavement Age Between 10 and 20 Years) 
 
The regression model developed for the performance of sealcoats placed on 9- to 10-ton design 
bituminous pavements between 10 and 20 years since initial construction is shown in equation C-
5 and in figure C-10.  A summary of data used in the analysis showing the number of sections 
from each individual city is shown in table C-9. 
 
 PCI = -2.4302 × 10-2 Age3 - 5.8178 × 10-2 Age2 - 2.2875 Age + 91.121 Eq. C-5 
 
Statistics 
 
N = 134 (101*) 
R2 = 0.228 (0.122*) 
SEE = 15.10 (16.94*) 
 
* Without using data of rehabilitation age less than 1 year. 
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Figure C-8.  Plot of regression model for overlay of existing 5- to 7-ton design sections. 

 
 
 
 

 
 

Figure C-9.  Survival distribution function for overlay of existing 5- to 7-ton design sections 
(terminal PCI = 75). 
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Table C-7.  Summary of data used in regression/survival analysis of overlays placed on existing 
bituminous 5- to 7-ton designs. 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

7 0 288 26 170 491 

6* 0* 111* 23* 151* 291* 
* Without using data of rehabilitation age less than 1 year. 
 
 

Table C-8.  Estimates of service life of overlays placed on existing 5- to 7-ton designs. 
 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

80 8.67 - - 8.67 

75 10.37 10.01 11.10 10.49 

70 11.93 12.81 13.20 12.65 

65 13.09 13.48 14.44 13.67 
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Figure C-10.  Plot of regression model for sealcoats placed on existing 9- to 10-ton design 

sections (pavement age between 10 and 20 years). 
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Figure C-11 shows the survival distribution function for sealcoats placed on 9- to 10-ton design 
bituminous pavements between 10 and 20 years since initial construction.  The estimates of 
service life for sealcoats over 9- to 10-ton design bituminous pavements between 10 and 20 years 
since initial construction are shown in table C-10.  A terminal PCI of 75 is reached after 
approximately 5.5 years.  The data from St. Louis Park was used to validate the models as shown 
in figure C-12. 
 
 

 
Figure C-11.  Survival distribution function for sealcoats placed on existing 9- to 10-ton design 

sections (pavement age between 10 and 20 years, terminal PCI = 75). 
 
 

Table C-9.  Summary of data used in regression/survival analysis for sealcoats placed on existing 
9- to 10-ton design sections (pavement age between 10 and 20 years). 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

13 0 56 65 0 134 

12* 0* 54* 35* 0* 101* 
* Without using data of rehabilitation age less than 1 year. 
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Table C-10.  Estimates of service life for sealcoats placed on existing 9- to 10-ton design 
sections (pavement age between 10 and 20 years). 

 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

75 5.04 5.03 6.02 5.36 

70 6.01 5.12 6.85 5.99 

65 6.83 - 8.01 7.42 

60 7.56 - - 7.56 
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Figure C-12.  Plot of regression model for sealcoats of 9- to 10-ton designs for pavement age 

between 10 and 20 years and data points from the city of St. Louis Park. 
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The regression model developed for the performance of sealcoats placed on 5- to 7-ton design 
bituminous pavements between 10 and 20 years since initial construction is shown in equation C-
6 and in figure C-13.  A summary of data used in the analysis showing the number of sections 
from each individual city is shown in table C-11. 
 
 PCI  =  -1.1508 × 10-2 Age3 - 2.4698 × 10-2 Age2 - 3.7343 Age + 90.817 Eq. C-6 
 
Statistics 
 
N = 523 (473*) 
R2 = 0.231 (0.153*) 
SEE = 17.11 (17.87*) 
 
* Without using data of rehabilitation age less than 1 year. 
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Figure C-13.  Plot of regression model for sealcoats placed on existing 5- to 7-ton design 

sections (pavement age between 10 and 20 years). 
 
 

Figure C-14 shows the survival distribution function for sealcoats placed on 5- to 7-ton design 
bituminous pavements between 10 and 20 years since initial construction.  The estimates of 
service life for sealcoats over 5- to 7-ton design bituminous pavements between 10 and 20 years 
since initial construction are shown in table C-12.  A terminal PCI of 75 is reached after 
approximately 4.5 years.  The data from St. Louis Park was used to validate the models as shown 
in Figure C-15. 
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Figure C-14.  Survival distribution function for sealcoats placed on existing 5- to 7-ton design 

sections (pavement age between 10 and 20 years, terminal PCI = 75). 
 
