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Abstract 
 The future of engineering will become highly reliant on the use of recycled materials to 
balance the use of virgin materials and sustain resources. Altering the current design policies and 
practices will require substantial evidence in the performance and cost of recycled materials. 
Research has shown that materials like recycled asphalt pavement (RAP) and recycled rubber 
can be integrated into new pavement projects with comparable or better than expected 
performance to traditional design. To determine the long-term cost effects of recycled materials 
in pavement design, a manual life-cycle cost analysis is implemented to three roadway 
alternatives. Each alternative is subject to a performance prediction model, which allows the 
planning of maintenance and rehabilitation strategies for the service life of the road. The present 
value of each alternative is found, and the RAP is shown to be a more cost-effective means to a 
road project than that of a traditional project.  
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Module Education Level and Objectives 
 This learning module is intended for senior and graduate students in civil and 
construction engineering areas of study. Students should have a basic background understanding 
of infrastructure sustainability, pavement design and pavement management, as well as 
experience with spreadsheet software (for example Microsoft Excel ™). This module will 
demonstrate the suitability of recycled materials as an adequate replacement for virgin materials 
in new pavement projects through an example Life-Cycle Cost Analysis (LCCA) problem. The 
module is offered as part of CE496/696 “Infrastructure Sustainability and Recycling” at North 
Dakota State University. The module interacts with other components on the subject of 
infrastructure sustainability. 
 The main objective of this module is for students to learn a rational approach to decision 
making and applications of recycled materials as a means of improving sustainable engineering 
practices. The Life-cycle cost analysis method presented in this module demonstrates pavement 
rehabilitation and maintenance technique selection, life-cycle cost calculation, and optimum 
alternative selection based on cost. 
 Instructors should encourage student participation using the lab/tutorial portion of this 
module as an in-class walk through. In addition to the suggested homework problems at the end 
of the module, students should form project groups and submit the LCCA calculation as an 
optimized plan for a selected project alternative. A portion of the project should include research 
of local rehabilitation strategies of agencies (such as the Department of Transportation). Students 
will gain experience with software applications, optimizing pavement management strategies, 
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research of local DOT applications, and learning one method to quantifying sustainability (by 
cost through the LCCA method with multiple project alternatives). 
 
Additional Readings and Information Sources  
For background on pavement design: 

Traffic and Highway Engineering, Fourth Edition. Nicholas J. Garber and Lester A. Hoel. 
Cenagage Learning. Toronto, Ontario. 2009. 

 
For background on pavement management: 

Pavement Management for Airports, Roads, and Parking Lots, Second Edition.  M.Y. 
Shahin. Springer Science and Business Media, LLC. New York City, New York. 2005. 

 
For additional life-cycle assessment tools, PaLATE is available for download: 

Pavement Life-Cycle Assessment Tool for Environmental and Economic Effects, Version 
2.0. Arpad Horvath. Department of Civil Engineering and Environmental Engineering, 
University of California, Berkeley. 2004. 
Available for download at the Recycled Materials Resource Center website. 
http://www.rmrc.unh.edu/ 
  

Introduction  
In 2009, the America Society of Civil Engineers (ASCE) performed a survey of the entire 

infrastructure in the United States. Roadways were given a grade of D, equivalent to overall poor 
condition (1). ASCE has predicted the total cost of replacement for insufficient roads to be about 
$930 billion over a five-year period. Most of the major highways across the country were 
constructed in the 1950s as a means to link the east and west coast by road. The age of these 
roads are now over 50 years, which is far more than the typical design life. To combat the 
occurrence of such poor condition and aged roads that require a massive amount of repair costs, 
thorough maintenance and rehabilitation scheduling is used as a means to predict the future 
needs of road.  

One tool for planning is life-cycle cost analysis (LCCA). With the use of performance 
prediction models, the future condition of the road is predicted and proper maintenance is 
scheduled before the construction of the road even occurs. The benefits of LCCA are numerable; 
including an idea of the required maintenance techniques and the materials that will be needed, 
total cost needs to allocate and invest funding properly, and network priority planning. Most of 
all, the LCCA method is a rational means to compare strategies and alternatives by evaluating 
final cost as a single comparable entity. Through a proper LCCA process, any set of project 
alternatives can be compared to determine the most optimal cost solution. 

An important part of the LCCA process is the performance prediction models, which are 
derived from pavement condition assessment data. The pavement condition index (PCI) is a 
typical measurement of departments of transportation to track pavement condition on a yearly 
basis. Roadways are subjected to a thorough review and inspection process that measure 
distresses found on spans of the road. Each distress contributes to a deduction value taken from 
the overall score of 100, which is a perfect score for a new road. Data points for each year are 
retained and fitted with a polynomial equation to be used as a model for performance prediction. 
These models provide the basis for the maintenance and rehabilitation scheduling.  

http://www.rmrc.unh.edu/
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Sustainable engineering practice requires the planning of roadway projects to predict all 
needs for the road from construction to demolition. This module covers an example of an LCCA 
calculation for 3 project alternatives, which incorporate different levels of recycled materials. 
This allows for an estimation of all the material and maintenance needs of each of the three 
projects to determine the optimal decision. The LCCA method provides a means to compare and 
quantify the economic aspects of sustainable engineering by yielding a single entity for 
comparison through cost. Additionally, the method provides a comparison of resource-
sustainable projects through comparison of performance-based models and maintenance 
planning of recycled material projects. Sustainability encompasses three ideal concepts; 
environmental, economic, and social concerns. The LCCA method proposed in this module 
provides a measureable quantity to accommodate economic concerns (cost), provides methods to 
incorporate environmentally conscious project alternatives (use of recycled materials), and 
provides a minimum road serviceability to the user in society (performance). 

 Software packages are available to perform life-cycle cost analysis without the in-depth 
calculations in this module. One such example is PaLATE (Pavement Life-cycle Assessment 
Tool for Environmental and Economic Effects), developed by researchers at the University of 
California at Berkeley (2). The program is a Microsoft Excel™ spreadsheet tool that allows the 
user to input parameters of a project to yield cost and environmental results.  

