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RESUMO

RIBEIRO, Laura Carine Pereira, D.Sc., Universidade Federal de Vigosa, outubro de
2020. Establishing a methodology for unpaved and paved roads management
system . Orientador: Taciano Oliveira da Silva. Coorientador: Jose Carlos Lopes
Ribeiro.

No estado de Minas Gerais, Brasil, as estradas sdo administradas por agéncias locais
gue efetuam mais trabalhos de manutencéo e reabilitacdo (M&R) do que trabalhos de
gerenciamento. Além disso, essas agéncias tém recursos muito limitados e operam
sem planos de longo prazo. Assim, neste trabalho teve-se por foco o processo de
desenvolvimento de um novo Sistema de Gerenciamento de Estradas Nao
Pavimentadas (SGENP) e de um Sistema de Gerenciamento de Pavimento (SGP).
Esses sistemas de gerenciamento destinam-se a fornecer praticas viaveis para ajudar
as agéncias locais a lidar com os vérios desafios associados a manutencdo de
estradas ndo pavimentadas e pavimentadas. O objetivo final desses sistemas é ajudar
as agéncias locais a manter suas estradas com o melhor custo-beneficio, realizando
manutenc¢des dentro dos recursos financeiros disponiveis. A metodologia deste
estudo visou estabelecer uma linha de base para os novos SGENP e SGP, para
aprimorar as praticas atuais de gerenciamento de estradas ndo pavimentadas e
pavimentadas em Minas Gerais. Antes da implementacdo em todo o estado, a regido
da Zona da Mata, no sudeste do estado, foi selecionada uma estrada para realizar
estudo piloto sobre o tema. Um conjunto de dados abrangente foi desenvolvido apés
a coleta de dados. Técnicas estatisticas foram empregadas para estabelecer as novas
metodologias. Essas técnicas incluem cadeias de Markov, para desenvolver modelos
de deterioracdo, e andlise de algoritmos evolutivos, para desenvolver o processo de
tomada de decisdo. Como resultado, foi desenvolvido um programa de gerenciamento
para estradas ndo pavimentadas e pavimentadas utilizando uma entrada de dados
pratica e resultados estatisticamente confiaveis. Com esse programa, pequenas ou
grandes cidades e empresas podem melhor gerenciar a sua malha viaria, aplicando
manutencdes pontuais, com o melhor custo-beneficio para o 6rgdo competente,

visando sempre 0 seu limite orgamentario.

Palavras-chave: Estradas pavimentadas. Estradas ndo pavimentadas. Manutencéo.



ABSTRACT

RIBEIRO, Laura Carine Pereira, D.Sc., Universidade Federal de Vicosa, October,
2020. Establishing a methodology for unpaved and paved roads management
system . Advisor: Taciano Oliveira da Silva. Co-advisor: Jose Carlos Lopes Ribeiro.

In the state of Minas Gerais, Brazil, roads are mostly managed by local agencies that
carry out more maintenance and rehabilitation (M&R) work than management work. In
addition, these agencies have very limited resources and operate without any long-
term plans. Overall, there is no available guidelines or consistent strategies followed
over the state to manage these kinds of roads. As a result, this work was created to
develop a new Unpaved Roads Management System (URMS) and a Pavement
Management System (PMS). These URMS and PMS are intended to provide feasible
practices to help local agencies in dealing with the various challenges associated with
maintaining unpaved and paved roads. The ultimate goal of these URMS and PMS is
to help local agencies in maintaining their asset of all the roads in best serviceable
shape within available resources. The methodology of this study was to establish a
prototype for the new URMS and PMS to improve current management practices for
unpaved and paved roads in Minas Gerais. Before implementation across the state,
was selected a specific road to carry out the pilot study on the topic, a region at Zona
da Mata County, close to Vigosa city. A comprehensive dataset was developed after
data collection. This dataset was used to develop various methodologies related to
URMS and PMS in Minas Gerais. Statistical techniques were used to establish the new
methodologies. These techniques include Markov chains to develop deterioration
models and analysis of evolutionary algorithms to develop the decision-making
process. As a result, a management program for unpaved and paved roads was
developed using practical data entry and statistically reliable results. With this program,
small or large cities and companies can better manage their road network, applying
specific maintenance, with the best cost-benefit for the competent agency, always

aiming at their budget limit.

Keywords: Optimization systems. Unpaved roads. Paved roads.
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CHAPTER 1: Introduction

In 2018, the National Transport Confederation (Confederagcdo Nacional do
Transporte - Brazilian agency to manage transports) estimated the length of the
Brazilian road network at 1,720,700 km, with 213,453 km on paved roads (13,49%),
1,349,938 km on unpaved roads (86, 51%), which only 157,309 km of the total were
planned roads (CNT, 2019). According to the CNT (2019), 61% of the trucks and 95%
of the passenger vehicles use the highway system constituting the main element of the
Brazilian transportation. It is also predictable that due to the difficulty access to some

areas, this number should be much larger than the length exposed.

The state of Minas Gerais has the largest road network in Brazil, equivalent to
about 16% of all existing road network in the country. In this state, there are 272,063
km of highways. Of this total, 9,205.5 km are paved federal roads, 22,286 km are paved
state roads, and 240,571 km are unpaved municipal roads (Rodovias, 2019). About
the pavement, the federal network is almost paved with only 576.60 km of unpaved
roads. The state network is divided into 22,286 km of paved, 4,925.75 km of unpaved,
and 316.4 km with paving work in progress. The municipal network is basically
composed by unpaved roads (Rodovias, 2019).

In the bibliography research phase of this work, it was possible to observe that
the municipal roads network does not have the required maintenance conditions or
technical support to assist the decisions to make. This problem results in surfaces that
are inappropriate for the traffic, resulting in bad conditions to the trucks and shipments,
to the cars and the travelers, and triggering considerable environmental damage
(Maibach et al., 2008; Bickel and Friedrich, 2013). This context shows the need to
create an effective maintenance management system for all types of roads (UN, 2015).
To create a methodology for this work, it is necessary to keep in mind some aspects
to consider in order to create a multi-agent system (MAS): the type of the road and the
current condition, the types of trucks available and their weight, and finally the available
budget to perform the maintenance.

Currently, developed countries have an efficient management system to
prioritize roads segments to be maintained according to available budget: Pavement
Management Systems (PMS) for paved roads and Unpaved roads Management
Systems (GRMS) for unpaved roads (WTTC, 2014). In this study, it is necessary to
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understand how these maintenance systems work to develop a cost-effective
maintenance management system for paved and unpaved roads. This system will be
created thinking carefully about all the stages of execution, which will predict the future
condition of the road and then compute the best maintenance option according to the

budget and available time of each situation.

1.1. Problem Statement

Collecting feasible roads condition (unpaved or paved) data is considered by
companies and research as one of the main challenges of building any management
system. Measuring actual roughness is still not a feasible option for monitoring
unpaved roads but works well to paved roads (Aleadelat, 2018). Currently, the state of
Minas Gerais utilizes inexpensive, less labor-intensive windshield surveys to evaluate
road conditions that one can observe at DNIT guide (DNIT, 2003). However, these
surveys are not able to follow the whole dynamic nature of the unpaved roads.
Unpaved roads can change quickly due to the various traffic and weather conditions.
Hence, local agencies are in need for an automated and low-cost data collection
method to monitor all the roads. Also, the acquired data feed from any new data

collection method should be frequent to control the dynamicity of these roads.

At this time, there are no available guidelines or consistent strategies followed
in Minas Gerais to manage unpaved or paved roads. Normally, local agencies base
their decisions on local considerations and run their maintenance according only to
their experience (Veryard, 2016). Usually, these agencies know the best maintenance
practices that should be followed to maintain any road. Nonetheless, according to
some local agents, these agencies do not know which roads should be given the

priority for maintenance projects every year (Graham, 2014).

On one hand, it is a cost-effective approach for many local agencies to prefer
managing an asset of unpaved roads compared to paved ones. On the other hand, the
amount of dust and potholes is considered a major flaw of maintaining an asset of

unpaved roads comparing to paved roads.

1.2. Research Objectives
This research study aims to develop several methodologies that can facilitate
the management of unpaved and paved roads in Minas Gerais, Brazil. The new

methodologies will help local agencies in optimizing their limited budgets and
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maintaining unpaved or paved roads under their jurisdictions in the best serviceable

shape. The main objectives of this study are summarized as follows:

1. Developing a regression model to use the historical unpaved roads dataset to
match the method needs that is feasible for small local agencies in Minas Gerais state,
Brazil.

2. Developing a deterioration model for paved roads in Minas Gerais (Brazil) using
Markovian process to predict the future condition and future needs.

3. Developing a deterioration model for unpaved roads at Zona da Mata county,
Minas Gerais (Brazil) using Markovian process to predict the future condition and
future needs.

4. Developing a comprehensive optimization methodology that can help local
agencies in selecting the most appropriate maintenance type for any unpaved or paved
road under their jurisdiction. This will include estimating potential projects costs and

funding allocation.

1.3. Research Tasks

Several tasks were identified and accomplished to achieve the objectives of this
research study. Figure 1 shows a schematic diagram for the different research tasks
that were accomplished for this study. These tasks include intensive field data
collection efforts, in addition to, programming and analytical efforts that yielded
important tools for the management of unpaved and paved roads. Every accomplished

task yielded a research paper as shown in the following subsections.

1.3.1. Collecting Unpaved roads/Paved Roads Condition Data

Zona da Mata, located in the southeastern part of the state of Minas Gerais,
was selected to perform a pilot study prior to any statewide implementation of the new
GRMS. On other hand, to perform a pilot study to develop the PMS, was considered
the entire state of Minas Gerais. In this state, there are 272,063 km of highways. Of
this total, 9,205.5 km are paved federal roads, 22,286 km are paved state roads, and
240571 km are unpaved municipal roads (Rodovias, 2019). The paved dataset was
formed by a collection from CNT group. On the other hand, the unpaved dataset was
collected by the authors. A rating team of three collected all the data to evaluate the
entire road network. The rating team used the DNIT 008 guide (DNIT, 2003) from the
Brazilian transportation and infrastructure agency (Departamento Nacional de
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Infraestrutura de Transportes-DNIT) to follow the procedures to evaluate the paved
roads, and was also followed two visual windshield surveys to evaluate unpaved roads:
the Ride Quality Rating Guide (RQRG) and the Unpaved roads Rating Standards
(GRRS) from Wyoming Technology Transfer Center (WTTC, 2014). During the rating
process, the rating team performed a road segmentation process based on many
factors such as: usage levels, changes in surface type, intersections, surface

conditions, and type of surroundings (i.e. crops or houses).

The main purpose of the segmentation was to obtain uniform, consistent,
homogeneous, and more representative ratings. This intensive data collection effort
resulted in a comprehensive database that was used later to establish or to validate
the developed methodologies in this research study. This task is going to be described

in all four papers during this study.

Collecting gravel roads Collecting paved roads

data from 2011 to 2019

data from 2013 to 2018

Developing a
pavement deterioration
model using Markovian

process

Developing a
gravel roads deterioration
model using Markovian
process

Developing a gravel Developing a
roads management

system

pavement
management system

Figure 1: Research Methodology
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1.3.2. Developing a regression model to match the 2 types of surface
evaluation methods

This task describes the methodology developed to create a regression model to
standardize the objective method to evaluate unpaved roads based on the results of
subjective method. This result is going to extend the historical data and fill the gaps to
create a PMS to maintain the roads, once each state or city have their preference for
one of these two surveys methods. The overall Brazilian network of unpaved county
roads exceeds 1,359,045.3 km according CNT (2019). This network is usually
composed of roads with poor maintenance due to lack of financial resources and
proper technical knowledge. There are two types of functional evaluations to classify
the surface conditions of tropical unpaved roads. The objective of this research task
was to establish a correlation between the results of these two evaluations, objective

and subjective evaluations.

Such correlation represents the fact of the subjective assessment better
represents the conditions of tropical unpaved roads, as authors have already found,
and match the two types of evaluation to create a unique dataset. The analysis was
composed of one road of 4,050 km that was split into 18 sample units of 150 meters
each. In the subjective evaluation, the study team drove through the road’s sections,
ranking them according to the road’s travel quality. In the objective evaluation, the team
evaluated the surface conditions of sampling units representing the road sections,
rating them according to their Unsurfaced Road Condition Index (URCI) (DNIT, 2003).
Multivariate statistical analysis was used to establish correlations between the

subjective evaluation and the road distresses.

Based on the results, regression models were developed to predict objective
values based on subjective values in two different situations: when the roads have
periodic maintenance, and when the roads do not have periodic maintenance. As these
models provide precise results, it is possible to use the both objective or subjective
methodology to evaluate roads standardizing the methods and filling the gaps to create
a pavement management system to better maintain the roads. This study will compose

chapter 2 of this thesis.
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1.3.3. Developing an unpaved roads/paved roads deterioration model using
Markovian process

In this research task, a probabilistic performance models that predict the
deterioration patterns of unpaved roads and paved roads were established using
Markov Chains (MC). The implementation of this probabilistic modeling approach has
been widely used in the management of paved roads as it is flexible and requires

minimal historical data to develop performance models (Aleadelat, 2018).
e Unpaved road deterioration model

In this task, the developed prediction equations are based on the GRRS system
which is a modification to the Pavement Surface Evaluation and Rating (PASER)
system from Transportation Information Center (Walker, 1989). This system is the

most popular system to evaluate unpaved roads in the U.S.A.

The dataset from Vicosa city was collected by the authors and was used to
develop the initial and the start vectors. Then, the functional conditions were used to
develop the Transition Probability Matrices (TPM) (Pinsky and Karlin, 2011). The
application of MC requires, at least, two successive time series historical data. Then,
the found TPM and the initial vectors were used to develop the Markov Chains and the
service life prediction equations for the unpaved and paved roads. It was found that
the average service life of an unpaved roads around 8 and 16 months. Nevertheless,
the prediction of unpaved roads service life is very hard as these roads are very
dynamic with interrelated deterioration modes.

e Paved road deterioration model

The developed prediction equations are based on the PCI system from the
AASHTO guide (AASHTO, 2001). This system is the most popular system to evaluate
paved roads in all over the world.

The dataset from Minas Gerais state was collected by the CNT organization,
which was used to develop the initial and the start vectors. Then, the functional
conditions were used to develop the Transition Probability Matrices (TPM) (Pinsky and
Karlin, 2011). It was found that the average service life of a paved road is around 10

and 20 years, and it is easier to predict than unpaved roads.
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The formulation of any distress at the road surface encourages the formulation
of many others. Lastly, the new equations will be used in the development of another
comprehensive optimization model to select unpaved roads maintenance practices.
This research task is going to be divided in two papers consolidated in chapter 3 and

chapter 4, working respectively with paved and unpaved roads.

1.3.4. Developing an unpaved roads/paved roads management system

This research task established a comprehensive optimization model that helps
local agencies in selecting maintenance strategies and allocating funds to the various
unpaved roads projects and paved roads projects. Every year, local agencies
implement many maintenance strategies to preserve their asset of roads. These
strategies include, but are not limited to, blading, re-unpaveding, and applying
chemical treatments for unpaved, and for paved roads include, but not limited to, fog
seals, crack seals, slurry seals, traction seal and thin overlays (Asphalt Institute, 1996;
Huntington and Ksaibati, 2011).

In Brazil, there is a lack in the management systems that are appropriate for
small local agencies which are responsible for the management of unpaved or paved
roads. Previous efforts to establish URMS/PMS strategies are mostly limited to the
developing agency or state. Normally, each state or public agency will have their own
goals or ambitions while managing the roads. Due the poor conditions of the roads and
limited budget to spend on infrastructure, it is necessity to develop strategies specific
to Minas Gerais which can be implemented by local agencies to manage the vast roads

network in the state.

The established optimization model works towards maximizing the overall roads
network conditions considering traffic volumes and subject to the assigned budgets. A
user can run this tool by simply uploading an Excel sheet with the required parameters.
Using this tool, a decision maker will be able to identify the most appropriate treatment
type for each unpaved/paved road, service level, estimated project cost, predicted road
condition, and whether to fund a project or not. Other local agencies in Brazil can use
the same tool with some modifications. This research task was documented in chapter

5 on this thesis.
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1.4. Thesis Organization

In this research study, the new established methodologies are presented in four
papers. Each paper is presented solely in a separate chapter throughout this thesis.
The first chapter is the introduction. It is based on general information to give the lector
all the important leads that are necessary to understand the other chapters. The first
paper or chapter 2 talks about the evaluating road assessment systems for tropical
low-volume unpaved roads. The second paper or chapter 3 talks about developing a
deterioration model using Markovian probabilistic process for Brazilian unpaved county
roads. The third paper or chapter 4 talks about developing a deterioration model using
Markovian probabilistic process for Brazilian paved roads. And the fourth paper or
chapter 5 talks about developing an optimization model to manage unpaved and paved
roads. The chapter 6 summarizes the conclusions from all the previous chapters, and
presents ideas and suggestions to future works on this field. At the end of this thesis,

a brief guide to explain how to use the system is presented in an Appendix.
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CHAPTER 2: Evaluating Road Assessment Systems for Tropical Low-Volume
Unpaved Roads

Abstract

The overall Brazilian network of unpaved county roads exceeds 1,349,938 km. This
network is usually composed of roads with poor maintenance due to lack of financial
resources and proper technical knowledge. This paper addresses the application of
functional evaluations to classify the surface conditions of tropical unpaved roads. The
objective of this paper was to establish a correlation between the results of objective
and subjective evaluations of the unpaved roads conditions. Such correlation will
determine if the subjective assessment better represents the conditions of tropical
unpaved roads as many authors have already found. The analysis was composed of
one road of 4050 km that was split into 18 sample units of 150 meters each. In the
subjective evaluation, the study team drove through the road’s sections, ranking them
according to the road’s travel quality. In the objective evaluation, the team evaluated
the surface conditions of sampling units representing the road sections, rating them
according to their Unsurfaced Road Condition Index (URCI). Multivariate statistical
analysis was used to establish correlations between the subjective evaluation and the
road distresses. Based on these results, regression models were developed to predict
objective values based on subjective values in two different situations: when the road
have periodic maintenance, and when the roads do not have periodic maintenance. As
these models provide precise results, it is possible to use the both objective or
subjective methodology to evaluate roads “standardizing” the methods and filling the
gaps to create a Pavement Management System to better maintain the roads. With
this system, cities or states or even big agencies can better optimize their available

budget maximizing the cost-benefits during the maintenance process.

