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Abstract 

Pavement management decision-making is the most important task for officials in 

transportation agencies, who develop maintenance and rehabilitation programs. 

Information about historical pavement network performance is needed for decision-

making; pavement management systems (PMS) provide means to organize road 

network data to improve the pavement network condition. PMS have prediction 

performance models to forecast the future condition of the pavement networks with 

information required for decision-making; these models can be deterministic or 

probabilistic. Pavement performance deterministic models are commonly used in PMS, 

but they do not consider the uncertainty in forecasting pavement performance. 

Pavement performance depends on many random factors like traffic loads and 

environmental effects. 

This research presents a stochastic approach to address the variability of the 

random factors involved in pavement performance prediction. The stochastic approach 

consists in two methods: probability-based performance curves and probabilistic 

performance-based scenarios considering different pavement deterioration rates over 

time. Data form PMS of the Metropolitan Transportation Commission (MTC) in the San 

Francisco, California Bay Area was used to develop the stochastic approach.  

The new approach will aid transportation agencies to be aware of the possible 

performance scenarios which will affect treatment selection and budget needs estimate 

in the planning horizon for maintenance and rehabilitation programs. 
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Chapter 1: Introduction 

Transportation agencies need large amounts of money to preserve their 

pavement networks in good condition. The development of cost-effective maintenance 

and rehabilitation programs requires reliable information on pavement performance in 

order to select the right treatment for the pavement sections. 

Pavement management is an approach that assists decision-makers finding cost-

effective maintenance and rehabilitation strategies to preserve the pavement network in 

a functional condition over time. In pavement management there are three main levels 

of practice: strategic, network (tactical), and project (operational) level. At the strategic 

level, decisions are made at the highest level within the agency, by individuals in the 

upper management, long-term goal and policies are set for the entire pavement network 

at this level. At the network level, multi-year maintenance and rehabilitation programs 

are prepared for the entire network considering different strategies, results of network 

level analysis are presented to the decision-makers at the strategic level to assist them 

in setting goals and policies for the pavement network. At the project level, pavement 

sections are individually studied to determine the most cost-effective maintenance or 

rehabilitation treatment for each section and decisions are focused over a short period 

of time (AASHTO 2012). 

In the past, managers made pavement management decisions based on 

personal judgment and experience (Sundin and Braban-Ledoux 2001). However, due to 

the complexity of pavement management practices and the large amount of data 

involved in the analysis, pavement management systems (PMS) are used by the 
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agencies to support their decision making process. PMS uses performance models to 

forecast pavement condition to identify treatment needs, to prioritize funding allocation 

when budgets are constrained, and to determine the impact of maintenance and 

rehabilitation strategies on the pavement network. 

1.1 Pavement Performance Models 

Pavement performance models forecast pavement network condition and are 

used in the pavement management decision-making process to determine where, what, 

and when maintenance and rehabilitation treatments should be applied. Performance 

models are classified in two groups: deterministic and probabilistic. In a deterministic 

performance model, every predicted set of variables is uniquely determined by 

parameters defined by single values in previous states. Therefore, deterministic models 

always result in the same values for a given set of initial conditions. Conversely, in a 

stochastic model, randomness is present, and variable states are not described by 

single values, but rather by probability distributions. 

In deterministic performance models, the future pavement condition is predicted 

using mechanistic, empirical, or mechanistic-empirical methods (Abaza 2004). The 

mechanistic model is based on mechanistic rational principles that govern pavement 

behavior under load; while the empirical model is based on site observations and 

statistical techniques.  A combination of these two models is known as mechanistic-

empirical (Li 2005).  

Probabilistic prediction models predict the future pavement condition using 

probabilities.  Markovian, and Bayesian are examples of probabilistic models (Abaza et 

al 2004). The Markovian model uses a probability transition matrix to describe the 
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probabilities of a particular change in pavement state that is applied to the initial 

pavement condition to forecast the future condition. The Bayesian approach involves a 

prior probability distribution to express the uncertainty of pavement performance 

prediction. The prior probability distribution is normally developed from expert 

knowledge. With data obtained from field observations, the prior distribution is modified 

and becomes a posterior distribution. The posterior distribution represents a pavement 

performance conditional state given a prior pavement performance state (Aven and 

Kvaloy 2002, Park et al 2008). 

1.2 Research Problem 

Agencies often have budget constraints for pavement maintenance and 

rehabilitation programs, and must allocate their funds in a cost-effective manner to 

preserve their pavement networks in good condition. Pavement performance prediction 

models are required to determine the treatment needs over the planning horizon. 

 However, uncertainty is always present in pavement performance predictions. 

Uncertainty is inherent in traffic projections, weather prediction, and changes in the 

pavement structural capacity. Deterministic performance models do not take into 

account this uncertainty and predict future pavement condition scenarios with single 

values (Abaza 2004). Hence, the problem to address in this dissertation is how to model 

the uncertainty that is present when forecasting pavement condition and how to 

incorporate this model into the pavement management decision-making process. The 

level of uncertainty in pavement performance prediction can be addressed using 

probability functions to determine the likelihood of a certain pavement condition 

scenario to occur in the future.  Therefore, a stochastic approach based on chance or 
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probability of occurrence of a future pavement condition will better model the inherent 

uncertainty that is present when forecasting the pavement condition.  

1.3 MTC Pavement Performance Model 

The Metropolitan Transportation Commission (MTC) in the San Francisco 

California Bay Area uses a deterministic pavement performance prediction model based 

on the pavement condition index (PCI).  

PCI projections follow a curve plotted with equation 1.1, as shown in Figure 1.1. 

PCIPRO  = 100-
ρ

(ln(
α

AGE
))

1
β

                                        (1.1) 

PCIPRO  = Projected PCI value at a given year 

ρ       =  regression constant that controls the age at which the inflection                                        

                point in the curve occurs. As an example, Figure 1.1 shows ρ with the                    

                inflection point at age 7. 

α       =  regression constant that controls the age at which the curve becomes        

asymptotic. As an example, Figure 1.1 shows that the asymptote 

begins at age 29, the PCI value at this age is negative and it is not   

               taken into account in the practice because when PCI reaches the          

value of 0, it means that the pavement has already failed completely.  

 β   = regression constant that controls how sharply the curve bends, β       

represents the slope of PCI over time at the point of inflection as 

shown in Figure 1.1 

AGE  =  number of years since construction. 
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Figure 1.1 PCI Performance Curve Parameters from equation 1.1 

 
The PCI projection equation was developed in 1981 by a group of experts working for 

MTC (MTC 1987).  Each functional class and pavement type has a set of alpha, beta, 

and rho parameters that are used in equation 1.1 to project the pavement condition. 

However, pavement sections of the same functional class and surface type may show 

different PCI projections varying the alpha, beta, and rho parameters.  

 As shown in Figure 1.2, the variability in the expected pavement performance 

generates uncertainty in the prediction of PCI values, which can vary significantly at the 

same pavement age. The average PCI curve is plotted using the default α, β, and ρ 

parameters in equation 1.1; the optimistic or high performance PCI (above the average) 

and the pessimistic or low performance PCI (below the average) curves are plotted 

using different α, β, and ρ parameters. In this example, the variability of PCI at age 10 is 

29 points (PCI values vary from 84 to 55). More pavement performance curves, 

between the pessimistic PCI and the optimistic PCI curves, can be developed for a set 

of pavement performance scenarios. 
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Figure 1.2 Variability of the PCI Over Time  

In a deterministic approach, maintenance and rehabilitation funding decisions are 

based on a set of single values for the pavement condition over time without addressing 

the uncertainty of PCI future values when forecasting pavement performance. At 

present, decision-makers that use the MTC Pavement Management System (MTC-

PMS), have a narrow perspective of the expected pavement network performance over 

time, because the forecasting model delivers a single value for pavement condition, as 

shown in the average PCI curve in Figure 1.2.  

1.4 Research Objectives 

The purpose of this research is to develop a stochastic approach to address the 

uncertainty in pavement performance predictions to enhance the current pavement 

management decision making process at the network level. The first objective of this 
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research is to study the behavior of PCI values over time to develop probability-based 

pavement performance curves (PBPPC). The second objective is to apply the 

probability-based performance curves in a target-driven approach, to maintain an 

agency’s PCI target value over the planning period and to obtain the corresponding 

budget needs at different probability levels. Finally, a third objective is to develop a 

probabilistic pavement performance-based scenario (PPPBS) approach using 

probability distributions to account for different pavement performance deterioration 

rates. 

Due to the large amount of historical pavement performance data available in the 

system, the MTC-PMS was selected to develop the stochastic approach. With the 

implementation of a stochastic approach, transportation agencies will know better the 

variability of pavement condition projections as well as their impact in the treatment 

prioritization process and budget estimates. 

1.5 Research Methodology 

The research methodology is shown in Figure 1.3 and includes the following tasks: 

 Task 1 is identifying the research problem as already described in 1.1. 

 Task 2 is formulating the research objectives as explained in 1.2. 

 Task 3 is performing a literature review on pavement management, pavement 

performance models, decision trees, and scenario analysis. 

 Task 4 is the development of probability-based pavement performance curves. 

PCI inspection data is collected, sorted by age, and clustered in yearly bins. 
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Figure 1.3 Summary of the Research Methodology Approach 



 9 

Data collected include: PCI observed values at inspection dates, and 

construction and maintenance treatment dates. These data are extracted from 

the Cities of Belmont, San Carlos, Milpitas, San Ramon, San Anselmo, and 

Santa Rosa in California; and from the Marion County in Oregon. 

A filter process is conducted to clean the data from possible errors in the records;  

for example very low PCI values at early ages and very high PCI values near the 

end of the pavement service life are carefully reviewed and removed if they are 

markedly different from other values in the yearly bins. 

Using the PCI filtered values, probability distributions are fitted for each year and 

means and standard deviations are calculated to compute PCI percentile values 

at different probability performance levels. The PCI points obtained for a 

probability performance level are joined to build a probability-based pavement 

performance curve (PBPPC). Regression analysis is used to find the alpha, beta 

and rho parameters for each PBPPC.  

 Task 5 is the development of the probabilistic pavement performance-based 

scenario approach based on the cumulative pavement deterioration. A new 

pavement has a PCI value of 100; therefore the cumulative pavement 

deterioration of a pavement section at the inspection date can be established as 

100 minus PCI value obtained from the inspection. The pavement cumulative 

deterioration, in terms of PCI points, is calculated for each section and clustered 

by age. Probability distributions are fitted to the cumulative deterioration PCI 

points for each year of the service life. Low, medium, and high deterioration 

bands are established, and annual cumulative deterioration probability 
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distributions are truncated, using the limits for each deterioration band, to 

calculate only cumulative deterioration PCI points within the limits in each 

deterioration band. 

 Task 6 is the application of the PBPPCs conducting needs analyses to identify 

pavement sections for maintenance and rehabilitation, and to estimate budget 

needs to preserve the pavement network in good condition. It also presents 

target driven analyses at different probability levels, with the corresponding 

budgets to achieve a desired target PCI value. The probabilistic pavement 

performance-based scenarios approach (PPPBS) is applied to a needs analysis 

using truncated Normal distributions of the cumulative pavement deterioration to 

model low, medium, and high pavement deterioration scenarios. 

 Task 7 is summarizing conclusions and recommendations as a result of the 

research study. 

1.6 Organization of the Dissertation 

The dissertation is organized in five chapters as shown in Figure 1.4 

Chapter 1 is an introduction to the research work, outlining pavement 

management fundamental concepts, presenting the research problem and objectives, 

and describing a brief outline of the methodology used in the study. 

 Chapter 2 presents a literature review on pavement management concepts and 

elements. Different types of performance models used in pavement management 

systems are discussed as well as the use of decision trees and scenario analysis to 

identify treatment needs and formulate budgets for maintenance and rehabilitation 

programs.  
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Chapter 1

Introduction

Chapter 2

Literature Review on Pavement 

Management

Chapter 3

Stochastic Approach 

Methodology

Chapter 4

Case Study, Probability-Based 

Performance Curves

Chapter 5

Case Study, Probabilistic 

Performance-Based Scenarios

Chapter 6

Conclusions and 

Recomendations
 

Figure 1.4 Overall Organization of the Dissertation  

Chapter 3 describes the development of the stochastic approach for pavement 

condition projections and budget needs estimates. The process to develop the 

probability-based pavement performance curves and the probabilistic pavement 

performance-based scenario methodology is presented. The implementation of this new 

approach in the pavement management process is also discussed in this Chapter. 
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Chapter 4 presents two case studies to illustrate the application of the stochastic 

approach developed in Chapter 3. In the first case study, PBPPCs are used to perform 

a needs analysis. The needs analysis consists on identifying pavement sections for 

treatment and formulating a budget estimate to preserve the pavement network in an 

optimum condition. In the second case study, a PCI target driven analysis is conducted 

setting a desired target PCI value for the pavement network through the analysis period, 

and determining treatments and budget needed to achieve the targeted PCI. 

Chapter 5 presents one case study that illustrates the application of the 

probabilistic pavement performance-based scenario approach in a needs analysis for 

low, medium, and high pavement performance deterioration scenarios.  

Chapter 6 summarizes the conclusions of the study with major findings and 

recommendations for implementation; emphasizes the significance of the research and 

its contributions to the pavement management decision-making process; and presents 

ideas for future research work. 
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Chapter 2: Literature Review on Pavement Management 

2.1 Pavement Management Concepts 

Pavement management is a systematic approach to manage a pavement 

network in order to develop cost-effective maintenance and rehabilitation strategies to 

preserve the network at the desired level of service. To implement this approach, 

highway agencies use pavement management systems (PMS) as a tool to decide on 

what sections to apply treatments, and to formulate the corresponding budget. 

According to AASHTO,  “A pavement management system (PMS) is a set of tools or 

methods that assist decision-makers in finding optimum strategies for providing, 

evaluating, and maintaining pavements in a serviceable condition over a period of time” 

(AASHTO 2012). 

According to AASHTO, the fundamental elements of a network-level pavement 

management system are:   

 An inventory of the pavement sections with information about location, functional 

class, number of lanes, pavement type, dates of construction, and maintenance 

and rehabilitation treatment history.  

 Condition assessment, collecting pavement distress data (e.g. type, amount, and 

severity), ride quality, structural integrity, and skid resistance.  

  Determination of future treatment and budget needs based on performance 

models. After the inventory and condition assessment is completed, a forecast of 

the future pavement section condition is made over a specified planning period, 

recommending maintenance and rehabilitation treatments over time to preserve 

the pavement network in optimal condition without funding constraints.  
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 Once the needs analysis is performed, candidate sections are prioritized to 

allocate available funds. 

 As a last element, the impact of funding allocation scenarios and maintenance 

programs is compared to identify the most cost-effective strategy among the 

alternatives (AASHTO 2001). 

Establishing a sound PMS with well-documented information about future 

pavement condition, improves the efficiency of the decision-making process on 

maintenance and rehabilitation actions, helping preserve the pavement network in a 

serviceable and safe condition at a minimum cost (George 2000). PMS should be 

capable of projecting the future pavement condition to identify future treatment needs 

and to forecast annual maintenance and rehabilitation budgets (AASHTO 2002). Many 

agencies use PMS with the aim to maximize the overall performance of the pavement 

network while minimizing the overall budget (Chang-Albitres 2007). The key of 

pavement management decisions is having reliable information available about 

pavement performance.  

Pavement management is performed in three main management levels: 

strategic, network, and project. At the strategic management level long-term goal and 

policies are set for the entire pavement network. At the network management level, 

overall needs for the whole pavement network are determined, maintenance and 

rehabilitation programs are developed, and budget needs to achieve pavement 

performance goals are established. Decisions on how to allocate available funds are 

made based on the agency’s criteria and policies. Data collected for the prediction of 

the future pavement condition is limited in detail at the network management level, but it 
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is considered sufficient to assess the pavement condition to identify treatment needs 

and budget (AASHTO 2012). At the project management level, officials are responsible 

for implementing the maintenance and rehabilitation work plan. Data collected at this 

level is very detailed and includes surveys to evaluate the pavement structural capacity, 

traffic, and environmental conditions for individual sections (AASHTO 2012, Schram 

2008). 

The determination of needs and the prioritization of candidate sections for 

funding allocation are very important tasks in the pavement management decision-

making process. These decisions should be backed up by information about the future 

pavement condition and corresponding budget estimates. Therefore, the prediction of 

the pavement condition using either a deterministic or probabilistic pavement 

performance model is a key factor in PMS to establish maintenance and rehabilitation 

programs. 

There are two kinds of pavement condition prediction models used in PMS: 

deterministic and probabilistic. Deterministic models predict pavement life, distress 

level, or future pavement condition as a single number; probabilistic models predict 

these events as a range of values with probability distributions (Lytton 1987). 

Deterministic models include structural and functional performance models. Probabilistic 

models include survivor curves and Markov process models. A brief description of these 

models from the literature is presented in the next sections. 

2.2 Deterministic Models to Predict Pavement Performance 

In deterministic models, a mathematical function derived from observed or 

measured pavement deterioration, predicts the future pavement condition as a single 
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value (Abaza 2004). Examples of deterministic models are primary response models, 

structural performance models, functional performance models, and damage models. 

Primary response models predict pavement deflection, stress, or strain due to traffic 

loads and climatic conditions, and they can be mechanistic, empirical or mechanistic-

empirical models. Structural performance models predict pavement distress and 

pavement condition using pavement condition index, and they can be empirical or 

mechanistic-empirical models. Functional performance models predict the present 

serviceability index or the International Roughness Index (IRI). Damage models are 

derived from either functional or structural models. Damage is a normalized measure of 

distress or some other measure of pavement condition; damage starts at zero and 

becomes one when the level of distress is unacceptable (Lytton 1987). 

The mathematical model is based on mechanistic, regression, or mechanistic-

empirical models. These models do not contemplate the variability of the parameters 

used in the prediction. The mechanistic model relies upon the soil mechanistic theory, 

mechanical properties of pavement materials under load, and multilayer structural 

analysis technics, establishing relationships among stress, strain, and deflection (Li 

2005, Li et al 1997). The mechanistic-empirical models contrast the results from theory 

with field observations to predict roughness, and cracking due to environmental and 

traffic loads which are used to calibrate the models. (Schram 2008).  

Pavement performance deterministic models are commonly developed using 

regression analysis to establish a relationship between observed parameters such as 

riding comfort index (RCI) with pavement material properties, pavement thickness, 

traffic loads, or age (Li et al 1997). Abaza (2004) developed a deterministic performance 
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prediction model using an incremental analysis of the AASHTO basic design equation 

for flexible pavements, to generate a single performance curve for a given pavement 

structure. This curve provides a simple tool to project the future condition of the 

pavement using the present serviceability index (PSI) and 80kN equivalent single axle 

load (ESAL) in the AASHTO basic pavement design equation, obtaining a required 

structural number (SN). After determining the required SN, it is used in an equation that 

includes layer thickness for surface, base, and sub-base, layer strength coefficients and 

layer drainage coefficients. The method defines a pavement performance curve as a 

function of the PSI and 80kN ESAL applications. A logarithmic relation was stablished 

between service time and load applications to construct a performance curve. This 

method needs information for each section about the construction material, weather 

conditions, and traffic information. This model can be applied at the project 

management level.  

A deterministic prediction model for county roads in the state of Alabama was 

constructed applying regression analysis to predict the time needed for a road surface 

to reach a point of failure. This point of failure is defined as the condition where the only 

way to restore a good pavement condition is through a total reconstruction. This method 

considers that pavement deterioration is due to daily traffic and time passed since the 

last resurfacing. A regression analysis is conducted to establish the deterioration 

equation based on the average daily traffic that is divided in average daily trucks and 

average daily cars. The model was recommended for the PMS used in Alabama’s state 

counties (Wilson 2005). 
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A deterministic pavement performance model using an exponential equation was 

developed in China, based on the pavement condition index, or road quality index that 

reflects pavement deterioration process as age increases, or as cumulative axle load 

increases. Parameters in this model are a function of traffic, structure, and environment. 

This model was integrated into a pavement management system software developed by 

the Shanghai Municipal Engineering Design Institute (Bai et al 2013). 

A mechanistic-empirical deterioration prediction model was developed for the 

Nebraska DOT. The model is based on the Mechanistic Empirical Pavement Design 

Guide (MEPDG) from the National Cooperative Highway Research Program (NCHRP) 

and has 75 user inputs including design life, construction date, pavement type, traffic, 

climate, materials, and structure (Schram 2008). However, the large number of 

parameter data needed in the model makes it difficult to implement, since structural and 

materials data were incomplete in the databases. 