However, these programs have limitations in the built-in processes; the user is not 
allowed to control how the data is processed. This allows for quick results and easy computation, 
but there is no way to control variations for each project. For example, the maintenance options 
provided in the program may not be available for the agency in question. Procedures such as fog 
sealing, chip seals, slurry seals, and armor coats must be assumed or considered as crack sealing 
in PaLATE. Each of these different methods will have different material needs, equipment 
required for transport and application, travel distance from the source to the site, time of 
application, and overall cost. These maintenance considerations each have a specific input and 
output areas, which will be generalized if grouped together as crack sealing. The analysis 
technique presented in this module allows more flexibility, customization, and control of the 
LCCA procedures for all phases of the calculation process. This customization is needed to 
derive verifiable and rational conclusions through conceptual development of the performance 
predictions, assumptions, cost calculations, and final decision.     
 Recycled materials have been used successfully in pavement applications. Examples are 
crumb rubber modifier (CRM), stress absorbing membrane interface (SAMI) as stress distributer, 
and recycled asphalt pavement (RAP) as aggregate replacement. In addition, waste materials, 
such as glass can be broken down and used as filler in the pavement sub layers. Each of these 
alternatives has distinct benefits over the traditional methods of design, primarily because they 
enable projects to use fewer natural resources. From an environmental perspective, these 
materials are used as a means of engineering rather than adding to landfills. Additionally, 
because these are essentially waste materials, they are cheaper and may result in an overall 
lowered project cost. However, research into these applications is still ongoing, and long-term 
performance is not fully understood (3-9). In order for recycled materials such as RAP to be a 
feasible alternative to virgin materials in projects, the performance and total costs must be 
competitive to that of the traditional projects. Roadway projects can cost millions (and 
sometimes billions) of dollars from design to demolition. To truly quantify the expected cost of a 
roadway, the entire service life is planned and given a monetary value at a single point in time. 
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This Life cycle cost is a means to determine which maintenance practices will provide adequate 
road quality and how much funding will be required for a project.  
 
The Life-Cycle Cost Analysis Approach 
  When faced with multiple project options, it is common for a decision maker to evaluate 
each alternative through a comparison. Students should consider examples of experiences where 
they have made an important decision. For example, students may consider, or have already 
considered, buying a car to improve their means of transportation. If they decide that a car is 
their favored option, they may consider a new car, a used car in good condition, or a used car in 
poor condition. Each option will have different faults and benefits, depending on the particular 
situation. A new car offers a warranty, has no wear (straight from the factory), should require 
minimal maintenance in the immediate future, but will have the highest associated initial cost. A 
used car in poor condition will be very cheap, but may have an accident history, have failing 
parts, is unreliable, and may only last a year or two. A used car in good condition will fall 
somewhere between the previous options in both cost and reliability. The decision maker will 
choose an option based on a combination of all factors, while considering their personal 
preferences and what funding is available.  
 
In-class Activity for Students: Have students describe what factors they would consider if they 
were to purchase a car right now. Is cost a primary concern? Is reliability more important? Are 
conveniences, such as air conditioning, power windows, power locks, and radio important 
considerations?  What other factors will be considered in their decision process? 

 
The LCCA method follows similar guidelines to the decision making practices of the 

examples from the students. Each alternative is subjected to evaluation and comparison through a 
final entity, cost. Most agencies around the world do not have the available funding to 
continually repair roads as damage occurs. To anticipate required costs in the future, agencies 
develop a maintenance and rehabilitation plan based on several strategies with scheduled repairs 
throughout a pavement life. Each strategy will have associated costs for each repair until the 
service life of the road has ended. The industry has also placed emphasis on sustainability 
through using recycled materials, wherein materials from old projects are reused in new projects. 
In order to determine the suitability of a planned road strategy as compared to another, a road 
must maintain a minimum level of quality and maintain the lowest cost. However, because 
funding comes at the cost of taxpayers, the cost of a project must be considered in terms of 
present or future value. The learning points for this module will detail an example of the entire 
life-cycle cost analysis (LCCA) of 3 different roadway alternatives; a traditional design with 
virgin materials, RAP incorporated sub layer design, and SAMI design. 

The life-cycle cost analysis process is not overly complex, but involves several steps 
from start to finish. This module defines 8 baseline procedures to consider in the LCCA process; 
identify needs of the project, develop design alternatives, generate performance criteria, consider 
extraneous factors (make assumptions to eliminate biased results), identify process guidelines, 
evaluate life-cycle needs for each alternative, calculate life-cycle costs, and determine the best 
optimal alternative. For the roadway example, these steps are outlined in Figure 1. The figure 
should be included as a slide or as part of a distributed handout to students. 
 
 



5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 1. LCCA Process Flow Chart for Roadway Alternatives 

 
 

Life-Cycle Cost Analysis Example 
Instructors should use the following problem as an example to perform during a lecture or 

computer lab session. Students should be encouraged to follow the calculations and data 
processing during the lecture. The example project will consist of a comparison of 3 project 
design alternatives through a life-cycle cost assessment. One project alternative is shown in a 
step-by-step demonstration, while the results of the remaining two projects are provided in 
summary.  

 
 
 

Identify Project Needs 
Traffic/traffic loading, estimates, 

location, climate factors, size, 
available funding, and time frame 

 
Design Alternatives 

Produce designs for all 
considered alternatives based on 
the needs of the project, design 

life, and material options 

Performance Criteria 
Derive performance models based on overall pavement 

condition index (PCI) data collected from similar roads in 
the road network. These models will take the form of 
polynomial equations fitted to the PCI values over an 

extended time period. 

Extraneous Factors 
Assume that roads will be subject to the 

same conditions during service, built under 
the same expected conditions, constructed 
correctly, and perform comparably to the 

prediction models. 
 