Keywords: Unpaved Road, Multivariate Analysis, Pavement Management System,
Low-Volume Roads.
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1. INTRODUCTION

The overall Brazilian road network is 1,720,700 km long. Of this total, 1,349,938 km
are unpaved of which 1,114,110 km are under county jurisdictions (CNT, 2019). In
most cases, the offices responsible for the maintenance of unpaved roads in Brazil are
linked to municipalities that do not have adequate financial resources for their
maintenance and rehabilitation. In addition, these agencies lack the technical
knowledge necessary to prioritize these activities (Silva, et al., 2011). Allocating
adequate investments to these roads would result in increasing the roads service life,
the productivity levels and bringing social benefits to communities by providing access
to markets, services, jobs and information (Machado, 2013). However, the impact of
these investments is not well understood as infrastructure placement is usually driven

by endogenous economic, political, or social factors (Aggarwal, 2018)

Some unpaved roads carry extra-heavy volumes of traffic, usually in a single direction,
composed of vehicles with load capacity between 30 and 40 tons and vehicles with
load up over 40 tons. In other countries, the development of the automated models for
optimizing unpaved road vertical alignments is one of the main goals of planners and
designers before road construction to increase the service life (Nahvi, et al., 2019), but
with the minimal investments in infrastructure, it is almost impossible to develop cost-
effective models for developing countries. For this reason, there is a need to identify
the most effective way to predict performance and maintain roads in developing

countries (Babapour, et al., 2018).

Performance prediction is necessary for road condition evaluations, and for unpaved
roads, it can be determined based on functional evaluations. This functional evaluation
encompasses the processes of identification and characterization of aspects of its
rolling surface connected to the comfort and safety of the user. Subjective and
objective models can be utilized for rating the conditions of unpaved roads which

provide the nucleus for a maintenance management system (Shahin, 1994).

The subjective method utilized in this study was adapted to tropical roads by Fontenele
and Soria (2003), who studied the coherence analysis of the results of subjective
assessment carried out by a panel of evaluators in sections and sample units of
unpaved roads of the city of Sdo Carlos, State of S&o Paulo, Brazil. They analyzed

their surface conditions and assigned scores (0 — 100/ poor to excellent) that



28

represented their individual perceptions of the surface condition called Present
Serviceability Ratio (PSR).

The objective assessment utilized in this study is based on the U.S. Army Corps of
Engineers (USACE) methodology (Eaton and Beaucham, 1992). The primary
consideration in this objective assessment of unpaved roads is the identification of
roads and their subsequent division into branches, sections, and sample units. The
methodology determines the Unsurfaced Road Condition Index (URCI). The referred
index URCI is determined through the quantification and analysis of the roads surface
distresses. Thus, the URCI can be utilized to determine the priority of maintenance on
an unpaved road. An Unpaved Roads Management System (URMS) is widely used
and it is a complete decision-making method to prioritize the maintenance.

A URMS is composed by seven steps: define the roadway network and collect
inventory data, collect condition data, predict condition, select treatments, report
results, select pavement management tool, and keep the process current (Wolters et
al., 2011). To achieve these first 3 steps, is necessary to standardize the surveys, once

the objective and subjective methods have different triggers.

This research had the objective of creating a regression model to standardize the
objective method to evaluate unpaved roads based on the results of subjective
method. This result is going to extend the historical data and fill the gaps to create a
URMS to maintain the roads, once each state or city have their preference for one of
these two surveys methods.

2. OBJECTIVES

The first objective of this paper is to evaluate the applicability of the objective method
(Eaton and Beaucham, 1992) in the assessment of unpaved roads of the Vicosa city,
in the State of Minas Gerais, Brazil, based on the results of subjective evaluations
carried out on these roads using a Fontenele and Soria methodology (2003). The
hypothesis in this paper is that a subjective functional assessment, based on personal
aspects of technical assessment is more suitable to reflect the tropical road
serviceability than the objective functional assessment, based on standardized
measures of distresses. To compare and match the functional condition given by

objective evaluation and the condition given by Fontenele and Soria (or subjective
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evaluation) which represents better the tropical soil condition, multivariate analysis

must be used.

The second objective was to establish a correlation between both assessment types
using multivariate analysis with the software R 3.5 (Venables and Smith, 2005) in two
different situations: when roads receive periodic maintenance and when roads did not

receive any maintenance.

This correlation will result in a model that will guide a reliable value to the roads
functional evaluation to further develop a condition index. Once the functional
assessment used after the correction is based on standardized and worldwide
measures, this functional condition developed with the regression can be used to

implement a reliable unpaved roads management system.

3. BACKGROUND

Normally, roadway functional assessment encompasses the processes of
identification and characterization of road surface aspects linked to the user’s comfort
and safety, vehicle performance and transportation cost. The assessment includes
subjective or objective evaluations (Aggarwal, 2018).

Various agencies and researchers have suggested several subjective rating methods
to survey unpaved road condition including PASER, Unpaved-PASER, Unsurfaced
Road Condition Index method, unmanned aerial vehicle based remote sensing and
image processing, and a method developed by the U. S. Army Corps of Engineers
(USACE) for cold regions (Saha and Ksaibati, 2017). Another important one is the Ride
Quality Rating Guide (RQRG), which measures the quality of unpaved roads and the
driver perception, and there is also the Unpaved roads Rating System (GRRS), which
provides average assessments of the seven worldwide distresses. They are potholes,
rutting, washboards, loose aggregate, dust, crown, and roadside drainage (Eaton and

Beaucham, 1992). They are described on Table 1 and 2 respectively.

Table 1: Severity level of pothole (Eaton and Beaucham, 1992).

AREA (m3)
DEPTH (mm) <01 0,1-0,3 >0.3
<25 Low Low Moderate
25-50 Moderate Moderate High
> 50 Moderate High High
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Table 1: Types of distresses and levels of severity for the classification of unpaved roads (Eaton
and Beaucham, 1992).

Type of Level of severity
distresses Low Medium High
Moderate amounts or La'rge amounts or
: X : evidence of ponding
Small amounts or evidence of | evidence of ponding
. water on the road
Crown ponding water on the road or a | water on the road surface  or  severe
completely flat road surface, or | surface or a bowl- depressions  in  the
both shaped road surface, b
or both wheel paths on the
road surface, or both
. . Corrugations 1 to 3 in | Corrugations deeper
Corrugations less than 1 in (2.'5 (2.5 to 7.5 cm) deep | than 3 in (7.5 cm) or
Washboard | cm) deep or low-severity ; ; . h
or medium-severity | high-severity
roughness, or both
roughness, or both roughness, or both
) Moderately t.h'Ck Very thick cloud that
Thin dust that does not obstruct | cloud that partially severely  obstructs
Dust visibility obstructs visibility and | ;G and causes
causes traffic to ity -and ©
N traffic to significantly
significantly slow
slow down or stop
down
. Ruts 1 to 3 in (2.5 to | Ruts deeper than 3 in
. Ruts less than 1 in (2.5 cm) 75 cm) deep or| (7.5 cm) or high-
Rutting deep or low-severity roughness, . . .
medium-severity severity roughness, or
or both
roughness, or both both
Moderate (2 to 4 in) (5 Large (greater than 4
Loose aggregate on the road | to 10 cm) aggregate i (> 10 cm)
surface or aggregate berm on | berm on shoulder or
Loose aggregate berm on
the shoulder or less-traveled | less-traveled roadway
aggregate ; . . . shoulder or less-
roadway area of less than 2 in (5 | area; excessive fines
traveled roadway
cm), or both are usually found on area
the roadway surface
. Ponding water or
Po_ndmg water 9" | evidence of ponding
evidence of ponding o
. . . ) water in ditch, water
Ponding water or evidence of | water in ditch, runnin or down road
Drainage | ponding water in ditch, and | overgrowth or debris over r?)wth or debris'
overgrowth or debris in ditch in ditch, and evidence in digt;ch and erosion
of erosion of ditch into of ditch,into shoulder
shoulder or roadway or roadway

In this study, a type of GRRS was used, but in Brazil this methodology is known as

Fontenele and Séria (2003). The Present Serviceability Ratio (PSR) symbolizes the

average value of the individual opinions issued by a group of trained and calibrated
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observers for the measurement of parameters in analysis, when they register their

opinions about the distresses affecting the roads (Huntington and Ksaibati, 2015).

In the objective assessment, the pavement distresses are quantified with the technical
details of its state of deterioration. A well-established measurement-based unsealed
road assessment procedure was developed by the U.S. Army Corps of Engineers -
USACE (Eaton and Beaucham, 1992). PAVER is an example of the evaluation index
of this modality on paved roads. When the distresses are known, regular maintenance
can be applied correctly. The road maintenance is one of the most important
engineering services, since it maintains the integrity of the physical characteristics of
the cross-section and contributes to the drainage system (Huntington and Ksaibati,
2011).

Unpaved roads are constructed when volume of commercial traffic (gross weight
exceeding 3 tons) is less than 400 vehicles per day (Rabello Quadros and Nassi,
2015). In terms of utility, five main factors affecting the quality of an unpaved road can
be listed: traffic load, subgrade quality, construction practices, water, and maintenance
program (Rohith, Srikanth, and Chowdary, 2016). According to (Kabindra, Pramen,
and Thomas, 2014) it is recommended to define the types of maintenance of unpaved
roads as follows:

¢ Routine Maintenance: emergency repairs for blocked and ruined unpaved
roads; road patrolling, regularization or patching; drainage structures: external
cleaning and repair of ditches and drains, external cleaning of bridges, patches
of eroded areas, construction of erosion control and repairs to drainage
structures.

e Major Maintenance: maintenance practices used in the case of many distresses
in situations which the use of rehabilitation or reconstruction services is not
justified.

e Rehabilitation: thin unpaved overlay.

e Reconstruction: complete reconstruction.

To maintain the roads properly, maintenance practices and the functional condition
must be known. But in tropical soils, the objective methodology which is used to

establish the functional condition is not accurate (Wolff and Caldas, 2018). Most of the
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problems including functional road conditions are multivariate in nature and a statistical
multivariate analysis (MVA) must be applied (Wolters et al., 2011). Thus, in this work,
the subjective assessment was used as the response of the analysis and the seven
distresses were used as predictors (Morero and Ortiz, 2019). In other words, the
analysis was made to find a pattern recognition by providing an understanding of the

7 important patterns underlying relationships the subjective evaluation.

4. METHODOLOGY

The roadway functional condition provides information about what is happening on the
roads. With the current condition (and historical data if it is available) it is possible to
make a prediction of pavement performance using statistical methods and predict the

remaining service life.

The experiment included subjective and objective assessments performed on an
unpaved road of 4050 km that was split into 18 sample units with 150 m each selected
randomly, located in the city of Vigosa, at the Zona da Mata North County, in the State
of Minas Gerais, Brazil, to obtain the functional condition.

The subjective assessment procedure reproduced general aspects of the evaluation
adopted by Fontenele and Séria (2003), and the objective assessment followed the
USACE methodology (Eaton and Beaucham, 1992). This section was selected
because it represented the average surface conditions of the tropical unpaved road

network in the neighborhoods of the city of Vigosa.

The evaluation team was composed of five and three undergraduate civil engineering
students for the subjective and objective sections respectively. The three students from
the objective assessment team were also part of the subjective team. All evaluators
received field training about procedures of both types of functional assessment.

In the objective assessment, the training included the types and severity of distresses
presented in Table 1, and how to measure them following the procedure established
by Eaton from USACE (Eaton and Beaucham, 1992). The rating of a road section was
adopted as the average rating of its sample units in agreement with the same

methodology. Figure 1 shows one of the evaluators measuring the sample unit.
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Figure 1.Team member during objective assessment.

Source: The author.

In the subjective assessment, the evaluation team drove through the 18 sample units
at a speed of about 40 km/h, assigning scores in the range of 0 to 100 (or PSR)
according to the individual perception of their quality of travel, meaning O is a failed
road and 100 is a brand new road (Fontenele and Séria, 2003). The rating of a road
section was adopted as the average rating of its sample units, as was done in the

objective assessment rating.

Statistical analyzes were performed using R 3.5 software Statistical modeling,
regression analysis and model selection techniques were used. Models are functions
that aim to simplify the relationship between outcome and exposure, and it is possible
that different models describe the same phenomenon (Emiliano, et al., 2010). Thus, it
is necessary to define through scientific methodologies some selection method to

identify the most appropriate model.

In this work, two modes of model selection were considered in order to find the one
that best expresses the relationship between PRS and other covariates, manual
(forward and backward) and automatic (stepwise). In the forward method, it starts with
the simplest model and then new covariates are added, while in the backward model
it starts with the complete model and then one covariate is removed at a time. The
stepwise method incorporates both methods and uses the Akaike criterion to select
the best model. The importance of each variable in the model was assessed by the
Wald test and the corresponding p-value was verified.
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Two statistical models were used: linear regression model (LR) and Beta regression
model (BR). LR defines a linear relationship between the dependent variable and an
independent variable. BR is an important class of models used to model continuous
random variables in the range [0,1], such as ratios and proportions. According to
Ferrari and Cribari Neto (2004), this model is capable of modeling linear and nonlinear
relations, allowing to make very accurate estimates, regardless of the sample size or
the tendency of the data to values close to zero or one. The Table 3 presents some
characteristics of the linear regression model and the Beta regression model.

Table 2: Types of regression models (Morero and Ortiz, 2019).

Regression

Distribution Link Function Estimation Interval
model
Linear Normal Identity Least squares (-o0,0)
Beta Beta Logit Maximum likelihood [0,1]

The total of 508 statistical analysis were performed to both cases:
e 127 linear regression were used to perform case 1.
e 127 Beta regression were used to perform case 1.
e 127 linear regression were used to perform case 2.
e 127 Beta regression were used to perform case 2.

The linear regression models considered in the model selection evaluation were those
that presented all negative and significant coefficients. Since the coefficient of
determination (R?) increases as the number of covariates increases, it was decided to
use the adjusted coefficient of determination (R?.adj) to evaluate the explanatory power
of the models. Thus, the linear regression models were evaluated according to two
criteria: higher the R2.adj or all significant parameters. For the use of the Beta
regression model, the original values of the PSR were divided by 100 to be in the range
[0,1].
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5. DATA COLLECTION

The city of Vigosa is 300.5 km? and it is located at Zona da Mata North in the State of
Minas Gerais, Brazil. Vigcosa is 229 km away from the capital Belo Horizonte with
latitude between 20° 41’ 20” S and 20° 49’ 35” S, longitude between 42° 49’ 36” W and
42° 54’ 277 W, and elevation of 650 meters. To the north, the city has boundaries with
the cities Teixeiras and Guaraciaba, to the south Paula Candido and Coimbra, to the
east Cajuri and Sao Miguel do Anta and to the west the city abuts Porto Firme. The
study was based on the road VCS 296 which is 4.1 km long and it has easy access to

the city, as illustrated in Figure 2.

The data collection was made in two different years, September 2017 and September
2018. September in South America is the beginning of the spring season, when the

annual routine maintenance happens before the rain starts.

AV W AW

2T ] 3 TN
Boundaries Roads

1 | Teixeiras a -— BR 120

2 | Guaraciaba b --— MGT 482
3 | Paula Candido c --— MGT 356
4 | Coimbra d--— MG 280

5 | Cajuri e - VCS 493
6 | Sac Miguel do Anta f -—VCS 296
7 | Porto Firme g — VCS 346

Figure 2: Road location.

Source: The Author
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6. DATA ANALYSIS
6.1. First Case: roads with no preventive maintenance — September 2017

In September of 2017, the Brazilian road referred above was selected for this study
because it was in a bad condition and they had no preventive maintenance for at least
1 year. Functional evaluations were made, and Figure 3 shows the results of the

subjective (PSR) and objective assessments (URCI) performed on this road.