An empirical-mechanistic model was developed for the Delaware Department of 

Transportation using simple and multiple regression analyses, the model includes an 

overall pavement condition rating in a scale from 0 to 100 as a dependent variable; and 

age, average annual daily traffic, and pavement distresses as independent variables 

(Mills et al 2012). 

The Linear Mixed Effects Model predicts pavement condition mixing average 

daily traffic, loading, thickness, climate and environmental conditions, and pavement 

condition prior to the last treatment. Pavement characteristics are shared by all 

pavements in the same pavement family.  Initial condition and pavement deterioration 

rate for a particular section are also considered to develop a regression equation to 
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predict the future pavement condition (Yu et al 2007). This method was tested using 

data from the Ohio Department of Transportation (ODOT). ODOT measures the 

pavement condition using the Pavement Condition Rating (PCR) on a scale from 0 to 

100 rating the best pavements with a PCR of 100 and the worst pavements with 0. The 

model prediction accuracy increases with a large number of historical observed 

conditions, but the accuracy decreases as the variability of the observed conditions 

increases.  

Mississippi Department of Transportation (MDOT) developed pavement condition 

prediction models for their PMS. MDOT’s PMS defines five pavement families: original 

flexible, overlaid flexible, composite, jointed concrete, and continuously reinforced 

concrete pavements. For flexible and composite pavements prediction models were 

developed for alligator cracking, other types of cracks (e.g. longitudinal and transverse 

cracks), rutting, roughness, and Pavement Condition Rating (PCR). For concrete 

pavements, prediction condition models were developed for cracks, punch-out, 

roughness, and pavement condition rating. The prediction models were developed 

using regression techniques, multiple linear forms, nonlinear regression, and Bayesian 

regression. The data used in the models include pavement layer thicknesses, type of 

material, type of subgrade, construction year, maintenance treatment type, and year of 

treatment application, traffic details per section, and pavement distress data (George 

2000). 

Pavement performance prediction can be done with deterministic models using 

regression analysis models. However, these methods produce uncertainty in the 
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performance prediction because they do not consider the variability inherent in the 

parameters used in the model. 

2.3 Probabilistic Models to Predict Pavement Performance 

The prediction of pavement performance involves a certain degree of uncertainty. 

The models for predicting long-term pavement performance should ideally include a 

procedure to address the reliability of historical data due to errors in the registration 

process or incomplete data. The variability of parameters such as pavement strength, 

ESALs, and IRIs employed in these models influences the variability of pavement 

performance predictions. Probability distributions are used to model the variability of the 

parameters for predicting pavement performance (Suherman, 2009). Probabilistic 

models are more common at the network pavement management level to forecast the 

pavement performance using probability distributions for the predictions (Hedfi and 

Stephanos 2001). 

Probabilistic prediction models take into account the probability associated with 

the future pavement performance as a random variable, predicting the pavement 

condition at a certain probability level based on engineering judgment or analyses of 

historical data (Abaza 2004, Montgomery and Runger 2011). 

Probabilistic models used for modeling pavement deterioration can be state-

based or time-based. State-based models predict the probability that a pavement will 

change its condition in a given time, whereas time-based models predict the probability 

distribution of the time needed for a pavement to change its present condition. 

Examples of state-based models are Markovian chain-based prediction models that 

state that the probability of a future pavement condition depends on the present 
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pavement condition state. Time-based models are also known as duration models and 

survival models, broadly used to predict the time for the initiation of fatigue cracking in 

pavements (Lee et al 2012). 

A probabilistic approach is useful to quantify the uncertainty in the performance 

predictions. Suherman (2009) developed a probabilistic prediction model based on the 

International Roughness Index (IRI), calculating the predicted IRI as a function of 

cumulative ESALs, pavement strength, and initial IRI. A failure state is defined by the 

transportation agency as an IRI failure value, pavement reliability is defined “as the 

probability that the pavement roughness (IRIp), predicted at any traffic level will be less 

than the pavement roughness at failure, IRIf”. 

 Methods used to address the reliability of the probabilistic prediction models are 

sensitivity analysis and Monte Carlo simulation. All the parameters are assumed to 

follow a normal distribution. The value of pavement roughness at failure is set by the 

transportation agency, and the probability of failure is calculated using Monte Carlo 

simulation as: 

            Pf       =
the number of trials with Z ≥ 0

total number of trials
 

Pf      = Probability of Failure 

Z       = IRIp - IRIf 

IRIp  = Predicted pavement surface roughness 

IRIf   = Pavement surface roughness at failure 

And the reliability is given by R = 1.0 - Pf 
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Li (2005) proposed ordered probit and sequential logit probabilistic models for 

pavement performance prediction. These models are based on condition states and use 

structural, traffic, and environmental parameters to predict future pavement condition in 

terms of a pavement condition index or pavement serviceability index. The probability 

distribution assumption in the models is normal in the ordered probit model and logistic 

in the sequential logit model. 

  Zhang and Damnjanovici (2006) proposed a structural reliability theory 

considering a stress-strength inference method stating failure when the stress exceeds 

the pavement strength. The probability of failure is calculated using various 

approximation techniques including Monte Carlo simulation (MCS) and the first order 

reliability method (FORM). The method was developed using AASHTO 1993 Pavement 

Design Method (Zhang and Damnjanovici 2006). A difficulty for this method is that the 

agencies must record project level design data of all the pavement sections in their 

network to obtain the pavement strength in order to predict future condition. 

Another probabilistic pavement performance model for planning maintenance 

and rehabilitation programs for a pavement network is a survivor curve. A survivor curve 

is a graph of the probability of pavement expected service life versus age or versus 

traffic loads. The construction, maintenance, and rehabilitation history of the pavement 

network is the source to develop survivor curves by determining the pavement sections 

that must be maintained or rehabilitated each year after major repair or new 

construction. Probability of surviving is 1.0 at construction time, age 0, or at the initial 

designed traffic load, it drops to 0 as age increases at the end of the service life, or as 

traffic loads increase. It represents the probability in percentage of pavement remaining 
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in service after a number of years or after a number of passes of a standard load (Lytton 

1987).  

Markov Decision Process (MDP) is a discrete time stochastic process, in which a 

decision-maker can choose an action in some state of the process; it is another 

modeling framework to support the development of pavement maintenance and 

rehabilitation policies. The Markovian assumption implies that the condition of the 

pavement at time t1 is the consequence of the pavement condition and the actions 

applied at time t0. Deterioration is usually modeled as an exponential function of time. 

As an example the model for pavement roughness can be written as: 

s = s0 exp(ξτ) 

where  

s = roughness at the end of the planning horizon 

s0 = roughness at the beginning of the planning horizon 

ξ = deterioration parameter 

τ = length of the planning horizon, t1 – t0, t1 > t0 

The deterioration parameter ξ is random and normally distributed, another 

random variable is also introduced as η = s/s0 with a lognormal probability distribution. 

The pavement deterioration process is represented by transitional probabilities 

estimated from expert knowledge or from empirical data, which are used to determine 

the distribution of future states and transitional probabilities; a level of risk is introduced 

and is measured by a Value at Risk. The model is solved for a long term period to 

determine the budget required, if the available budget is less than the budget needed, 

then the model is solved for a short term period (Seyedshohadaie et al 2010). 
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Markov chain models predict the probability that a facility will change its condition 

state given a fixed time interval. The condition of any future state is independent of past 

events, and only depends on its present state (Zhang et al 2006). The model developed 

by Zhang includes pavement deterioration rates and improvement rates to optimize 

maintenance and rehabilitation interventions. The transition matrix includes five 

condition states labeled 1,…, 5 representing sections in excellent, good, fair, poor, and 

very poor condition. Maintenance can be applied to sections in states 2, 3, 4, and 5, 

expecting that the section will improve by one state. Rehabilitation actions can be 

applied to sections in states 3, 4, and 5, expecting that the section will improve to state 

1. With these elements, two 5 x 5 transition matrices are constructed, one matrix for the 

present state and another matrix for the future state. The study presents three 

alternatives: (1) to maximize pavements in good condition, (2) to minimize pavements in 

bad condition and (3) to select sections in worst condition for treatment as first priority. 

Tack and Chou (2001) developed a probabilistic Markov chain performance 

model for Ohio DOT based on existing data. The pavement condition rating (PCR) and 

lane miles from years 1995 to 1999 were used to develop a transition probability matrix 

by separating in 10 classes the PCR values, then calculating the probability of the 

number of miles changing from one range to another in a one year period (Tack and 

Chou 2001).  

A probabilistic pavement performance prediction model was developed for 

China’s expressways combining the Grey System Prediction (GSP) model with a 

Markov Probability Prediction (MPP) model. The GSP model predicts four indexes of 

pavement performance: Riding Quality Index, Pavement Structure Strength Index, 
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Pavement Surface Condition Index, and Skidding Resistance Index. The transition 

probability matrix combines the GSP prediction results with the initial time probability 

distribution results. The initial time probability distribution represents the present 

pavement condition. This model was developed with limited data due to the short period 

of China’s expressway development (Mao and Yu 2009). 

Bayesian performance models combine objective data and subjective data such 

as engineering knowledge to develop prediction equations using regression analysis 

(FHWA 1998). A Bayesian performance model was developed for Texas DOT to predict 

longitudinal cracking on Texas roads (Park et al 2008). This model uses a sigmoidal 

equation with coefficients developed from prior engineering knowledge and existing 

longitudinal inspection data (e.g. longitudinal cracking in linear feet from inspected 

pavement sections), all pavement sections are inspected every year.  

Another type of probabilistic pavement performance model was developed by the 

association of Australian and New Zealand road transportation authorities (Austroads), 

as a probabilistic approach to estimate the range of possible outcomes affecting the 

pavement life. Monte Carlo simulation of pavement age, annual traffic, moisture index, 

and structural numbers were used as input parameters to test all possible combinations 

of relevant input parameters in their deterioration models (Austroads 2013). This 

probabilistic approach generates the probability of occurrence of a pavement condition 

in the future. 

Deterministic pavement prediction models predict pavement performance as a 

single value without taking into account the variability of pavement performance due to 

environmental and traffic conditions. Probabilistic models like reliability models, Markov 
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decision models, Markov chain models, Bayesian models, and combination of 

probabilistic methods models address the variability of pavement performance due to 

the uncertainty of future environmental conditions, traffic loads, pavement roughness, 

pavement structural strength. 

2.4 Decision Trees  

Decision trees are commonly used in decision making because of its simple 

graphical and analytical presentations. The analytical presentation is based on Bayes’ 

theorem. They are constructed from a decision node, represented with a square, with 

branches emanating from it representing alternative decisions to be analyzed. Chance 

nodes, represented by a circle, have branches emanating from it, representing 

alternative states ending in consequences nodes, represented with a triangle, with the 

cost or benefit of the outcomes (Haimes 2004). An example of a decision tree is shown 

in Figure 2.1. In this decision tree the arterial future pavement condition can be among 

five possible states: very good, good non-load related, good load related, poor, or very 

poor. There are two alternative treatments to decide from depending upon the pavement 

condition.  
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Figure 2.1 Pavement Treatment Decision Tree  

 
Decision trees may incorporate probability distributions to calculate an expected 

value of cost or benefit. This approach was introduced several decades ago. Stochastic 

decision trees allow the use of probability estimates or frequency distributions for some 

or all the factors affecting the decisions. Data inputs to build a stochastic decision tree 

are costs or benefits of the decisions, probability of chance events, and range of values 

for the parameters involved in the decision-making process. Expected values of costs or 

benefits are calculated using the probability of chance events from the decision trees; 
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the alternative or branch with the highest expected value of benefit or lowest cost is the 

recommended alternative (Moussa et al 2006). Multi-objective decision trees may 

incorporate multiple, different, or even conflicting objectives. Each branch has a 

conditional probability; decisions are made for the first decision node from a set of 

Pareto-optimum alternatives in which an improvement in one objective is necessarily 

accompanied by a detriment in other objective, which include the multiple objectives 

calculated from each possible path in the decision tree (Haimes 2004). 

2.5 Metropolitan Transportation Commission PMS 

In 1981, the Metropolitan Transportation Commission, a metropolitan planning 

organization in the San Francisco, California, Bay Area developed a network level 

model for a pavement management system MTC-PMS. The MTC-PMS is now a 

software called StreetSaver® and it is used to assist cities and countries to manage 

their road networks. At present, a deterministic pavement performance prediction model 

based on the Pavement Condition Index (PCI) is used to forecast the condition of the 

management sections over time to identify maintenance and rehabilitation treatment 

needs. A management section is a pavement section or a group of sections that have 

similar functional classification, pavement type, weather conditions, and number of 

traffic loads, and the agency is responsible for maintenance, assuming the same 

performance in all the section length (AASHTO 2001). 

Three types of analysis for the pavement network can be performed with 

StreetSaver®: 

 Needs Analysis, based on Pavement Condition Index (PCI) projections over the 

period of analysis, is performed to identify the sections in need of maintenance or 
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rehabilitation, the treatments to apply and the budget  needs to preserve the 

pavement network in an optimum condition.  

 Target Driven Scenario Analysis that sets a target pavement condition over the 

period of analysis, in terms of a PCI value, to identify the sections that will be 

treated, and estimate the corresponding budget to maintain the network at the 

agency’s desired PCI.  

 Budget Scenario Analysis that sets a budget over the analysis period, and 

prioritizes the pavement sections that will receive treatment for the available 

budget.  

In order to use StreetSaver®, the agency maintains a database with an inventory 

of all the management sections which are organized in four functional classes: arterial, 

collector, residential/local, and other; and five pavement types: asphalt concrete (AC), 

asphalt concrete over asphalt concrete (AC/AC), asphalt concrete over Portland cement 

concrete (AC/PCC), Portland cement concrete (PCC), and surface treatment (ST). 

 The pavement sections are classified into five PCI condition categories: category 

I representing pavements in very good condition with PCIs from 100 to 70; category II 

representing pavements in good condition with PCI loss due to non-load related causes 

and PCIs from 69 to 50; category III representing pavements in good condition with PCI 

loss due to load conditions and PCIs from 69 to 50; category IV representing pavements 

in poor condition and PCIs from 49 to 25; and category V representing pavements in 

very poor condition and PCIs below 25. The PCI range and treatments to apply are 

defined by the agency depending on the condition category. 
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2.5.1 Description of the Needs Analysis 

StreetSaver® uses a deterministic PCI prediction model to forecast the pavement 

condition of the management sections, PCI projections are then used to identify 

maintenance and rehabilitation treatments and budget needs. Figure 2.2 shows a 

flowchart to illustrate the needs analysis process over time. 

The needs analysis consists in forecasting pavement condition in PCIs over an 

analysis period, usually 5, 10, or 20 years, to recommend maintenance or rehabilitation 

treatments for each year according to PCI trigger values set by the agency, and 

calculate the budget needs for the selected treatments. At the end of the analysis 

period, the agency obtains the total budget needed to preserve the pavement network in 

good condition. 

To begin the needs analysis, in step 1, the agency must have an inventory of the 

pavement network including the location of the pavement section, functional class, 

pavement type, date of construction, and treatment history. 

In step 2, pavement surface distresses including alligator cracking, longitudinal 

cracking, and potholes from individual sections are collected to calculate the inspected 

PCI value. Each type of distress is measured in its respective unit (squared feet or 

linear feet for flexible pavements and number of slabs for rigid pavements), recording its 

severity (high, medium, low). The inspection area is also measured to calculate the 

distress density. 
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Figure 2.2 Needs Analysis Process Flowchart 

After collecting distress data, deduct values for each distress type and severity 

combination are determined from deduct curves (MTC, 2001). The deduct value 
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obtained from deduct curves is subtracted from 100 to obtain the PCI inspection value 

in step 3.  

The pavement age is needed for the needs analysis; and it can be calculated 

from the inspection date minus the construction date, or the inspection date minus the 

last overlay date. With the section’s age and the PCI from inspection, the PCI value is 

projected for year one of the analysis in step 4. 

In step 5, the model recommends treatments as needed for each year over the 

planning horizon. Pavement sections are selected based on the projected PCI values 

and the maintenance and rehabilitation strategy established by the agency. Once a 

treatment is selected, the PCI value increases according to the type of treatment 

applied; thick overlay and reconstruction treatments restore the PCI to 100, surface 

treatments increase the PCI value, the incremental PCI value is calculated for all 

functional classes and asphaltic surface types with a polynomial regression equation as 

a function of the PCI value before treatment. The PCI value after treatment is calculated 

in step 6. 

Treatments are selected using deterministic decision trees with PCI categories. 

The decision tree used in MTC-PMS does not incorporate probabilities, decisions about 

pavement section selection and treatments are based on PCI trigger values. These 

trigger values for treatments are set by the users. Each functional class and pavement 

type combination has a decision tree. These decision trees are used in MTC-PMS to 

identify sections for treatment, the input is the pavement PCI value and the output is the 

recommended treatment. Table 2.1 shows MTC-PMS pavement condition categories for 

arterial AC streets, PCI condition category ranges, treatment category, and treatments 
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to apply. Figure 2.3 shows the arterial AC decision tree from MTC-PMS based on these 

PCI categories. 

Table 2.1 Pavement Condition Categories and Treatment Selection (MTC 2001) 

 

 

 
Figure 2.3 Arterial AC Treatment Decision Tree (MTC 1987) 

 
MTC-PMS runs a deterministic model to project pavement condition and identify 

maintenance and rehabilitation treatments using a decision tree based on PCI condition 
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categories. At present, MTC-PMS generates needs analysis results showing a list of 

pavement sections identified for maintenance and rehabilitation with their recommended 

treatment. Needs analysis also estimates the budget required to preserve the pavement 

network in very good condition. As an output, needs analysis recommends only one 

maintenance and rehabilitation program. 

MTC-PMS has also a target-driven scenario analysis tool, in which the agency 

sets future PCI target values for the pavement network, estimating the budget to reach 

those targets. The result is a single budget estimate as required to meet the desired 

pavement network condition. 

2.6 Scenario Analysis 

Scenario analysis is an approach to analyze problems that involve uncertainty, 

presenting a range of possible future events. Scenario analysis does not provide the 

answer to the problem; it offers a series of possible future states, offering alternative 

views to make better informed decisions (Wright and Cairns 2011). Scenario analysis 

can be incorporated into pavement management as a useful tool, analyzing different 

future pavement conditions to aid in the decision-making process by showing decision-

makers possible future pavement condition states, helping in the development of 

maintenance and rehabilitation programs. 

 Scenario analysis considers deterministic scenario analysis (DSA) and 

probabilistic scenario analysis (PSA). DSA can process a huge amount of data, and it 

can model future alternative states for given selected performance targets, but with a 

limited number of scenarios, (e.g. worst case, best case, or more likely case). DSA 

outputs do not report the level of confidence or likelihood of occurrence. PSA has much 
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wider possibilities to overcome the lack of confidence in the likelihood of occurrence of 

events, using probabilistic methods like Monte Carlo processes with event trees to 

present the outcomes as probability measures. Multiple PSA scenarios can be 

compared by decision-makers, to have more information to make a decision on the best 

alternative (Yoe 2011). 

MTC-PMS incorporates a deterministic scenario analysis in which a PCI target 

value for the pavement network is established for the analysis period; however the 

system’s output is a single budget required to maintain the pavement network at the 

desired condition. This deterministic scenario analysis does not provide the decision-

makers with budget alternatives to choose from. 

Probabilistic scenario analysis can be adopted in pavement management 

systems to assist in the decision-making process for comparing multiple pavement 

deterioration scenarios at different probability levels to quantify the consequences of 

different pavement network conditions or the budget needs. 

2.7 Summary and Conclusions 

PMS use pavement performance prediction models to assist in the pavement 

management process. Deterministic pavement prediction models predict the pavement 

condition as a single value, and probabilistic models address the forecasting of 

pavement performance as a random variable with a probability distribution or likelihood 

of occurrence of alternative pavement condition states. 

If the parameters involved in pavement performance prediction could be 

determined by an exact value, future pavement condition could be predicted with 

certainty. However, pavement deterioration caused by traffic loads and environmental 
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conditions appear to be random and cause uncertainty. This random process exhibits a 

pattern that can be modeled by probability distributions. 

Probabilistic models consider the uncertainty involved in the variability of the 

parameters used to predict the future pavement condition; while deterministic models do 

not consider this variability. Table 2.2 presents a comparison between deterministic and 

probabilistic performance models. 