 

Identify Process Guidelines 
Maintenance guidelines based on 

PCI levels and list available 
Maintenance and Rehabilitation 

Techniques 
 Evaluate Life-Cycle Needs for each Alternative 

Develop a maintenance schedule for each alternative 
based on the performance models and associated 

costs for each action 
 
 
 

Calculate Life-Cycle Costs 
Select a cost method (Present Value) 
and evaluate each alternative relative 

to the same point in time 
 
 
 

Determine Optimal Alternative 
Select the alternative with the 

lowest Present Value 
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In-Class Computer Lab/Lecture 
 
Life-Cycle Cost Analysis of Traditional Design vs. Recycled Material Design 
 
Roadway Requirements and Designs 

For each of the 3 projects, it is assumed that the size of the road will be the same and the 
base line design requirements are similar. A typical local road has around 3 inches of surface 
course and around 7 inches of designed sub-layer material. For this example, the size of the 
roadway will span 10 miles and be 24 feet wide (typical for a local road). Each alternative will 
have a 3-inch surface course of asphalt cement concrete (ACC) and a 7-inch base course. 
Variations between alternatives take form with the use of recycled materials, where the RAP-
based road will have a 7-inch RAP base, and the SAMI alternative will have an additional 2 
inches of SAMI rubber between the surface course and the sub layers. Figures 2 displays the 
design section and Figures 3-5 show design cross-sections of each alternative. 
 
Performance Criteria: PCI Prediction Set-up 

The quality and overall condition of a roadway is determined by way of a pavement 
condition assessment. Traditionally, this process is performed through on-site visual inspection 
of the road in segments, but newer technologies have enabled assessment data collection to be 
done with a vehicle fitted with multiple sensory devices. The assessment concepts for these 
methods are the same in that each segment of the road is thoroughly reviewed for presence of 
distresses. Each distress is counted and rated on severity by a trained inspector. For each distress, 
the total occurrence and severity is tallied and given a total deduction value, which is a point 
value the distresses take away from perfect condition. On an overall basis, the Pavement 
Condition Index (PCI) groups these distresses together into a single number on a scale from 1 to 
100 (100 is equivalent to perfect condition), which allows agencies to prioritize the repair needs 
of roads in any given network. PCI was originally developed by the U.S. Army Corps of 
Engineers as a means to quantify road quality and develop maintenance strategies to repair road 
networks (13). Models following this form are developed by yearly evaluation of the pavements 
in the area. The daily traffic, ESAL (Equivalent Single Axel Load) counts, climatic factors, road 
bed serviceability, and all other design factors can be assumed to be similar to the previous road 
or a similar road in the same general network. Using the condition assessment data from previous 
years, a mathematical prediction model can be developed to predict the expected performance for 
the next project. 

The method used in this example will be based on pavement age. In this case, models 
follow the form of Equation 1. 
 

PCI = c0 + c1x + c2x2 + c3x3 + c4x4     (Eq. 1) 
Where, PCI = the resulting Pavement Condition Index 

c0,1,2,3,4 = model constants 
x = pavement age (years) 

 
For more information on PCI modeling, see Traffic and Highway Engineering, Fourth Addition 
(10) and Pavement Management for Airports, Roads, and Parking Lots, Second Edition (13). 
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Figure 2. Pavement Design Section 
 
 
 
 
 
 
 
 
 
 

Figure 3. Traditional Alternative Cross-Section 
 

 
 
 
 
 
 
 
 
 

Figure 4. RAP Alternative Cross-Section 
 

 
 
 
 
 
 
 
 
 
 

Figure 5. SAMI Alternative Cross-Section 
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Prediction models are derived through years of road inspection and PCI data collection. 
PCI values are analyzed using one of many different analysis techniques. Regression modeling, 
mechanistic-empirical modeling, polynomial constrained least squares, S-shape curves, 
probability distribution, and Markovian methods are all proposed methods for creating prediction 
models by M.Y. Shahin (14). Each method provides a reasonably reliable prediction model for 
future PCI. The models presented in this module are derived through the regression analysis 
method demonstrated in Traffic and Highway Engineering, Fourth Addition (10) and Pavement 
Management for Airports, Roads, and Parking Lots, Second Edition (13). The PCI values for 
several years of data are plotted graphically and fitted with a polynomial equation based on 
statistical interpolation. 
 

The PCI system, in general, provides a number to evaluate pavement condition. The 
limitation to PCI is that it does not provide any detail into the types of distresses the road 
displays. For example, considering a PCI rating of 75, the number does not reveal the distresses 
present. Deductions could be the result of one predominate major distress, several different 
minor distresses, or any combination of several distresses. Rutting and thermal cracking, for 
example, are two very different distresses that would require very different maintenance 
practices. To improve the condition of a road at PCI of 75, one might consider crack sealing to 
fill any cracks present. However, if the true problem is rutting, the required treatment would be 
milling in the specific areas. Some industry agencies have shifted from an overall PCI to rating 
the presence of each specific distress (rutting, thermal cracking, cracking, etc…) as separate 
models (13, 14). This allows the agency to practice more specific planning to account for each 
distinct distress that may occur in the road of question. 

 
The PCI method is still a conclusive means to compare any two roads with one decisive 

score for each road. This provides a single index to compare conditions for planning and priority 
maintenance, and therefore is the choice for this paper. This module will consider 3 pavement 
strategies that each has a different pavement prediction model. For the traditional model, years of 
design and planning have allowed for relatively accurate prediction criteria based on PCI; 
however, since RAP and SAMI technologies are relatively new to the industry, long term 
performance models have yet to be developed with any certainty. Therefore, models for 
calculation will be altered from the ACC Virgin base model with considerations to effectiveness 
and deficiencies of RAP and SAMI trials and lab work. For example, research into RAP has 
shown that moisture content is highly detrimental to the performance of RAP bases, more so than 
that of low quality aggregate like Class 5 fill. As a result of flaws like moisture susceptibility, the 
RAP model constants are adjusted from the ACC Virgin model to represent potential early and 
more severe degradation. The expected performance of the RAP project will follow with more 
impactful and detrimental constants than the baseline Traditional model provided from a 
pavement design text (10).  The pavement prediction models for each of the strategies are 
presented in Table 1. 
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Table 1. Performance Models 
Eq. 2 ACC Virgin Model* PCIn= 99.84 - (3.99*age) + (0.12*age2) - (0.030*age3) 
Eq. 3 ACC RAP Model*1 PCIn= 98.22 - (4.22*age) + (0.09*age2) - (0.074*age3) 
Eq. 4 ACC SAMI Model*2 PCIn= 97.97 - (8.84*age) + (0.10*age2) - (0.097*age3) 
Eq. 5 ACC Overlay Model*3 PCIn= 99.99 - (11.6*age) + (3.25*age2) - (0.433*age3) 