It should be emphasized the road selected presented different surface characteristics
in comparison to roads in temperate regions, including the presence of sandbanks and
erosive furrows which are distresses not mentioned in moderate weather places. That

is why the use of the objective methodology in tropical areas may require modifications.

il
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Figure 3: Functional assessments in September 2017 with no preventive maintenance.

Source: The Author

Without direct correlation between the PSR and URCI (R2adj = 0.0848), the second
option was to correlate the distresses values analyzed on the objective assessment
(presented in Table 1 and 2) to the overall subjective value to each sample unit. To
investigate the correlation between the PSR and the URCI presented in Table 4,
advanced analyses were made using the software R 3.5, and the statistical results

were showed on Table 5.
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Table 3: PSR and URCI from subjective and objective assessment from September 2017.

URCI
PSR 1- Cross 2- 3- 4 - 5- 6 - 7 - Loose
section Drainage |Corrugation | Dust | Pothole | Rutting | Aggregate
51 41.1 57 0 4 45.6 1.7 20.3
31.9 40 55.8 0 0 53.9 16.6 19
44.6 41.1 57 0 2 48.6 0 20.3
51 40 55.8 0 0 53.2 0 4.9
51.4 34.8 58.2 0 2 71.6 0 0
53.7 41.1 57 16.2 0 58.2 0 11.2
31.7 41.1 57 0 2 72.1 0 0
41.7 44.5 50 19.5 2 34.7 1.6 0
55.2 41.1 57 0 15 31.1 7.9 20.3
61.4 39 54.6 0 15 41.4 5.2 19.8
53.4 41.1 32.2 0 15 58.1 5.6 51.8
59.4 38 30.4 0 15 49.5 3.6 46.69
27.4 40 41.5 0 4 55.1 12.9 50.6
29.8 38 53.6 5.7 15 58.3 6.5 46.9
21.6 40 55.8 0 4 55.1 12.5 29.9
48.2 42.5 58.4 0 2 30.6 4.6 13.6
44.2 39 31 0 2 57.6 14.6 19.8
46.8 31.8 58.6 0 2 25.7 4.7 18.5
Source: The Author
Table 4: Statistical results using Linear Regression.
Model Coef. St. Error t p-value
LR (1)
Interception 97.2775 17.7555 5.479 <0.0001***
Corrugation -0.4037 0.4013 -1.006 0.3327
Drainage -0.4846 0.2417 -2.006 0.0662
Pothole -0.3750 0.1741 -2.154 0.0505
Rutting -1.4885 0.4563 -3.262 0.0062**
LR (2)
Interception 50.3674 3.5427 14.217 <0.0001***
Rutting -1.0430 0.4669 -2.234 0.0401**

LR (1): Higher R2.adj.

LR (2): All the coefficients are negative and significant.
*** p-value < 0.001

**0.001 < p-value < 0.01

*0.01 < p-value < 0.05

The LR (1) model among the adjusted models presented the highest R?.adj. (0.3754).
The interpretation of this model is as follows: as increases of one unit in covariate-
controlled Rutting (corrugation, drainage and pothole) decreases on average 1.4885

the value of PSR. The LR (1) is given by the expression below:



LR1=97.2775- 0.4037 * Corrugation - 0.4846 » Drainage - 0.3750
* Pothole - 1.4885 * Rutting
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The LR (2) model among the adjusted models was the only one that presented all

negative and significant coefficients. The interpretation of this model is as follows: the

increase of one unit in rutting decreases on average 1.04 the value of PSR. The LR

(2) is given by the expression below:

LR2 =50.3674 - 1.0430 * Rutting

Second, it was used the Beta regression to also adjust the assessments and compare

with the linear regression. The results were presents on Table 6.

Table 5: Statistical results using Beta regression.

Model Coef. St. Error t p-value
Beta (1)
Interception 1.9312 0.6866 2.813 0.0049**
Drainage -0.0231 0.0092 -2.497 0.0125*
Dust 0.0348 0.0161 2.159 0.0308*
Loose Aggregate -0.0139 0.0069 -1.995 0.0461*
Pothole -0.0126 0.0057 -2.233 0.0255*
Rutting -0.0431 0.0160 -2.697 0.0070**
Beta (2)
Interception 1.8503 0.6440 2.873 0.0040**
Drainage -0.0199 0.0089 -2.246 0.0247*
Pothole -0.0148 0.0063 -2.364 0.0181*
Rutting -0.0573 0.0165 -3.467 <0.0001***

Beta (1): Higher R?adj.

Beta (2): All the coefficients are negative and significant.
*** p-value < 0.001

**(0.001 < p-value < 0.01

*0.01 < p-value < 0.05

The resulted model using Beta regression (1) among the adjusted models presented

the highest R?adj (0.6137). The interpretations of these parameters are:

e Increasing 1% in the drainage ratio, PSR decreases by 2.31 percentage

points keeping the other variables constant.

e Increasing 1% in dust ratio, PSR increases by 3.48 percentage points

keeping the other variables constant.
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e Increasing 1% in loose aggregate ratio, PSR increases by 1.39
percentage points keeping the other variables constant.

e Increasing 1% in pothole ratio, PSR increases by 1.26 percentage
points)) keeping the other variables constant.

e Increasing 1% in rutting ratio, PSR increases by 4.31 percentage points

keeping the other variables constant.

The Beta (1) is given by the expression below:

Beta (1) = 1.9312 — 0.0231 * Drainage + 0.0348 * Dust — 0.0139
* Loose Aggregate — 0.0126 * Pothole — 0.0431 * Rutting

The Beta (2) model among the adjusted models was the only one that presented all
negative and significant coefficients (pseudo R?adj = 0.4936). The interpretations of

these parameters are:

e Increasing 1% in the drainage ratio, PSR decreases by 1.99 percentage

points keeping the other variables constant.

e Increasing 1% in the pothole ratio, PSR decreases by 1.48 percentage

points keeping the other variables constant.

e Increasing 1% in the rutting ratio, PSR decreases by 5.73 percentage
points keeping the other variables constant.

The Beta (2) is given by the expression below:

4

Beta (2) = 1.8503 — 0.0199 * Drainage — 0.0148 * Pothole — 0.0573 * Rutting

Using one of these models, it is possible to reuse old data sets composed by objective
analysis which are not sensitive enough to represent tropical weather and create a

reliable historical data to improve the maintenance.
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6.2. Second Case: the same road after preventive maintenance
2018

— September

After September 2017, two preventive maintenances (before and after the rains) were
applied to the test sections. In September 2018, the functional condition was collected

again, and the results can be seen in Figure 4.

70
60
50

60
a8
aq 4
&3 288
a0 §s 2
3
2
1
1 2 3 4 5 6

B P3R

5359
43 4%’

0
3I || | |
7 8

[ R v R o

51
20 45
84, ° 6
3339 29 30
5 25 a2

9 10 11 12 13 14 15 16 17 18

=

= URCI

Figure 4: Subjective and objective assessments in September 2018 with preventive maintenance.

Source: The Author
As expected, regular maintenance reduced severe distresses. Table 7 summarizes the
URCI values from the objective assessment. A similar analysis was made to compare
the objective and subjective evaluations, and the statistical results were presented on
Table 8.

Table 6: PSR and URCI from subjective and objective assessment from September 2018.

URCI
PSR . 2- 3- 4- 5- 6 -
1 - Cross section Drainage |Corrugation [Dust| Pothole |Rutting 7 - Loose Aggregate
60 32.2 38 10 2 415 0 39.2
48 32 38 9.6 2 0 0 33.4
37 41 38 9 4 0 0 0
39 33 28 3.1 2 0 6.8 43.7
46 25 28 3.7 2 0 5.6 20
51 33 38 0 4 40.3 14 0
36 57.7 4.3 2 2 4 0 20
44 45.2 66 0 2 0 0 0
36 24.9 38 0 2 0 2 0
40 48 66 0 2 0 0 20
37 24.9 48 0 2 0 2 20
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Continued
URCI
PSR . 2- 3- 4 - 5- 6 -
1 - Cross section Drainage |Corrugation |Dust| Pothole |Rutting 7 - Loose Aggregate
51 24.9 48 0 2 0 0 43
38 33 38 0 15 0 0 28
39 25 38 0 15 0 0 44
31 52 26 4 4 0 0 44.8
25 43 38 0 15 7 0 0
29 43 38 0.8 15 38.6 0 0
24 33 38 0 15 0 5.2 0
Source: The Author
Table 7: Statistical results using Linear Regression.
Model Coef. St. Error t p-value
LR (3)
Interception 57.3061 6.6700 8.592 <0.0001***
Cross Section -0.3339 0.1709 -1.954 0.0696
Dust -0.9640 0.2982 -3.233 0.0055**
LR (4)
Interception 45.1823 2.6546 17.020 <0.0001***
Dust -0.9559 0.3234 -2.956 0.0093**

LR (3): Higher R?.adj.

LR (4): All the coefficients are negative and significant.

*** p-value < 0.001

**0.001 < p-value < 0.01

*0.01 < p-value < 0.05

The LR (3) model among the adjusted models presented the highest R2.adj. (0.4157),
that is, this model presents the highest percentage of the explanation of the PSR. The
interpretation of this model is as follows: the increase of one unit in dust controlled by
covariates cross section, decreases on average 0.9640 the PSR. The LR(3) is given

by the expression below:

LR (3) =57.3061 - 0.3339 = Cross Section - 0.9640 = Dust

The LR (4) model among the adjusted models was the only one that presented all
negative and significant coefficients. The interpretation of this model is as follows: the
increase of one unit in dust decreases on average 0.9559 PSR. The LR (4) is given by

the expression below:



LR (4) = 45.1823 - 0.9559 * Dust
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Second, was used the beta regression to also adjust the assessments and compare

with the linear regression. This section presented linear and Beta regression as the

best regression models suitable to this case. The Beta regression results were showed

on Table 9.

Table 8: Statistical results using Beta regression.

Model Coef. St. Error t p-value
Beta (3)
Interception 0.0466 0.212 0.22 0.8261
Cross Section -0.0126 0.0049 -2.57 0.0102*
Dust -0.0405 0.0089 -4.571 <0.0001***
Loose Aggregate 0.0064 0.0028 2.257 0.0240*
Pothole 0.0116 0.0033 3.578 0.0003**
Beta (4)
Interception 0.3026 0.2535 1.194 0.2325
Cross Section -0.0135 0.0066 -2.064 0.0389*
Dust -0.0413 0.0118 -3.51 <0.0001***

Beta (3): Higher R?ad;.

Beta (4): All the coefficients are negative and significant.
*** p-value < 0.001

**(0.001 < p-value < 0.01

*0.01 < p-value < 0.05

The Beta (3) model among the adjusted models presented the R2adj (0.7282), which

means this model has the highest percentage of explanation of PSR. The

interpretations of the parameters are:

¢ Increasing 1% in the cross-section ratio, the PSR decreases by 1.26 percentage

points keeping the other variables constant.

e Increasing 1% in the dust ratio, PSR decreases by 4.05 percentage points

keeping the other variables constant.

e Increasing 1% in the loose aggregate ratio, PSR decreases by 0.64 percentage

points keeping the other variables constant.



43

e Increasing 1% in the pothole ratio, PSR decreases by 1.16 percentage points
keeping the other variables constant.

The Beta (3) is given by the expression below:

Beta (3) = 0.0466 — 0.0126 = Cross Section — 0.0405 = Dust + 0.0064
* Loose Aggregate + 0.0116 * Pothole

The Beta (4) among the adjusted models was the only one that presented all negative

and significant coefficients (R%adj = 0.4994). The interpretations of the parameters are:

e Increasing 1% in the cross-section ratio, PSR decreases by 1.35 percentage
points keeping the other variables constant.

e Increasing 1% in the dust ratio, PSR decreases by 4.13 percentage points
keeping the other variables constant.

The Beta (4) is given by the expression below:

Beta (4) = 0.3026 — 0.0135 * Cross Section — 0.0413 « Dust

With these options, the resulting index with the model was analyzed and compared
with the original index. Both situations were considered satisfactory, which means,
both situations are close to the real situation. But using one of these models the result

iS more accurate.

Considering all the possible models and trying to match both evaluation using them,
was possible to conclude that the model Beta 1 was the one with the better result as

showed on Figure 5.
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Beta 1=1.9312 -0.0231+Drainage+0-0348+PDust-0.0139+ Loose Aggregate -0.0126+«Pothole
-0.0431+Rutting (R%adj = 0.6137)

PSR x Beta 1-Case 1 PSR x Beta 1 — Case 2
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60 60,00
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30 30,00
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Figure 5: Results using the Beta 1 model matching the objective evaluation in both cases.

It was observed a good correlation between the evaluations using the model Beta 1.
However, thinking about the road behavior, it is impossible to have a positive variable
as the dust is shown in this model. The positive variable in this model means that
increasing this specific distress, the overall road condition will increase either, which it

IS not possible to occur.

Considering that using the objective evaluation from EATON, the dust variable is not
very significant over the overall condition. That is why was decided to cut the dust

variable from the final model to be used as the chosen model.

7. CONCLUSIONS

In the state of Minas Gerais, Brazil, two different road assessments methods to identify
unpaved roads distresses were used. The main objective of this paper was to compare
the road evaluation between the objective and subjective methods. The hypothesis
adopted in tropical countries is that the subjective method which is based on individual
perceptions is more suitable in reflecting road serviceability than the objective
functional assessment which is based on standardized measures of distresses. The
second objective was to establish a correlation between both assessment types and
develop a regression model using multivariate analysis with the software R 3.5 to
standardize these two surveys. A correlation was created between the two evaluation
methods representing two different conditions: when roads have periodic maintenance
and when the roads do not have any maintenance.
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The developed models can be highlighted as follows:

e They are tailored specifically to low-volume roads in the city of Vicosa,
state of Minas Gerais, Brazil. However, these models can be easily
modified for each city or state by following the same methodology
described in this chapter.

e They can be used to determine the pavement conditions for roads

receiving or not receiving periodic maintenance.

e They make it possible to use the objective methodology from U.S. Army
Corps of Engineers to evaluate roads by collecting information on the
distresses relevant to tropical roads. The models included only five of the
seven distresses which are included in both methodologies, subjective
and objective.

e Using these regression models to improve the roads evaluation, the
ranking method to repair selected roads can be improved. With current
pavement condition index assessed using the models, agencies are
equipped with the information needed to predict the future condition of a
segment, and to create performance prediction models. Then, a PMS
(Pavement Management System) can be developed to better maintain

tropical unpaved roads at minimal costs.

e For both conditions considered in this chapter, when roads had no
preventative maintenance and when they had one-year preventative
maintenance, the generated models were satisfactory, which means the
created models represent perfectly both situations. However, using the
model Beta 1 without the positive variable dust, it is possible to better

match the evaluation values in any situation.

8. RECOMMENDATIONS

The cities are always changing practices to better use limited resources. It was
demonstrated in this paper a way to undertake a reliable surface condition assessment
that can help the cities, state, and companies on how to better evaluate the current

condition and manage their roads. It is recommended to conduct a comprehensive
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study to determine new, practical and technological data collection methods and
deterioration models to predict the roads decline and its maintenance. It is also
recommended that the managers consider the use of pavement management systems
to allocate resources or predict maintenance and rehabilitation strategies in their

jurisdiction.
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CHAPTER 3: Developing a Pavement Deterioration Model Using Markovian
Probabilistic Process for Minas Gerais State Paved Roads

ABSTRACT

In the state of Minas Gerais, Brazil, pavement engineers utilize a ranking approach to
manage 22,286 kilometers of interstate paved roads. However, the ranking method
used to select roads to be maintained is inefficient and inadequate for Pavement
Management Systems (PMS). To build a PMS, is necessary to develop deterioration
models, which can be created as site-specific, family and expert opinion curves, or
statistical curves. These statistical performance curves, which will be used on this
paper, can be established using probabilistic or deterministic techniques. The
deterministic technique does not include the uncertainties of pavement deterioration
which is related to the weather and to the traffic. On other hand, the probabilistic
models that include these uncertainties result in more precise deterioration models. On
this chapter, probabilistic models using the Markovian process were developed for
paved roads located in Minas Gerais, Brazil. Regression techniques were used to
create the deterioration trails using the predicted distribution assessed from the
Markovian process. Results indicated that the deterioration decreases 1 level over a
year and the deterioration model developed had the coefficient of determination (R?)
above 0.99. As probabilistic models provide more accurate results, it is recommended
that these types of models be used by consultants and government official when

managing paved roads.

Keywords: deterioration model, paved roads, pavement management system, tropical

roads, Brazilian roads

1. INTRODUCTION

In Brazil, pavements deteriorate due to traffic in addition to the tropical weather and
high humidity (Willway et al., 2008). Pavement maintenance is currently a major
challenge to transportation engineers due to the complex interaction among factors
that result in failure. These failures come from the damaging effects of traffic, the
seasonal traffic loading, age, weather, type of maintenance, soil, and etc. (Gupta,

Kumar and Rastogi, 2014). In order to maintain roads efficiently, the governments are
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trying to develop and implement a Pavement Management System (PMS) to
reestablish the roads with a restricted budget (ADB, 2003). A PMS is a tool that
provides a systematic method of road condition data collection, storage, analysis and
modelling for decision-making associated with improving resources across a pavement
network. However, when funding is limited, the PMS identifies the best mix of roads
preservation projects that provide the most benefit to society in terms of the overall

lifecycle cost of the road network (Leandro et al., 2015).