Table 2.2 Comparison between Deterministic and Probabilistic Performance Models 

 

The stochastic models for pavement condition projections and budget needs 

estimates in this dissertation are based on the pavement condition index (PCI) 

calculated from pavement distresses and predict pavement performance using 

probability distributions developed from pavement history, considering the present 

pavement condition from inspection of the pavement sections in PCIs and section’s 

history such as pavement past performance behavior and age, to predict future 

pavement condition. The advantage of the models presented in this dissertation over 

other probabilistic models is that they do not require structural, traffic, or neither 
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environmental information, nor probability transition matrixes required on Markov chain 

models, or prior probability distributions of pavement behavior developed from 

engineering knowledge as in a Bayesian framework, they require only pavement 

condition history data of construction dates, rehabilitation treatment dates, inspection 

dates, and PCI values from inspections. This pavement history data is used to develop 

probability distributions to construct probability-based performance curves obtaining 

values for parameters alpha, beta, and rho used in equation 1.1 to forecast future 

pavement performance. The same pavement history data is used to obtain pavement 

deterioration in PCI points at different pavement ages, classifying the pavement 

sections at different deterioration bands, forecasting future pavement condition based 

on annual deterioration rates instead of equation 1.1. 

A disadvantage of the PBPPCs and of the PPPBSs is that when they are applied 

to a large pavement network, the process is time consuming and have to be used with a 

software like the one used in MTC-PMS. Another disadvantage is that some agencies 

do not have pavement history for 10 or 20 year periods of time to develop the PBPPCs 

or the PPPBSs.  

PBPPCs and PPPBS, address the variability of the parameters involved in 

pavement performance prediction and model the uncertainty when forecasting 

pavement condition. The stochastic approach will mainly be suitable for pavement 

management at the network management level, although it can also be used at the 

project management level for individual pavement sections or groups of pavement 

sections. Results from multiple pavement performance scenarios can offer decision-
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makers broad information about pavement performance in order to implement 

maintenance and rehabilitation strategies and estimate future budget needs.  
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Chapter 3: Stochastic Methods to Address the Uncertainty on 

Pavement Condition Projections and Budget Needs 

Uncertainty is always present in forecasting pavement performance; a stochastic 

approach can model the uncertainty to provide decision-makers with more information 

about future pavement performance to develop maintenance and rehabilitation 

programs in a cost-effective manner. 

The uncertainty in the prediction of pavement performance is addressed in this 

dissertation using two alternative stochastic methods: 

 Probability-based pavement performance curves (PBPPC) to assess the 

prediction of pavement performance at different probability levels. 

 Probabilistic pavement performance-based scenarios (PPPBS) to consider 

different pavement deterioration scenario trends. 

The PBPPC approach consists in developing performance curves to forecast 

future pavement condition at different probability levels using equation 1.1 with the 

corresponding alpha, beta, and rho parameters calculated for each probability level. For 

the development of the PBPPC, PCI values from inspection of a similar pavement type 

and functional class at different ages of service life are fitted into probability 

distributions; these probability distributions are then used to compute PCI percentiles at 

different probability levels of pavement performance to build probability based pavement 

performance curves. 

The probabilistic pavement performance-based scenario method consists in 

developing alternative scenarios at different pavement deterioration probability levels. 

Probability distributions are fitted to the annual cumulative pavement deterioration and 
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the annual cumulative deterioration is separated into three deterioration bands: low, 

medium, and high deterioration bands; annual deterioration is generated randomly by 

running Monte Carlo simulations using truncated probability distributions for each band 

in order to generate cumulative deterioration PCI points within each deterioration band. 

Maintenance and rehabilitation treatments and corresponding budgets are determined 

for each scenario. 

Both stochastic methods can provide the agencies’ decision-makers broader 

information about the future pavement condition in order to develop their maintenance 

and rehabilitation programs. 

3.1 Probability-Based Pavement Performance Curves (PBPPCs) 

Pavement performance can be forecasted at different deterioration rates using 

probability distributions to model its performance. PBPPCs are curves that forecast 

future pavement condition at different probability levels, the probability of pavement 

performance is the likelihood that a certain PCI value at year j of its service life be 

greater or equal to the p-percentile PCI value whereby p is the probability level. For 

example, for a certain pavement there is a 30% probability that in the third year after 

construction the PCI value will be greater or equal to 92. This is considered a 30% 

PBPPC (see Figure 3.1). 
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Figure 3.1 30% and 50% PBPPCs 

PBPPCs are intended for use in the MTC-PMS software using values for α, β, 

and ρ parameters in equation 1.1 according to their corresponding probability 

performance level. Needs analyses can be performed using the PBPPC obtaining 

several pavement condition forecasts and budget needs. 

 To develop PBPPCs, a probability distribution is fitted to observed PCI values of 

similar pavement type and functional class at different ages. One of the most commonly 

used statistical distributions is the Normal distribution, most random variables can be 

modeled by a Normal distribution, numerous statistical analyses are based on the 

assumption of normality (Mongomery and Runger 2011). In this research the Normal 

distribution is used for the development of the PBPPCs. The fitted probability 

distributions are then used to compute PCI percentiles at each year of the analysis 

period. The PCI percentiles for each year are joined to build a PBPPC and by means of 
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a nonlinear regression for equation 1.1, parameters α, β, and ρ are found, and then 

used to project the pavement condition. 

3.1.1 Steps for Developing the Probability-Based Pavement Performance Curves. 

To construct the probability-based pavement performance curves it is necessary 

to collect data from pavement condition inspections including construction dates, 

inspection dates, and PCI values for each pavement section. The steps to develop the 

probability-based pavement performance curves are shown in Figure 3.2. 
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Figure 3.2 Process to Develop Probability-Based Pavement Performance Curves 
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Step 1. Collect PCI data, sort PCI values by pavement age into yearly bins, and 

remove outliers. 

Collect Inspection data and then sort PCI values into yearly bins. Very low PCI 

values at early ages and very high PCI values at the end of the service life are treated 

as outliers. These outliers are removed by establishing lower and upper limits based on 

expert knowledge from the practitioners, as shown in figure 3.3. Upper limit line starts at 

a PCI value of 100 at year 0 keeping this value until year 2, then descends with a 

constant slope of -0.5 down to year 5, changes slope in this point to -1 and descends 

with this slope until year 20 to end at a PCI value of 79. Lower limit line starts at a PCI 

value of 92 at year 0 descending with a constant slope of -4 down to year 4, changes 

slope at this point down to year 10, and changes again slope down to year 20 to end in 

a PCI value of 18.  

 

 
Figure 3.3 PCI Inspections at Different Pavement Ages and Limits for Outliers 
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Step 2. Fit probability distributions for each year of the pavement service life 

Probability distributions are fitted for the PCI values with outliers removed. In this 

research, Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared goodness of fit 

tests were used to check if the data sets follow a Normal distribution. The null 

hypothesis that the data set is Normal distributed is rejected, if the test statistic is 

greater than the critical value obtained from a table and, or if α is greater than the P-

value calculated based on the test statistic. 

 An α = 0.01 significance level was used for the goodness of fit test. Goodness of 

fit tests were done using EasyFit software for Kolmogorov-Smirnov, Anderson-Darling, 

and Chi-Squared goodness of fit tests. All data sets passed Kolmogorov-Smirnov 

goodness of fit test for Normal distribution with statistic values less than the critical 

values and P-values higher than 0.01. All data sets passed Anderson-Darling goodness 

of fit test for Normal distribution with statistic values less than the critical values. All data 

sets except data set from year 6, passed Chi-Squared goodness of fit test for Normal 

distribution with statistic values less than the critical values and P-values higher than 

0.01. Data set from year 6 was rejected as a Normal distribution because the statistic 

value was higher than the critical value and the P-value was less than 0.01. Data set 

from year 6 is considered to have a Normal distribution because it passed Kolmogorv-

Smirnov and Anderson-Darling goodness of fit tests for Normal distribution. Results 

from the goodness of fit tests are shown in Table 3.1. 
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Table 3.1  PCI Goodness of Fit for Normal Distribution Arterial AC 

   

Step 3. Determine PCI percentile values for a probability pavement performance 

level.  

The p-percentile PCI value is computed as follows: 

Let PCIj be the random PCI at year j defined by a Normal probability function 

with mean µj and standard deviation σj. Thus 

PCIj = N(µj, σj)                                     (3.1) 

Where N(µj, σj) defines a Normal distribution function 

Let PCIp be the p-percentile of PCIj where p is the probability performance level  

            p      =  (PCIj  ≥  PCIp) = 1 −  Φ (
PCIp −  µj

σj
)                                    (3.2) 
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Where Φ(. ) Is the standard cumulative Normal distribution.  

For a given probability value p, PCIp is thus obtained as, 

PCIp =  Φ−1(1 − p)σj +  µj                                                       (3.3) 

Where Φ−1(. ) is the inverse standard Normal distribution. 

This computation process is conducted for each year over the time span of the 

analysis period and at different probability levels (p). As an example, Figure 3.4 shows 

the cumulative distribution function for year 2 and the fitted normal curve. 

 
Figure 3.4 Cumulative Distribution Function for Arterial Asphalt Concrete Pavements at 

Year 2 
 

Step 4. Join the PCI percentile values to create a probability-based curve 

For a specific pavement performance probability level, PCIp values calculated for 

each year of the analysis period using equation 3.3 are joined to build the PBPPC. 
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Step 5. Repeat steps 3 and 4 for selected probability performance levels 

Steps 3 and 4 are repeated to develop PBPPC at selected probability levels. 

Figure 3.5 shows probability-based performance curves for 90%, 70%, 50%, and 30% 

probability of performance levels. Smoothing the probability-based performance curves, 

values for parameters α, β, and ρ are obtained through a nonlinear regression for 

equation 1.1, smoothed curves for 90%, 70%, 50%, and 30% are shown in Figure 3.6. 

 
Figure 3.5 Probability-Based Pavement Performance Curves 
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Figure 3.6 Smoothed Probability-Based Pavement Performance Curves 

3.1.2 Use of the Probability-Based Pavement Performance Curves to Project 

Pavement Condition 

At network level, needs analysis can be performed using PBPPCs at different 

probability performance levels, using the corresponding set of values for α, β, and ρ 

parameters in equation 1.1. For each probability performance level, the output of the 

analysis is the projected PCIs over the analysis period. 

The procedure to project the PCI over an analysis period, using α, β, and ρ 

parameters for a given probability performance level, is shown in Figure 3.7. The steps 

are described as follows: 
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Figure 3.7 Procedure to Project PCI Using the Probability-Based Pavement 
Performance Curves 
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 Select the analysis period in k years. 

 Select the probability level and the corresponding α, β, and ρ parameters for the 

PBPPC.  

 Select a section and calculate its age j at year k=1 of the analysis, age j is 

calculated as the year of analysis minus the year of construction, or year of 

analysis minus the year of the latest overlay treatment applied. An initial PCI 

value for year k=1 of the analysis period can be: the inspected PCI of the section, 

or if there is not an inspected PCI, an initial PCI can be projected with equation 

1.1 for age j. 

 PCI is compared with the PCI trigger values to evaluate if a treatment is needed 

in the first year of analysis. PCI trigger values are set by the agencies to trigger 

the application of a specified treatment. 

 Project the PCI for year k+1 using equation 1.1 with α, β, and ρ parameters and 

age j+1. 

 If a treatment is applied at year k, then PCI increases due to treatment and this 

value is used to project the PCI for the next year. 

 After all years are analyzed for one section, the procedure is repeated for the 

other pavement sections in the network. 

If a history of treatments and inspections for a pavement section is available, the 

section’s deterioration past performance can be used to identify the corresponding 

probability-based performance curve for future pavement condition projections based on 

the section’s deterioration trend. In this approach, a specific set of α, β, and ρ 

parameters will be assigned to individual sections instead of analyzing the whole 
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pavement network with the same PBPPC family curves. This approach models the 

pavement performance level of those sections in a more accurate manner by selecting 

the PBPPC that better fits the section’s history. However, this methodology can be a 

time-consuming procedure for a large pavement network. 

 The performance prediction process for individual pavement sections based on 

their deterioration trend is more suitable for small pavement networks or for a project 

management level analysis because the sections are analyzed individually or in groups 

of sections with a PBPPC level according to the history of the individual or group of 

sections. The pavement performance analysis using the PBPPC at the network and 

project management levels is a great decision-making tool to study pavement 

performance. 

3.2 Probabilistic Pavement Performance-Based Scenarios (PPPBS)  

The probabilistic pavement performance-based scenarios (PPPBS) approach 

consists in developing alternative scenarios at different pavement deterioration 

probability levels. Pavement deterioration is a loss in pavement quality; it is a normal 

process mainly due to traffic loads and environmental effects that can be stated as the 

cumulative deterioration of the pavement condition in PCI points (CDPCI) at a certain 

age j. CDPCI is calculated as 100 minus the PCI value at age j. The PCI value 

decreases and the cumulative deterioration increases as the pavement age increases 

as shown in Figure 3.8. 
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Figure 3.8 PCI and Cumulative Deterioration of Pavement Condition over Time 

 
Uncertainty in traffic loads and environmental effects need to be considered 

when predicting pavement performance (Hong 2001). The uncertainty in pavement 

performance prediction can be addressed using a probabilistic pavement performance 

scenario approach. PPPBS are based on probability distributions of the yearly 

pavement cumulative deterioration in PCI points (CDPCI) to forecast pavement 

performance, simulating annual CDPCIs at different ages to establish an annual 

deterioration rate (ADR) that can be used to classify the pavement sections in low, 

medium, and high deterioration bands creating pavement performance scenarios.  

The steps to develop probabilistic pavement performance-based scenarios from 

PCI inspection data and treatment history are outlined in Figure 3.9. 

3.2.1 Steps for the Probabilistic Pavement Performance-Based Scenario 

Approach. 

 Step 1 Collect PCI data and sort PCI values by pavement age j. 
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 Step 2 Calculate the cumulative pavement deterioration for each year from the 

sorted PCI data, subtracting 100 from the PCI inspection values at each year. 
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Figure 3.9 Steps for Developing the Probabilistic Pavement Performance-Based                   
Scenarios      

 Step 3 Calculate the 30th and 70th percentiles of the cumulative deterioration PCI 

points for each age j over the service life in order to establish low and medium 

deterioration band limits. 

 Step 4 Fit normal distributions to the annual cumulative deterioration PCI points 

at age j. 
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 Step 5 Truncate the annual normal distributions of the cumulative deterioration 

PCI points at each age j over the service life, using the limits for low and medium 

deterioration bands established in step 3, to obtain PCI cumulative deterioration 

points with values within the limits of each deterioration band. The truncated 

annual normal distribution has its range (-∞ to +∞) but is constrained to assume 

values only in (k1, k2), being k1 and k2 in this research, the limits of the 

deterioration band. The objective of truncating the annual normal distribution 

within the limits of a deterioration band is to obtain, using Monte Carlo simulation, 

cumulative deterioration PCI points for each year with values within these limits. 

Monte Carlo simulation is a technique that uses random numbers from a 

probability distribution, in this case from the probability distribution of the CDPCI 

yearly values. Monte Carlo simulation of the annual CDPCI points displays the 

possible cumulative pavement deteriorations for the number of simulations 

performed. 

Step 1. Collect PCI data and sort PCI values by pavement age 

Collect inspected PCI data and sort PCI values into yearly bins corresponding to 

pavement age. Filtered inspection data used for the development of the probability-

based performance curves are also used in the probabilistic pavement performance-

based scenarios. 

Step 2. Calculate the cumulative pavement deterioration in each year 

Using the filtered inspection data clustered by age j, the cumulative pavement 

deterioration in PCI points (CDPCI) is calculated for each inspected pavement section 
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by subtracting the PCI value from 100 at the corresponding age bin as shown in Figure 

3.10. 

  
Figure 3.10 Cumulative Pavement Deterioration in PCI Points 

Pavement cumulative deterioration is measured in PCI points at age j of the 

service life. Pavement cumulative deterioration is calculated at age j as 100 – PCI. 

Pavement deterioration in terms of PCI values can be clustered by age, Figure 3.10 

shows cumulative pavement deterioration in terms of PCI points for each year of age j, 

for a period of 20 years after the outliers were removed. The annual deterioration ratio 

(ADRj) is the number of PCI points a pavement loses in a certain year of age j. ADR is 

calculated as the cumulative deterioration in terms of PCI (CDPCI) points divided by j as 

shown in equation (3.4). 

ADR j      =  
CDPCIj

j
                                              (3.4)    

where, 
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CDPCIj   = Cumulative Deterioration in PCI points at year j 

 j            = 1….20 years  

Step 3. Calculate the 30th and 70th percentiles of the cumulative deterioration PCI 

points for each year. 

PCI points of pavement cumulative deterioration are clustered in low, medium, 

and high deterioration bands. The MTC-PMS criteria for classifying pavement condition 

in PCI values is considered to establish limits for low, medium, and high deterioration 

bands. According to the MTC-PMS criteria, a pavement in very good condition has a 

PCI value from 100 to 70, a pavement in good condition has PCI values between 69 to 

50, a pavement in poor condition has PCI values between 49 to 25, and a pavement in 

very poor condition or a failed pavement has PCI values below 25.  

Upper limits for medium and low deterioration bands were set ± 20 percentile 

points respectively from the median of each CDPCI points age bin. The 30th percentile 

is set as the upper limit for the low deterioration band, in which the cumulative 

deterioration PCI points correspond to pavements in very good condition according to 

their age, with PCI values from 100 to 70. The 70th percentile is set as upper limit for the 

medium deterioration band that corresponds to pavements in good condition also based 

on their age, with PCI values between 50 and 69. The high deterioration band includes 

the upper 30% of the cumulative deterioration PCI values that corresponds to 

pavements having deteriorations above the medium considering their age, with PCI 

values between 25 and 49. Lowest and highest cumulative deterioration PCI points at 

each year are set as minimum values for the low deterioration band, and maximum 
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values for the high deterioration band. The deterioration band limits for cumulative PCI 

deterioration points are shown in Table 3.2, and plotted in Figure 3.11. 

Table 3.2 Pavement Deterioration Band Limits in PCI Point 
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Figure 3.11 Low, Medium, and High Pavement Deterioration Bands 

Step 4. Fit normal distributions to the cumulative deterioration PCI points. 

Normal distributions for the PCI inspected values are also normal distributions for 

the cumulative deterioration PCI points because the cumulative deterioration PCI points 

are a linear function of PCI. The CDPCI points mean is calculated as:  

µCDPCI = 100 - µPCI   

where, 

µCDPCI = CDPCI points mean 

µPCI     = PCI mean     

The standard deviation for the CDPCI points is the same standard deviation as 

the PCI annual inspected values, because the standard deviation measures the amount 

of variation from the average. Normal distributions for each year of age and 

deterioration band are truncated at each deterioration band limits; the truncated Normal 

distributions are used because the range to generate CDPCI values is finite at both 
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ends of the interval for the limits of each deterioration band; hence the CDPCI 

generated values will be within the limits of the deterioration band. CDPCI means and 

standard deviations are used to build the truncated normal distributions. 

Table 3.3 presents the means and standard deviations for the annual CDPCI in 

PCI points. Figure 3.12 shows a plot of the cumulative deterioration PCI points and 

fitted normal distributions. 

Table 3.3 Cumulative Pavement Deterioration Statistics 
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Figure 3.12 Cumulative Deterioration PCI Points and fitted Normal Distributions 

Step 5. Truncate the annual normal distributions of the CDPCI points for each 

deterioration band. 

To obtain the ADR that will be used in a needs analysis for each deterioration 

band, yearly cumulative deterioration points within each deterioration band limits have 

to be obtained, this is done truncating the annual normal distribution of the CDPCI 

points as explained before (step 5 page 54). 

Truncate the normal distribution of cumulative deterioration PCI points for each 

year of age and deterioration band to obtain PCI cumulative deterioration points with 

values within the limits of each deterioration band (Greene 2008). 

 The truncated probability density function is stated as: 
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  f(x;  µ, σ, a, b) =  
1

σ
φ(

x− μ

σ
)

∅(
b− μ

σ
)− ∅(

a− μ

σ
)
                                                 (3.5) 

 F(x;  µ, σ, a, b) =  
∅(

x− μ

σ
)− ∅(

a− μ

σ
)

∅(
b− μ

σ
)− ∅(

a− μ

σ
)
                                                (3.6) 

A Monte Carlo simulation is used to generate random cumulative deterioration 

PCI points for each age j using equation 3.7 within the limits of a deterioration band, the 

random CDPCIj values are used to calculate random ADRj values with equation 3.4, to 

project PCI values over the analysis period, instead of using PCIs projected with 

equation 1.1. With the use of Monte Carlo simulation, a set of random PCIs over the 

analysis period is obtained to build an end of period PCI histogram. Percentiles chosen 

from the set of PCIs used to build the histogram generate a probabilistic performance-

based scenario of pavement performance.  