*Models based on information provided in Traffic & Highway Engineering (Fourth Edition) (10) 
*1 ACC RAP model has coefficients that reflect the amplified degradation due to the lab experiments which indicate 
moisture to be increasingly detrimental to the structural capacity of RAP. Long term field experience and trials will 
provide better indicators for the modeling constants.  
*2 ACC SAMI model has extremely deficient constants because SAMI roads are untested and construction methods 
are non-traditional. Until adequate field trials are established, these constants must reflect potential distresses that 
can occur due to uncertain construction and long term performance 
*3 ACC overlay model degrades quicker than the traditional model because the previous road structure serves as 
the overlay base. Long term distresses, such as fatigue cracking, will propagate through the ACC overlay sooner 
than a reconstructed road. 
 
Assumptions 

A few assumptions are considered to eliminate extraneous factors that would present a bias to 
a certain alternative outside of cost prior to analysis. Each of the road projects will be subject to: 

1) Same initial construction conditions (the site is ready for construction of each project) 
2) Same traffic 
3) Same ESAL count for the pavement life 
4) No “Acts of God” will interfere with any specific project (i.e. a flood would damage all 

strategies and cannot bias a certain strategy) (11) 
5) Proper construction (designs are adequately constructed to specification) 
6) Weathering and degradation that follow the performance prediction models 

 
Maintenance Guidelines 

In order to maintain a minimum level of quality, the pavement condition index (PCI) 
guidelines available for implementing any maintenance are presented in Table 2. For example, if 
the PCI is greater than 85, no maintenance action is needed and follows the “Do nothing” 
guideline. Each agency adopts its own PCI guideline decision matrix for its pavement 
management system (PMS) based on maintenance experience, road network size, minimum level 
of service required, and other factors. Guidelines in Table 2 are generalized from maintenance 
and rehabilitation action scales of several states based on yearly PCI collection and planning data 
(14). 

 
Table 2. PCI Action Guidelines 

PCI  ACTION 
>85 Do nothing 
71-84 Maintenance 
51-70 Major Rehabilitation 
<50 Reconstruction 
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The following will serve as the only Maintenance and Rehabilitation (M&R) techniques 
that may be applied to the road. Also, no techniques may be used in consecutive years, no 
maintenance techniques may be used a second time until after a major rehabilitation, and only 
three maintenance techniques are allowed before major rehabilitation must be applied. M&R 
techniques vary by agency and company. Table 3 provides generalized and simplified for 
demonstration, but follow expected performance. M&R policy varies between states and each 
year. The values provided in Table 3 are representative of average bid pricing of the NDDOT 
(for 2009 Bid Info, 12) and PCI collection data (14).   

 
Table 3. M&R Techniques 

Maintenance Unit Price Unit Change in PCI 
Fog Sealing 3000 $/mile 6.47 

Crack Sealing 3000 $/mile 6.31 

Micro Surfacing 10,000 $/mile 8.76 

Slurry Seal 7000 $/mile 4.76 

Armor Coat 7000 $/mile 4.76 

Chip Seal 7000 $/mile 6.47 

Major Rehabilitation Unit Price Unit Change in PCI 

Diamond Grinding 55000 $/mile 11.41 

2 inch ACC Overlay 110000 $/mile to 100 
 
Project Planning 

For this particular project, the site is a ten-mile stretch of road, meaning that all activities 
will have a cost per mile multiplied by 10. Additionally, the time frame for this pavement life 
will be set to 20 years. Basically, the planned strategy will need to hold a minimum PCI of at 
least 50 for 20 years. Depending on the circumstances, some projects may require much longer 
planning, on the order of 50 years or more. For this example, assume that the local government 
has planned a new development for the region that will end construction in about 20 years. This 
road section will serve as a service road for a minimum of 20 years before planned complete 
reconstruction. For this, the set-up of the entire planned strategy should have room for 20 
analysis years and columns for corresponding input year, PCI model, PCI overlay, activity, unit 
price, unit, and cost (shown in Table 4). 

 
Developing a Strategy Based on Predicted PCI Models 

For this example, the Traditional ACC strategy is used to determine the scheduling of 
maintenance and rehabilitation techniques. Values are entered into the spread sheet for the yearly 
count (analysis year). The input year will be the same as the analysis year until maintenance is 
required. Listed in the PCI Model column should be the equation for the model, in this case it 
will be the model for Virgin ACC (Eq. 2); PCI = 99.84-(3.99*age)+(0.12*age2)-(0.030*age3). 
The “age” will be the input year, and the resulting value is the predicted PCI for that year. Figure 
6 and Table 5 show these process steps. 

 
 



11 
 

 
 

Table 4. Example Set-Up for the PCI Model 
ACC Section  

Analysis 
Year 

Input 
Year 

PCI 
Model 

PCI 
Overlay Activity 

Unit 
Price Unit Cost 

0               
1               
2               
3               
4               
5               
6               
7               
8               
9               
10               
11               
12               
13               
14               
15               
16               
17               
18               
19               
20               

 
 
 

Figure 6. Excel Screen Capture of Model Input 
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Table 5. Traditional ACC Method through Year 4 

Traditional 
    PCI  PCI         

Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost  
0 0 99.84         0 
1 1 95.94         0 
2 2 92.1         0 
3 3 88.14         0 
4 4 83.88         0 
 
Since the M&R policy indicates that if PCI > 85: do nothing, no maintenance is needed 

until PCI is valued below 85. For the example model, this happens in year 4 with a predicted PCI 
of 83.88. This is in the range of “maintenance” according to the policy. Options for maintenance 
include fog sealing, crack sealing, micro surfacing, slurry seal, armor coat, and chip seal. Each of 
these techniques comes with a different cost and associated change in PCI. However, because 
this particular project is restricted to only using 3 maintenance activities before major M&R must 
be implemented, it will be wise to use the cheapest options available. In this case, crack sealing 
is selected at $3,000/mile and an increase in PCI of 6.31. It is among the cheapest maintenance 
activities with a mid-ranged PCI increase.  