Prior to starting the implementation process, it is recommended that the government
consider forming a steering committee to work as a group in establishing a process to
meet the needs. The development of a systematic and repeatable pavement
management process is a key component in the effective planning and management
of a PMS. Seven steps serve as a guide for customizing a pavement management
process that fits the needs of each local agency. The steps are defining the roadway
network and collect inventory data, collect condition data, predict condition, select
treatments, report results, select pavement management tool, and keep the process
current (Pulugurta, Shao, and Chou, 2009).

To predict the condition, which is the purpose of this paper, it is necessary to
understand the pavement performance and the differences when it is analyzed at the
network or project level. At the network level, the entire network is analyzed to identify
the appropriate type of maintenance and the road sections to be repaired. At the project
level, only the selected sections are analyzed to determine the right treatment types
(material and thickness) to be applied. These performance models derived from all the
pavement characteristics (functional condition, width, length, rut) allow the prediction
of the main pavement distresses caused by the traffic loads and the climatic conditions,
such as deflections, tensions, deformations, thermal tensions, moisture content, and

temperature (Maaty, 2017).

Performance prediction models can be of two types: deterministic and probabilistic.
Deterministic models predict a single number for the pavement service life or the
deterioration level. Probabilistic models include a probability distribution analysis. They
are preferably used at the network level, due to the greater uncertainties associated
with this level (Moreira et al., 2018). The techniques to create these models are straight

line extrapolation, regression (empirical or deterministic), mechanistic-empirical,
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polynomial constrained least square, S-Shaped curve, Markovian and Bayesian. At the
present time, the most popular technique to develop a deterioration model is the

stationary Markovian chains (Del Sole, 2006).

Markovian chains are a technique which assumes that the road network will always
deteriorate following the transition obtained from the transition matrix (Saha, Ksaibati,
and Atadero, 2017). A transition matrix of a Markovian process contains information
on how the process moves from one state to another in terms of probabilities. These
probabilities are assumed to be constant (do not change with time), i.e., the transition
matrix is stationary. Given the pavement initial condition at year 0 and the transition
probability matrix of the pavement Markovian process, an equation can be created for
predicting pavement condition (Shahin, 1994).

The use of Markovian models is also evident in research on the management of other
infrastructure objects than roads, such as bridges (Tsuda, 2006) and pipelines (Sinha
and McKim, 2007). There are two advantages of the use of Markovian models to
determine optimal intervention strategies. The first is it allows generalization of the
deterioration process into the transition pattern matrix, which is suitable for
representing pavement performance. The second advantage allows using the
deterioration process even with the lack of historical data, as the probability of
observing future state depends only on the probability of observed condition states at
present. So, with a minimum of two visual inspections, deterioration progress of the

pavement can be predicted (Kobayashi, Do and Han, 2010).

In this paper, the Markovian process was used to develop deterioration models to
predict the future conditions of roads. These deterioration models can be used to
implement a reliable and cost-effective PMS that provides a reasonable and practical
number of maintenance and rehabilitation plans consistent with the number of
deployed condition states. The purpose of the study was also to make the modeling
process with Markovian chains clear and available for use by other academic
researchers or pavement management agencies who are struggling to use the existing
data and obtain prediction models to develop and test their optimization methodologies

for decision-making.
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2. OBJECTIVES

The objective of this research was determining the deterioration model of pavements
for all the Minas Gerais (Brazil) state paved roads network, using Markovian chains. In
2018, evaluators traveled 22,286 km through the state to determine the general
condition of the road network, considering pavement, signs, and geometric features
(CNT, 2018). The roads are classified according to the American Association of State
Highway and Transportation Officials (AASHTO) considering their surface condition
(AASHTO, 2001). The condition categories are excellent, good, fair, poor, and failed.
Of this total, 61.3% were evaluated as fair, poor, or failed. Due to the poor conditions
of the pavements, the cost of freight has increased by 28.9%, as roads with distresses
are less secure and require more maintenance of vehicles and higher fuel

consumption.

Approximately, R$5,19 billion should be applied for emergency reconstruction and
restoration of the roads classified as fair, poor or failed, along with the implementation
of adequate signs. For the regular roads, the maintenance of the sections should cost
approximately R$2,55 billion (CNT, 2018). However, the available budget is not
enough to cover all these interventions, which necessitates using an optimization
system to allocate the money effectively. To develop an optimization system,
pavement deterioration models need to be developed. These models are important to
predict the future condition of pavements to allow correct rehabilitation treatments to

be selected and timed in the best possible way (CNT, 2018).

The aim of this study is to develop a Markovian prediction model using the pavement
condition database from Minas Gerais state, Brazil collected by CNT (CNT, 2019).
Markovian models start with estimation of the transition probabilities, defined as the
probability with which the pavements transits from one state to another (Kobayashi,
Do and Han, 2010). This matrix makes it possible to implement a system to allocate

existing budgets efficiently.

3. BACKGROUND

3.1. Pavement Deterioration
Pavements are only designed to last for a certain period. During each of these periods

or "life cycles", the pavement begins from an optimal condition, declining until it
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reaches a failed condition. This decreased level in a pavement condition or service-life

is known as pavement deterioration (Shahin, 1994).

Estimating the pavement deterioration is important to help those responsible for
maintenance with their decision-making process, and aid them in understanding the
pavement performance offered to drivers. Once the deterioration condition is known,
professionals are able to find techniques that effectively work to control the
mechanisms competing to decrease the pavement service-life. The deterioration
should be estimated by evaluating the two main causes: the functional deterioration,
and structural deterioration (Saha, Ksaibati, and Atadero, 2017). There are specific
assessment methods to determine each of these components. Figure 1, a paved road

from Minas Gerais awaits maintenance that will extend its service life.

Figure 1: Paved road from Minas Gerais in poor condition (CNT, 2018).

The functional evaluation estimates the condition of the pavement according to the
user's perception of detecting surfaces irregularities. It includes surveying aspects
which will directly affect the road users in the form of distresses measurement. It
depends on the longitudinal roughness, which is generated by the accumulation of
permanent deformations under repeated loads in all layers of the pavement. Also,
distresses from layers deterioration are measured due to their impact on service level
(Ragnoli, Blasiis and Benedetto, 2018). In other words, an increase in the amount of
distresses reduces the service level.
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Surface evaluation is related to the maintenance techniques necessary to avoid
accelerated deterioration in the future, or to determine the restoration measures
required to improve the pavement. Although this survey is not intended to represent
the user's response, it is related to the response (Pardal, 2014).

For the structural evaluation, the pavement structural condition denotes its adequacy
or its ability to resist the deterioration caused by the passages of traffic loads. Thus, a
complete picture of the structural pavement condition should be composed of
parameters that describe the elastic or viscoelastic deformability of the materials of the
layers. These parameters are used to calculate the tensions and deformations due to
traffic loads in the pavement structure. Additionally, parameters that describe the
resistance of the materials accumulating plastic deformations under repeated loads,
depend on the nature of the material, the condition (density, humidity), the history of
loading, and also, the integrity of asphaltic and cemented layers, expressed by the
level of cracking (Chabot et al, 2008).

These structural conditions indicate the speed at which the pavement deterioration is
occurring, i.e. the speed in which the distresses are appearing or increasing in severity.
The most cost-effective time to restore a pavement is immediately before the structural
condition reaches a level that the pavement deterioration starts to occur at a faster

rate. To know this period, the historical data must be studied (Baladi, 2017).

Knowing this information, it is possible to establish a maintenance project schedule of
a given road, which consists of identifying the most cost-effective conservation or
restoration measure that is enough to place the pavement under adequate or
acceptable functional conditions (Montoya-Alcaraz, Mungaray-Moctezuma and Garcia
2020). To achieve this result, Pavement Management Systems (PMS) are now used

worldwide.

3.2. Pavement Management System

The term Pavement Management System (PMS) can be understood as the efficient
and integrated coordination of the various activities involved in the design, construction
and maintenance of pavements that are part of a road infrastructure (road, airport or
urban), in order to allow them to provide acceptable conditions to the user at minimal

cost. Essentially, the PMS is a set of tools or methods to assist decision makers to find
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optimal strategies to construct, evaluate and maintain pavements in an acceptable

functional condition over a period of time with a selected budget (Mishra et al., 2015).

When considering infrastructure, where a network with a significant extension and
subject to freight traffic is common, the PMS tends to operate at both network and
project level in an associated manner. At the network level there is adequate planning
of the budget, the resource allocation, and the project selection. On the other hand, at
the project level it is possible to find the most cost-effective repair maintenance for

each road section (Rodrigue, 2020).

The establishment of a PMS becomes even more important when the road conditions
are bad and with a limited availability of resources. The main objective is to use reliable
historical data to make a careful decision to run a pavement maintenance program with
an organized methodology. Thus, a good PMS seeks to define maintenance strategies
looking to minimize the cost and to obtain an ample return on the applied resources
increasing the service life (Nishiyama and Domingues, 1995).

A quality PMS should seek to increase the efficiency of decision-making while
informing of the consequences of decisions made at various levels. Additionally, PMS
must ensure consistency between the decisions made, define the maintenance
strategy that minimizes the cost of road transportation, obtain the best return for the
resources applied by means of a safe, comfortable and economical transportation, and
optimize the use of the attributes destined to the maintenance of the road
infrastructure. To achieve all of these objectives, a PMS must have the ability to
constantly update itself considering alternative strategies, being able to determine the

optimal option, and to use feedback to improve overall decision-making (FHWA, 2007).

The project, database and analysis are the three parts considered for the
implementation of a PMS. When considering the project, the methods of the existing
procedures are reviewed, and the implementation plan is developed. At this stage, the
media is activated, in order to obtain the necessary political support. During the second
stage, the database is implemented, establishing the collection procedures, developing
the database and reporting the results. In the third step, the analysis is implemented
using deterioration models and decision trees, in order to generate priority
rehabilitation programs, verifying the effects of varying budget levels, and matching the
specified standard requirements for each case. When implementing a PMS, the issues
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preventing a good software are the limitation of skilled professionals and availability of

material resources (Domingues, 1995).

3.3. Deterioration Model and Markovian Chains

In order to make a reliable diagnosis, first it is necessary to apply a series of
deterministic/probabilistic models to predict the future conditions of each
homogeneous road section after which the prediction is compared with the actual
observed performance (Hassan, Lin and Thananjeyan, 2015). Reliable information
regarding the age of the pavement and the history of the traffic involved are crucial for
the success of this comparison. The result of this analysis will be (Wilde, Thompson
and Wood 2014):

* Clarification of the predominant degradation mechanism(s).

* Selection of the performance model(s) most appropriate to the reality of the highway

to predict the future need.

*The selection of the proper pavement maintenance to increase the service life at

minimal cost.

The design methods commonly used in Brazil are the deterministic ones, elaborated
from theoretical and rational extrapolations of observational models obtained by the
accumulation of data and experiences. The application of such methods is
accompanied by limitations and should only be used when no other technique is
available (Balbo, 2007).

On the other hand, there are probabilistic design methods that use theories to predict
tensions and deformations from traffic loads and weather changes, which can be
matched with the resistant tensions of materials (Neto, 2004). The use of these
probabilistic methods results in considerable advantages including better design,
reliability, prediction of specific defects, possibility of extrapolation of field results, and
compatibility between cost and benefit (AASHTO, 2001).

Currently, the Markovian process is the most popular probabilistic technique used to
develop a deterioration model. Markovian chains are based on the premise that future
evolution depends exclusively on the current state of the road. Historical data can help
to improve the future condition prediction, but it is not mandatory (Sharabah, Setunge

and Zeephongsekul, 2007). In other words, the present condition state will always
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influence the next condition state. To start the Markovian process, a correlation was
created between the road PCI and the Markovian index as Table 1 shows (Stewart,
2009).

Table 1: Developed Markovian Index (PCly) from PCI index.

CONDITION PAVEMENT CONDITION INDEX (PCI) MARKOVIAN INDEX
CATEGORY Upper limit Lower Limit (PClw)
Excellent 100 86 5
Good 85 75 4
Fair 74 58 3
Poor 57 40 2
Failed 39 0 1

It should be noted that the state transition of a stochastic process may or may not
depend on the elapsed time period. When this transition depends on the variable time
(t), it is said that the process is non-homogeneous, otherwise it is called a
homogeneous (Stewart, 2009). The Markovian process used in this works was the
non-homogeneous. In order to predict the deterioration evolution of a paved road
through the Markovian chains, it is first necessary to define the number of condition (k)
to be considered for the evaluation. The transition matrix with dimension k x k with the
following form is used to evaluate the transition probability of states (Ortiz-Garcia,
Castello and Smith, 2006):

1
pl1 p12 - plk
PAt = 0 p22 .. p2k
0 0 * H

0 0 0 1
The unit value presented in this matrix (Pat) corresponds to the maximum input value,
for each event. The reason for the probability value pk is due to the fact that there is
no further condition state after the k state, since it is a limited value (Stewart, 2009).
The transition probability from a state i to a state j, for a generic time interval (At), is

represented by pij, withi=j=1, ..., k, and determined as follows (Yang, 2004):

Pavii = Prob(X esat = j|X¢ = i)
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Through this equation, it is possible to demonstrate that the state of the pavement at
the moment of evaluation (t + At) depends exclusively on the previous state at the initial

moment (t).

4. METHODOLOGY

The CNT Highways Survey (CNT, 2018) decided to evaluate the three main
characteristics of the Brazilian road network: pavement, signs, and geometric features.
The paved roads that were evaluated include federal highways, relevant county roads,
and important local roads. These characteristics were analyzed according to condition,
distresses, and safety levels. The evaluation result was published in a report, using the
AASHTO guide to road classification as Excellent, Good, Fair, Poor, and Failed
(AASHTO, 2001).

The data collection method of the CNT Highways Survey is based on standards from
the Brazilian National Department of Transport Infrastructure (DNIT) and AASHTO,
which is widely recognized for technical references. AASHTO presents nomenclatures,
definitions, concepts, and survey methods regarding the main distresses of asphalt
pavement (AASHTO, 2001). The main standards used are:

» Standard DNIT 005 (DNIT, 2003a) which defines the terms used for distresses that

occur in flexible and rigid pavements.

» Standard DNIT 006 (DNIT, 2003b) which describes the conditions required for the

objective evaluation of the surface (flexible and rigid pavements).

» Standard DNIT 008 (DNIT, 2003c) which designates procedures for continuous visual
survey required for the evaluation of the surface (flexible and rigid pavements).

Other reference adopted is the Highway Capacity Manual (HCM) (TRB, 2010) which
also provides important definitions of aspects related to the road characteristics, as
well as methods for analyzing the capacity and operational quality of transportation

systems.

In 2018, the data from the entire country was collected by 26 research teams, each
consisting of 1 evaluator and 1 driver. Each team received specific instructions about
its assigned route. In addition to the research teams, there was a checking team

responsible for validating the information that was collected. The information collected
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by the checking team was not included in the final results of the survey, since they
were just verifying the existing sections. However, if there were inconsistencies, a team
was sent to the field to inspect the road again. All the distresses found on each road
were combined to develop a Pavement Condition Index (PCI).

The pavement condition data from the available pavement database was appropriately
organized according to the defined condition states. One part of this data quantification
process was the classification of the pavements, and the second part involved the

generation of data matrices for each classification of pavement.

In this paper, statistical analysis were applied to CNT dataset (CNT, 2019) performed
on the R statistical software (version 3.5) using Markovian chain techniques and
regression analysis. Starting from the data matrix, the transition matrix was calculated
to obtain the probability distribution matrix, which was used to estimate the expected
road age according to the PCI. These values were used to construct the statistical
model for road deterioration.

5. DATA COLLECTION

The CNT (2019) measured the entire federal paved road network and the main local
roads, totaling 107,161 km of roads evaluated through the country in 2018. Of the total
number of roads evaluated, 57.0% have some type of high severity distresses on the
pavement, signs or geometric features. On the same project, the CNT (2019) traveled
in Minas Gerais state 15,236 km through the state as illustrated in Figures 2 through 4
to evaluate the general condition of the road network considering pavement, signs, and
geometric features. Figure 2 summarizes the annual condition of every segment in the
network between 2013 and 2018.

Figure 3 summarizes the average road network condition per year between 2013 and
2018. In 2018, there is a significant drop in the functional condition which is probably
due to the reduction in the infrastructure budget that comes from the government.
According to CNT (2019), the annual expenditures on infrastructure were R$8.7 billion
in 2016, R$7.2 billion in 2017 and only R$5.9 billion in 2018.
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Figure 2: The PClwn of all 88 road segments between 2013 and 2018.
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The research CNT (2018) also identified 13 sections with erosions in the lane, 7 with
large potholes and 3 with barrier falls that decrease the safety to the driver. The
database contained information related to road identification number, the length, and
the PCI. Six years of maintenance records from 2013 to 2018 were used in this study.
The datasets from 2013 to 2018 was extracted, filtered, and combined to prepare a

single database for these roads network.

Based on the standards from AASHTO and DNIT, the CNT methodology for road

assessment adopts the following criteria:

» The data was collected and recorded by the evaluator along the roads in a vehicle

traveling at a maximum speed of 50 km/h.