A random value for CDPCI is calculated with the following equation: 

CDPCIj   =  ∅−1 (∅ (
a− μ

σ
) + U (∅ (

b− μ

σ
) −  ∅ (

a− μ

σ
))) σ +  µ                      (3.7) 

where 

CDPCIj = random CDPCI value at age j within the band limits 

µ          = mean of the normal distribution of cumulative deterioration PCI points 

at   age j 

σ           = standard deviation of the normal distribution of cumulative  

                          deterioration PCI points at age j  

 a           = lower limit of the deterioration band at age j 

b           = upper limit of the deterioration band at age j 

𝜑(. )        = probability density function of (.) 
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∅(. )        = cumulative distribution function of (.) 

∅−1(. )   = inverse cumulative distribution function of (.) 

U           = a random number (0, 1)   

Figure 3.12 shows a plot of the probability density function of the cumulative 

deterioration PCI points for year 2. Figure 3.13 shows the truncated probability density 

function of the CDPCI points for year 2 over 0 to 5 CDPCI points in the low deterioration 

band and Figure 3.14 shows the truncated cumulative distribution function of the CDPCI 

points for year 2 in the low deterioration band for CDPCI points from 0 to 5. 

 
Figure 3.12 Probability Density Function of the Cumulative Deterioration PCI Points for 

Year 2 
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Figure 3.13 Truncated PDF of the Cumulative Deterioration PCI Points for the Low 

Deterioration Band at Year 2  

 

 
Figure 3.14 Truncated CDF of the Cumulative Deterioration PCI Points for the Low 

Deterioration Band at Year 2 
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3.2.2 Use of the Probabilistic Performance-Based Scenarios to Project Pavement 

Condition 

The needs analysis using the PPPBS generates annual CDPCI points within a 

deterioration band using Monte Carlo simulation that will be used to project pavement 

performance instead of using equation 1.1, presenting possible pavement performance 

scenarios.  

The year at which the PCI projection period begins is year k=1 of the analysis 

period, which can be 5, 10, or 20 years. Pavement sections analyzed can have different 

ages j. Based on the PCI of the section at age j, the section is located in the low, 

medium, or high deterioration band. CDPCI values for the section are calculated for 

ages j, j+1 until j=20, which are used for year k=1, k=2, until k= last year of the analysis 

period. Figure 3.15 shows a flowchart with the procedure to project PCIs in a probability 

performance-based scenario.  

The procedure for the PCI projection analysis for a pavement deterioration 

scenario is as follows. 

 Define analysis period in k years 

 Select a low, medium, or high pavement deterioration band to conduct a section’s 

PCI projection analysis  

 Select a section and calculate the age j at year k=1 of the analysis, as follows:  

AGEj, k=1          =    ANAL_YR – CONST_YR 

Or if an overlay treatment was applied to the section 

AGEj, k=1           =  ANAL_YR – OVERLAY_YR 

OVERLAY_YR =  Date of the latest overlay treatment 
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Figure 3.15 Procedure for PCI Projections for a Probabilistic Pavement 

 Deterioration-Based Scenario 
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where 

ANAL_YR         =  Date at the beginning of the analysis 

CONST_YR       =  Construction date 

 Obtain the PCI of a section at the beginning of the analysis period as: 

PCIk=1                =  PCI_INSP 

If there is not an inspected PCI then project the PCI at age j as: 

PCIPROj    =  100 - CDPCIj 

PCIk =1               =  PCIPROj     

where 

PCIk=1                =  PCI at the beginning of the analysis period 

PCI_INSP          =  Inspected PCI value of the section 

PCIPROj              =  Projected PCI at age j 

 Calculate a random CDPCIj using Monte Carlo simulation for age j with equation 

3.7 from the truncated probability distribution for that band. Random CDPCIj 

values for age j are used to calculate an ADRj using equation 3.4, to obtain a PCI 

value. 

 Calculate the PCI value for year k+1as: 

PCI j, k+1             =  PCIj, k – ADR j                                  (3.8) 

where 

j: 1….20 year of the pavement age 

k: 1….m year of the analysis period 

ADRj                  =  Annual deterioration rate for age j 
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 If a treatment is applied in year k based on PCI trigger values, the PCI value at 

year k increases as shown in Figure 3.15. The PCI before treatment increases its 

value due to the treatment applied, to obtain the PCI after treatment. The PCI 

value for year k+1 is calculated from the PCI after treatment for year k. 

PCIATk  =  PCIBTk + INC 

PCIj, k+1              =  PCIATk – ADRj                                    (3.9) 

where 

PCIBTk                =   PCI before treatment at year k 

PCIATk                =   PCI after treatment at year k 

INC     =  PCI points increase due to treatment applied 

 
Figure 3.15 Cumulative Deterioration Calculation process 

 Calculate PCI value at year k+2 as: 
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PCIk+2               =  PCIk+1 – ADRj+1  

ADRj+1 is calculated with equation 3.4  for age j+1as: 

       ADRj+1                 =     
CDPCIj+1

j + 1
 

PCI values are calculated for each year over the analysis period with equation 

3.8. This process is repeated until the end of the analysis period. 

 Once the PCI has been projected for all years of analysis for one section, the 

same calculation process is repeated for all the other sections in the pavement 

network. 

When the PCI projection analysis is finished, there will be as many projected 

PCIs at the end of the analysis period as the number of Monte Carlo simulations. The 

number of projected PCIs in the deterioration band is shown in a histogram. PCI values 

can be obtained for different percentiles representing a pavement performance-based 

scenario. Figures 3.16a and 3.16b show as an example the histogram for a group of five 

pavement sections in a low deterioration band at year 5 showing frequency and density 

of the PCIs respectively. 
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Figure 3.16a Histogram of PCIs at Year 5 for a Low Deterioration Band Showing PCI 

Frequency 
 

 
Figure 3.16b Histogram of PCIs at Year 5 for a Low Deterioration Band Showing PCI 

Density 

3.3 Concluding Remarks 

The probabilistic pavement performance prediction models developed in this 

dissertation address the uncertainty in the prediction of future pavement condition. 
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Probability-based pavement performance curves predict future pavement condition 

starting from the pavement present condition state providing alternatives of future 

pavement condition according to chosen probability of performance levels. Probabilistic 

pavement performance-based scenarios predict pavement condition based on a Monte 

Carlo simulation of the CDPCI, also starting from the pavement present condition state, 

obtaining scenarios of future pavement condition according to different pavement 

deterioration bands. End of period PCI values can be plotted in a histogram, to show 

diverse pavement performance scenarios according to different percentiles. 

As an advantage to the traditional models, both stochastic approaches described 

in this Chapter, provide broad information about future pavement condition scenarios to 

develop maintenance and rehabilitation programs. These models can be applied at the 

network management level for the entire pavement network, or at the project 

management level for individual pavement sections. The models are easier to apply 

when compared to Markovian or Bayesian models, because there is no need to 

construct probability transition matrices or establish prior probabilities. The future 

pavement condition is predicted using PBPPCs setting the probability of performance 

level based on low, medium, or high past pavement performance; or using PPPBS 

generating random CDPCI values using Monte Carlo simulation to calculate ADR values 

and project PCIs for each year of the analysis period within the selected deterioration 

band. 

    PBPPC and PPPBS are an aid for decision making for section selection and 

budget allocation. At the network management level, needs analyses can be performed 

for the entire pavement network to simulate different pavement performance trends and 
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obtain corresponding budget needs scenarios. At the project management level 

Individual sections or groups of sections can be analyzed with a PBPPC or within a 

PPPBS deterioration band selected based on the section’s past performance. 

In Chapter 4, the PBPPC approach is applied in a case study to a needs and a 

target driven analysis for a pavement network, to estimate budget needs at different 

pavement performance levels comparing results to an average pavement performance. 

In Chapter 5, the PPPBS approach is applied in a case study to a needs analysis for a 

pavement network, to estimate budget needs for different pavement deterioration 

trends, obtaining alternate pavement deterioration scenarios, comparing results to an 

average pavement deterioration trend. 
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Chapter 4: Applicability of Probability-Based Pavement Performance 

Curves in Pavement Management Case Studies  

4.1 Probabilistic Pavement Performance and Budget Needs 

The stochastic methods presented in Chapter 3 use PCI probability distributions 

for the prediction of pavement performance. The approach recognizes the uncertainty in 

pavement deterioration and recommends PBPPC to assess the uncertainty and 

variability in pavement future condition predictions. 

Databases from the Cities of Belmont, San Carlos, Milpitas, San Ramon, San 

Anselmo, and Santa Rosa in the San Francisco California Bay Area are used to develop 

PBPCs for arterial streets, paved with asphalt concrete (AC) and with asphalt concrete 

over asphalt concrete (AC/AC). The model selected to illustrate the application of the 

PBPCs is from the MTC-PMS. The pavement network of Milpitas, California is used to 

run the analyses for case studies applying the PBPPCs on arterial streets paved with 

AC and with AC/AC to estimate budget needs at different pavement performance levels, 

comparing results to an average pavement performance level. 

Database from Marion County, Oregon is used to develop PBPPCs for residential 

streets paved with surface treatment (ST); the model selected to illustrate the 

application of PBPPCs is also from the MTC-PMS. Marion County, Oregon pavement 

network is used to run the analyses for case studies applying the PBPPCs on 

residential streets paved with ST, also to estimate budget needs at different pavement 

performance levels comparing results to an average pavement performance level. 

Two case studies are presented in this chapter to demonstrate the applicability of 

the PBPC for pavement condition projections and budget needs. 



 73 

 Case 1 consists of three different independent needs analyses using the 

probability-based pavement performance curves applied to: 

1.a.  Arterial streets paved with asphalt concrete from the Milpitas, California 

pavement network. 

1.b.  Arterial streets paved with asphalt concrete over asphalt concrete from the 

Milpitas, California pavement network. 

1.c.  Residential streets paved with surface treatments from the Marion County, 

Oregon pavement network. 

 Case 2 consists of three different independent target driven PCI analyses using 

the probability-based pavement performance curves applied to: 

2.a.  Arterial streets paved with asphalt concrete from the Milpitas, California 

pavement network. 

2.b.  Arterial streets paved with asphalt concrete over asphalt concrete from the 

Milpitas, California pavement network. 

2.c.  Residential streets paved with surface treatments from the Marion County, 

Oregon pavement network. 

4.2 Case study 1. Needs Analysis using the Probability-Based Pavement 

Performance Curves 

Probability-based pavement performance curves are applied in independent 

needs analyses using the pavement network of the City of Milpitas, California and the 

pavement network of Marion County, Oregon.   

The City of Milpitas has 291.5 lane miles with a pavement area of 1 square miles, 

15.01 lane miles correspond to arterial streets paved with asphalt concrete. 74% of the 
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pavement network is asphalt concrete with 99 sections, and the remaining 26% is 

asphalt concrete over asphalt concrete with 87 sections. The current average pavement 

network condition is a PCI of 63 that is considered good condition. Arterial streets have 

an average PCI of 65 that is considered a good condition. 

Marion County, Oregon has 2223.7 lane miles with a pavement area of 4.1 

square miles. The pavement network is mainly composed of residential and local 

streets.16% of the pavement network is surface treatment with 151 sections, 49% is 

asphalt concrete over asphalt concrete, 22% is asphalt concrete, and the remaining 

13% is gravel. The current pavement network condition average is a PCI of 73, which is 

considered in very good condition. Residential streets have an average PCI of 72 that is 

considered a very good condition.  

The needs analysis consists in identifying pavement sections in need of 

maintenance or rehabilitation based on PCI projected values and PCI trigger values set 

in the treatment selection decision three. The needs analysis recommends the 

maintenance and rehabilitation treatment for each pavement section over the planning 

period, to preserve the entire pavement network in good condition. This analysis 

assumes unlimited budget. 

The data consist of PCI values from field inspections, date of inspections, and 

construction dates for each management section. With the inspection and construction 

dates, a pavement age associated to the PCI value is established for each inspected 

section. Data from each surface type is processed separately. When the PCI on an 

asphalt concrete pavement drops below 50, the treatment recommended to apply is an 

overlay with AC or a reconstruction of the surface using a thick AC overlay, changing the 
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surface type to AC/AC, the analysis continues from this point considering the section’s 

surface type as AC/AC. Residential ST sections are used in the case study because of 

the study conducted for MTC in the Marion County, Oregon residential ST pavement 

sections. 

The steps to construct the PBPPCs as stated in Chapter 3 are followed in the 

next section. 

4.2.1 Collect PCI Data, Sort PCI Values by Pavement Age into Yearly Bins and 

Remove Outliers   

Data sets spanning no further than 20 years were selected because many 

agencies do not have reliable entries in their databases for events older than 20 years. 

Many times the treatments applied to the pavements more than 20 years ago are not 

recorded in the databases, and PCI inspected values from more than 20 years ago are 

sometimes not recorded in the databases. 

Data from arterial sections was sorted from 0 to 20 years of age and separated in 

yearly bins. Upon inspection of the raw data, it was observed that there were very low 

PCI values for early ages, and very high PCI values for late ages, probably due to 

rehabilitation treatments that were applied but not registered, or inspection dates that 

were not entered correctly in the database. These outliers are removed by setting lower 

and upper limits by expert knowledge. 

For arterial sections paved with asphalt concrete, the cutting line starts at a PCI 

value of 100 at year 0 keeping this value until year 2, then descends with a constant 

slope of -0.5 down to year 5, changes slope in this point to -1 and descends with this 

slope until year 20 to end at a PCI value of 79. Points with very low PCI value are 
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filtered by removing data points below a line that starts at a PCI value of 92 at year 0 

descending with a constant slope of -4 down to year 4, changes slope at this point down 

to year 10, and changes again slope down to year 20 to end in a PCI value of 18, these 

limits are shown in Figure 4.1. 

For arterial sections paved with asphalt concrete over asphalt concrete, the 

cutting line starts at a PCI value of 100 at year 0 keeping this value until year 3, then 

descends with a constant slope of -1.6 down to year 7, changes slope in this point and 

descends with slope until year 20 to end at a PCI value of 79. Points with very low PCI 

value are filtered by removing data points below a line that starts at a PCI value of 92 at 

year 0 and descends with a constant slope of -3.5 until year 3, changes slope at this 

point down to year 7, changes slope again down to year 20 to end in a PCI value of 33, 

these limits are shown in Figure 4.2. 

 

 
Figure 4.1 AC PCI Values from Inspection at Different Ages and Limits for Outliers 
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Figure 4.2 AC/AC PCI Values from Inspection at Different Ages and Limits for Outliers 

 
For residential sections with a surface treatment the cutting line starts at a PCI 

value of 100 at year 0 and descends with a constant slope of -1 down to year 5, 

changes slope in this point to -2, down to year 10, changes slope to -3 down to year 15, 

and changes slope to -4 to end in a PCI value of 50 at year 20. Sections with very low 

PCI values for their age are filtered by eliminating sections with PCI values below a 

straight line that starts at a PCI value of 90 at year 0, and ends in year 18 with a PCI 

value of 0. The limits for the outliers are set this way, by expert knowledge, so the drop 

in PCI value in the first years will not be so sharp because a new pavement is not likely 

to lose more than 20 PCI points in the first year of its service life. The limits are shown in 

Figure 4.3. 
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Figure 4.3 ST PCI Values from Inspection at Different Ages and Limits for Outliers 

Only values falling within these bounds are used in the analysis. Figures 4.1, 4.2, 

and 4.3 show all the observed PCI data, the limits for PCI outliers, and the projected 

pavement condition family curve plotted with the α, β, and ρ default values. 

4.2.2 Fit Probability Distributions for each Year of the Pavement Service Life. 

Using the reduced data sets, for the inspected PCI values over the expected 

service life; probability distributions for the inspected PCI values were fitted for each 

year. Inspected arterial AC PCI values without outliers are shown in Appendix A, Tables 

A.1a and A.1b; Inspected arterial AC/AC PCI values without outliers are shown in 

Appendix A, Tables A.2a and A.2b; Inspected residential ST PCI values are shown in 

Appendix A, Tables A.3a through A.3d. In this work, the Normal distribution was chosen 

for fitting PCI values because it fitted all data sets according to goodness of fit tests with 

a 0.01 significance level (see Appendix A, Tables A.4, A.5, and A.6). 
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Mean (μj) and standard deviation (σj) for each year j of the service life were 

computed for arterial AC, arterial AC/AC, and residential ST sections and are shown in 

Table 4.1. These statistics are used to construct the PBPPCs utilized for cases 1 and 2. 

Figures 4.4, 4.5, and 4.6 show, as an example, the cumulative distributions fits to the 

PCIs for year 3 and the fitted normal cumulative distribution functions for arterial AC, 

arterial AC/AC, and residential ST sections (see also Appendix A, Figures A.1 through 

A.6 for arterial AC; Appendix A, Figures A.7 through A.12 for arterial AC/AC and 

Appendix A, Figures A.13 through A.18 for residential ST).  

Table 4.1 PCI Statistics for Years 1 to 20 
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Figure 4.4 PCI Cumulative Distribution Function Year 3 for Arterial AC Sections 

 
Figure 4.5 PCI Cumulative Distribution Function Year 3 for Arterial AC/AC Sections 
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Figure 4.6 PCI Cumulative Distribution Function Year 3 for Residential ST Sections 

4.2.3 Determine PCI Percentile Values for a Probability of Performance Level and 

Join the PCI Percentile Values to Create a Probability-Based Pavement 

Performance Curve. 

The probability of performance is the likelihood that a certain PCI value at year j 

will be greater or equal to the p-percentile PCI value, being p the probability level, this 

level can be any value set by the decision-makers. 

Since probability distributions are already determined for every year in the 20 

year range, probability pavement performance curves for 90%, 70%, 50%, and 30% 

probability levels are calculated for each year in the 20 year range, as stated in Chapter 

3. 

The projected PCI value decreases as the age increases; this means a 

pavement deteriorates due to traffic loads and environmental effects as the pavement 

gets older. A 30% probability of pavement performance means that a pavement has a 
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30% probability that at a certain year the PCI will be greater or equal to the p-percentile 

PCI value.   

Projected PCI values obtained using the current deterministic α, β, and ρ 

parameters as well as projected PCI values obtained using the α, β, and  ρ parameters 

for the 90%, 70%, 50%, and 30% PBPCs for arterial AC, arterial AC/AC, and residential 

ST at each year of the twenty-year analysis period are shown in Tables 4.2, 4.3, and 4.4 

respectively, and plotted in Figures 4.7, 4.8, and 4.9. The average pavement 

performance is considered a medium pavement deterioration rate that is represented by 

a 50% probability level curve. Low, medium, and high deterioration rates ranges are set 

considering the MTC-PMS criteria for classifying pavement condition in PCI values as 

follows.  

 The low deterioration rate range is set for probability levels of 30% or below, 

corresponding to pavements in very good condition with PCIs from 100 to 70. 

 The medium deterioration range is set from above 30% to below 70% probability 

levels, considering in this range the average pavement performance, including 

pavements in good condition with PCIs from 69 to 50. 

 The high deterioration rate range is set for probability levels of 70% and above,    

corresponding to pavements in poor condition with PCIs below 50. 

The deterministic PCI curves in Figures 4.7, 4.8, and 4.9 show a uniform 

deterioration trend from years 1 to 20 because were plotted using α, β, and ρ default 

values. However, the probability-based performance curves do not show a uniform 

deterioration rate because the points in each year for each performance probability 

were developed with equation (3.4) from Chapter 3 using means and standard 
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deviations calculated from inspection data, and show the variability in the PCI from year 

to year as reported in Table 4.1. 

Table 4.2 Arterial AC Projected PCI Values for Each Probability Level 
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Figure 4.7 Arterial AC Probability-Based Pavement Performance Curves for a Twenty-

Year Period 

Table 4.3 Arterial AC/AC Projected PCI Values for Each Probability Level 
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Figure 4.8 Arterial AC/AC Probability-Based Pavement Performance Curves for a 

Twenty-Year Period 

Table 4.4 Residential ST Projected PCI Values for Each Probability Level 
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Figure 4.9 Residential ST Probability-Based Pavement Performance Curves for a 

Twenty-Year Period 

From year 12 to year 13, there is a high increase in PCI value in the arterial AC 

performance curves due to a higher value of the coefficient of variation at year 13 with 

respect to year 12 that reflects a great variation of the data sets from years 12 and 13. 