 
 After 4 years of service and a PCI of 83.88, distresses that may be present will typically 
be cracking-related (for details and pictures of distresses, please refer to Pavement Management 
for Airports, Roads, and Parking Lots, Second Edition (13)). Without definitive evidence 
otherwise, it’s safe to assume that the beginnings of alligator cracking or transverse cracking are 
in low severity. Rutting too, may be present in the early years of a road, but it is typically 
observed in the first few months. Most other distresses occur gradually over long time periods. 
  

To implement the activity in the schedule, activity is placed in the year of application. 
For this example, it was during year 4. There are now two rows for the analysis year 4, one of 
which is the start of the year, and the second is after the activity is implemented. As shown 
below, “crack sealing” is applied in year 4. Crack sealing is predicted to raise the PCI by 6.31. 
To factor in this change, take the previous value of PCI from the start of the year, and add the 
change (83.88 + 6.31 = 90.19). Using the equation for the model (Eq. 2, PCI = 99.84-(3.99*age) 
+ (0.12*age2) - (0.030*age3)), the “age” is determined by finding the value of the age when the 
PCI = 90.190. This can be done by hand algebra (solve for x=age, when y=PCI), graphing 
calculator (set Y1=PCI model and Y2=90.91, then find the intersection), or using the solver 
function in Microsoft Excel™ (solve for “input year” when the model =90.19). As shown in 
Table 6, the result should be about 2.4889 years, the adjusted age of the pavement after 
maintenance has occurred. 2.4889 is placed as the next input year of analysis year 4, and the 
model should reflect the input year (input year of 2.4889, corresponds to PCI of 90.19011). Next, 
the strategy plan should continue with year intervals of 2.4889+1 (2.4889, 3.4889, 4.4889, etc…) 
until the next strategy is implemented. 

 
 
 



13 
 

Table 6. Traditional ACC Project with First Strategy Applied 
Traditional 

    PCI  PCI         
Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $  

0 0 99.84         0 
1 1 95.94         0 
2 2 92.1         0 
3 3 88.14         0 
4 4 83.88         0 
4 2.4889 90.19011   Crack Sealing 3000 $/mile 30000 
5 3.4889 86.105929         0 
6 4.4889 81.633746         0 

 
Notice that the associated costs have also been input into the spreadsheet. The “cost” 

column should be input with an equation totaling the unit price times the amount of units. For the 
example, this is a ten-mile length and crack sealing is $3000/mile. Therefore, cost of year 4 is 
$30,000 (cost year 4 = 3000*10 = $30,000).   
 

The process of maintenance should continue until the point where major rehabilitation is 
needed. As shown in Table 7, a few years of minor maintenance pass until year 11, when the PCI 
has fallen to 67.351104. At this point, the cracking seen in year 4 have reappeared and increased 
in severity. A series of attempts to prevent the development of these cracks have delayed the 
need for major repair, but it’s time to take further measures. According to the restrictions of the 
project and the guidelines, this is the time to schedule major rehabilitation; 3 maintenance 
activities have been done and the PCI has fallen to a point of rehabilitation techniques.  

 
Just as earlier activities, there was need for work in year 11. It was decided to combine a 

rehabilitation technique (diamond grinding) and a maintenance technique (armor coat) in one 
year. This combination is not an uncommon process, as diamond grinding removes part of the 
road and may need to have protection or resurfacing. This will also increase the PCI by a 
combined 16.17 (11.41 for diamond grinding and 4.76 for armor coating). The schedule above 
also shows the project until year 16, where the PCI has fallen to 51.04689. This will mean 
another type of major rehabilitation to fulfill the 20-year time frame.  
 

Table 8 shows the finalized 20-year plan for scheduled M&R for the Virgin (traditional) 
ACC project. As shown, the final repair was an ACC overlay, which will force the PCI model to 
change from the original (PCI for the traditional ACC) to the overlay model of Equation 5 
(where PCI = 99.99-(11.6*age) + (3.25*age2) - (0.433*age3)). This should be added to the chart 
in the PCC Overlay column as seen in Figure 7. It should be noted, the PCI goes to 99.99 
because the analysis year is 0 due to the asphalt overlay model. Additionally, in the list of 
techniques, it was said that the PCI will be raised to 100, in which the measure of 99.99 is as 
close to 100 as the model allows. This indicates the best level of PCI this kind of ACC overlay 
can have. 
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Another observation to be acknowledged is the total cost column. This number is 
relatively meaningless to the design process because the life cycle cost analysis has not been 
calculated. However, a comparison between each of the three project alternatives will give a 
general indication of the expected costs. 
 
 To better visualize the project planning process, the 20-year life cycle can be shown 
graphically with two plots. First, the PCI value compared to the year will show the changes in 
PCI as a result of the planned maintenance, as shown in Figure 8. Second, the maintenance costs, 
shown in Figure 9, are plotted as a bar graph with respect to time. As shown, the PCI fluctuates 
with each applied maintenance strategy and the cost is reflected for each year 
 

As with the traditional (Virgin material) project, the other two project alternatives were 
also subject to an example of the maintenance planning. These two planning schedules, PCI 
plots, and cost plots are shown in Tables 9-10 and Figures 10-13. 