» Each road is evaluated according to the visual observation of characteristics in

segments with an extension equivalent to a sample unit.

* The sample unit is a road section with a length between 1 and 10 km, unless it is

interrupted by an intersection or the end of the road itself.

* The evaluator is trained to carry out the inspection in a continuous way and to identify
when a specific distress on the pavement will be considered predominant in a sample

unit.

» Data collection occurs only when there is natural light and good visibility conditions
for a maximum of eight hours per day. However, in adverse situations as rain or haze,

the analysis is suspended until the ideal research conditions are restored.

« If a critical condition is observed along the road segment, the evaluator takes a photo

and records the location (using GPS coordinates).

In order to implement the Markovian process, the values of each distress index were

grouped based on Table 1.

6. DATA ANALYSIS

This study intends to develop a deterioration model for paved roads in Minas Gerais
using the PCI. Table 2 summarizes the data collection from the years 2013 to 2018.
The deterioration model was developed using the Markovian chains process. These

Markovian processes involves the process of developing three matrices: the transition
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probability data table (Table 3), the transition probability matrix (Table 4), and the
probability distribution matrices (Table 5).

Six years of pavement condition data (2013 to 2018) were used to develop the
transition probability data as shown in Table 2. In this table, Markovian models estimate
the transition probabilities data, which is defined as the rate the pavements transit from
one state to another. It is possible to visualize trough the tables that the pavement
conditions of some roadway segments drop from one year to the next by more than a
group. However, this type of data was not included on this analysis because this kind

of drop is not usual or realistic for a normal track of pavement deterioration.

Table 2: Road segments with their Pavement Condition using Markovian index (PClu) from 2013
—-2018.

Pavement Condition Index
Road Ext. (km)
2013 2014 2015 2016 2017 2018
LMG-633 35 2 2 2 2 2 1
LMG-820 2 3 3 3 3 3 2
MG-050 343 3 4 3 4 3 3
MG-123 45 2 3 3 3 3 3
BR-499 15 5 4 5 5 4 3
Table 3: Road segments with their Transition Probability Data from 2013 — 2018.
Transition Probability Data from 2013 - 2018

Paved Roads 5 4 3 2 1

5 25 17 0 0 0

= 4 0 57 31 0 0

Q 3 0 0 147 51 0
2 0 0 0 52 11

1 0 0 0 0 2

Table 3 represents the transition probability matrix for the entire network. A transition
matrix of a Markovian process contains information on how the deterioration process
moves from one state to another in terms of probabilities. These probabilities are
assumed to be constant, i.e., the transition matrix is stationary. From Table 4, it can be
seen that the number 0.595 represents the percentage of the roads that stay at level
5, and 0.405 represents the percentage of the roads that deteriorate from level 5 to

level 4.
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Table 4: Road segments with their Transition Probability Matrix.

Transition Probability Matrix

Paved Roads 5 4 3 2 1
5 0.595 0.405 0.000 0.000 0.000
= 4 0.000 0.648 0.352 0.000 0.000
8 3 0.000 0.000 0.742 0.258 0.000
2 0.000 0.000 0.000 0.825 0.175
1 0.000 0.000 0.000 0.000 1.000

Table 5 represents the probability distribution using the Markovian probability process.
In this table, the state of the maximum probability is shown in the bold font. For
example, comparing the distribution from year 1 to year 5, there is a probability of 0.075
for the segments to stay at level 5 and a probability of 0.024 for the segments to be at
level 1. However, the highest probability value is 0.415 for the roads be at level 3 at

year 5.

Table 5: Road segments with their Probability distribution using Markovian process.

Probability Distribution

Paved Groups 5 4 3 2 1 Total
1 0.595 0.405 0 0 0 1
2 0.354 0.503 0.143 0 0 1
E 3 0.211 0.469 0.283 0.037 0 1
4 0.126 0.389 0.375 0.104 0.006 1
5 0.075 0.303 0.415 0.183 0.024 1

While Table 5 predicts the distribution for 5 years, Figure 5 shows the deterioration
model according to that data set. The deterioration model obtained indicates that the
distresses have slow deterioration over the years. Regression techniques have been
used to develop the model using the mean obtained from the Markovian distribution as

shown in Equation 1:

PClIm = 0.005(Pavement age) 2 — 0,268(Pavement age) + 4,463, R 2=0.9999
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Figure 5: Roads deterioration model using the Software R.

This methodology included a pavement optimization maximizing the overall road
condition and minimizing life cycle cost on the roadway segments that are selected for
preservation projects. As paved roads require different levels of maintenance, the
methodology was applied to identify the best mix of road preservation projects over a
specific period.

The obtained results can be improved by using more than one year performing the
maintenance and revising the process. Also changing the evaluation method from
manual to smartphones measurement can highly enhance a better accuracy using

reliable subjective ratings and a new feasible way to do the evaluation.

It was demonstrated in this paper that the deterioration models using the Markovian
probability process can help manage the pavements in a better way. Accomplishing
this, the methodology turns attractive to companies and government due the facilities

and good results achieved to better manage their infrastructure with limited budget.
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7. CONCLUSIONS

This chapter developed a model using pavement distress data from interstate and
highways in the state of Minas Gerais over 6 years (from 2013 to 2018) using the
dataset from CNT (2018) survey. The proposed deterioration model was implemented
using the statistic computing Software R with the package. The developed Markovian
models for performance prediction of each road were characterized in an equation,
providing a probabilistic approach tool to the Pavement Management System (PMS)
by calculating the future condition states of pavements according to their age. The
methodology can be used to find the overall condition state of complete road networks.
This helps to identify the appropriate maintenance policy according to a specific
budget. It also helps to compare the improvement in overall condition after repair
treatment of a road network. The research concluded that the Markovian process is an
excellent tool which can be used to design decision support systems for PMS.
However, it is more appropriate to be used at a network level, since it is more effective
at estimating the number of sections in a particular condition state for a given moment
than at predicting the performance of a specific road section and the type of the
maintenance to be used there.

8. RECOMMENDATIONS

The Brazilian government and trucking companies that use roads to ship their products
are always trying to find new practices to better optimize limited budgets. This chapter
has demonstrated that the deterioration models using the Markovian probability
process can help organizations better manage their roads. Because the manual data
collection process takes a lot of time, energy, and money, it is recommended that a
comprehensive study be conducted to determine how to optimize the collection of data
using computers and smartphones. It is also recommended to compare Markovian
probability processes with other techniques, given the limited historical data available
when it comes to predicting the pavement age, allocating maintenance resources, or

predicting the future needs to achieve a certain service level.
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CHAPTER 4: Developing a Deterioration Model Using Markovian Probabilistic
Process for Brazilian Unpaved Roads: Case Study in Vicosa - MG, Brazil

ABSTRACT
Responsible for more than 60% of shipments and over 90% of travelers, Brazil’s road

transportation system faces serious problems with the poor infrastructure: 87.6% of
the network is unpaved roads. To better preserve these roads, is necessary to
understand how these unpaved roads deteriorate and improve the method to select
roads to be maintained. Currently, the most cost-effective method is the Unpaved
roads Management Systems (GRMS). The GRMS consists in planning the
maintenance in order to optimize the surface conditions over the entire network using
prediction models to predict the future needs. In this study, 18 segments with 150 m
each of unpaved roads were analyzed over nine years at Zona da Mata, Minas Gerais,
Brazil. To collect the dataset was used a guide created by Wyoming Technology
Transfer Center (Wyoming T2/LTAP), because the regular Pavement Condition Index
(PCI) evaluation is not sensitive enough to detect the quick changes in unpaved roads.
The probabilistic techniqgue Markovian process was used to create a deterioration
model for these unpaved road segments, and regression techniques with Software R
were used to develop the deterioration paths using the predicted distribution of indices
estimated from the Markovian process. Results indicated that unpaved road segments
have very fast deterioration over a year. The deterioration model developed had a
coefficient of determination (R?) above 0.99. As deterioration models using Markovian
process provide more accurate results, it is recommended that these types of models
be integrated into the GRMS to be used by the government to maintain the unpaved

roads.

Keywords: deterioration model, unpaved roads, unpaved roads management system,
Brazilian roads, tropical roads.

1. INTRODUCTION

In Brazil, 87.6% of the roads network is composed of unpaved roads. On the other
hand, the traffic volume is increasing every year, jumping 63.6% in six years (2009 —
2017), and exceeding 100 million vehicles in 2017 (CNT, 2018). With the overload, the
deterioration is happening faster than before and the maintenance service cannot keep
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up the path with the available budget, increasing bad conditions, heavy distresses, and
less safety for the drivers. In 2017 alone, 58,176 crashes were reported with 6,243
deaths on the federal highways (CNT, 2018).

In Brazil, Minas Gerais state has the largest road network, equivalent to about 16% of
all existing road network in the country. In the state, there are 272,063 km of highways.
Of this total, 9,206 km are paved federal roads, 22,286 km are paved state roads, and
24,0571 km are unpaved municipal roads (Rodovias, 2019). In most cases, the offices
responsible for the maintenance of unpaved roads in Brazil linked to municipalities do
not have adequate financial resources for their maintenance and rehabilitation (Lodge
et al., 2017). In addition, the agencies from developing countries lack the technical
knowledge and tools to understand how to prioritize these maintenance activities
(Pulugurta, Shao, and Chou, 2009).

It is known that the roads are built to match the volume of traffic, and for unpaved roads
this traffic is less than 400 vehicles per day (Quadros and Nassi, 2015). However,
some roads carry extra-heavy volumes of traffic, usually in a single direction,
composed of vehicles with load capacity more than 40 tons, which most of the times
exceed their capacity (Shahin, 1994). Five main factors may affect the capacity and
quality of unpaved roads: traffic load, subgrade quality, construction practices, water,
and maintenance program. To extend this quality and the service life, four types of

maintenance are recommended (FHWA, 2015):

¢ Routine Maintenance: shoulder repairs, side drain repairs and cleaning, manual
reshaping, pothole repairs, road grading, side slope repair, road marking, and sign

minor maintenance.

e Major Maintenance: maintenance practices used in the case of many distresses in

situations where the use of rehabilitation or reconstruction services is not justified.
¢ Rehabilitation: thin unpaved overlay or chemical stabilization.
e Reconstruction: complete reconstruction.

In developed countries, besides the usual types of maintenance, the advance of the
automated models for optimizing unpaved road vertical alignments is one of the main
goals of planners and designers before road construction to improve the surface quality

and decrease periodic maintenances (Tsuda et al., 2006).
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To organize a maintenance program, it is necessary to understand how these unpaved
roads deteriorate. They deteriorate not only due to the deformations caused by
constant traffic loading, but also by exposure to a variety of environmental and climate
conditions (Naik et al., 2017). These climate conditions are increased in variability in
tropical countries, which make the pavement deteriorate faster than in moderate
climate. The time between maintenances is a big challenge due the relationship
between these variables, and the government needs to determine how to prioritize
these roads to be maintained. An unpaved roads Management System (GRMS) is

widely used in developed countries, and it is a complete method for that (FHWA, 2015).

According to Saha, Ksaibati, and Atadero (2017), a GRMS is a strategic and
systematic process to maintain and upgrade the road network, but when the funding is
limited, the GRMS identifies the best mix of road preservation projects that provides
the most benefit to society in terms of overall lifecycle cost of the road network. A
GRMS is composed of seven steps including the “predict condition” which is the most
complex one. To predict the conditions, it is necessary to develop deterioration models
using the road condition over the years. The established models allow the prediction
of the main responses on the road surface, and it can be empirical, mechanistic, or
mechanistic-empirical type, which are models calibrated with data observed in the field
(Shenghua and Balasingam, 2019).

The GRMS does not have a standardized procedure to determine the surface condition
rating nor a deterministic approach to model the surface deterioration. To find the roads
condition, is necessary to evaluate the roads and determine the Pavement Condition
Index (PCI) (Shohel, 2015). However, the normal PCI does not apply to unpaved roads
because the PCI is a detailed examination of paved roads distresses such cracking
and potholes (Schnebele et al., 2015). To determine the unpaved roads condition in
this work, a guide created by the Wyoming Technology Transfer Center (Wyoming
T?/LTAP) was used. It was designed to be used in conjunction with the Ride Quality
Rating Guide also developed by the Wyoming T?/LTAP (WTTC, 2014).

With the roads condition, a GRMS uses probabilistic or deterministic models to predict
the future needs (Saha, Ksaibati and Atadero, 2017). In Brazil they are using mostly
family and expert opinion curves as a deterministic model, based on the field staff's

experience (Martins, 2015). In the deterministic technique, the uncertainties of
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pavement deterioration related to traffic and weather are not considered. However,
probabilistic models consider these uncertainties and result in more accurate curves
(Saha, Ksaibati, and Atadero, 2017).

The probabilistic model using Markovian process have been used to predict
deterioration in many infrastructure areas, such as pavements, bridges and pipelines
(Jin and Mukherjee, 2014). Surendrakumar, Prashant and Mayuresh (2013) used the
Markovian process to develop a decision support system for management systems.
The Markovian process is a probabilistic and stochastic model describing a sequence
of possible events in which the probability of each event depends only on the state

attained in the previous event (Ching and Ng, 2006).

The budget necessary for emergency reconstruction and restoration of unpaved roads
is high, and the cities cannot afford to preserve the entire network (Wilde, Thompson
and Wood, 2014). However, knowing the budget is not enough to cover all these
interventions, an optimization system is a good option to allocate the money effectively.
To develop an optimization system, deterioration models must be created. They are
necessary to predict the future condition of the roads, allow to select correct

rehabilitation treatment and, show the timing to start the repairs.

2. OBJECTIVES

The objective of this study was creating a deterioration model for unpaved roads at
Zona da Mata county, Minas Gerais (Brazil) using Markovian process. Over nine years
(2011 to 2019) evaluators traveled 2,723 km through the state to determine the general
condition of the road network. To determine the roads condition, they were classified
according with the amount of distresses on the surface following a guide created by

Wyoming T?/LTAP. The condition categories are very good, good, fair, poor, and failed.

In order to achieve the main objective, the following specific objectives have been
defined:

e Collect and analyze the existing distresses on municipal unpaved roads.

e Use a guide created by Wyoming T?/LTAP to evaluate the distresses.

e Create a transition probability matrix with Markovian process using the dataset
collected.
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e Use regression techniques to predict deterioration paths using indices from the
Markovian process and create a deterioration model.

3. BACKGROUND

3.1.Unpaved road deterioration and its management system

Roads are only designed to last for a certain period, and comparing paved and
unpaved roads, the paved roads lasts in a good condition at least twice more than
unpaved roads. The "life cycles”, or a period between a good condition and bad
condition, is when the surface begins from an optimal condition, declining until it
reaches a failed condition. This reduced level in a road condition is known as road
deterioration (FHWA, 2015).

Estimating the road deterioration is important to help those responsible for the
maintenance with their decision-making process, and aid them in understanding the
surface performance offered to drivers. Once the deterioration condition is known,
professionals can find techniques that effectively work to control the mechanisms
competing to decrease the service-life. The deterioration should be estimated by
evaluating the functional deterioration and structural deterioration (Saha, Ksaibati, and
Atadero, 2017). There are specific assessment methods to determine each of these
components for paved or unpaved roads. Figure 1 shows a data collection from a
unpaved county road at Zona da Mata, Minas Gerais (Brazil), which is awaiting

maintenance to extend the service life.

Figure 1: County road from Minas Gerais (Brazil) in poor condition.
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Source: The author
The term Unpaved roads Management System (GRMS) can be understood as the
efficient and integrated coordination of the various activities involved in the design,
construction and maintenance of unpaved roads that are part of a road infrastructure,
in order to allow them to provide acceptable conditions to the user at minimal cost.
Fundamentally, the GRMS is a set of tools or methods to assist decision makers to
find optimal strategies to construct, evaluate and maintain the surfaces in an
acceptable functional condition over a period with a selected budget (Mishra et al.,
2015).

These unpaved roads would normally be maintained at approximately 1/3 of the cost
per km for maintaining single lane sealed roads and would only carry a fraction of the
over-all traffic volumes. However, often these unpaved and unsealed roads are used
by a large portion of the agricultural, mining and forestry industries, thus playing an
important role in the over-all gross domestic product of any country (Henning et al.,
2015).

Although much cheaper to maintain compared to sealed roads, the optimal expenditure
on unpaved roads are much more difficult to determine. For example, there are several
successful sealed road management systems used around the world. While there are
a significant number of management and maintenance guidelines available for
unpaved roads, there are only a limited number of well-used maintenance decision
guidelines and systems (Austroads, 2009). Research into unpaved road management
systems has revealed that one of the main stumbling blocks of the systems is the

significant reliance on intensive data collection (Van Zyl, Henderson and Uys, 2007).

To create a good and reliable system, it is important to build a GRMS sooner as
possible to understand the road behavior and follow the changes over the years.
However, the establishment of a GRMS becomes even more important when the road
conditions are bad, and the resources are limited. The main GRMS objective is to use
the collected data from the roads to help the managers take decisions to run a
maintenance program with an organized methodology (Nishiyama and Domingues,
1995).