There is also a similar increase in PCI value from year 15 to year 16 due to the same 

reasons. The coefficient of variation increases in value due to the increase of the 

standard deviation as the mean decreases in these periods. From year 16 to year 17, 

there is a high increase in PCI value in arterial AC/AC performance curves also due to a 

great variation of the data sets from years 16 to 17. Residential ST curves present a 

similar behavior in years 14 to 15, and 18 to 19. 

To smooth the probability-based pavement performance curves, PCI values for 

parameters α, β, and ρ are obtained through a nonlinear regression for equation (1.1) 

for each probability level. These parameters are used to predict pavement performance 
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with the probability level chosen by the decision-makers. Figures 4.10, 4.11, and 4.12 

show the probability pavement performance smoothed curves for arterial AC, arterial 

AC/AC, and residential ST pavements respectively at different probability levels, and the 

default PCI curve.  

PCI values for arterial AC, arterial AC/AC, and residential ST pavements at 

different probability levels for a 20 year period are shown in Tables 4.5, 4.6, and 4.7. 

Table 4.5 Arterial AC Smoothed PCI Values for Each Probability-Based Pavement 
Performance Curve Level 
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Figure 4.10 Smoothed Probability-Based Pavement Performance Curves for Arterial AC 

Pavements 

Table 4.6 Arterial AC/AC Smoothed PCI Values for Each Probability-Based Pavement 
Performance Curve Level 
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Figure 4.11 Smoothed Probability-Based Pavement Performance Curves for Arterial 

AC/AC Pavements 

Table 4.7 Residential ST Smoothed PCI Values for Each Probability-Based Pavement 
Performance Curve 
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Figure 4.12 Smoothed  Probability Pavement Performance Curves for Residential ST 

Pavements 
   

4.3 Needs Analysis for Pavement Deterioration over Time using the Probability-

Based Pavement Performance Curves 

Needs analysis is conducted on the Milpitas, California and in the Marion County, 

Oregon pavement networks over a period of 20 years by selecting different PBPPCs for 

the analysis. The PCI for year k=1 is the inspected PCI, if there is not an inspected PCI 

then PCI for year k=1 is a projected PCI with equation 1.1 for age j. The analysis 

projects PCIs over the analysis period, selects sections for treatment, treatments to 

apply, and calculates the corresponding budget. Projection of PCI process is explained 

in Chapter 3. Figure 4.13 shows the needs analysis process. 

Reports from the needs analyses performed for arterial streets paved with AC 

and with AC/AC and for residential streets paved with ST are in the Appendix B, Tables 

B.1 through B.12. The needs analysis reports include network pavement condition and 

maintenance and rehabilitation budgets for each year of the analysis period. 



 91 

START

Select section of age j and 

obtain PCI for year k = 1 of 

the analysis

Asign treatment according 

to PCI trigger values for 

current k analysis year

Treatment 

applied?

Increase PCI value 

due to treatment 

applied

Project PCI for year k+1 using 

corresponding α, β, and ρ 

parameters in equation 

All  years 

analyzed?

All sections 

analyzed?

Increment k

 by one year

END

YES

YES

YES

NO

NO

NO

Calculate treatment cost 

and accumulate it to 

previous treatment costs to 

set section budget

Cumulative yearly network 

budget sets end of period 

network cumulative budget

Accumulate sections 

budgets to set yearly 

network cumulative budget

Select a probability-based 

pavement performance 

curve and use its α, β, and 
ρ parameters for the 

analysis

Define analysis period in k 

years




1

ln

100




















AGE

PCI

 
Figure 4.13 Needs Analysis process with Pavement Condition Projection and Budget 

Needs 
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Case 1.a Needs analysis for arterial AC streets  

Needs analyses are run using the pavement network of Milpitas, California in 

StreetSaver®, with the default α, β, and ρ parameters for arterial streets paved with AC 

and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 30% PBPPCs for 

arterial streets paved with AC. 

Results for Case 1.a of the needs analysis at the end of period for arterial streets 

paved with AC are shown in Table 4.8. The cumulative budget needed in a 20 years 

period at the 30% probability of performance level is 19% lower than the cumulative 

budget needed at the 50% probability level that corresponds to a medium or average 

pavement performance. Maintenance and rehabilitation treatments are recommended 

for the first 4 years and thereafter only maintenance treatments are recommended 

because of the high pavement performance trend with a low deterioration rate (see 

Table B.4 Appendix B). The cumulative budget needed for 5 and 10 year periods are 

30% lower than the cumulative budget needed at the 50% probability level.  

At the 70% probability of performance level the cumulative budget needed is 

higher by 27% in a 5 years period, 37% higher in a 10 years period, and 11% higher in a 

20 years period than the cumulative budget needed for the 50% PBPPC. Maintenance 

and rehabilitation treatments are recommended in the first 6 years of the analysis, and 

from the 7th to the 20th year only maintenance treatments are recommended (see Table 

B.2 Appendix B). 

At the 90% PBPPC the cumulative budget needed is higher by 176% in a 5 years 

period than the cumulative budget for the 50% PBPPC because heavy rehabilitation 

treatments are recommended for the first 5 years. Cumulative budget is higher by 102% 
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in a 10 years period than the cumulative budget for the 50% PBPPC because 

rehabilitation treatments are recommended up to year 6. Cumulative budget is higher by 

35% in a 20 years period than the cumulative budget for the 50% PBPPC because after 

year 6 only maintenance treatments are recommended (see Table B.1 Appendix B).  

70% and 90% PBPPCs represent low pavement performance trends or high 

deterioration rates. Cumulative budgets for 90%, 70%, 50%, and 30% over the analysis 

periods are shown in Figure 4.14. 

Table 4.8 Needs Analysis for Arterial Streets Paved with AC at the End of the Analysis 
Period, Case 1.a 

 
 
 

 
Figure 4.14 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs for Arterial AC in a 20 Years Period Case 1.a 
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From Figure 4.14 the current deterministic cumulative budget results are around 

the 80% PBPPC that corresponds to a low pavement performance. 

For the 30% PBPPC the PCIs are the same for 10 and 20 year periods than the 

PCIs for the 50% PBPPC, and two points higher in a 5 years period than the 50% 

probability level (see Table 4.8). 

For the 70% PBPPC the PCIs are lower by two PCI points for the 5 and 20 year 

periods than the PCI for the 50% PBPPC and only one PCI point lower for the 10 years 

period than the 50% probability level (see Table 4.8).  

For the 90% PBPPC the PCIs are lower by two PCI points for the 5 and 10 year 

periods than the PCI for the 50% PBPPC; the PCI is the same PCI for the 20 years 

period than the PCI for the 50% PBPPC (see Table 4.8).  

Variations of the PCI curves over the analysis period for 90%, 70%, 50%, and 

30% PBPC are shown in Figure 4.15. 

PCI variations of a maximum of four points obtained with different PBPPCs, in 

the analysis periods are due to the fact that needs analysis preserves the pavement 

network in a very good condition using an unconstrained budget and the PCIs are 

above 80 as shown in Table 4.8 and Figure 4.15. 
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Figure 4.15 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs for 

Arterial AC in a 20 Years Period, Case 1.a 

 
Case 1.b Needs analysis for arterial AC/AC streets 

Needs analyses are run using the pavement network of Milpitas, California in 

StreetSaver®, with the default α, β, and ρ parameters for arterial streets paved with 

AC/AC and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 30% PBPPCs 

for arterial streets paved with AC/AC. 

Results for Case 1.b of the needs analysis at the end of period for arterial streets 

paved with AC/AC are shown in Table 4.9. The cumulative budget needed for a 20 years 

period for the 30% PBPPC is 54% lower than the cumulative budget needed for the 

50% PBPC; the cumulative budget needed for the 10 years period is 11% lower than 

the cumulative budget needed for the 50% PBPPC, these differences are due to a 

higher performance trend or low deterioration rate needing less rehabilitation and more 

maintenance treatments. The cumulative budget needed for the 5 years period is 3% 
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higher than the cumulative budget needed for the 50% PBPPC due to heavier 

rehabilitation treatments in the first years (see Table B.8 from  Appendix B).   

For the 70% PBPPC the cumulative budget needed is 30% higher for the 20 and 

10 year periods than the cumulative budget needed for the 50% PBPPC. The 

cumulative budget needed for the 5 years period is 36% higher than the cumulative 

budget needed for the 50% PBPPC. For the 70% PBPPC maintenance and 

rehabilitation treatments are recommended in the first 4 years and in the 7th year, the 

rest of the analysis period only maintenance treatments are recommended (see Table 

B.6 from Appendix B). 

For the 90% PBPPC the cumulative budget needed is 137% higher for the 5 

years period than the cumulative budget needed for the 50% PBPPC level, cumulative 

budget needed was higher 95% in the 10 years period than the cumulative budget 

needed for the 50% PBPPC level; cumulative budget needed is 29% higher for the 20 

years period than the cumulative budget needed for the 50% PBPPC. Maintenance and 

rehabilitation treatments are recommended for the first 6 years and for the 16th year, the 

rest of the analysis period only maintenance treatments are recommended (see Table 

B.5 from Appendix B), that is why more money is needed in the first five years. 70% and 

90% PBPPCs represent low pavement performance trends or a high deterioration rate. 

Cumulative budgets for the four probability levels are shown in Figure 4.16 presenting 

alternatives of pavement performance related to different performance trends. 

From Figure 4.16 and Table 4.9 the current deterministic cumulative budget 

results are around the 60% PBPPC that corresponds to a medium pavement 

performance.   
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Table 4.9 Needs Analysis for Arterial Streets Paved with  AC/AC at the End of the 
Analysis Period, Case 1.b 

 

 
Figure 4.16 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs for Arterial AC/AC in a 20 Years Period, Case 1.b 
  

For the 30% PBPPC PCI values are higher by 4 PCI points for the 5 years period 

and 3 PCI points higher for the 10 years period than the PCIs for 50% PBPPC, but the 

PCI is lower by 4 points for the 20 years period than the PCI for the 50% PBPPC level 

(see Table 4.9). 

For the 70% PBPPC the PCI is lower by 2 points for 5 and 10 year periods than 

the PCIs for a 50% PBPPC, but for the 20 years period the PCI is higher by one PCI 

point than the 50% PBPPC level (see Table 4.9). 
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For the 90% PBPPC, PCI values are lower by 6 PCI points for the 5 years period 

and lower by 5 PCI points for the 10 years period than the PCIs for the 50% PBPPC 

level, but for the 20 years period the PCI is higher by one point than the PCI for the 50% 

PBPPC (see Table 4.9). 

In Figure 4.17 there is a drop of 5 points in the PCI value from years 8 to 13 due 

to only light maintenance treatments recommended to be applied in these years for the 

four probability levels. A low cumulative budget increase in these years can be seen in 

Figure 4.16 and in Tables B.5 through B.8 from Appendix B. 

Needs analysis preserves the pavement network in very good condition with an 

unconstrained budget, that is the reason for a one to five PCI points variation in the 

analysis periods for different PBPPCs as shown in Figure 4.17. 

 
Figure 4.17 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs for 

Arterial AC/AC in a 20 Years Period, Case 1.b 

Case 1.c Needs analysis for residential ST streets 

Needs analyses are performed using the pavement network of Marion County, 

Oregon in StreetSaver® with the default α, β, and ρ parameters for residential streets 
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paved with ST, and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 30% 

PBPPCs for residential streets paved with ST. 

Results for Case 1.c of the needs analysis at the end of period for residential 

streets paved with ST are shown in Table 4.10. The cumulative budget needed for a 20 

years period for the 30% PBPPC is 3% lower than the cumulative budget needed for the 

50% PBPC; the cumulative budget needed for a 10 years period is 14% lower than the 

cumulative budget needed for the 50% PBPPC. For the 5 years period, the cumulative 

budget needed is 10 % lower than the budget needed for the 50% PBPC. Both PBPPC 

recommend more rehabilitation than maintenance treatments (see Figure 4.18 and 

Tables B.11 and B.12 from Appendix B). 

For the 70% PBPPC the cumulative budget needed is 25% higher for 20 and 10 

years periods than the 50% PBPPC. The cumulative budget needed is 20% higher for 

the 5 years period than the cumulative budget for the 50% PBPPC. 50% PBPPC and 

70% PBPPC recommend maintenance and rehabilitation treatments in the whole 

analysis period (see Figure 4.18 and Tables B.10 and B.11 from Appendix B). 

For the 90% PBPPC the cumulative budget needed is 74% higher for the 20 

years period than the cumulative budget needed for the 50% PBPPC. For the 10 years 

period, the cumulative budget needed is 81% higher than the budget obtained with the 

50% PBPPC. The cumulative budget needed is 77% higher for the 5 years period than 

the cumulative budget needed for the 50% PBPPC. The 90% PBPPC represents a very 

low pavement performance or a high deterioration rate, the recommendation is more 

rehabilitation treatments ($15,750,700) than maintenance treatments ($33,682), this is 

due to a PCI of 60 in the first year of the analysis before treatments are applied (see 
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Table B.9 from Appendix B). Cumulative budgets for the four probability levels are 

shown in Figure 4.18. 

From Figure 4.18 and Table 4.10 the current deterministic cumulative budget 

results are above the budget obtained with the 90% PBPPC that corresponds to a very 

low pavement performance. The analysis made with the current deterministic 

pavement performance curve considers a very low pavement performance or a very 

high deterioration trend, needing a higher budget to preserve the pavement network in 

good condition. 

Table 4.10 Needs Analysis for Residential/Other Streets Paved with ST at the End of the 
Analysis Period Case 1.c 

 

 

 
Figure 4.18 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs for Residential ST in a 20 Years Period, Case 1.c 
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PCI values for 30% PBPPC for 5 and 20 year periods are two points higher than 

the PCI for the 50% PBPPC, in the 10 years period the PCI value is one point lower. 

PCI values for 90% and 70% PBPPCs for 5 years period are one point lower than the 

PCI value for the 50% PBPPC. PCI values for 70% and 90% PBPPCs for 10 years 

period are a point higher than the PCI value for the 50% PBPPC. PCI value for 70% 

PBPPC in the 20 years period is the same as the PCI value for the 50% PBPPC, for the 

90% PBPPC in the 20 years period, PCI value is two points higher than the PCI for the 

50% PBPPC (see Table 4.10). 

Pavement network is preserved in very good condition in the needs analysis 

using an unconstrained budget, that is the reason for a one to two PCI points variation 

in the analysis periods for different PBPPCs as shown in Figure 4.19. 

 
Figure 4.19 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs for 

Residential ST in a 20 Years Period, Case 1.c 
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The 50% PBPPC represents the average pavement performance trend, the 70% 

PBPPC represents a conservative pavement performance trend and the 30% PBPPC 

represents a low performance trend. The deterministic pavement performance curves 

are plotted with the default parameters obtained from different databases, these curves 

are used only as an example of a deterministic analysis that provides a single pavement 

condition and budget needs projection curve, making a difference with the probability-

based pavement performance curves that present information about pavement 

condition and budget needs for several possible pavement performance trends. Using 

different probability performance levels, the PBPPC can present diverse performance 

scenarios for the agencies’ decision-makers. 

4.4 Case Study 2. Target Driven PCI Analysis using the Probability-Based 

Pavement Performance Curves 

PBPPC were used in three independent target driven PCI analyses: Case 2.a. for 

the arterial AC, Case 2.b for the arterial AC/AC from the pavement network of the City of 

Milpitas, California, and Case 2.c for the residential ST streets from the pavement 

network of Marion County, Oregon. The target PCI was set at 75 for the three pavement 

types. The output of the analysis is the cumulative budget needed to preserve the 

network at the target PCI over 5, 10, and 20 years.  

Figure 4.20 shows a flowchart of the process to calculate a PCI target driven 

budget scenario. Reports from the PCI target driven analyses performed are in  

Appendix B, Tables B.13 through B.24. 
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Figure 4.20 Process for a Target Driven Budget Scenario 

 
Case 2.a Target-driven analysis for arterial AC streets 

Target-driven analyses are run using the pavement network of Milpitas, California 

in StreetSaver®, with the default α, β, and ρ parameters for arterial streets paved with 
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AC and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 30% PBPPCs for 

arterial streets paved with AC. 

Case 2.a results of the target driven analysis at the end of period for arterial 

streets paved with AC are shown in Table 4.11. Considering a 30% PBPPC 

corresponding to a high performance, for a 5 years period there is no need to do 

maintenance or rehabilitation during the first three years because the pavement network 

has an average PCI in the first three years of the analysis above the target PCI of 75 

(see Figure 4.21 and Table B.16 from appendix B).   

Table 4.11 Target Driven Scenarios Cumulative Budget for 90%, 70%, 50%, and 30% 
PBPPCs Arterial AC, Case 2.a 

 

 
Figure 4.21 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs 

Arterial AC, Case 2.a 
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In the fourth and fifth years there are sections selected for treatments, the 

cumulative budget needed is 61% lower than the cumulative budget needed for the 50% 

PBPPC in the 5 years period. In the 10 years period, the cumulative budget needed is 

44% lower than the cumulative budget needed for the 50% PBPPC. In the 20 years 

period, the cumulative budget is 29% lower than the cumulative budget needed for the 

50% PBPPC, as shown in Figure 4.22. The 30% PBPPC has a high performance or a 

low deterioration associated to it; pavements deteriorate slower than average in this 

case, that is why the budgets needed for this pavement performance level are lower 

than the budgets needed for the 50% PBPPC that represents a medium performance 

average deterioration rate. 

 
Figure 4.22 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs Arterial AC Case 2.a  
 

For the 70% PBPPC the cumulative budgets needed are 89%, 62%, and 35% 

higher respectively for 5, 10, and 20 year periods than the cumulative budgets needed 

for the 50% PBPPC. 
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For the 90% PBPPC level the budget for a 5 year period is 422% higher than the 

cumulative budget needed for the 50% PBPPC, this is a high deterioration trend, and 

the PCI at year 1 is 73. 70% and 90% PBPPCs represent low pavement performance 

trends or high deterioration rates, that is why budgets needed are higher than the 

budgets for a medium pavement performance. The deterministic pavement performance 

curve lies between the 70% and the 90% PBPPCs, this curve is plotted with the default 

parameters (see Figure 4.22). 

Case 2.b Target-driven analysis for arterial AC/AC streets 

Target-driven analyses are run using the pavement network of Milpitas, California 

in StreetSaver®, with the default α, β, and ρ parameters for arterial streets paved with 

AC/AC and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 30% PBPPCs 

for arterial streets paved with AC/AC. 

Case 2.b results of the target driven analysis at the end of period for arterial 

streets paved with AC/AC are shown in Table 4.12. Considering a 30% PBPPC, that 

corresponds to a high pavement performance or a low deterioration rate, in the 5 year 

period there is no need to do maintenance or rehabilitation because the pavement 

network has a PCI above 75 in the first 7 years (see Figure 4.23 and Table B.20 from 

Appendix B). 

Table 4.12 Target Driven Scenarios Cumulative Budget for 90%, 70%, 50%, and 30% 
PBPPCs Arterial AC/AC, Case 2b 
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In the 10 years period the budget needed is 65% lower than the budget needed 

for the 50% PBPPC, and in the 20 years period the budget needed is 33% lower than 

the budget needed for the 50% PBPPC level. The 50% PBPPC has PCI values above 

75 for the first 4 years, sections are selected for treatment from year 4 to year 20. In the 

5 years period there are no treatments in the first 3 years (see Figures 4.23, 4.24, and 

Table B.19 from Appendix B). 

 

 
Figure 4.23 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs 

Arterial AC/AC, Case 2.b 
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Figure 4.24 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs Arterial AC/AC, Case 2.b 

 
For 70% PBPPC, the pavement network has a PCI of 75 at year 1, the budget 

needed for a 5 year period is 248% higher than the budget needed for the 50% PBPPC 

level, for 10 years period the budget is 25% higher and for 20 years period the budget 

needed is 30% higher than the budgets needed for the 50% PBPPC. 

 For the 90% PBPPC, that represents a high deterioration trend, the budget 

needed for a 5 years period is 12 times higher than the budget needed for the 50% 

PBPPC, because the PCI at year 1 is 73 and rehabilitation treatments are applied in the 

first five years; for the 50% PBPPC there are no treatments applied in the first three 

years because the PCI is above 75 (see Figure 4.23 and Tables B.17 and B.19 from 

Appendix B). For the 10 years period, the budget needed is 188% higher than the 

budget needed for the 50% PBPPC, and for the 20 years period the budget is 50% 

higher than the budget needed for the 50% PBPPC. The PBPPCs of 70% and 90% 
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represent a low pavement performance or high deterioration rate that is why a higher 

budget is needed. The deterministic pavement performance curve lies between the 50% 

and the 70% PBPPCs (see Figure 4.24). 