 
Table 7. Traditional ACC Model Requiring Major Rehabilitation 

Traditional 
    PCI  PCI         

Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 
0 0 99.84         0 
1 1 95.94         0 
2 2 92.1         0 
3 3 88.14         0 
4 4 83.88         0 
4 2.4889 90.19011   Crack Sealing 3000 $/mile 30000 
5 3.4889 86.105929         0 
6 4.4889 81.633746         0 
6 3.02357 88.043751   Fog Sealing 3000 $/mile 30000 
7 4.02357 83.774508         0 
8 5.02357 79.021023         0 
8 4.02212 83.781006   Slurry Seal 7000 $/mile 70000 
9 5.02212 79.028353         0 

10 6.02212 73.611719         0 
11 7.02212 67.351104         0 
11 5.0748 78.761149   Diamond Grinding 55000 $/mile 550000 
11 4.0799 83.5213   Armor Coat 7000 $/mile 70000 
12 5.0799 78.735182         0 
13 6.0799 73.274682         0 
14 7.0799 66.959801         0 
15 8.0799 59.610537         0 
16 9.0799 51.046892         0 

 
 
 



15 
 

Table 8. Traditional ACC Project through 20-Year Service Life 
Traditional 

    PCI  PCI         
Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 

0 0 99.84         0 
1 1 95.94         0 
2 2 92.1         0 
3 3 88.14         0 
4 4 83.88         0 
4 2.4889 90.19011   Crack Sealing 3000 $/mile 30000 
5 3.4889 86.105929         0 
6 4.4889 81.633746         0 
6 3.02357 88.043751   Fog Sealing 3000 $/mile 30000 
7 4.02357 83.774508         0 
8 5.02357 79.021023         0 
8 4.02212 83.781006   Slurry Seal 7000 $/mile 70000 
9 5.02212 79.028353         0 

10 6.02212 73.611719         0 
11 7.02212 67.351104         0 
11 5.0748 78.761149   Diamond Grinding 55000 $/mile 550000 
11 4.0799 83.5213   Armor Coat 7000 $/mile 70000 
12 5.0799 78.735182         0 
13 6.0799 73.274682         0 
14 7.0799 66.959801         0 
15 8.0799 59.610537         0 
16 9.0799 51.046892         0 
16 0   99.99 ACC Overlay 110000 $/mile 1100000 
17 1   91.207       0 
18 2   86.326       0 
19 3   82.749       0 
20 4   77.878       0 

     
Total cost $ 1,850,000 

 
 

 
Figure 7. Excel Screen Capture of ACC Overlay Model 
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Figure 8. PCI Values of Traditional ACC Project 

 

 
Figure 9. Traditional ACC Project Associated Costs for Maintenance Strategies 
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Table 9. RAP Project through 20-Year Service Life 
RAP 

    PCI  PCI         
Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 

0 0 98.22         0 
1 1 94.016         0 
2 2 89.548         0 
3 3 84.372         0 
3 1.75698 90.682014   Crack Sealing 3000 $/mile 30000 
4 2.75698 85.718912         0 
5 3.75698 79.71171         0 
5 2.6707 86.181947   Fog Sealing 3000 $/mile 30000 
6 3.6707 80.282332         0 
7 4.6707 72.932926         0 
8 5.6707 63.689729         0 
9 6.6707 52.108742         0 
9 0   99.99 ACC Overlay 110000 $/mile 1100000 

10 1   91.207       0 
11 2   86.326       0 
12 3   82.749       0 
12 1.37498   89.059 Crack Sealing 3000 $/mile 30000 
13 2.37498   84.97142       0 
14 3.37498   81.21365       0 
15 4.37498   75.18767       0 
15 2.669   83.94864 Micro Surfacing 10000 $/mile 100000 
16 3.669   79.7936       0 
17 4.669   72.6065       0 
18 5.669   59.78934       0 
18 4.81   71.20008 Diamond Grinding 55000 $/mile 550000 
19 5.81   57.38009       0 
20 6.81   34.96573       0 

     
Total cost $ 1,840,000 
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Figure 10. PCI Values of RAP Project 

 

 
Figure 11. RAP Project Associated Costs for Maintenance Strategies 
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Table 10. SAMI Project through 20-Year Service Life 
SAMI 

    PCI  PCI         
Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 

0 0 97.97         0 
1 1 89.133         0 
2 2 79.914         0 
2 1.3055 86.383988   Fog Sealing 3000 $/mile 30000 
3 2.3055 76.932227         0 
4 3.3055 66.338666         0 
4 2.2229 77.748246   Diamond Grinding 55000 $/mile 550000 
4 1.7263 82.508496   Armor Coating 7000 $/mile 70000 
5 2.7263 72.64719         0 
6 3.7263 61.399178         0 
6 0   99.99 ACC Overlay 110000 $/mile 1100000 
7 1   91.207       0 
8 2   86.326       0 
9 3   82.749       0 
9 1.7061   87.50895 Slurry Seal 7000 $/mile 70000 

10 2.7061   83.81828       0 
11 3.7061   79.59716       0 
12 4.7061   72.24759       0 
12 3.4207   81.00737 Micro Surfacing 10000 $/mile 100000 
13 4.4207   74.81559       0 
14 5.4207   63.63883       0 
14 0   99.99 ACC Overlay 110000 $/mile 1100000 
15 1   91.207       0 
16 2   86.326       0 
17 3   82.749       0 
18 4   77.878       0 
19 5   69.115       0 
20 6   53.862       0 

     
Total cost $ 3,020,000 
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Figure 12. PCI Values of SAMI Project 

 

 
Figure 13. SAMI Project Associated Costs for Maintenance Strategies 
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will be far too expensive, based solely on the total costs of the maintenance. 
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Life Cycle Cost Analysis Computations 
In order to calculate the total life-cycle cost, the initial costs and maintenance costs must 

be considered and related to a single point in time. For each of the projects, the mix designs 
stated the flexible pavement surface is 3 inches thick and a width of 24 feet (considered as a 2-
lane road), and the sub layer is 7 inches thick. The main differences will be that the RAP project 
uses recycled material for the sub layer, and the SAMI project will have rubber between the 
asphalt and the granular base. The calculations for initial costs will be based on the NDDOT bid 
prices from the 2008 to 2011, also reflected in Figures 9, 11, and 13 (12). 
 