According to Van Zyl, Henderson and Uys, (2007) the issues with data sourcing for

these management systems are:
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e Specific material characteristics normally do not exist for individual unsealed
roads.

e The condition of unsealed roads changes rapidly, often leading to existing data
being out of data soon after it has been collected.

¢ Inorder to make the management system sufficiently robust, more frequent data
collection would be required. However, more frequent data collection may not
be cost-effective and may be significantly onerous from an administrative

perspective.

To build a GRMS, is necessary to consider three aspects. When considering the
project, the methods and procedures to create a system are reviewed, and the
implementation plan is developed. At this stage, social impacts are needed in order to
obtain political support. During the second aspect, the data collection is implemented,
establishing the collection procedures, developing the database and reporting the
results. In the third aspect, the analysis is implemented using deterioration models and
decision trees, in order to generate priority rehabilitation programs, verifying the effects
of varying budget levels, and matching the specified standard requirements for each
case. Currently, to implement a GRMS the only issues are the limitation of skilled

professionals and availability of material resources (Domingues, 1995).

3.2. Deterioration Model and Markovian Chains

Various methods have been employed by highway agencies and researchers to
develop pavement performance prediction models; these can be classified into two
categories: deterministic and probabilistic methods (Stewart, 2009). In deterministic
models, regression equations are widely used, due to their relative simplicity and well-
established procedures for use (Hassan and Thananjeyan, 2015). Both simple and
complex function forms, such as straight-line extrapolation, S-shaped curves, and
polynomial constrained least squares, have been used in the development of models
(Balbo, 2007).

A regression equation can provide accurate predictions if all significant variables have
been considered and a reasonable coefficient of determination value has been

introduced. The major limitations of the regression methods are (Stewart, 2009):
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e Accurate models require accurate inputs, and outliers will significantly affect the
accuracy of models.
e The prediction is good only to the range of data that were used to develop the

regression model.

The methods commonly used in Brazil are the deterministic ones, elaborated from
theoretical and rational extrapolations of observational models obtained by the
accumulation of data and experiences (Martins, 2015). However, the application is
limited and should only be used when no other advanced technique is available (Balbo,
2007).

For pavements under unexpected conditions, deterministic models may produce
unrealistic predictions. Therefore, more and more researchers and engineers have

turned to probabilistic methods, such as the Markov process (Neto, 2004).

A Markov process describes a system that can be in one of several states. Each state
can pass to another at each time step according to fixed probabilities. Markov-chain
model is a special case of the Markov process whose time and state parameters are
both discrete. A Markov chain can be treated as a series of state transitions based on
certain probabilities. A stochastic process whose transition probability of a future state
depends only on the present state is defined as a first-order Markov process (Parzen,
1962).

The transition matrix with dimension k x k with the following form is used to evaluate

the transition probability of states (Ortiz-Garcia, Costello, and Snaith, 2006):

2
pl1 p12 - plk
par=| 0 P22 .. p?k

0 0 0 1
The unit value presented in this matrix (Pat) corresponds to the maximum input value,
for each event. The reason for the probability value pk is due to the fact that there is
no further condition state after the k state, since it is a limiting value. The transition

probability from a state i to a state j, for a generic time interval (At), is represented by

pij, withi=j=1, ..., k, and determined as follows (Yang, 2004):
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Pat)ij = Prob(X t+at = j|Xt = i)

Through this equation, it is possible to demonstrate that the state of the pavement at
the moment of evaluation (t + At) depends exclusively on the previous state at the initial

moment (t).

4. METHODOLOGY

The roads performance can be determined by each distress index or a combined index
representing the overall condition. Nonetheless, evaluating and rating unpaved roads
requires a different perspective than similar evaluations of asphalt or concrete
pavements (called Pavement Condition Index — PCI) due to the nature of unpaved
roads and their variability. To properly evaluate these roads, was used the PSI instead
of PCI as the Ride Quality Rating Guide (RQRG) created by Wyoming T?/LTAP
(WTTC, 2014) described. The RQRG rating scale can be seen on Figure 2.

The dataset was composed by county unpaved roads. To enhance a better
understanding, these five surface conditions showed on Figure 2 were divided
according to the average speed used by the driver on these roads. The rating scale is

presented on Table 1.

Gravel Road
Quality Rating Distresses Adapted from the Gravel - PASER manual

Rides like good asphalt pavement. May be hazardous if alignment and
shoulders don't allow for safe travel at high speeds.

Dust under dry conditions; Moderate loose aggregate; Slight washboarding

Moderate washboarding (1" - 2" deep) over 10% - 25% of area; Moderate dust,
partial obstruction of vision; Mone or slight rutting (less than 1" deep); An
occasional small pothole (less than 2" deep); Some loose aggregate (2" deep)

Moderate to severe washboarding (over 3" deep) over 25% of area; Moderate
rutting (1" - 3") over 10% - 25% of area; Moderate potholes (2" - 4" deep) over
10% - 25% of area; Severe loose aggregate (over 4")

Severe rutting (over 3" deep) over 25% of area; Severe potholes [over 4"
deep) over 25% of area; Many areas (over 25%) with little or no aggregate

Figure 2: Unpaved roads Quality Rating Scale.

Source: WTTC, 2014
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Table 1: Low volume and unpaved roads rating scale.

o Speed o Condition
>61 >70 Very good
51-60 55-70 Very good
46-50 45-55 Good
41-45 40-45 Good
33-40 35-40 Fair
26-32 30-35 Fair
21-25 25-30 Poor
16-20 20-25 Poor
<15 <20 Failed

Source: WTTC,2014

Passenger car speeds are based on surface condition allowed for rider comfort and
minimal vehicle wear and tear, assuming no safety or geometric constraints force
slower travel. Individual roadways when analyzed may not have all the types of distress
listed for any rating (WTTC, 2014). For example, they can have only one or two types.

For each condition state of the road, the repair maintenance must be provided, and the
deterioration model must be developed to build the GRMS. For the aim of this work,
the probabilistic Markovian process was used to develop the probability transition
matrices. Markovian process is a stationary process and considers that the road
network will always deteriorate following the transition matrix (Jin and Mukherjee,
2014).

The road condition dataset was appropriately organized according to the defined
condition states defined on Table 1. After organizing the dataset according to the
unpaved roads rating scale, was created a scale to represent the speed range
(RQRGw) while using the Markovian process. This new standard can be seen in Table
2.

Table 2: Grouping distress indices according to RQRG.

Conditions
Speed Very Very
Range | Excellent | Excellent | Good | Good | Good | Good Fair Fair Failed
(mph) >61 60-51 50-46 | 45-41 | 40-33 | 32-26 | 25-21 | 20-16 <15
(km/h) >70 55-70 45-55 | 45-40 | 40-35 | 35-30 | 30-25 | 20-25 <20
RQRGw 9 8 7 6 5 4 3 2 1

Source: The author
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Bearing in mind that the deterioration is a natural and continuous process, it is
impossible to improve its condition state without any maintenance and rehabilitation
operation. It is known that the time interval between two consecutive inspections on
paved roads are made to be shorter than the necessary time for a surface section get
worse in more than one condition state (ASTM, 2007). However, for unpaved roads in
tropical soils which the deterioration increases with the weather, it is possible to happen

these drops in more than one condition.

To build the transition matrix, the Q is null except for the main diagonal and the
diagonal above that, meaning that during the deterioration process, in each time
interval, the pavement can only advance between adjacent condition states. The worst
condition state is designed as absorbing state since there are no transitions from it.
For these reasons, all the elements in the last line of matrix Q are null. In this study,
since there are nine different condition states for the unpaved roads evaluation, the

intensity matrix Q is 9 x 9, as illustrated in Equation 3.

3
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The proposed road deterioration model was implemented using the statistic computing
software R. Starting from the data matrix, the transition matrix was calculated to obtain
the probability distribution matrix, which was used then to estimate the expected road
age according to their condition. Then, these values were used to create the statistical
deterioration model specifically for unpaved roads.

5. DATA COLLECTION

This case study was conducted on unpaved roads at Zona da Mata County, Minas
Gerais state, Brazil in order to develop deterioration models using the Markovian
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process. A road condition dataset was collected over nine years by undergraduate
students from Federal University of Vicosa. Figure 3 shows the Zona da Mata

geographical location.

Approximately 230 km of the state network are in city jurisdiction as unpaved roads.
Some of these municipal unpaved roads were selected and segmented by the author,
and a total of 18 segments with 150 m each were chosen to be used as sample units.
The database is composed by information such as road identification number, year,
and the overall functional condition. Nine years of maintenance were recorded (from
2011 to 2019) and used in this study as a single database to develop deterioration

models to predict the condition on unpaved roads.

Brazil and Minas Gerais State Minas Gerais and Zona da Mata County

Figure 3: Geographical location of Zona da Mata County.

Source: The author

While Figure 4 summarizes the annual condition of every segment (from original
RQRG methodology) in the network between 2011 and 2019, Figure 5 summarizes
the average road network condition per year during the same period. Every year was
observed a drop in the functional condition which is due to the reduction in the
infrastructure budget that comes from the government which does not match with the
road needs. According to CNT (2018), the annual expenditures on infrastructure were
R$8.7 billion in 2016, R$7.2 billion in 2017 and only R$5.9 billion in 2018.
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6. DATA ANALYSIS

This study developed a deterioration model for unpaved roads at Zona da Mata, Minas
Gerais using the Markovian process. To start the Markovian process, nine years of
roads condition (2011 to 2019) were used to develop a dataset, which was created
using the Unpaved roads Quality Rating Guide (WTTC, 2014). Using the speed values
and indexes from Table 2 the dataset was organized in groups as presented in Table
3.

The Markovian process itself, consists of developing three matrices: transition
probability data (Table 4), transition probability matrix (Table 5), and probability
distribution matrices (Table 6).

Thus, the transition probabilities data were estimated and defined as the rate the roads
transit from one state to another (Mizutani et al., 2017). Roads condition of some
roadway segments dropped from one year to the next by more than a group and this
situation for unpaved roads is normal, because unpaved roads have faster

deterioration than paved roads. Table 4 shows the transition probability data.

Table 3: Road dataset using the RQRGy from the last table.

Segments 2019 2018 2017 2016 2015 2014 2013 2012 2011
1 6 7 8 8 9 9 - - -
2 3 4 5 6 7 8 8 9 -
3 4 4 5 5 6 7 8 9 -
4 3 4 5 5 6 7 9 9 -
5 4 5 5 6 7 8 9 9 -
6 4 5 7 7 8 9 9 - -
7 2 3 5 5 6 7 8 9 -
8 4 5 5 5 6 7 8 9 -
9 4 5 5 7 8 9 9 - -

10 4 5 7 9 9 - - - -
11 4 5 5 7 8 9 9 - -
12 5 6 7 9 9 - - - -
13 2 3 4 5 6 7 8 9 -
14 2 3 4 4 5 6 8 9 -
15 1 2 2 3 4 5 6 8 9
16 1 1 2 2 3 5 6 7 9
17 2 3 4 4 5 6 7 8 9
18 1 1 2 2 3 5 6 7 9
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Table 4: Transition Probability Data from the road dataset.

Unpaved roads

RQRGw 9 8 7 6 5 4 3 2 1
9 9 13 5
R 1 10 3
7 - 11 1

i 6 - 4 10 1

< 5 - 7 12 3

o

@ 4 - 2
3 1 9

Table 5 represents the transition probability matrix for the entire analyzed network. A
transition matrix of a Markov process contains information on how the deterioration
process moves from one state to another in terms of probabilities. These probabilities
are assumed to be constant. From Table 5, it can be seen that after 1 year the number
0.333 represents the percentage of the roads that stay at level 9, 0.481 represents the
percentage of the roads that deteriorate from level 9 to level 8, and 0.185 represents

the percentage of the roads that deteriorate from level 9 to level 7.

Table 5: Transition Probability Matrix from the road dataset after 1 year.

Unpaved roads
RQRGy 9 8 7 6 5 4 3 2 1

9 0333 0481 0185  —
8 - 0071 0714 0214 -
7 - 0917 0083 -
. 6 - -~ 0267 0667 0067 -
e 5 0318 0545 0136 -
& 4 0250 0750 -
3 0100 0900 -
> 0500 0.500
1 - — 1.000

Table 6 represents the probability distribution using the Markovian probability process.

In this table, the state of the maximum probability is shown in the bold font. For
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example, comparing the distribution from year 1 to year 5, there is a probability of 0.004
for the segments to stay at level 9 and a probability of 0.037 for the segments to be at
level 1 after 5 years. The highest probability value is 0.327 for the roads be at level 5

after 5 years.

Table 6: Probability distribution from the road dataset using Markov process.

Unpaved roads

RQORGwm 9 8 7 6 5 4 3 2 1 | Total
1 0.333 0.481 0.185 0 0 0 0 0 0 1
2 0111 0.194 0.451 0.230 0.011 0 0 0 0 1
Years 3 0.037 0.067 0.272 0413 0.185 0.021 0.001 0 0 1
4 0.012 0.023 0.123 0312 0351 0.134 0.041 0.000 O 1
5 0.004 0.007 0.049 0.173 0327 0.246 0.152 0.037 O 1

While Table 6 predicts the distribution for 5 years, Figure 6 shows the deterioration
model according to that dataset. The deterioration model obtained indicates that
unpaved roads have fast deterioration over the years considering how paved roads
deteriorate. Regression techniques have been used to develop the model using the
mean obtained from the Markovian distribution as shown in Equation 4:

RQRGwm = 0.035*%(years) 2 — 1.082*(years) + 9.107, R2=0.9924

Figure 6 shows that the Equation 4 can be used due its high correlation coefficient.
The model accuracy is expressed in terms of years predicting the road condition over

almost 20 years, as it can be seen on Figure 6.
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Figure 6: Deterioration model from the road dataset using the Software R.

Management systems for unpaved roads are often neglected because of the low traffic
density on those roads. However, unpaved roads constitute a large portion of the
length of the road network and often a large portion of the administration's total
maintenance budget. An efficient system for dividing and optimizing that expenditure
is therefore justified. Although the model is mathematical, it can be used for dividing
funds between maintenance and for setting up the objective maintenance standards

for the unpaved road network.

The obtained results can be improved by using more than one-year dataset performing
the maintenance and revising the process. Updating the system, accurate
maintenances and quality of the projects can be achieved. In addition, changing the
evaluation method from manual to smartphones measurement can highly enhance the
harmony between the reliable subjective ratings and the practical way to do the

evaluation.

7. CONCLUSIONS

In this research, probabilistic deterioration models have been developed for unpaved
roads over nine years of roads evaluation using Markovian process and the statistical

computing Software R. As probabilistic models provide more accurate results, it is
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recommended these models to be used to create a GRMS instead using the ranking

method. The developed model can be highlighted as follows:

e They are tailored specifically to unpaved roads from Minas Gerais, Brazil.

¢ As this methodology still incorporates uncertainties about the data collection, the
developed models will become every year more accurate if updated with new
inputs.

¢ This methodology can also be implemented on other functional classes or types of
roadways.

e Using this probabilistic method to determine the deterioration model, the GRMS
can be created as a reliable and cost-effective system to better maintain unpaved

roads.

8. RECOMMENDATIONS

Agencies are always looking for strategies to optimize the budget of their jurisdictions.
In this study that the use of Markovian probability to create deterioration models was
demonstrated, and it can be very useful to help manage unpaved roads better. With
reliable deterioration models is possible to create a GRMS to improve the

management.

However, it is recommended to make a comprehensive and long-term study to
determine the benefits and make the model more accurate. It is also recommended
that the government consider Markovian probability as an alternative to allocate
resources to make the maintenance and rehabilitation strategies within their roads
instead using the ranking methodology.

In addition, Markovian probability is more recommended to be used at a network
management level, since it works better estimating the number of road sections in a
condition state for a specific moment than to predict the performance of a precise road

section.
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CHAPTER 5: Optimization Models to Manage Unpaved and Paved Roads

ABSTRACT

The state of Minas Gerais, Brazil has approximately 272,063 km of the road network,
and approximately 90% of this total are unpaved roads. The paved roads deteriorate
from excellent to failed conditions usually between 10 and 20 years, and the unpaved
roads deteriorates sometimes in less than a year. This deterioration rate needs to be
considered when developing a new methodology for managing them efficiently,
because when the budget is limited, it is important to identify the best “mix of road”
preservation strategies to optimize the lifecycle cost of the road network. This study
intends to develop a management system using optimization techniques for managing
paved and unpaved roads. Probabilistic deterioration models were created using
Markovian process resulting in accurate curves. This optimization system will facilitate
a statewide implementation of paved or unpaved roads management system, and the
methodology can be easily adopted by other areas interested in the management of

all types of roads.

Keywords: unpaved roads, paved roads, tropical roads, roads management system,

maintenance, optimization.

1. INTRODUCTION

Despite having such a big network of roads, the quality of the Brazilian roads is still not
up to the mark. The existing road network has aged, leading to appearance of different
kind of distresses viz. cracking, raveling and potholing on the surface. As a tropical
country it deteriorates besides the traffic, due the tropical weather and high humidity.
In the state of Minas Gerais, which is the aim of this study, there are a total of 272,063

km of roadway owned and maintained by federal, state, and local entities (CNT, 2018).