 

Table C-11.  Summary of data used in regression/survival analysis for sealcoats placed on 
existing 5- to 7-ton design sections (pavement age between 10 and 20 years). 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

87 15 411 10 0 523 

78* 4* 382* 9* 0* 473* 
* Without using data of rehabilitation age less than 1 year. 
 
 
 
Table C-12.  Estimates of service life for sealcoats placed on existing 5- to 7-ton design sections 

(pavement age between 10 and 20 years). 
 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

75 3.94 3.71 5.29 4.31 

70 5.02 4.47 6.12 5.20 

65 6.01 5.58 7.20 6.26 

60 6.89 - - 6.89 
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Figure C-15.  Plot of regression model for sealcoats of 5- to 7-ton designs for pavement age 

between 10 and 20 years and data points from the city of St. Louis Park. 
 
 
Analysis of Sealcoat Life (Pavement Age Greater than 20 Years) 
 
As shown in figure C-16, because of the high amount of scatter in the performance of sealcoats 
placed on pavements with ages greater than 20 years following initial construction, a regression 
model was not developed.  However, a survival analysis was performed on the sections to model 
the age at failure.  A summary of data used in the analysis showing the number of sections from 
each individual city is shown in table C-13. 
 
Figure C-17 shows the survival distribution function for sealcoats placed on 9- to 10-ton design 
bituminous pavements with age greater than 20 years since initial construction.  The estimates of 
service life for sealcoats over 9- to 10-ton design bituminous pavements with age greater than 20 
years since initial construction are shown in table C-14.  A terminal PCI of 75 is reached after 
approximately 4.5 years.  The data from St. Louis Park are shown in figure C-18. 
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Figure C-16.  Plot of data for sealcoats placed on existing 9- to 10-ton design sections (pavement 

age greater than 20 years). 
 
 
 

 

 
Figure C-17.  Survival distribution function for sealcoats placed on existing 9- to 10-ton design 

sections (pavement age greater than 20 years, terminal PCI = 75). 
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Table C-13.  Summary of data used in regression/survival analysis for sealcoats placed on 
existing 9- to 10-ton design sections (pavement age greater than 20 years). 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

37 123 43 30 0 233 

36* 113* 43* 21* 0* 213 
* Without using data of rehabilitation age less than 1 year. 
 
 

Table C-14.  Estimates of service life for sealcoats placed on existing 9- to 10-ton design 
sections (pavement age greater than 20 years). 

 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

75 - 3.91 4.98 4.45 

70 - 5.32 6.31 5.82 

65 - 7.40 7.75 7.58 

60 - - - - 
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Figure C-18.  Plot of data for sealcoats of 9- to 10-ton designs for pavement age greater than 20 

years for the city of St. Louis Park. 
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As shown in figure C-19, because of the high amount of scatter in the performance of sealcoats 
placed on pavements with ages greater than 20 years following initial construction, a regression 
model was not developed for 5- to 7-ton design sections.  However, a survival analysis was 
performed on the sections to model the age at failure, as shown in figure C-20.  A summary of 
data used in the analysis showing the number of sections from each individual city is shown in 
table C-15. 
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Figure C-19.  Plot of data for sealcoats placed on existing 5- to 7-ton design sections (pavement 

age greater than 20 years). 
 
 

 
Figure C-20.  Survival distribution function for sealcoats placed on existing 5- to 7-ton design 

sections (pavement age greater than 20 years, terminal PCI = 75). 
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Table C-15.  Summary of data used in regression/survival analysis for sealcoats placed on 
existing 5- to 7-ton design sections (pavement age greater than 20 years). 

 

Burnsville Crystal Eagan Fairmont Mankato Total 

824 593 283 10 0 1711 

809* 545* 272* 7* 0* 1633* 
* Without using data of rehabilitation age less than 1 year. 
 

 
The estimates of service life for sealcoats placed on 9- to 10-ton design bituminous pavements 
with age greater than 20 years since initial construction are shown in table C-16.  A terminal PCI 
of 75 is reached after approximately 5 years.  The data from St. Louis Park are shown in figure 
C-21. 
 
   
Table C-16.  Estimates of service life for sealcoats placed on existing 5- to 7-ton design sections 

(pavement age greater than 20 years). 
 

Terminal 
PCI 

Regression 
Model 

Weighted 
Survival Analysis 

(Lifetest) 

Weighted 
Survival Analysis 

(Lifereg) 
Average 

75 - 4.54 5.42 4.98 

70 - 6.13 6.72 6.43 

65 - 8.13 8.09 8.11 

60 - - - - 
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Figure C-21.  Plot of data for sealcoats of 5- to 7-ton designs for pavement age greater than 20 

years for the city of St. Louis Park. 
 
 
  
 
 
 
 