Salvaged Base Course: $18.54 per cubic yard 
Aggregate Base Course Class 5: $26.66 per cubic yard 
SAMI Layer: approximately $120,000 for the project 
Hot Bituminous Pavement: $98.72 per cubic yard 
 
For 3-inch hot bituminous pavement for all three projects =  

11,733.33 cubic yards * $98.72/cubic yards = $1,158,314.34 
For 7-inch aggregate base on traditional and SAMI projects = 
 27,377.78 cubic yards * $26.66/ cubic yard = $729,891.61 
For 7-inch RAP base = 
 27,377.78 cubic yards * $18.54/ cubic yard = $507,584.04 
The total initial costs for each project are as follows: 
 

Table 11. Initial Costs of Each Project 
Project Option Total Initial cost 
Traditional (Virgin) ACC $1,888,205.95 
RAP- based ACC $1,665,898.38 
SAMI ACC $2,008,205 

 
 The total cost of each project does not accurately reflect the value of the project because 
of the interest money accumulates over time and the cost of each strategy in each project must be 
related to the same point in time. Inflation is also a concern for the value of projects in future 
years as the cost of a maintenance strategy will increase over time due. Material prices, fuel costs 
for transport, worker pay increases, and increases to the cost of living are some of the factors that 
contribute to inflation cost of a road project. For the simplification in this example problem, the 
inflation will be neglected (13). As an example calculation, the Traditional ACC project will be 
used and converted to present value. The present value equation is: 
 

𝑃𝑉 = 𝐹 (1+𝑟)𝑛

(1+𝑖)𝑛
      Eq. 6 

 
Where, PV = Present Value ($) 

F = the cost at the year ($) 
n = the year of the cost (years) 
r = the inflation rate, set as 0%  

i = the interest rate, set as 4% (use 0.04) 
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To perform the LCCA calculations, a list of the years 0-20 should be created with the total costs 
for each year in the next column. Then, the next column should have the equation for present 
value. Table 12 shows the output of Excel. 
 

Table 12. Life-Cycle Cost Analysis for the Traditional ACC Project 
LCCA for Traditional ACC 

Year Cost, $ Present Value, $ 
0 1888206 1888205.95 
1 0 0 
2 0 0 
3 0 0 
4 30000 25644.12573 
5 0 0 
6 30000 23709.43577 
7 0 0 
8 70000 51148.31435 
9 0 0 

10 0 0 
11 620000 402740.1776 
12 0 0 
13 0 0 
14 0 0 
15 0 0 
16 1100000 587298.9933 
17 0 0 
18 0 0 
19 0 0 
20 0 0 

  
$2,978,746.997 

 
Shown in Table 12 is the year, the cost associated (year 0 is the construction costs, as 

calculated at the beginning of the section), and the present value (entered as an equation with 
F=the cost, and n being the year). The summation of the present values yields the final present 
value of the project, as seen in the final cell box below “present value.” The traditional ACC 
project has a present value of $2,978,747.00. The LCCA for each of the three project alternatives 
are listed in Table 13. As shown, the RAP ACC project is the cheapest option ($2,835,831.32). 
For this particular site and project, the RAP-based ACC alternative will be the best option on the 
basis of cost at present value. 
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Table 13. LCCA of All 3 Project Alternatives 
LCCA for Traditional ACC RAP ACC SAMI ACC 

Year Cost, $ 
Present 
Value, $ Year Cost, $ 

Present 
Value, $ Year Cost, $ 

Present 
Value, $ 

0 1888206 1888205.95 0 1665898 1665898.38 0 2008205 2008205 
1 0 0 1 0 0 1 0 0 
2 0 0 2 0 0 2 30000 27736.68639 
3 0 0 3 30000 26669.89076 3 0 0 
4 30000 25644.12573 4 0 0 4 620000 529978.5984 
5 0 0 5 30000 24657.8132 5 0 0 
6 30000 23709.43577 6 0 0 6 1100000 869345.9783 
7 0 0 7 0 0 7 0 0 
8 70000 51148.31435 8 0 0 8 0 0 
9 0 0 9 1100000 772845.4091 9 70000 49181.07149 

10 0 0 10 0 0 10 0 0 
11 620000 402740.1776 11 0 0 11 0 0 
12 0 0 12 30000 18737.91149 12 100000 62459.70496 
13 0 0 13 0 0 13 0 0 
14 0 0 14 0 0 14 1100000 635222.5911 
15 0 0 15 100000 55526.45027 15 0 0 
16 1100000 587298.9933 16 0 0 16 0 0 
17 0 0 17 0 0 17 0 0 
18 0 0 18 550000 271495.4666 18 0 0 
19 0 0 19 0 0 19 0 0 
20 0 0 20 0 0 20 0 0 

  
$2,978,746.997 

  
$2,835,831.321 

  
$4,182,129.631 

 
 
On a strictly cost basis, this example has shown that a recycled material project (RAP in 

the sub layers) is a cost effective means to fulfill the needs of design project, all the while 
reducing the need for virgin material, limiting waste, and creating a sustainable road system. 
 
Limitations to the LCCA Method 

Life-cycle cost analysis is a rational and an effective tool to use when selecting 
maintenance and /or rehabilitation alternatives for pavement projects. Although this calculation 
derived a singular solution for the project based on cost, there are other influential factors that 
may negate the cost benefits of an alternative. For example, some alternatives have the potential 
to degrade and begin leaching chemicals into the ground. Many of these environmental effects 
are theoretically untested and research is still ongoing. Within the next few years, studies over 
such topics can reveal the potential effects of using these reused materials. A consideration into 
such environmental effects can contribute to a life-cycle analysis (LCA). This is similar to that of 
the LCCA method performed in this module, but it is based primarily on the environmental 
effects of a project. The RAP alternative featured in this module is used from recycled material, 
and can be used in place of virgin material with a potential to have a long service life. These 
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factors contribute positively to the LCA, but the possible leaching of RAP residue and chemicals 
would be far more detrimental than the positives of using RAP. To perform a proper LCA, a 
tremendous amount of data is needed, ranging from the specifications of the material, where the 
materials are from, the specifications on the equipment used in construction and repair, 
emissions from equipment and processing, and much more. LCA practices on pavement 
applications are still under development, but there are databases and spreadsheet programs 
available to help determine the effects of some projects. PaLATE, for example, allows the user to 
insert data related to a project and develop a general idea of the environmental implications of 
project alternatives (2).  
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Suggested Homework/Practice Problems  