Case 2.c Target-driven analysis for residential ST streets 

Target-driven analyses are performed using the pavement network of Marion 

County, Oregon in StreetSaver® with the default α, β, and ρ parameters for residential 

streets paved with ST, and run with the α, β, and ρ parameters for 90%, 70%, 50%, and 

30% PBPPCs for residential streets paved with ST. 

Case 2.c results for the residential ST pavement network are shown in Table 

4.13, to preserve a PCI of 75 during the analysis periods. Considering a 30% PBPPC 

level for the 5 years period the budget needed is 11% lower than the budget needed for 

the 50% probability level, for 10 years period the budget needed is 1% higher than the 

budget needed for the 50% PBPPC level, and for the 20 years period the budget 

needed is 10% lower than the budget needed for the 50% PBPPC level as shown in 

Figure 4.25. PBPPC of 30% represents a high performance or a low deterioration rate. 

  Table 4.13.Target Driven Scenarios Cumulative Budget for 90%, 70%, 50%, and 30% 
PBPPCs Residential ST, Case 2.c 
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Figure 4.25 Projected Network PCI Average at 90%, 70%, 50%, and 30% PBPPCs 

Residential ST, Case 2.c 
 

For the 70% PBPPC the budget needed for the 5 years period is 27% higher 

than the budget for the 50% PBPPC level, for the 10 years period the budget needed is 

4% higher than the budget needed for the 50% PBPPC, and for the 20 years period the 

budget needed is 12% higher than the budget needed for the 50% PBPPC (see Figure 

4.26). 

For the 90% PBPPC, the budget needed for the 5 years period is 112% higher 

than the budget needed for the 50% PBPPC; the PCI is 73 at year 1 as shown in Figure 

4.26. For the 10 years period the budget is 73% higher, and for the 20 years period the 

budget is 46% higher than the budget needed for the 50% PBPPC. 70% and 90% 

PBPPCs represent low and very low performance with a high and very high 

deterioration trends respectively that is the reason for higher budgets at these 

deterioration trends. The deterministic pavement performance curve is above the 90% 

PBPPC that corresponds to a very low pavement performance. 



 111 

 
Figure 4.26 Projected Cumulative Budget Network Needs for 90%, 70%, 50%, and 30% 

PBPPCs Residential ST, Case 2.c  
   

The PBPPC applied to a PCI target driven analysis present diverse pavement 

performance scenarios varying from a very low performance trend to a high 

performance trend, a high performance trend needs from 0% to 65% lower budgets 

than a medium performance trend to preserve the pavement network in the PCI target 

of 75, a low performance trend needs up to 422% higher budget than a medium 

performance trend, these budgets vary depending on the network’s pavement condition 

at the first year of the analysis, the target PCI set for the analysis period, and the 

PBPPC used for the analysis. Average pavement network PCI is important in selecting 

the best fit PBPPC for the entire pavement network analysis at network management 

level; at project management level section or groups or sections analysis the best fit 

PBPPC has to be selected according to pavement history.   
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4.5 Comparison of Needs Analysis for Different PBPPCs 

A pavement network of 15 arterial sections paved with AC is used to perform a 

needs analysis using the 50% PBPPC for the entire pavement network and a needs 

analysis in groups of sections from the same pavement network using PBPPCs 

according to section’s history, in order to investigate the importance of selecting the best 

fit PBPPC. To compare results when all 15 sections are analyzed with a 50% PBPPC, 

the sections originally analyzed with a low performance curve are in Group 1, the 

sections originally analyzed with a medium performance curve are in Group 2, and the 

sections originally analyzed with a high performance curve are in Group 3. Table 4.14 

shows the results of all 15 sections analyzed with the 50% PBPPC and the results by 

groups ran using low, medium, and high independent PBPPCs. 

Table 4.14 Needs Analyses Comparison Using Different PBPPCs 

 
 
 

Sections originally analyzed with a low performance curve in the 5 years period 

needed 420% less budget when analyzed with a medium performance curve. 

Pavements in a low performance trend have a high deterioration and need heavy 
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rehabilitation treatments in a short period of time. Sections analyzed with a low 

performance curve in a 10 years period needed 274% less budget when analyzed with 

a medium performance curve. Pavements in the low performance trend already 

received rehabilitation treatments in the first 5 or 6 years and in the remaining of the 

time period need maintenance treatments. Sections analyzed with a low performance 

curve needed 132% less budget in a 20 years period when analyzed with a medium 

performance curve. Pavements in a medium deterioration trend need rehabilitation 

treatments in the last years of the analysis period (see Table 4.13 and Tables B.25 and 

B.26 in Appendix B). 

When sections are analyzed with a low performance curve the deterioration trend 

is high, while when sections are analyzed with a medium performance curve the 

deterioration trend is medium or average; the deterioration is lower with a medium 

performance curve, that explains the lower budgets (56%,73%, and 80% less for 20, 10, 

and 5 year periods respectively) needed for a medium PBPPC compared to the budget 

needed for low PBPPC; these budget differences demonstrates the importance of 

setting the sections in the appropriate performance curve for needs analysis. 

When sections are analyzed with a high performance curve the deterioration 

trend is low, while when sections are analyzed with a medium performance curve the 

deterioration is medium or average; the deterioration is higher with a low performance 

curve, that explains the higher budgets (131%, 274%, and 420% more for 20, 10, and 5 

year periods respectively) needed for a medium PBPPC compared to the budget 

needed for high PBPPC; these budget differences confirm the importance of selecting 

the best fitted performance curve for the pavement sections. 
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When comparing budgets obtained by running groups of 5 sections with low, 

medium, and high PBPPCs to the budgets obtained by running the entire 15 sections 

with a medium PBPPC, the budget differences in the needs analysis are $412 for the 20 

year period, $134 for the 10 year period, and $9 for the 5 year period.  

4.6 Summary and Conclusions 

Case Study 1 Needs analysis 

The PBPPCs are used in case study 1 to perform a needs analysis using 30%, 

50%, 70%, and 90% PBPPCs, for Case 1.a and Case 1.b on the arterial AC and on the 

arterial AC/AC pavement networks of Milpitas, California respectively; for Case 1.c on 

the residential ST pavement network of Marion County, Oregon. The 50% PBPPC is 

used to compare average pavement performance to high and low pavement 

performance. 

1. Cumulative budgets needed for arterial AC streets, arterial AC/AC streets, and 

residential ST streets in a 20 year period with high pavement performance are 

19%, 54%, and 3% lower respectively than the cumulative budgets needed for an 

average performance. Pavements with a high performance have a low pavement 

deterioration rate and need less cumulative budget to preserve the network in 

good condition. 

2. Cumulative budgets needed in a 20 year period for arterial AC streets, arterial 

AC/AC streets, and residential ST streets with very low pavement performance 

are 35%, 29%, and 74% higher respectively than the cumulative budgets needed 

for the average performance. Pavements with a very low performance have high 
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pavement deterioration rates and need higher cumulative budgets to preserve 

the pavement network in good condition. 

For arterial AC pavement network in Case 1.a the average network untreated 

PCIs at the first year of the analysis are: 

 Very low performance curve (90%), PCI of 57 

 Low performance curve (70%), PCI of 69 

 Medium performance curve (50%), PCI of 73 

 High performance curve (30%), PCI of 73. 

At the end of the 5 year period the cost to raise the PCI from 57 to 82 for a very 

low pavement performance trend is much higher than the cost of raising the PCI from 

73 to 86 for a high pavement performance trend. The budget needed for the 6 first years 

includes rehabilitation treatments to raise the PCIs above 80, after that only 

maintenance treatments are recommended (see Table 4.8 and Tables B.1 through B.4 

in Appendix B). 

For arterial AC/AC pavement network in Case 1.b the average network untreated 

PCIs at the first year of the analysis are: 

 Very low performance curve (90%), PCI of 68 

 Low performance curve (70%), PCI of 77 

 Medium performance curve (50%), PCI of 80 

 High performance curve (30%), PCI of 84 

 At the end of the 5 year period the cost to raise the PCI from 68 to 79 for a very 

low pavement performance trend is much higher than the cost of raising the PCI from 

80 to 89 for a high pavement performance trend. The budget needed for the 6 first years 
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includes rehabilitation treatments to raise the PCIs above 80, after that only 

maintenance treatments are recommended (see Table 4.9 and Tables B.5 through B.8 

in Appendix B). 

For residential ST pavement network in Case 1.c the average network untreated 

PCIs at the first year of the analysis are: 

 Very low performance curve (90%), PCI of 60 

 Low performance curve (70%), PCI of 66 

 Medium performance curve (50%), PCI of 70 

 High performance curve (30%), PCI of 73 

 At the end of the 5 year period the cost to raise the PCI from 68 to 83 for a very 

low pavement performance trend is much higher than the cost of raising the PCI from 

73 to 86 for a high pavement performance trend. The budget needed for the 6 first years 

includes rehabilitation treatments to raise the PCIs above 80, after that only 

maintenance treatments are recommended (see Table 4.10 and Tables B.9 through 

B.12 in Appendix B). 

Case Study 2 Target driven analysis 

In case study 2 the PBPPCs are used to perform a PCI target driven analysis 

using 30%, 50%, 70%, and 90% PBPPCs, for Case 2.a and Case 2b on the arterial AC 

and on the arterial AC/AC pavement networks of Milpitas, California respectively; for 

Case 2.c on the residential ST pavement network of Marion County, Oregon. The 50% 

PBPPC is used to compare average pavement performance to high and low pavement 

performance. 
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1. Cumulative budgets needed to preserve the pavement network at a PCI of 75 for 

arterial AC streets, arterial AC/AC streets, and residential ST streets in a 20 year 

period with high pavement performance level are 29%, 33%, and 10% lower 

respectively than the cumulative budgets needed for an average performance 

level. Pavements with a high performance have low pavement deterioration rates 

and need less cumulative budget to preserve the network in good condition. 

2. Cumulative budgets needed in a 20 year period to preserve the pavement 

network at a PCI of 75 for arterial AC streets, arterial AC/AC streets, and 

residential ST streets with very low pavement performance are 36%, 50%, and 

46% higher respectively than the cumulative budgets needed for the average 

performance. Pavements with a very low performance level have high pavement 

deterioration rates and need higher cumulative budgets to preserve the 

pavement network in good condition. 

In both case studies 1 and 2, 30%, 50%, 70%, and 90% PBPPCs are used for 

the analysis of the entire network, establishing the variability of the budget needs for 

different PBPPCs, providing information about pavement performance and budget 

needs at different probability performance levels. Needs analysis and PCI target driven 

analysis can also be performed for individual sections or groups of sections using 

PBPPCs. 

The budget variability in needs analysis comes from the variability of the PCI 

inspected values at each pavement age used to develop the PBPPCs explained in 

Chapter 3, the model assesses the variability of the data with probability distributions 

displaying different budget needs ranging from low to high pavement performance. The 
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budget variation in the results of the network’s needs analyses and the network’s PCI 

target driven analyses is due to the PBPPC chosen, very low performance curves 

consider lower PCI values before treatment at the first year of analysis because of a 

high pavement deterioration trend. High performance curves consider higher PCI values 

before treatment at the first year of analysis because of a low pavement deterioration 

trend (see Tables B.1 through B.12 Appendix B).  

4.6.1 Recommendations 

The recommendation is to use the in the needs analysis the PBPPC that better 

fits the pavement network performance history for each functional class and pavement 

type. For decision-making the PBPPC that has the average untreated PCI at the first 

year of analysis similar to the pavement network’s average PCI before the start of the 

needs analysis is the most likely curve to forecast pavement performance. 

For the arterial AC needs analysis in Case 1.a, the network average PCI before 

the needs analysis for the Milpitas, California arterial network is 65, the 

recommendation is that the curve that better fits future pavement performance for 

arterial AC is the 70% PBPPC, because the untreated PCI at the first year of analysis is 

69 for a low performance trend. 

For the arterial AC/AC needs analysis in Case 1.b, the network average PCI 

before the needs analysis for the Milpitas, California arterial network is 65, the 

recommendation is that the curve that better fits future pavement performance for 

arterial AC/AC is the 90% PBPPC, because the untreated PCI at the first year of 

analysis is 68 for a very low performance trend. 
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For the residential ST needs analysis in Case 1.c, the network average PCI 

before the needs analysis for the Marion County, Oregon residential network is 73, the 

recommendation is that the curve that better fits future pavement performance for 

residential ST is the 30% PBPPC, because the untreated PCI at the first year of 

analysis is 73 for a high performance trend. 

The use of PBPPCs in needs analysis at different pavement performance levels 

provide information about future pavement network condition and budget needs, 

addressing the broad uncertainty in pavement condition predictions with the inclusion of 

probabilities in the expectancy of future performance. Using the PBPPCs in target 

driven analyses also provides information about budget needs for different pavement 

performance levels to maintain a desired PCI pavement network condition. 
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Chapter 5: Applicability of Probabilistic Pavement Performance-Based 

Scenarios in a Pavement Management Case Study  

In this chapter a case study of a needs analysis is presented using the 

probabilistic pavement performance-based scenarios approach described in Chapter 3. 

The needs analysis is performed in a pavement network composed of 15 arterial 

sections paved with asphalt concrete. The sections have different inspected PCI values, 

ranging from 52 to 94, with pavement ages from 2 to 19 years. The section’s 

deterioration trends vary from a low to a high deterioration trend. The needs analysis in 

the PPPBS estimates budgets for alternate pavement deterioration scenarios. The case 

study demonstrates the applicability of the PPPBS approach to address the uncertainty 

and variability in pavement condition projections and budget needs. 

5.1 Case Study 3. Needs Analysis Based on the Probabilistic Pavement 

Performance-Based Scenarios 

A needs analysis is performed for 5, 10, and 20 year periods divided in three 

phases because the sections have different deterioration trends. The sections are 

classified and analyzed in different deterioration bands according to their deterioration 

trends. Table 5.1 shows the inspected PCIs, age, and the deterioration band for the 

sections used in the needs analysis, Figure 5.1 shows the PCI and age for the 15 

pavement sections. After the analysis is conducted for each group of sections, the 

budget needs for each group are consolidated for the entire pavement network. 
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Table 5.1 Pavement Sections Data 

 

 
From Table 5.1, pavement sections PCI value with (*) have a non-load related 

deterioration, deterioration related to environmental reasons; these are sections 7, 9, 

12, 13, and 15. Pavement sections PCI value with (**) have a load related deterioration, 

deterioration related to traffic, these are sections 8 and 10. Pavement condition 

categories and recommended treatments using decision trees established by MTC-PMS 

are presented in Chapter 2. From MTC-PMS classification, sections with non-load 

related deterioration are assigned maintenance treatments (e.g. seal coat, crack seal) 

that do not increase the pavement structural capacity, sections with a load related 

deterioration are assigned maintenance treatments (e.g. overlay) that increases the 

structural capacity.    

 

 
 



 122 

 
Figure 5.1 PCI and Age for the Pavement sections 

 
Figure 5.2 shows pavement deterioration in PCI points and age for the 15 

sections, the deterioration bands limits, and the location of each section in the 

deterioration bands. A needs analysis is performed in the low deterioration band for 

sections 1 to 5 (PCIs vary from 94 to 75 and ages between 5 and 18 years) that are 

considered with low deterioration for their ages. For sections 6 to 10, a needs analysis 

is performed in the medium deterioration band (section’s PCIs vary from 52 to 77 and 

ages from 10 to 19 years) that are considered with medium deterioration for their age. A 

needs analysis is performed in the high deterioration band for sections 11 to 15 (PCIs 

vary from 55 to 88 and ages from 2 to 16 years) that are considered with high 

deterioration for their age.  
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Figure 5.2 Pavement Deterioration and Age for the Pavement Sections 

 

5.2 Conducting a Needs Analysis using the Probabilistic Pavement 

Performance-Based Scenarios 

The needs analysis is performed to identify treatment and budget needs using a 

Monte Carlo simulation with 50 runs to model the variability of the cumulative 

deterioration PCI points over a 5, 10, and 20 year periods. The procedure to run the 

needs analysis is explained in Chapter 3. 

As described in Chapter 3, the first step in the needs analysis using the PPPBS 

approach, is to select an analysis period in k years and the deterioration band in which 

the section will be analyzed; the deterioration band is defined according to the PCI 

value and age j of each section. For the first year of the analysis, the PCI is the 

inspected value or a projected PCI value. A CDPCI for age j of the section is calculated 

at year k, assigning a treatment – if any - according to the PCI trigger values. The 

treatment cost is calculated and accumulated over the analysis period to obtain the 

cumulative budget at the end of the 5, 10, or 20 year analysis period.   
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After this process the PCI is calculated for year k+1 by subtracting the ADR for 

age j from the PCI for year k. Figure 5.3 illustrates the procedure to obtain the budget 

needed in the analysis period for a probability performance-based scenario. This 

process is performed for each year of the analysis period for each section in the 

pavement network until all the sections have been analyzed over the entire analysis 

period.  

The Monte Carlo simulations in the needs analysis generate random CDPCIj 

points within the limits of each deterioration band, ADRj values are calculated from the 

random CDPCIs and are used to calculate the PCI for year k. Table 5.2 shows low, 

medium, and high deterioration bands limits as well as minimum and maximum ADRj 

values for each band. The PCI is projected over the analysis period and treatments are 

proposed according to PCI trigger values from Table 2.1 in Chapter 2. The needs 

analysis generate PCI values and budgets for each year to be accumulated at the end 

of the analysis period. A needs analysis calculates the budget to preserve a pavement 

section or group of sections in a very good condition with PCI values over 70. A 

histogram is constructed using the budget needs generated from the Monte Carlo 

simulations. PPPBS are obtained using different percentiles of the budget needs 

generated from the Monte Carlo simulations. 
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Figure 5.3 Budget Needs using a Probabilistic Pavement Performance-Based Scenario 

Approach  
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Table 5.2 Deterioration Band Limits in CDPCI Points Minimum and Maximum ADR for 
Low, Medium, and High Deterioration Bands 

 
 

Table 5.3 shows an example of one simulation for PCI projections for a single 

arterial section with a new asphalt pavement (PCI = 100) analyzed assuming low, 

medium, and high deterioration scenarios without treatments for a 10 year analysis 

period. The CDPCIs are random generated values for each year of the analysis in each 

deterioration band, this way the CDPCI and the ADR can have different values in each 

simulation, consequently, generating different PCI values for year k. This process 

calculates different PCI values that can or cannot trigger a treatment to apply; affecting 

the budget needs estimates in each simulation. 
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Table 5.3 PCI Projection for Low, Medium, and High Probabilistic Pavement 
Performance-Based Scenarios 

 
 

5.2.1 Low Pavement Deterioration Scenario 

Needs analysis for sections 1, 2, 3, 4, and 5 paved with AC are run for low 

pavement deterioration scenarios in 5, 10, and 20 year periods, using 50 Monte Carlo 

simulations for the CDPCI. The five sections analyzed are in very good condition with 

PCIs over 70 and ages from 5 to 18 years. Cumulative budget statistics at end of the 

analysis periods are shown in Table 5.4. Histograms for cumulative budget of the five 

sections group for low deterioration scenarios are shown in Figures 5.4, 5.5, and 5.6. 

There is a minimal difference between the minimum and maximum budgets in the 

needs analysis for the three analysis periods because the sections are analyzed in a 

low deterioration band, showing high performance and small deterioration for their age; 

ADR difference from minimum to maximum in the low deterioration band is less than 

one PCI point (see Table 5.2), and a difference of $11 between minimum and maximum 

budgets in the three analysis periods. 
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Table 5.4 Probabilistic Pavement Performance-Based Scenarios Budget Needs Analysis 
Statistics for Five Sections with a Low Deterioration Trend  

 

Table 5.5 shows cumulative budget needs calculated from a deterministic needs 

analysis performed for the same five sections for 5, 10, and 20 year analysis periods 

using the MTC-PMS. 

Table 5.5 Deterministic Budget Needs for the Low Pavement Deterioration Band 

 

 
 

5 Years

10 Years

20 Years 176,542$                     

Deterministic 

Cumulative Budget

Analysis 

Period

16,751$                       

35,814$                       
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Figure 5.4 Cumulative Budget Histogram for Low Pavement Deterioration Band, 

 5 Year Period 
 
 

 
Figure 5.5 Cumulative Budget Histogram for Low Pavement Deterioration Band, 

 10 Year Period 
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Figure 5.6 Cumulative Budget Histogram for Low Pavement Deterioration Band, 

 20 Year Period 

 

5.2.2 Medium Pavement Deterioration Scenario 

Needs analysis for sections 6, 7, 8, 9, and 10 paved with AC are run for medium 

pavement deterioration scenarios in 5, 10, and 20 year periods, using 50 Monte Carlo 

simulations for the CDPCI. The five sections analyzed are in good condition with PCIs 

over 50 and with ages from 10 to 19 years. Cumulative budget statistics at end of the 

analysis periods are shown in Table 5.6. Histograms for cumulative budget of the five 

sections group for medium deterioration scenarios are shown in Figures 5.7, 5.8, and 

5.9. There is a 1% difference between the minimum and maximum budget for the 5 

years period. In the 10 years period, there is a 4% difference between the minimum and 

maximum budget. In the 20 year period there is a 9% difference between the minimum 

and maximum budget. ADR difference from minimum to maximum in the medium 
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deterioration band is one to two PCI points (see Table 5.2), that is why the minimum and 

maximum budget differs up to 11%. 