Currently, there is no methodology or road maintenance database for the entire road
network, however the Brazilian government is trying to develop and implement a
management system to restore the roads with a limited budget (Martins, 2015). In the

last years, the maintenance management systems have improved significantly due to



91

the advances in technologies. Many researchers are working on the development of
pavement maintenance management system (PMMS) and the effect of road surface
deformations. A PMMS is a strategic and systematic process to maintain and upgrade
the road network, but when funding is limited, the MS identifies the best “mix of roads”
preservation projects that provide the most benefit to society in terms of the overall

lifecycle cost of the road network (Leandro, et al., 2015).

The growth of road network, both in terms of capacity and quality has not kept pace
with the significant growth in demand for transport in Brazil (Rodovias, 2019). It
explains why is necessary to establish a pavement management system (PMS) for
local roads, which in Minas Gerais, the roads are mainly supervised by the state or city
superintends. Wolters et al. (2011) studied the implementation of a pavement
management program in a local agency. The distresses, under the combined action of
traffic and environmental factors, have been continuously growing to the extent of
severity because of the inability to properly upkeep and maintain the road network

within budgetary constraints.

The aim of this research was to develop a methodology to identify the best “mix of
road” preservation projects within a certain budget, which contain the current and
historical information on road condition, structure, and traffic (Mishra et al., 2015). The
methodology will ensure that the overall condition of unpaved roads is maximized, at
minimal cost. The cost-factor included in this methodology is determined by the life
cycle cost of each treatment type. The integral parts of this optimizing resources are
the deterioration model, maintenance decision process, maintenance and
rehabilitation cost, and cost-factor associated with the maintenance type (Ragnoli,
Blasiis and Benedetto, 2018).

As there in Minas Gerais approximately 90% of unpaved roads with no management
system, the focus and first objective of this research was to develop optimization
techniques for managing these roads. The second objective was to develop a
pavement management system for paved roads following the same structure with
simple datasets. This methodology was implemented, to unpaved roads, in Zona da
Mata County, located in Minas Gerais state, Brazil, as a case study. To paved roads,

was implemented using the entire state of Minas Gerais. This study utilized 18 unpaved
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road segments and 88 paved roads, representing the variations of segment length,

road width, and traffic counts around the state of Minas Gerais.

2. LITERATURE REVIEW
2.1. Necessity of Road Maintenance Management

The road deterioration is closely linked to the existent traffic and to the maintenance
carried out throughout its useful life, besides the factors previously mentioned. When
building a road, paved or not, indexes and variables are used that dimension the road
surface to a useful life of x years (Saha and Ksaibati, 2017). The lack maintenance has
caused irreparable damage to economic growth rate, since the poorly maintained
roads cause delay, road accidents and higher vehicle operating costs. Any neglect of
maintenance activity is self-defeating as $ 1.00 (dollar) spent on maintenance saves $
6.00 in the future cost (WSDOT, 2016). Also, this type of neglect of maintenance
accelerates the process of deterioration leading to the higher cost of rehabilitation and

reconstruction.

The poor maintenance timings are shown in Figure 1. If proper and timely maintenance
measures are not taken, the pavement condition deteriorates very rapidly from “good"”
(4) to “poor” (2) during a very short period of pavement life, causing the requirement of
4-5 times more fund for rehabilitation of the pavement (Hveem and Carmany, 1948). If
maintenance and rehabilitation is performed during the early stages as shows in Figure
2 (WSDOT, 2016), before a sharp decline in pavement condition, over 75% of the
maintenance costs can be avoided (Shahin, 1994).

—— Initial Maintenance
rd Construction ¥’ or
Rehabilitation Event

PCI
I
|
|

I e M s i e s e N
2 ﬁ‘L Narmally used

range of minimum
= acceptable P3|

Traffic (Equivalent Axles or Time)

Figure 1: Concept of maintenance performance (Hveem and Carmany, 1948).
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Figur e 2: Maintenance possibilities (WSDOT, 2016).

2.2.Paved roads assessment method and types of maintenance

Pavements are only designed to last for a certain period. During each of these periods
or "life cycles", the pavement begins from an optimal condition, declining until it
reaches a failed condition. This decreased level in a pavement condition or service-life

is known as pavement deterioration (Shahin, 1994).

Estimating the pavement deterioration is important to help those responsible for
maintenance with their decision-making process, and aid them in understanding the
pavement performance offered to drivers. Once the deterioration condition is known,
professionals are able to find techniques that effectively work to control the
mechanisms competing to decrease the pavement service-life. The deterioration
should be estimated by evaluating the two main causes: the functional deterioration,
and structural deterioration (Saha, Ksaibati, and Atadero, 2017). There are specific
assessment methods to determine each of these components. Figure 3, a paved road

from Minas Gerais awaits maintenance that will extend its service life.
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Figure 3: Paved road situated at Alfenas, Minas Gerais (CNT, 2018).

The assessment estimates the condition of the pavement according to the user's
perception of detecting surfaces irregularities. It includes surveying aspects which will
directly affect the road users in the form of distresses measurement. It depends on the
longitudinal roughness, which is generated by the accumulation of permanent
deformations under repeated loads in all layers of the pavement (Balbo, 2007). Also,
distresses from layers deterioration are measured due to their impact on service level.
In other words, an increase in the amount of distresses reduces the service level
(Abdalla, 2008).

Based on the standards from AASHTO, the Brazilian methodology for road
assessment adopts the following criteria (AASHTO, 2001):

e The data was collected and recorded by the evaluator along the roads in a vehicle
traveling at a maximum speed of 50 km/h.

e Each road is evaluated according to the visual observation of characteristics in
segments with an extension equivalent to a sample unit.

e The sample unit is a road section with a length between 1 and 10 km, unless it is
interrupted by an intersection or the end of the roads itself.

e The evaluator is trained to carry out the inspection in a continuous way and to
identify when a specific distress on the pavement will be considered predominant

in a sample unit.
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Data collection occurs only when there is natural light and good visibility conditions
for a maximum of eight hours per day. However, in adverse situations as rain or
haze, the analysis is suspended until the ideal research conditions are restored.

If a critical condition is observed along the road segment, the evaluator it, takes a

photo, and records the location (using GPS coordinates).

Keeping these roads in working condition requires maintenance, and depending on the

health of the road, varying degrees of upkeep are required. There are six types of

common road maintenance that can be used for each job (Brower, 2018):

Asphalt Overlays: restore roads to a smooth condition. This resurfacing uses the
deteriorating asphalt as a base for which the new layer is added on top of, instead
of tearing up the worsening one.

Patching: is the process of filling potholes or excavated areas in the asphalt
pavement. Quick repair of potholes or other pavement disintegration helps control
further deterioration and expensive repair of the pavement. Without timely
patching, water can enter the sub-grade and cause larger and more serious
pavement failures.

Reshaping: this is necessary when a road surface it too damaged to be smoothed.
Using a grader blade and scarifying if necessary, it is possible to rework the
unpaved sub-base to eliminate large potholes and rebuild a flattened crown.

Slab Replacement: this refers to replacing sections of paved roads. It is a good
option for when slabs are chipped, cracked, or uneven, and mitigates the need to
replace the entire road when just a small section is damaged.

Smoothing: this is when you lightly rework the unpaved of a road without digging
in too far to the sub-base. Typically, a motor grader is used in this operation with
an attached blade. Smoothing is done when the road has minor damage or is just
worn down a bit from use.

Reconstruction: when roads have deteriorated to a point that it is no longer cost-
effective to maintain, the entire street or road needs to be rebuilt. Typically, this
work is done in phases to limit traffic restrictions. As part of reconstruction, the
street may be realigned to improve safety or operations, grading may be changed

to improve storm water flow, underground utilities may be added, upgraded or
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relocated, traffic signals and street lights may be relocated, and street trees and

pedestrian ramps may be added.

2.3.Unpaved roads assessment method and types of maintenance

Normally, roadway functional assessment encompasses the processes of
identification and characterization of aspects of its surface linked to the user’'s comfort
and safety, vehicle performance and transportation cost. The assessment includes

subjective or objective evaluations (Walker and Unpaved, 1989).

Several agencies and local researchers have suggested other types of subjective
rating methods to survey unpaved road condition as PASER, Unpaved-PASER, The
Ride Quality Rating Guide (RQRG) or The Unpaved roads Rating System (GRRS)
(Huntington and Ksaibati 2015). The GRRS, which is the guide this research is using
as a model to follow, provides standard evaluations of seven distresses including:
potholes, rutting, washboards, loose aggregate, dust, crown, and roadside drainage
(WYDOT, 2014). Figure 4 shows an unpaved road in a bad condition at Zona da Mata

County, Minas Gerais, Brazil.

Figure 4: Unpaved road located at Vigosa, Zona da Mata County.

Source: The author

In the objective assessment, the distresses are quantified with the technical details of
its state of deterioration (Almuhanna, Ewadh, and Alasadi, 2018). When the distresses
are known, regular maintenance can be applied correctly, and road maintenance is

one of the most important engineering services, since it maintains the integrity of the
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physical characteristics of the cross-section and contributes to the drainage system
(Rabello Quadros and Nassi, 2015).

Unpaved roads are constructed when volume of commercial traffic (gross weight
exceeding 3 ton) is less than 400 vehicles per day (Rohith, Srikanth and Chowdary,
2016). In terms of utility, five main factors affecting the quality of an unpaved road can
be listed: traffic load, subgrade quality, construction practices, water, and maintenance
program (FHWA, 2007). To maintain the roads properly, maintenance practices and
the functional condition must be known. According to Kabindra, Pramen, and Thomas
(2014), it is recommended to define the types of maintenance of unpaved roads as

follows:

e Routine Maintenance: emergency repairs for blocked and ruined unpaved roads
as road patrolling, regularization or patching; drainage structures: external
cleaning and repair of ditches and drains, external cleaning of bridges, patches of
eroded areas, construction of erosion control and repairs to drainage structures.

e Major Maintenance: maintenance practices used in the case of many distresses in
situations which the use of rehabilitation or reconstruction services is not justified.

e Rehabilitation: thin unpaved overlay.

e Reconstruction: complete reconstruction.

2.4. Multiobjectives optimization methodology for road management system

Practices adopted by highway agencies with regards to pavement management have
mostly consisted of employing life cycle costs analysis (LCCA) systems to evaluate the
overall long-term economic efficiency of competing pavement design and maintenance
and rehabilitation (M&R) alternatives activities. This way of supporting the decision-
making process, as it relates to pavement management, suggests the need for
pavement management decision-support systems, which, by integrating multi-
disciplinary and complementary pavement life cycle modelling approaches, enable the
decision makers to properly account for, consider and assess the lifetime impacts of
their decisions and practices regarding targets (Santos, Ferreira, and Flintsch, 2017).
This only can be achieved by employing techniques and tools providing clarity about
management system. Below, there are several reasons to explain why the

management system is a multiobjectives optimization:
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e Engineers or decision makers want to maximize the network road condition within
a limited budget (Saha and Ksaibati, 2017; Kamruzzaman, 2010).

e Preventive and minor rehabilitation treatments are more cost-effective than
reconstruction (Kamruzzaman, 2010; WYDOT, 2014).

e Budget should be more than a certain amount to achieve maximum benefit to
society (Saha and Ksaibati, 2017).

e The best “mix of roads” segments for rehabilitation should include the segments

with more traffic volume (Saha and Ksaibati, 2017; Kamruzzaman, 2010).

However, sometimes this system can be considered as a two-levels optimization, since
it links two levels of decision makers (Ruuska, Miettinen and Wiecek, 2012). For
example, the government is responsible for allocating the budget to every city governor
make sure the road condition is going to be maximized. At the same time, the city
governor might have different objective functions such as to select the roads with
higher traffic volume. So, there are two levels of objectives functions: one is from the
government and the other one is determined by the city governor or company’s
stakeholders. Both levels will seek to achieve their objectives as much as possible
within the allocated budget.

2.5. Optimization methodology for URMS and PMS

The term Management System (MS) can be understood as the efficient and integrated
coordination of the various activities involved in the design, construction and
maintenance of roads that are part of a road infrastructure (road, airport or urban), in
order to allow them to provide acceptable conditions to the user at minimal cost.
Essentially, the MS is a set of tools or methods to assist decision makers to find
optimize strategies to construct, evaluate and maintain roads in an acceptable

functional condition over a period with a selected budget (Wolters, et al., 2011).

This optimization part can be referred to as the mathematical programming related to
minimizing or maximizing some quantity. The desired results must lie in a subset of the
domain of this function (Mendonga, 2009). The characteristics of the function and
subset that contain the solution to the problem define several different types of
optimization problems, each requiring a different method to be solved (Zhang and Gao,
2015).
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When considering infrastructure, where a network with a significant extension and
subject to freight traffic is common, the MS tends to operate at both network and project
level in an associated manner. At the network level there is adequate planning of the
budget, the resource allocation, and the project selection. On the other hand, at the
project level it is possible to find the most cost-effective repair maintenance for each

road section (Santos, Ferreira, and Flintsch, 2017).

2.6 Unpaved Roads Management System (URMS)
According to Saha, Ksaibati, and Atadero (2017), an URMS is a strategic and
systematic process to maintain and upgrade the road network, but when the funding is
limited, the URMS identifies the best “mix of road” preservation projects that provides
the most benefit to society in terms of overall lifecycle cost of the road network. A
URMS is composed of seven steps including the “predict condition” which is the most
complex one. To predict the conditions, it is necessary to develop deterioration models
using the road condition over the years. The established models allow the prediction
of the main responses on the road surface, and it can be empirical, mechanistic, or
mechanistic-empirical type, which are models calibrated with data observed in the field

(Shenghua and Balasingam, 2019).

The URMS does not have a standardized procedure to determine the surface condition
rating nor a deterministic approach to model the surface deterioration. To find the roads
condition, it is necessary to evaluate the roads and determine the pavement condition
index (PCI). However, the normal PCI does not apply to unpaved roads because the
PCl is a detailed examination of paved roads distresses such cracking and potholes
(Shohel, 2015). To determine the unpaved roads condition in this work, a guide created
by the Wyoming Technology Transfer Center (Wyoming T?/LTAP) was used. It was
designed to be used in conjunction with the Ride Quality Rating Guide also developed
by the Wyoming T?/LTAP (WTTC, 2014).

With the roads condition, a URMS uses probabilistic or deterministic models to predict
the future needs. In Brazil they are using mostly family and expert opinion curves as a
deterministic model, based on the field staff's experience. In the deterministic
technique, the uncertainties of pavement deterioration related to traffic and weather
are not considered. However, probabilistic models consider these uncertainties and

result in more accurate curves (Saha, Ksaibati and Atadero, 2017).
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2.7 Pavement Management System (PMS)
The establishment of a PMS becomes even more important when the road conditions
are bad and with a limited availability of resources. The main objective is to use
historical data to make a careful decision to run a pavement maintenance program with
an organized methodology. Thus, a good PMS seeks to define maintenance strategies
looking to minimize the cost and to obtain an ample return on the applied resources

increasing the service life (Nishiyama and Domingues, 1995)

A quality PMS should seek to increase the efficiency of decision-making while
informing of the consequences of decisions made at various levels. Additionally, PMS
must ensure consistency between the decisions made, define the maintenance
strategy that minimizes the cost of road transportation, obtain the best return for the
resources applied by means of a safe, comfortable and economical transportation, and
optimize the use of the attributes destined to the maintenance of the road
infrastructure. To achieve all of these objectives, a PMS must have the ability to
constantly update itself considering alternative strategies, being able to determine the
optimal option, and to use feedback to improve overall decision-making (Domingues,
1995)

Prior to starting the implementation process, it is recommended that the government
consider forming a steering committee to work as a group in establishing a process to
meet the needs. The development of a systematic and repeatable pavement
management process is a key component in the effective planning and management
of a PMS. Seven steps serve as a guide for customizing a pavement management
process that fits the needs of each local agency. The steps define the roadway network
and collect inventory data, collect condition data, predict condition, select treatments,
report results, select pavement management tool, and keep the process current
(Pulugurta, Shao, and Chou, 2009).

To predict the condition, it is necessary to understand the pavement performance and
the differences when it is analyzed at the network or project level. At the network level,
the entire network is analyzed to identify the appropriate type of maintenance and the
road sections to be repaired. At the project level, only the selected sections are
analyzed to determine the right treatment types (material and thickness) to be applied
(Maaty, 2017).
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These performance models derived from all the pavement characteristics (functional
condition, width, length, rut) allow the prediction of the main pavement distresses
caused by the traffic loads and the climatic conditions, such as deflections, tensions,
deformations, thermal tensions, moisture content, and temperature. With this
performance (or deterioration) models, it is possible to implement a reliable and cost-
effective PMS that provides a reasonable and practical number of maintenance and
rehabilitation plans consistent with the number of deployed condition states according
to the limited budget.

3. METHODOLOGY

The PASER manual describes that the surface of unpaved roads is rated on a five
points scale, where 5 represents an excellent condition from the roads and 1 is for a
failed condition from the unpaved roads. In Minas Gerais, these five points scales were
transformed into a nine points scale as the GRRS, which is the guide this research is
following, realized (Huntington and Ksaibati, 2015). This decision to go from a five to
nine points scale was ended to try to decrease the error when human raters need to

choose a condition.