1. Perform a LCCA using one of the following adjusted performance prediction 
models (from Equations 2, 3, and 4 from Table 1) and a service life of 10 years: 

ACC Virgin Model PCIn = 95 - (2.0*age) + (0.10*age2) - (0.01*age3) 

ACC RAP Model PCIn = 90 - (2.0*age) + (0.15*age2) - (0.04*age3) 

ACC SAMI Model PCIn = 95 - (5.0*age) + (0.50*age2) - (0.02*age3) 

 
Question Objectives: Students will understand the variations that occur in the 
maintenance and rehabilitation planning when prediction models are changed. Roads 
will vary within any given network due to traffic demands and required structural 
capacity. Students should understand that roads and prediction models will not be 
consistent and project needs will change between projects or network locations.  
 
Sample Solution: 
The new model predicts less degradation than the previous model of equation 2. 
Maintenance and rehabilitation practices can be delayed for an extended time, in this case 
crack sealing is selected at year 7. Additionally, the slurry seal in year 11 provides 
enough road protection to fulfill minimum serviceability for the duration of the required 
15-year service life. The cost analysis for this new model has a present value of    
$1,956,474.15. Maintenance schedules and costs will vary by selection of maintenance 
techniques and selected model. 

Traditional ACC Virgin Design 

  PCI PCI     Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 
0 0 95     0 
1 1 93.09     0 
2 2 91.32     0 
3 3 89.63     0 
4 4 87.96     0 
5 5 86.25     0 
6 6 84.44     0 
7 7 82.47     0 
7 3.51 88.77957449  Crack Sealing 3000 $/mile 30000 
8 4.51 87.09667149     0 
9 5.51 85.34316849     0 

10 6.51 83.45906549     0 
11 7.51 81.38436249     0 
11 5.06 86.14481784  Slurry Seal 7000 $/mile 70000 
12 6.06 84.32690984     0 
13 7.06 82.34540184     0 
14 8.06 80.14029384     0 
15 9.06 77.65158584     0 

     Total cost $ 100000 
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LCCA for Traditional ACC Virgin Design 
Year Cost, $ Present Value, $ 

0 1888205.95 1888205.95 
1 0 0 
2 0 0 
3 0 0 
4 0 0 
5 0 0 
6 0 0 
7 30000 22797.5344 
8 0 0 
9 0 0 

10 0 0 
11 70000 45470.66521 
12 0 0 
13 0 0 
14 0 0 
15 0 0 
16 0 0 
17 0 0 
18 0 0 
19 0 0 
20 0 0 

  1956474.15 
 
 

2. Perform the LCCA using one of the following adjusted pavement condition 
assessment guidelines (from Table 2) and a service life of 10 years: 

PCI ACTION 
>90 Do nothing 
75-89 Maintenance 
61-74 Major Rehabilitation 
<60 Reconstruction 

 
Question Objectives: Students will understand the changes to maintenance and 
rehabilitation strategies when the PCI guidelines require higher standards. The action 
guidelines reflect higher minimum serviceability standards for each category of actions. 
Students will learn how project needs will change when guidelines vary between roads 
and pavement network locations. 
 
Sample Solution: 
The new PCI action guidelines require application of maintenance techniques sooner than 
the previous example for the Traditional ACC Virgin project. Crack sealing, fog sealing, 
and slurry seal are applied in years 3, 6, and 8, respectively. These three techniques 
provide the minimum level of serviceability for the duration of the required 10-year 
service life. The present value of the project is $1,989,733.59. Maintenance schedules 
and costs will vary by selection of maintenance techniques and selected model. 
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Traditional ACC Virgin Design 

  PCI PCI     Analysis Year Input Year Model Overlay Activity Unit Price Unit Cost, $ 
0 0 99.84     0 
1 1 95.94     0 
2 2 92.1     0 
3 3 88.14     0 
3 1.389 94.44901371  Crack Sealing 3000 $/mile 30000 
4 2.389 90.58372482     0 
5 3.389 86.52841593     0 
6 4.389 82.10308704     0 
6 2.893 88.5748794  Fog Sealing 3000 $/mile 30000 
7 3.893 84.35557899     0 
8 4.893 79.67553858     0 
8 3.875 84.43505859  Slurry Seal 7000 $/mile 70000 
9 4.875 79.76490234     0 

10 5.875 74.45724609     0 

     Total cost $ 130000 
 

LCCA for Traditional ACC Virgin 
Design 

Year Cost, $ Present Value, $ 
0 1888206 1888205.95 
1 0 0 
2 0 0 
3 30000 26669.89076 
4 0 0 
5 0 0 
6 30000 23709.43577 
7 0 0 
8 70000 51148.31435 
9 0 0 

10 0 0 

  1989733.59 
 

 

3. Perform the present value calculations for one of the three projects with an inflation 
adjustment of 3% (r = 0.03). 

Question Objectives: Students will learn the effect of inflation on project costs. The 
overall cost of each alternative will reflect more realistic cost prediction, as opposed to 
the simplified version in the example problem. 
 
Sample Solution: 
The previous example can be used with a simple adjustment to the present value 
equation. With the 3% inflation rate applied to the Traditional ACC Virgin Design, the 
resulting present value is $3,510,101.17. Maintenance schedules and costs will vary by 
selection of maintenance techniques and selected model. 
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LCCA for Traditional ACC Virgin 

Design 
Year Cost, $ Present Value, $ 

0 1888205.95 1888205.95 
1 0 0 
2 0 0 
3 0 0 
4 30000 28862.69 
5 0 0 
6 30000 28310.31 
7 0 0 
8 70000 64793.15 
9 0 0 

10 0 0 
11 620000 557486.59 
12 0 0 
13 0 0 
14 0 0 
15 0 0 
16 1100000 942442.48 
17 0 0 
18 0 0 
19 0 0 
20 0 0 

  3510101.17 
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