Table 5.6 Probabilistic Pavement Performance-Based Scenarios Budget Needs Analysis 
Statistics for Five Sections with a Medium Deterioration Trend 

 
 

Table 5.7 shows cumulative budget needs calculated from a deterministic needs 

analysis performed for the same five sections for 5, 10, and 20 year analysis periods 

using the MTC-PMS. 

Table 5.7 Deterministic Budget Needs for the Medium Pavement Deterioration Band 

 

 

5 Years

10 Years

20 Years

Analysis 

Period

Deterministic 

Cumulative Budget

30,874$                       

47,320$                       

184,087$                     
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Figure 5.7 Cumulative Budget Histogram for Medium Pavement Deterioration Band, 

 5 Year Period 

 

 
Figure 5.8 Cumulative Budget Histogram for Medium Pavement Deterioration Band, 

 10 Year Period 
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Figure 5.9 Cumulative Budget Histogram for Medium Pavement Deterioration Band, 

 20 Year Period 

 
The gap in the histogram for the medium deterioration 5 year period is mainly 

due to a thick overlay treatment applied to section 9; in some simulations the treatment 

is applied in year 2 and in others is applied in year 3, the difference in cost varies from 

$700 to $900 from year 2 to year 3; this is why there are no values in the histogram 

between $52,000 and $52,700 (see Tables D.10 and D11, Appendix D). 

The gap in the histogram for the medium deterioration 10 year period is mainly 

due to a seal coat applied to section 9. In some simulations the treatment is applied in 

year 10 and in others is applied in year 11. When the seal coat is applied in year 10 a 

thick AC overlay is applied in year 2 and when the seal coat is applied in year 11 the 

thick AC overlay is applied in year 3. The difference in cost is $2,000 that is why there 
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are no values in the histogram between $65,600 and $67,600 (see Tables D.10 and 

D.11, Appendix D). 

The gap in the histogram for the medium deterioration 20 year period is mainly 

due to a seal coat and a mill and thick overlay treatments applied to section 6. In some 

simulations the mill and thick overlay is applied in year 15 and no more treatments are 

applied in the rest of the 20 year period, in other simulations a seal coat is applied in 

year 15 and a mill and thick overlay is applied in year 20. The difference in cost is 

$6,000 that is why there are no values in the histogram between $162,200 and 

$170,000 (see Tables D.6 and D.7, Appendix D). 

5.2.3 High Pavement Deterioration Scenario 

Needs analysis for sections 11, 12, 13, 14, and 15 paved with AC are run for high 

pavement deterioration scenarios in 5, 10, and 20 year periods, using 50 Monte Carlo 

simulations for the CDPCI. Sections 12, 13, and 15 are in good condition with PCIs 

above 50 and ages from 10 to 16 years, sections 11 and 14 are in very good condition 

with PCIs above 70 and ages from 2 to 12 years. Cumulative budget statistics at end of 

the analysis periods are shown in Table 5.8. Histogram for cumulative budget of the five 

sections group for high deterioration scenarios are shown in Figures 5.10, 5.11 and 

5.12. There is a 3% difference between the minimum and maximum budget for the 5 

year period. In the 10 year period, there is a 50% difference between minimum and 

maximum budget. In the 20 year period there is a 56% difference between minimum 

and maximum budget. ADR difference from minimum to maximum in the high 

deterioration band is two to three PCI points (see Table 5.2). 
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Table 5.8 Probabilistic Pavement Performance-Based Scenarios Budget Needs Analysis 
Statistics for Five Sections with a High Deterioration Trend 

 

Table 5.9 shows cumulative budget needs calculated from a deterministic needs 

analysis performed for the same five sections for 5, 10, and 20 year analysis periods 

using the MTC-PMS. 

Table 5.9 Deterministic Budget Needs for the High Pavement Deterioration Band 

 

5 Years

10 Years

20 Years

133,142$                     

193,480$                     

Analysis 

Period

Deterministic 

Cumulative Budget

86,282$                       
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Figure 5.10 Cumulative Budget Histogram for High Pavement Deterioration Band, 

 5 Year Period 

 

 
Figure 5.11 Cumulative Budget Histogram for High Pavement Deterioration Band, 

 10 Year Period  
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Figure 5.12 Cumulative Budget Histogram for High Pavement Deterioration Band, 

 20 Year Period 

The gap in the histogram for the high deterioration 20 year period is mainly due 

to different treatments applied to section 14. In some simulations a single chip seal is 

applied in years 11 and 14, and a mill and thick overlay is applied in year 17; in other 

simulations a single chip seal is applied in years 11, 15, and 18. The difference in cost is 

$39,000 that is why there are no values in the histogram between $160,000 and 

$190,000 (see Tables D.17 and D.18, Appendix D). 

The gap in the histogram for the high deterioration 10 year period is mainly due 

to different treatments applied to section 12. In some simulations a single chip seal is 

applied in year 5 and a mill and thick overlay is applied in year 8; in other simulations a 

single chip seal is applied in years 5, 8. The difference in cost is $30,000 that is why 

there are no values in the histogram between $95,000 and $110,000 (see Tables D.14 

and D.15, Appendix D). 
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5.3 Pavement Network Needs Analysis 

Needs analysis for the entire pavement network of arterial sections paved with 

AC from Table 5.1 is performed section by section as indicated in Figure 5.3, according 

to their PCI values related to age in their corresponding deterioration band, and then the 

section’s budgets are accumulated for each simulation to obtain the cumulative network 

budget for each period. The needs analysis for the pavement network is conducted for 

5, 10, and 20 years using 50 Monte Carlo simulations for the CDPCI. Statistics for the 

cumulative budget of the pavement network are shown in Table 5.10. Histograms for the 

cumulative budget of the pavement network are shown in Figures 5.13, 5.14 and 5.15.  

There is a difference of 1% between the minimum and maximum cumulative 

budget for the 5 years period. In the 10 and 20 year periods, there is a 23% difference 

between minimum and maximum cumulative budget.  

Table 5.10 Probabilistic Pavement Performance-Based Scenarios Budget Needs 
Analysis Statistics for the Pavement Network 
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Table 5.10 shows minimum, maximum, first, second, and third quartiles 

cumulative budgets for the pavement network, the second quartile represent the median 

deterioration trend. Budget data obtained from the Monte Carlo simulations does not 

follow a Normal distribution, minimum, maximum, 1st, 2nd, and 3rd quartiles are used to 

obtain budget needs for the 5, 10, and 20 year period scenarios, other percentiles 

above and below the median, set by the decision-makers, can be used to obtain 

different budget scenarios. 

Table 5.11 shows cumulative budget needs calculated from a deterministic needs 

analysis using the MTC-PMS for the entire pavement network for 5, 10, and 20 years 

analysis periods. 

Table 5.11 Deterministic Budget Needs for the Pavement Network 

 

 

 
 

5 Years

10 Years

20 Years

216,276$                     

554,109$                     

Analysis 

Period

Deterministic 

Cumulative Budget

133,907$                     
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Figure 5.13 Cumulative Budget Histogram for the Pavement Network, 5 Year Period   

 

 
Figure 5.14 Cumulative Budget Histogram for the Pavement Network, 10 Year Period  
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Figure 5.15 Cumulative Budget Histogram for the Pavement Network, 20 Year Period  

The gaps in the network histograms are due to treatments applied in different 

years in some Monte Carlo simulations as described for the gaps in the medium and 

high deterioration histograms, the annual budget for each section is accumulated to 

obtain network budget. Budget needs reports for one simulation in each deterioration 

band are shown in Appendix D. 

5.4 Comparison of Results with the Probability-Based Pavement Performance 

Curves and the Probabilistic Pavement Performance-Based Scenarios 

A needs analysis for the 15 pavement sections shown in Table 5.1 is also 

performed for the 15 sections using the PBPPCs, Figure 5.16 shows the 15 PCI 

inspected values and 30%, 50%, 70%, and 90% PBPPCs used to analyze each section.  
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Figure 5.16 Pavement Sections and Probability-Based Pavement Performance Curves  

Sections 1, 2, 3, 4, and 5 are analyzed with the 30% PBPPC that corresponds to 

high pavement performance, since these sections are above this curve. Sections 6, 7, 

8, 10, and 14 are analyzed with the 50% PBPPC that corresponds to medium 

performance, since these sections are close by one PCI point to this curve. Sections 9 

and 11 are analyzed using the 70% PBPPC that corresponds to low pavement 

performance, since these sections are close to this curve by one PCI point. Sections 12 

and 15 are close to the 90% PBPPC by one or two PCI points, section 13 is below this 

curve; sections 12, 13, and 15 are analyzed with the 90% PBPPC that corresponds to 

very low pavement performance. 

Table 5.12 shows a comparison of the pavement network needs analyses results 

using the PBPPC and the PPPBS. Budgets for the PBPPCs for each pavement 

performance group and for the entire network are cumulative end of period budgets. 

Budgets for the PPPBSs for each pavement deterioration group and for the entire 

network are cumulative second quartile at the end of period budgets. The second 
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quartile PPPBS budget values are chosen for the comparison, because second quartile 

is the median of the budgets obtained from the Monte Carlo simulations of the CDPCI 

values in the needs analysis, since median budget values are more suitable values for 

comparison. 

 Low performance for the PBPPC is equivalent to high deterioration for the 

PPBS, medium performance for the PBPPC is equivalent to medium deterioration for 

the PPPBS, and high performance for the PBPPC is equivalent to low deterioration for 

the PPPBS. In table 5.12 deterioration trends for the PPPBS are stated as performance 

trends. 

From Table 5.12 pavement sections are in very good condition, with PCIs above 

70, using the PBPPC and the PPPBS analysis, because the needs analysis performed 

gives the budget to preserve the pavement in very good condition. For low pavement 

performance, analyzed with the 30% PBPPC, cumulative budget needed for a 20 year 

period is $196,033, for high pavement deterioration, analyzed in the high deterioration 

band, the cumulative budget needed for the same 20 year period is $198,301 (second 

quartile), 1% higher than the PBPPC cumulative budget needed. 

For low pavement performance sections are analyzed with the 70% and 90% 

PBPPCs and with the high deterioration band of the PPPBS. Cumulative budget needed 

for the PBPPC in a 20 year period is 1% lower than the cumulative budget needed for 

the PPPBS. In a 10 year period cumulative budget needed for the PBPPC is 18% 

higher than the cumulative budget needed for the PPPBS. In a 5 year period cumulative 

budget needed for the PBPPC is 32% higher than the budget needed for the PPPBS. 
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Table 5.12 Results of the Needs Analyses for the PBPPC and the PPPBS 

 

For medium pavement performance sections are analyzed with the 50% PBPPC 

and with the medium deterioration band of the PPPBS. Cumulative budget needed for 

the PBPPC in a 20 year period is 16% higher than the cumulative budget needed for the 

PPPBS. In a 10 year period cumulative budget needed for the PBPPC is 43% lower 

than the cumulative budget needed for the PPPBS. In a 5 year period cumulative 

budget needed for the PBPPC is 68% lower than the budget needed for the PPPBS. 

For high pavement performance sections are analyzed with the 30% PBPPC and 

with the low deterioration band of the PPPBS. Cumulative budget needed for the 

PBPPC in a 20 year period is 52% lower than the cumulative budget needed for the 

PPPBS. In a 10 year period cumulative budget needed for the PBPPC is 0.03% lower 

than the cumulative budget needed for the PPPBS. In a 5 year period cumulative 

budget needed for the PBPPC is 0.07% lower than the budget needed for the PPPBS. 
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5.5 Summary and Conclusions 

The PPPBSs are used in case study 3 to perform a needs analysis in the low, 

medium, and high deterioration bands. The case study is performed in three phases in 

groups of five sections from the entire pavement network placing the sections in a 

deterioration band according to the deterioration trends as shown in Figure 5.2 and 

Table 5.1.  

1. Sections with a similar deterioration behavior are analyzed in a deterioration 

band (low, medium and high deterioration bands) attaining as many cumulative 

budgets as Monte Carlo simulations. The results present a range of cumulative 

budgets in each deterioration band to preserve the pavement sections in very 

good condition; a probabilistic performance-based scenario of budget needs is 

obtained, ranging from a minimum to a maximum cumulative budget including 

different percentiles of the cumulative budget from the simulations. 

2. A needs analysis for the entire pavement network is achieved performing 

analysis of sections in each deterioration band accumulating the budget outputs 

from the Monte Carlo simulations for each section into an entire network budget. 

Using different percentiles of the cumulative network budget obtained from the 

Monte Carlo simulations, an entire pavement network PPPBS of budget needs is 

attained. 

3. PPPBS budget needs analysis can be applied at the project management level 

for individual sections or groups of sections using low, medium, or high 

deterioration bands. At the network management level a PPPBS budget needs 

analysis can be performed for the entire pavement network selecting a 
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deterioration band for the whole network. A histogram of the cumulative budgets 

from the Monte Carlo simulations can be constructed. Different percentiles of the 

cumulative budgets data from the Monte Carlo simulations are used to obtain 

alternative budget scenarios. In this research, PPPBS are constructed using 

minimum, maximum, 1st, 2nd and 3rd quartiles budget needs data for each group 

of sections and for the entire pavement network.   

4. There is not a direct relationship between the PCI values and budget estimates 

obtained from the needs analyses using Monte Carlo simulation as shown in 

Figure 5.17, PCI values are above 80 and the budgets obtained are needed to 

preserve the pavement network in very good condition. However, PCI and budget 

can be related by means of a regression analysis. Equation 5.1, written below 

and plotted in Figure 5.17, relates PCI and budget in a 20 year period needs 

analysis for the 15 sections entire pavement network in case a budget needed to 

achieve a specific PCI value has to be calculated.  

Budget = 4755254 – 127897 x PCI + 922 x PCI2                     (5.1) 
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Figure 5.17 Cumulative Budget vs PCI from the Monte Carlo simulations for the 

Pavement Network, 20 years period, Case 3 

5. Needs analysis performed with the PBPPC and the PPPBS for the purpose of 

comparing both approaches presented $16 difference in the 5 year period, $503 

in the 10 year period, and $23,075 in the 20 year period, differences less than 

0.1% for the budget needs for the 5 and 10 year periods and 5% budget needs 

difference for the 20 year period for the entire pavement network.  

6. The results of the analyses shown in Table 5.12 strengthen the importance of 

selecting the best fit PBPPC for the needs analysis or the appropriate 

deterioration band for the sections in the PPPBS needs analysis. Both 

approaches present information about alternative budget needs for different 

pavement conditions to formulate maintenance and rehabilitation programs. 

The budget variability in needs analysis comes from the variability of the PCI 

inspected values at each pavement age converted into CDPCI points used to develop 
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the PPPBSs explained in Chapter 3, the model assesses the variability of the data with 

probability distributions of the CDPCIs projecting pavement condition based on ADR 

using Monte Carlo simulation of the CDPCIs to obtain random ADR. The budget 

variation in the results of the network’s needs analyses is due to the Monte Carlo 

simulation of the CDPCI values, presenting scenarios of as many budgets as the 

number of Monte Carlo simulations performed, from a minimum budget needed to a 

maximum budget needed for each deterioration band and to the ADR in each band. Low 

deterioration band has ADR values ranging from 0 to 2 PCI points, medium deterioration 

band have ADR values ranging from 0 to 5 PCI points, and high deterioration band has 

ADR values ranging from 2 to 10 PCI points (see table 5.2). 

PPPBS present the decision-makers with budget needs from a minimum budget 

to a maximum budget needed to preserve the pavement network in good condition over 

the analysis period. Budgets for different percentiles in between are also presented (see 

Table 5.10). 

5.5.1 Recommendations 

The recommendation is to analyze sections in their best fit deterioration band 

and accumulate the budget needs for the entire pavement network, using the 

cumulative budget corresponding to the highest frequency in the histogram because it 

has the highest likelihood of occurrence. 

For the 5 year period needs analysis of the pavement network, the 

recommendation is that the $134,600 budget corresponding to the 2nd quartile is the 

most likely choice because it has the highest frequency in the histogram (see Figure 

5.13 and Table 5.10). 
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For the 10 year period needs analysis of the pavement network, the 

recommendation is that the $220,000 budget corresponding to the 3rd quartile is the 

most likely choice because it has the highest frequency in the histogram (see Figure 

5.14 and Table 5.10). 

For the 20 year period needs analysis of the pavement network, the 

recommendation is that the $490,000 budget corresponding to the 2nd quartile is the 

most likely choice because it has the highest frequency in the histogram (see figure 

5.15 and Table 5.10) 

 The study was done in a small pavement network of 15 pavement sections due 

to the time consuming process; the PPPBS if implemented in the MTC-PMS software 

can be used to analyze a large pavement network reducing the time needed for the 

analysis. 

 

 

 

 

 

 

 

 

 

 

 



 150 

Chapter 6: Conclusions and Recommendations 

Pavement management is a systematic approach to manage a pavement 

network assisting decision-makers in developing cost-effective maintenance and 

rehabilitation strategies to preserve the pavement network at a desired level of service 

over time. Pavement management has three main management levels: strategic, 

network, and project level. At the strategic level, decisions are made at the highest level 

within transportation agencies and long-term goal and policies are set for the entire 

pavement network. At the network level, maintenance and rehabilitation programs are 

prepared for the entire pavement network, decisions on how to allocate the available 

funds for rehabilitation and maintenance are made and sections are identified for 

treatment.  At the project level, pavement sections are individually studied to determine 

the most cost-effective maintenance or rehabilitation treatment for each section and 

decisions are focused over a short period of time (AASHTO 2012). 

Pavement management systems are tools that help agencies decide how to 

select sections for treatment, based on pavement condition and the use of pavement 

performance models that forecast future pavement condition and identify maintenance 

and rehabilitation treatment needs for funding allocation. However, pavement 

management decisions are challenging due to the uncertainty in traffic projections and 

weather forecasting that affect pavement performance predictions when prioritizing 

sections for budget allocation. Performance models are classified in two groups: 

deterministic and probabilistic. 

Deterministic models do not take into account the uncertainty of pavement 

performance and predict future pavement condition and budget needs as a single value. 
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Deterministic performance models are used at the project management level in 

pavement design to perform life cycle cost analysis. Deterministic performance models 

are also used at the network management level to forecast the overall pavement 

network performance, although they provide only a single output for pavement network 

condition. 

Probabilistic models use probability distributions to address the variability of 

parameters involved in pavement performance prediction and budget needs estimates. 

The output of probabilistic models is usually future pavement conditions at different 

levels of risk and uncertainty. 

 At the network management level, probabilistic models are applied to the entire 

pavement network to simulate the likelihood of different deterioration trends. At the 

project management level, these models are applied to single sections to forecast the 

section’s future condition at different deterioration trends.  

The probabilistic approach presented in this research is based on PCIs 

calculated from pavement distresses. This approach addresses the uncertainty in 

pavement performance predictions through the development of Probability-Based 

Pavement Performance Curves (PBPPCs) and Probabilistic Pavement Performance-

Based Scenarios (PPPBS). PBPPCs and PPPBS are developed using databases from 

the Metropolitan Transportation Commission in California (MTC) and are intended for 

use in a Pavement Management System.  

The advantage of PBPPCs and PPPBS with respect to Markovian approaches is 

that they do not require structural, traffic, or environmental information for their 

development. PBPPCs and PPPBS do not use probability transition matrixes or prior 
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probability distributions of pavement behavior since pavement performance is predicted 

directly using probability distributions built from inspection records. The probability 

distributions of annual pavement condition data in PCIs from inspection records are 

used to construct PBPPCs at different probability levels, obtaining alpha, beta, and rho 

parameters, used in Equation 1.1, to forecast pavement performance. The probability 

distributions of annual pavement cumulative deterioration data in PCI points from 

inspection records are used to construct PPPBS. In the PPPBS approach, pavement 

condition is forecasted based on annual deterioration rates instead of using families of 

curves. Monte Carlo simulation of the annual cumulative deterioration PCI points is 

used to generate cumulative pavement deterioration for possible pavement 

performance scenarios. 

6.1 Conclusions 

a) PBPPCs and PPPBS predict future pavement condition starting from the present 

pavement condition state, utilizing alternative future pavement conditions to 

simulate different pavement deterioration rates based on their likelihood of 

occurrence. Both models present broad information about future pavement 

condition and budget needs estimates to the decision-makers addressing the 

uncertainty in pavement prediction. 

b) The probability-based pavement performance curves can be implemented in 

MTC-PMS needs analyses for the entire network to simulate different pavement 

performance using alpha, beta, and rho parameters corresponding to each 

probabilistic performance level for the entire network, instead of using the fixed 

default alpha, beta, and rho parameters.  
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At present, an average or medium pavement performance that corresponds 

to a 50% performance curve is used in the deterministic model. High pavement 

performance use PCI curves below 50%; and low pavement performance use 

PCI curves above 50%. For example a 30% performance curve means that there 

is a 30% probability that the PCI of a certain pavement will be higher or equal to 

the PCI obtained from this probability performance curve. More information about 

future pavement performance can be obtained using alpha, beta, and rho 

parameters to represent different performance levels for each functional class 

and pavement type. At the network management level, this information can be 

used to develop maintenance and rehabilitation programs for the entire 

pavement network. At the project management level, needs analysis using 

different PBPPCs and decision trees can be run for individual sections to project 

pavement conditions and to identify the most cost effective treatments.  

c) Needs analyses were conducted in Chapter 4 using 70% and 90% PBPPCs to 

model low performance behavior and a 30% PBPPC to model high performance 

behavior for AC, AC/AC, and ST pavements in a 5, 10, and 20 year periods. 

Budgets from the 70% and 90% PBPPCs were higher than the 50% PBPPC and 

budgets from the 30% PBPPC were lower than the 50% PBPPC. Pavements 

with a very low performance level have high pavement deterioration rates and 

need higher cumulative budgets to preserve the pavement network in good 

condition; on the contrary, pavements with a high performance have low 

pavement deterioration rates and need less cumulative budget to preserve the 

network in good condition. There was variability in the budget results for the 
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analysis periods when compared to the budget results for the 50% performance 

level for the same period. This was due to treatments recommended at different 

ages because of the very high, high, and low pavement deterioration trends of 

the PBPPCs used for the needs analysis, as described in detail for each case 

study in Chapter 4.  

d) The variability of the data from MTC used in the development of the PBPPCs 

from San Francisco, California Bay area cities is reflected in the range of values 

of the outputs from the needs analysis in Case Study 1 (Chapter 4). If the 

PBPPCs are going to be used in a different area, local data should be gathered 

from that area to develop or calibrate the PBPPCs for the specific weathering 

and traffic conditions. In this research, only four pavement performance levels 

were applied; increasing the PBPPC probability levels should reduce the 

variability of the budget needs estimates. 

e) The probability-based pavement performance curves implemented in target 

driven analyses identify sections and treatments to apply at different probability 

levels and obtain budget needs to preserve the pavement at a desired PCI 

network condition. 

The PBPPCs were used in a target-driven analysis for 5, 10, and 20 year 

periods for AC, AC/AC, and ST pavement networks in Case Study 2 (Chapter 4), 

setting a target PCI of 75 for the network and using 30%, 50%, 70%, and 90% 

PBPPCs to model high, medium, and low performance trends to obtain budget 

needs. Budget needs for 90% and 70% PBPPCs were higher than the budget 

needs for 50% PBPPC, and the budget needs for 30% PBPPC was lower than 
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the budget needs for the 50% PBPPC. For 70% and 90% PBPPCs, PCIs at the 

first year of analysis were below the target PCI, and that is why a higher budget 

was needed to bring the PCI to the target value and keep it that way through the 

analysis period. For 30% PBPPCs, PCIs in the first year of analysis were equal 

or above the target PCI, and that is why a lower budget was needed to preserve 

the pavement network at the target PCI.   

f) The probabilistic pavement performance-based scenarios can be implemented in 

MTC-PMS, rendering a needs analysis for the entire network or for individual 

sections to simulate different pavement performance scenarios using low, 

medium, and high pavement deterioration bands. For each deterioration band, a 

Monte Carlo simulation of the truncated Normal distribution of the annual 

cumulative deterioration PCI points can be used to calculate annual deterioration 

rates within the limits of the deterioration band, instead of using families of curves 

to project the PCI.  

g) Budget needs analysis can be performed using PPPBS for the entire pavement 

network, using different deterioration bands for the entire network, to obtain a 

histogram of the budget needs built from Monte Carlo simulations. At the project 

management level, PPPBS can be applied for the needs analysis of individual 

sections that show a deterioration trend that is within a pre-established 

deterioration band. 

h) A needs analysis was performed using the PPPBS in Case Study 3 (Chapter 5) 

to simulate pavement deterioration scenarios for a pavement network with 15 

sections. The needs analysis was conducted using low, medium and high 
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deterioration bands. Budget needs using the low deterioration band were lower 

than the budgets needs using the medium deterioration band which represented 

an average deterioration. Budgets needs using the high deterioration band were 

higher than the budgets needs for the medium deterioration band.  

i) The variability of the budgets obtained as outputs from the PPPBS is due to the 

variability of the data. This variability can be reduced by performing a large 

number of Monte Carlo simulations of the yearly cumulative deterioration PCI 

points, calculating annual deterioration rates to cover a range of values between 

the limits of the PCI cumulative deterioration band. 

6.2 Contributions of Research 

The major contribution of this research is the development of a probabilistic 

approach for pavement performance prediction for implementation in the MTC-PMS. 

PBPPCs and PPPBS address the uncertainty present in pavement performance 

predictions, and will aid agencies to make better-informed funding allocation decisions 

in their maintenance and rehabilitation programs. 

PBPPCs and PPPBS can be used for needs analyses at the network and project 

management levels. The variability of the PCI projections is assessed with probability 

distributions, obtaining the entire spectrum of budget needs for different pavement 

performance scenarios; PBPPCs can also be used at the network management level for 

target driven scenarios, to estimate budget needs and to preserve a pavement network 

at a desired PCI level. 
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6.3 Recommendations for Future Research 

a) This research was focused on developing PBPPCs to conduct needs analyses 

for individual pavement sections, or for the entire pavement network. Further 

research can use PBPPCs in needs analyses for individual sections, and 

dynamically adjust the pavement curve based on PCIs obtained from inspections 

(see Figure 6.1). 

 
Figure 6.1 Performance Curve According to Section’s History 

 
 

b) The application of the PPPBS was focused only on needs analysis for arterial 

streets paved with asphalt concrete. Further research should be done to 

implement the PPPBS to perform target driven analyses for the entire pavement 

network, or for individual sections, looking at other pavement types. 
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c) Research can be done using PBPPC and PPPBS to perform budget-driven 

analyses that use an available budget for the analysis period as an input and 

predict the pavement network condition over the analysis period, showing 

selected sections for treatment, and treatments to apply.  

d) Further research can be done using the PBPPCs or the PPPBS, applying 

probability distributions to the MTC-PMS decision tree to convert it into a 

probabilistic decision tree using probability distributions in the chance nodes and 

costs for the decision nodes. Expected values of cost are calculated from the 

probabilities of chance events from the decision tree, with the alternative with the 

lowest cost being the recommended alternative. 
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Appendix A. Inspected PCI Data and Normal Distribution Fitting 

Arterial AC inspected PCI values, outliers removed, are clustered by year in 

Tables A.1a and A.1b. Arterial AC/AC inspected PCI values, outliers removed, are 

clustered by year in Tables A.2a and A.2b. Residential ST inspected PCI values, outliers 

removed, are clustered by year in Tables A.3a, A.3b, A.3c, and A.3d 

An example of distribution fitting graphs for years 1 to 6, for arterial AC PCI 

yearly values normal distribution fitting graphs, can be seen in Figures A.1 trough A.6; 

arterial AC/AC PCI yearly values normal distribution fitting graphs, can be seen in 

Figures A.7 trough A.12, and residential ST PCI yearly values normal distribution fitting 

graphs can be seen in Figures A.13 trough A.18. Goodness of fit for arterial AC normal 

distributions are shown in Table A.4; goodness of fit for arterial AC/AC normal 

distributions are shown in Table A.5, and goodness of fit for residential ST normal 

distributions are shown in Table A.6. Mean and standard deviation from these yearly 

normal distribution fittings were used for developing probability-based pavement 

performance curves in Chapters 3, 4, and 5. 
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Table A.1a Arterial AC Inspected PCI Values (Ages 1 to 10 Years) 
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Table A.1b Arterial AC Inspected PCI Values (Ages 11 to 20 Years) 

 

 

 

 



 165 

Table A.2a Arterial AC/AC Inspected PCI Values (Ages 1 to 10 Years) 
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Table A.2b Arterial AC/AC Inspected PCI Values (Ages 11 to 20 Years) 
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Table A.3a Residential ST Inspected PCI Values (Ages 1 to 5 Years) 
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Table A.3b Residential ST Inspected PCI Values (Ages 6 to 10 Years) 
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Table A.3c Residential ST Inspected PCI Values (Ages 11 to 15 Years) 
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Table A.3d Residential ST Inspected PCI Values (Ages 16 to 20 Years) 
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Figure A.1 Year 1 AC PCI Distribution Fitting 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure A.2 Year 2 AC PCI Distribution Fitting 
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Figure A.3 Year 3 AC PCI Distribution Fitting 

 
 

 

 

 

 

 

 

 
 

 

 

 

 
 
 

Figure A.4 Year 4 AC PCI Distribution Fitting 
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Figure A.5 Year 5 AC PCI Distribution Fitting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.6 Year 6 AC PCI Distribution Fitting 
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Figure A.7. Year 1 AC/AC PCI Distribution Fitting 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.8. Year 2 AC/AC PCI Distribution Fitting 
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Figure A.9. Year 3 AC/AC PCI Distribution Fitting 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure A.10. Year 4 AC/AC PCI Distribution Fitting 
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Figure A.11. Year 5 AC/AC PCI Distribution Fitting 

 

 

 
Figure A.12. Year 6 AC/AC PCI Distribution Fitting 
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Figure A.13. Year 1 ST PCI Distribution Fitting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.14. Year 2 ST PCI Distribution Fitting 
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Figure A.15. Year 3 ST PCI Distribution Fitting 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.16. Year 4 ST PCI Distribution Fitting 
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Figure A.17. Year 5 ST PCI Distribution Fitting 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.18. Year 6 ST PCI Distribution Fitting  
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Table A.4 Arterial AC PCI Goodness of Fit for Normal Distributions 
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Table A.5 Arterial AC/AC PCI Goodness of Fit for Normal Distributions 
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Table A.6 Residential ST PCI Goodness of Fit for Normal Distributions 
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Appendix B. StreetSaver® Reports from Needs Analyses and PCI 

Target Driven Analyses 

Needs analysis StreetSaver® reports for a 20 year period from the City of 

Milpitas, California arterial streets paved with AC, used in Chapter 4 for case study 1.a 

conducted using 90%, 70%, 50%, and 30% PBPPCs are shown in Tables B.1, B.2, B.3, 

and B.4. Needs analysis StreetSaver® reports for a 20 years period from the City of 

Milpitas, California arterial streets paved with AC/AC, used in Chapter 4 for case study 

1.b conducted using 90%, 70%, 50%, and 30% PBPPCs are shown in Tables B.5, B.6, 

B.7, and B.8. Tables B.9, B.10, B.11, and B.12 show needs analysis StreetSaver® 

reports from Marion County, Oregon residential streets paved with ST, used in Chapter 

4 for case study 1.c, conducted using 90%, 70%, 50%, and 30% PBPPCs. 
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Table B.1 Arterial AC Projected PCI and Budget Needs for 90% PBPPC 
 (Case Study 1.a) 
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Table B.2 Arterial AC Projected PCI and Budget Needs for 70% PBPPC 
 (Case Study 1.a) 
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Table B.3 Arterial AC Projected PCI and Budget Needs for 50% PBPPC 
 (Case Study 1.a) 
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Table B.4 Arterial AC Projected PCI and Budget Needs for 30% PBPPC  
(Case Study 1.a) 
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Table B.5 Arterial AC/AC Projected PCI and Budget Needs for 90% PBPPC 
 (Case Study 1.b) 
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Table B.6 Arterial AC/AC Projected PCI and Budget Needs for 70% PBPPC 
 (Case Study 1.b) 
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Table B.7 Arterial AC/AC Projected PCI and Budget Needs for 50% PBPPC 
 (Case Study 1.b) 
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Table B.8 Arterial AC/AC Projected PCI and Budget Needs for 30% PBPPC 
 (Case Study 1.b) 
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Table B.9 Residential ST Projected PCI and Budget Needs for 90% PBPPC 
 (Case Study 1.c) 
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Table B.10 Residential ST Projected PCI and Budget Needs for 70% PBPPC 
 (Case Study 1.c) 
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Table B.11 Residential ST Projected PCI and Budget Needs for 50% PBPPC 
 (Case Study 1.c) 
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Table B.12 Residential ST Projected PCI and Budget Needs for 30% PBPPC 
 (Case Study 1.c) 
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PCI target driven analysis StreetSaver® reports for a 20 years period from the 

City of Milpitas, California arterial streets paved with AC, used in Chapter 4 for case 

study 2.a conducted using a target PCI of 75 for 90%, 70%, 50%, and 30% PBPPCs are 

shown in Tables B.13, B.14, B.15, and B.16. PCI target driven analysis StretSaver® 

reports for a 20 years period from the City of Milpitas, California arterial streets paved 

with AC/AC, used in Chapter 4 for case study 2.b, conducted using a target PCI of 75 

for 90%, 70%, 50%, and 30% probability levels of pavement performance are shown in 

Tables B.16, B.17, B.18, and B.19. Tables B.20, B.21, B.22, and B.23 show PCI target 

driven analysis StreetSaver® reports from Marion County, Oregon residential streets 

paved with ST, used in Chapter 4 for case study 2.c, conducted using a target PCI of 75 

for 90%, 70%, 50%, and 30% PBPPCs. 
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Table B.13 Arterial AC Budget Needs for PCI=75 Target Driven Scenario 90% PBPPC 
(Case Study 2.a) 
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Table B.14 Arterial AC Budget Needs for PCI=75 Target Driven Scenario 70% PBPPC 
(Case Study 2.a) 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 199 

Table B.15 Arterial AC Budget Needs for PCI=75 Target Driven Scenario 50% PBPPC 
(Case Study 2.a) 
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Table B.16 Arterial AC Budget Needs for PCI=75 Target Driven Scenario 30% PBPPC 
(Case Study 2.a) 
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Table B.17 Arterial AC/AC Budget Needs for PCI=75 Target Driven Scenario  
90% PBPPC (Case Study 2.b) 
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Table B.18 Arterial AC/AC Budget Needs for PCI=75 Target Driven Scenario  
70% PBPPC (Case Study 2.b) 
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Table B.19 Arterial AC/AC Budget Needs for PCI=75 Target Driven Scenario  
50% PBPPC (Case Study 2.b) 
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Table B.20 Arterial AC/AC Budget Needs for PCI=75 Target Driven Scenario  
30% PBPPC (Case Study 2.b) 
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Table B.21 Residential ST Budget Needs for PCI=75 Target Driven Scenario 
 90% PBPPC (Case Study 2.c) 
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Table B.22 Residential ST Budget Needs for PCI=75 Target Driven Scenario  
70% PBPPC (Case Study 2.c) 
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Table B.23 Residential ST Budget Needs for PCI=75 Target Driven Scenario  
50% PBPPC (Case Study 2.c) 
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Table B.24 Residential ST Budget Needs for PCI=75 Target Driven Scenario 
 30% PBPPC (Case Study 2.c) 

 

 
 
 

 

Needs analysis reports in a 20 year period for section 15 from Chapter 4, 

analyzed with a 90% PBPPC and with a 50% PBPPC are shown in Tables B.25 and 

B.26 
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Table B.25 Arterial AC Section 15 Projected PCI and Budget Needs 
for Low Performance PBPPC (Chapter 4 Comparison of needs analysis with different 

PBPPCs) 

 
 

Table B.26 Arterial AC Section 15 Projected PCI and Budget Needs 
for Medium Performance PBPPC (Chapter 4 Comparison of needs analysis with 

different PBPPCs) 
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Appendix C. Truncated CDPCI Points Distributions Graphs 

Examples of plotted truncated probability density functions of cumulative 

deterioration PCI points tabulated using equation 3.5 from Chapter 3, and examples of 

plotted truncated cumulative distribution functions tabulated using equation 3.6 from 

Chapter 3, can be seen in figures C.1 through C.12. 

 

   
Figure C.1 Truncated PDF of Low CDPCI Points Year 2 
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Figure C.2 Truncated CDF of Low CDPCI Points Year 2 

 
 

 

 
Figure C.3 Truncated PDF of Medium CDPCI Points Year 2 
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Figure C.4 Truncated CDF of Medium CDPCI Points Year 2 

 
 

 

 
Figure C.5 Truncated PDF of High CDPCI Points Year 2 

 
 



 213 

 
Figure C.6 Truncated CDF of High CDPCI Points Year 2  

 
 

 

 
Figure C.7 Truncated PDF of Low CDPCI Points Year 5 
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Figure C.8 Truncated CDF of Low CDPCI Points Year 5 

 
 
 

 
Figure C.9 Truncated PDF of Medium CDPCI Points Year 5  
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Figure C.10 Truncated CDF of Medium CDPCI Points Year 5 

 
 
 

 
Figure C.11 Truncated PDF of High CDPCI Points Year 5  
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Figure C.12 Truncated CDF of High CDPCI Points Year 5 

 
 

Examples of arterial AC random annual cumulative deterioration in PCI points 

histogram with fitted truncated normal probability density function of years 2 and 5 for 

low, medium, and high deterioration bands are shown in Figures C.13 trough C.18.  
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Figure C.13 Low CDPCI Points Year 2              

 

 

 

 

 

 

 
 
 

 
 

 

 
 
 
 

Figure C.14 Medium CDPCI Points Year 2 
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Figure C.15 High CDPCI Points Year 2 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C.16 Low CDPCI Points Year 5 
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Figure C.17 Medium CDPCI Points Year 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure C.18 High CDPCI Points Year 5 
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Appendix D. Probabilistic Pavement Performance-Based Scenario 

Reports 

Needs analysis reports for a 20 year period from a 15 sections arterial streets 

network paved with AC, used in Chapter 5 for case study 3 conducted using low PPPBS 

deterioration band are shown in Tables D.1 through D.5, needs analysis conducted 

using medium PPPBS deterioration band are shown in Tables D.6 through D.12, and 

needs analysis conducted using high PPPBS deterioration band are shown in Tables 

D.13 through D.19. 

 Table D.1 Arterial AC Section 1Projected PCI and Budget Needs 
 for Low Deterioration PPPBS (Case Study 3) 
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Table D.2 Arterial AC Section 2 Projected PCI and Budget Needs 
 for Low Deterioration PPPBS (Case Study 3) 

 
 

Table D.3 Arterial AC Section 3 Projected PCI and Budget Needs 
for Low Deterioration PPPBS (Case Study 3) 
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Table D.4 Arterial AC Section 4 Projected PCI and Budget Needs 
for Low Deterioration PPPBS (Case Study 3) 

 
 

Table D.5 Arterial AC Section 5 Projected PCI and Budget Needs 
for Low Deterioration PPPBS (Case Study 3) 
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Table D.6 Arterial AC Section 6 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 

 
 

Table D.7 Arterial AC Section 6 Projected PCI and Budget Needs 
for Medium Deterioratio PPPBS (Case Study 3) 
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Table D.8 Arterial AC Section 7 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 

 
 

Table D.9 Arterial AC Section 8 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 
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Table D.10 Arterial AC Section 9 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 

 
 

Table D.11 Arterial AC Section 9 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 
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Table D.12 Arterial AC Section 10 Projected PCI and Budget Needs 
for Medium Deterioration PPPBS (Case Study 3) 

 
 

Table D.13 Arterial AC Section 11 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 
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Table D.14 Arterial AC Section 12 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 

 
 

Table D.15 Arterial AC Section 12 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 
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Table D.16 Arterial AC Section 13 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 

 
 

Table D.17 Arterial AC Section 14 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 
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Table D.18 Arterial AC Section 14 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 

 
 

Table D.19 Arterial AC Section 15 Projected PCI and Budget Needs 
for High Deterioration PPPBS (Case Study 3) 
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