These nine points scales are going to be used in this research as Overall Road
Condition Index, called ORCI. According to this rating method, the primary variables of
this model are the road condition distresses roadside drainage, crown, rutting,
potholes, loose aggregate, dust, and corrugation. The ride quality is the result, and the
extreme values 9 and 1 represent the best and worst conditions, respectively
(Mendonga, 2009). Depending on these indices, a decision table with figures and

standards is used to identify the appropriate treatment type.

On the other hand, the surface of paved roads was rated according to AASHTO
methodology, ranking the condition from 0 to 100, where 100 represents a brand-new
constructed road and O is for a failed road. According to this rating method, the primary
variables of this model are the distresses rutting, fatigue cracking, longitudinal
cracking, transverse cracking, patches, potholes, raveling, bleeding, and roughness
(AASHTO, 2001)

In this section, the deterioration model used in this methodology is discussed first.

Then, the algorithm for identifying the best mix of road preservation projects is
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explained. It is important to mention that this model does not consider political factors

but purely life cycle cost of unpaved and paved roads.

3.1.Unpaved and Paved Road Deterioration Model

While the typical life of paved roads without maintenance is around 10 and 20 years,
unpaved roads typical service life is in the range of several months to 1 year. This
faster deterioration of unpaved roads is affected by many factors: permeability,
materials, construction, traffic, environment, and drainage (Walker and Unpaved,
1989). Among them, the most important factor is the permeability and weather (Maaty,
2017). Because of these, tropical roads deteriorate faster, and unpaved road surface
IS more permeable than paved surface which causes significant damage due to
moisture. Huntington and Ksaibati (2015) developed the deterioration model for roads
in Wyoming, USA, which have been used as a guide to create the Brazilian
deterioration model. Using this model as a guide, an average deterioration was
estimated based on overall road conditions. The deterioration is represented in points
per day on a 10-point scale. From this model, the time to go from excellent condition
(10) to failed condition (1) can be projected. Equation 1 and 2 shows the deterioration
model to unpaved and paved roads respectively where URCI indicates unpaved roads
condition index, PCI indicates pavement condition index, and Age is represented in

years.

URCI = 0.035*(Road age) 2 — 1.082*(Road age) + 9.107

PCI = 0.005(Pavement age) % — 0,268(Pavement age) + 4,463

3.2. Treatment Types

The five possible treatment options for county unpaved roads are summarized in Table
1 along with the estimated cost, while Table 2 shows the six possible treatment options
for paved roads with their costs. The cost of these treatment types was obtained from
county engineers and road superintends from Minas Gerais state (CNT, 2018). If the
costs of maintaining unpaved roads are compared with the county paved roads, it was
found that full rehabilitation costs of county paved roads are approximately 10 times
higher than unpaved roads for a km roadway segment. On the other hand, the
frequency of applying maintenance treatments for unpaved roads is approximately 4

times higher (every 3 months to unpaved and every 12 months to paved roads).



Table 1: The treatment types and costs for unpaved roads.
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Source: The Author

Treatment Type Details and Applications Est. Cost
(R$)/km
GM General Maintenance General Maintenance Procedure (2x R$
per year) 600,00
1-R Chemical and Mechanical Cement or lime R$
Stabilization 20.000,00
2-R Preventive Rehabilitation Acoording to DNIT R$
31.800,00
3-R Preventive Rehabilitation with According to DNIT R$
Shoulder Needs 71.387,00
4-R Full Paving the roads Complete pavement construction R$
400.000,00

Table 2: Treatment types and costs for paved roads.

Source: The Author

Treatment Types

Details and Application

Est. Cost (R$/km)

Rehabilitation

Seal Coat and Thick overlay (> 2")

General Maintenance Procedure R$
1.875,00
GM Asphalt Patching
General Pothole Repair
Maintenance
Crack Sealing
Road Striping
1-R Chip Seal R$
51.800,00
Preventive Micro-surface
Rehabilitation Thin Overlay (<2")
2-R Surface Preparation (mil scale, full-depth R$
reclamation or 100.000,00
Minor combination thereof)

Continued
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Treatment Types Details and Application Est. Cost (R$/km)
3-R Preventive 1-R plus shoulder or widening requirements R$
150.000,00
Rehabilitation Applicable on roads in good conditions with
shoulder needs
4-R Major 2-R plus shoulder or widening requirements R$
200.000,00
Rehabilitation Applicable on narrow roads with shoulder or
widening needs
5- R Full Complete Reconstruction R$
Reconstruction 300.000,00

The decision information used to identify the appropriate treatment types for unpaved
and paved roads in Minas Gerais can be seen in Figures 5 and 6 respectively.
Appropriate treatment is selected based specific distresses for unpaved or paved
roads using the service level and distress condition. Basically, as the service level
increases the maintenance priority also increases and, comparatively an expensive

treatment type is selected to upgrade the condition.
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Figure 5: Decision tree for unpaved roads.
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3.3.Unpaved and Paved Road Management System

The proposed Unpaved Roads Management System (URMS) and Pavement
Management System (PMS) consider not only the cost factor but also local conditions
such as ORCI and average daily traffic (ADT). The objective of the developed model
is to maximize a function that considers 3 independent parameters: road condition,

ADT, and cost-factor as showed in Equations 3 and 4:

n ORCI+ADTi "
i=1 Cost—Factor;(treatment type)

Maximize), X,
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Subject to

n
Treatment Cost; » x; < budget,

i=1
x; € {0,1},

where ADTi expresses the average daily traffic for road i, Cost-Factori is the function
of treatment type, x i is an integer equal to one if the project is selected and 0 if it is not
selected, and ORCI represents the minimum index among the distress indices. This is
a combinatorial optimization problem where one selects a collection of projects of

maximum value while satisfying some weight constraint.

4. CASE STUDY

4.1. Data Collection

Four types of data were used to develop this research. There are roadways
segmentation, traffic counts, road width, and road condition data. All the unpaved
roads dataset was collected by different students from Universidade Federal de Vicosa
over the years. The paved roads dataset was collected from CNT (2018) survey, which
is managed by the Brazilian federal government. These datasets were then combined
into the comprehensive database shown in Table 3 and 4. The following subsections

will discuss the datasets briefly.

Table 3: Unpaved roads dataset from Vigosa city, Brazil.

Source: The Author

Seg 1 2 3 4 5 6 7 8 9 |10 | 11 |12 |13 | 14 | 15 | 16 | 17 | 18

28|25 081608 1011301216 091232
PSL I 10181 1 |18 g 3| o™ 3|96 |2|3[%|3]|2]a4
Len [ 1909 |06|06|10/01]02|15]05]|1.1 260205 |01

gth | 4 | 1|2 5|23 |7 2|7 |8|"|5]|6|6]3][0 0613

Type
of 3 2 1 3 2 1 2 2 3 2 1 2 2 1 1 3 3 2
Soil

*Where 1: clay, 2: silt and 3: sand.
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Source: The Author

Seg | 1 2 | 3| 4|5 |6 |7 |8]|9 10|11 |12 |13 |14 |15 |16 | 17 | 18
PSI 1 2 3|3 |2]|3]|2 1 2 13|22 |2|2]|2]|2 1 2
Len | 35| 9 [65|45 |10 32|17 | 23| 7 |10 |29 | 3 |60 |26 |75 |33 |11 |97
gth 3 1
Widt | 7 |7 |7 |7 |7 |38|65| 3 |72|72|72|72|72|72|72|37|66]| 4
h
Rut |04 |04|04|04|05|05|05|04|07|04/05|05|05|05|05/|04]|05]|0,5
1 315|713 1 1 1 1 8 4
Seg |19 |20 | 21 | 22 [ 23 |24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 [ 33 | 34 | 35 | 36
PSI | 3 | 3| 2| 2| 3 1 21 3|2 |2]2]|2 1 2 | 2| 2 1 2
Len | 50 (65|91 (65| 5 |43 | 10|19 |21 |28 |15 |14 | 11 |29 |10 | 17 | 24 | 26
gth 5 7 17| 8
Widt (65| 8 |37 |37 |42 |42|36|36|36| 8 |45|41|66|66 6642|414,
h
Rut |05|04|07|07|07|04|05|04|05|05|04|05|05|05|05|04]|04]|0,7
1 8 | 7|7 |7 8 5 1 1 3 4 | 4| 4|5 |5 |7
Seg |37 | 38 | 39 |40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
PSI | 2 | 3 | 2 1 2 | 2 1 31 3|2 |23 |4 | 4| 4|3]|2]4
Len | 91 | 10 | 17 | 49 | 16 | 49 6 12 | 59 | 69 | 17 | 23 | 83 | 20 | 82 | 34 | 41 | 67
gth 9 0 4 9 1 9 | 3 1 0
Widt (38(38| 8 | 8 | 8| 8 | 8 [38|44|34(33|38|38|55|55| 5 | 5 |37
h
Rut |04|05|07|07|02|04|04|04|02|071/07|05|05|05|05/|05]|0,5]|0,4
5 6 | 7| 5|3 8| 5|6 |7 |6 |7|3]| 41|73
Seg |55 | 56 | 57 | 58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71 | 72
PSI | 4 | 4 | 4|3 | 3|3 |2 |3|2 |3 |3 |2 |4|4]|3|21]4]3
Len | 33|24 | 11 | 54 |31 |89 |41 |45 | 77 | 26| 73|20 |15 |87 | 32|13 |94 | 14
gth 8 | 6 7 1 0| 7|7 8 2 | 4 5| 4|7 |6 ]0
Widt |52 |52|52|52| 5| 5| 5|5 |5 |5 |5 |5 |5 |5 |5 1|5 |55
h
Rut |(055|05|04|04|05|05|05|08|05|05|08|08|07/05|08[09]|0,7]|0,8
5 1 718 | 7 1 4 | 8|6 | 6|9 |8| 4|9 |64
Seg |73 | 74 | 75|76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86 | 87 | 88
PSI | 4 | 2 | 3| 4| 3|3 |3 |21]4]2 1 3 | 4 1 3|3
Len | 48 | 17 | 30 | 27 | 78 |21 | 79| 4 |25 |15 |14 | 25|19 | 13 | 86 | 15
gth 9 2 1 2 16| 8|5
Widt |37 (34|47 | 4 | 4 | 4 | 4| 4| 4| 4| 4| 4| 4| 4| 4] 4
h
Rut |05|04|04|02|07]07|02|02|02|05|07|04|04|05]|05]0,5
519 |5 |5|7|7]|5]|5]|5 6 | 8| 8|8 |5 |8
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4.2. Segmentation

Roadway segmentation was performed by the author. The segments begin and end
where there are new construction and intersect with other roads or other changes in
the road. A total of 18 unpaved different roads and 88 paved segments were
established. Each segment was mapped with ArcGIS. The traffic counts were made,
and all the unpaved segments had less than 400 vehicles per day, and approximately
20% of the paved segments had more than 400 vehicles per day. The road widths of
these segments vary between around 3 and 7 meters.

4.3.Road Condition Data

The unpaved road conditions are characterized by seven parameters: cross
section/crown, roadside drainage, rutting, potholes, loose aggregate, dust,
corrugation. The author performed the data collection effort on the 18 selected
segments. The parameters were ranked on a scale of 1 to 9 where 1 represents the
worst condition and 9 is for the best condition.

The paved roads that were evaluated include federal highways, relevant county roads,
and important local roads. These characteristics were analyzed according to condition,
distresses, and safety levels. The evaluation result was published in a report, using the
AASHTO guide to road classification as Excellent, Good, Fair, Poor, and Failed
(AASHTO, 2001).

5. DATA ANALYSIS

A preliminary analysis was conducted on the datasets used in the research to
summarize the road condition with budget needs. There are 18 unpaved different roads
in the study area, and 88 paved roads segments counting 15,236 km. Four different
scenarios were summarized in Figure 7 for unpaved roads: average road conditions at
existing conditions, conditions after 4 cycles of 3 months without any maintenance, and
conditions after applying treatments required with no limited budget, and conditions
after applying treatments required to maintain the condition. The reason of considering
3-month period is that the unpaved roads decrease their level without any maintenance

approximately every 3 months based on existing condition (Aleadelat, 2018).



CURRENT CONDITION DO NOTHING NO BUDGET CONSTRAITS LIMITED BUDGET
Segment PSI Length |Type of Soil PSI*L PSI PSI*L PSI PSI*L PSI PSI*L
1 1 1,94 3 1,940 0,919 1,783 4,100 7,954 0,919 1,783
2 1,8 0,91 2 1,638 1,718 1,564 4,000 3,640 1,718 1,564
3 2,81 0,62 1 1,742 2,728 1,692 3,900 2,418 3,900 2,418
4 2,51 0,65 3 1,632 2,428 1,578 2,510 1,632 2,510 1,632
5 1,5 1,02 2 1,530 1,418 1,446 4,000 4,080 1,418 1,446
6 0,88 0,13 1 0,114 0,798 0,104 4,100 0,533 0,798 0,104
7 1,63 0,27 2 0,440 1,549 0,418 4,000 1,080 1,549 0,418
8 0,89 1,52 2 1,353 0,808 1,228 4,100 6,232 0,808 1,228
9 1,8 0,57 3 1,026 1,718 0,979 4,000 2,280 1,718 0,979
10 1,03 1,18 2 1,215 0,949 1,119 4,000 4,720 0,949 1,119
11 1,19 1 1 1,190 1,108 1,108 4,000 4,000 1,108 1,108
12 3,06 2,65 2 8,109 2,978 7,892 3,060 8,109 3,060 8,109
13 1,22 0,26 2 0,317 1,138 0,296 4,000 1,040 4,000 1,040
14 1,63 0,56 1 0,913 1,549 0,867 4,000 2,240 1,549 0,867
15 0,9 0,13 1 0,117 0,819 0,106 4,100 0,533 0,819 0,106
16 0,93 0,9 3 0,837 0,848 0,763 4,100 3,690 0,848 0,763
17 1,22 0,6 3 0,732 1,138 0,683 4,000 2,400 1,138 0,683
18 2,34 1,3 2 3,042 0,915 1,190 4,000 5,200 4,000 5,200
Sum Sum Sum Sum Sum
14,91 24,85 23,63 56,58 25,37
Overall PSI 1,67 1,58 3,79 1,70
RS - - RS 17.640.909,00 RS 46.900,62

Figure 7: Unpaved roads treatment decision process from Vigosa city, Brazil.
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To paved roads, the Figure 8 presents also four scenarios: average road conditions at

existing conditions, conditions after 12 months without any maintenance, and

conditions after applying treatments required with no budget constraints, and

conditions after applying treatments required to maintain the condition. The reason of

considering 12-month period is that the paved roads decrease their level without any

maintenance approximately every 12 months based on existing condition (Aleadelat,

2018).

CURRENT CONDITION DO NOTHING NO BUDGET CONSTRAINTS LIMITED BUDGET

S PSI Length |Road Width |Rut PSI*L PSI PSI*L PSI PSI*L PSI PSI*L
LMG-633 1 35 7 0,40 35 0,95 33,41 4,30 150,50 0,95 33,41
LMG-820 2 9 7 0,40 18 1,86 16,70 4,00 36,00 4,00 36,00
MG-050 3 6,5 7 0,40 19,5 2,80 18,19 3,90, 25,35 2,80, 18,19
MG-123 3 45 7 0,40 135 2,80 125,94 3,90 175,50 2,80, 125,94
5-123/BR-262 2| 10 7 0,50 20 1,86 18,56 4,00 40,00 4,00 40,00
MG-129 3 32 3,8 0,51 96 2,80 89,56 4,00 128,00 2,80 89,56
5-129/BR-120 2 17 6,5 0,53 34 1,86 31,54 4,00 68,00 1,86 31,54
MG-164 1 23 3 0,45 23 0,95 21,95 4,30 98,90 0,95 21,95
BR-460 3 79 4 0,25 237 2,80 221,10 3,90 308,10 2,80, 221,10
BR-462 2 4 4 0,25 8 1,86 7,42 4,00 16,00 1,86 7,42
BR-464 4 25 4 0,25 100 3,75 93,87 4,00 100,00 4,00 100,00
BR-474 2 151 4 0,50 302 1,86 280,19 4,00 604,00 1,86 280,19
BR-482 1 142 4 0,76 142 0,95 135,53 4,30 610,60 0,95 135,53
BR-491 3 256 4 0,48 768 2,80 716,47 3,90 998,40 2,80, 716,47
BR-494 4 198 4 0,48 792 3,75 743,47 4,00 792,00 4,00 792,00
BR-496 1 135 4 0,58 135 0,95 128,85 4,30 580,50 0,95 128,85
BR-497 3 86, 4 0,55 258 2,80 240,69 4,00 344,00 2,80, 240,69
BR-499 3 15 4 0,58 45 2,80 41,98 4,00 60,00 2,80, 41,98

Sum Sum Sum Sum Sum
14011,5 42949 40246,29 56155,60 41254,94]
OVERALL PSI 3,07 2,87 4,01 2,94
RS - RS 48.057.320,00 RS 19.883.100,00

Figure 8: Paved roads (18 of 88 segments showed below) treatment decision process from the
state of Minas Gerais, Brazil.
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The overall road condition of each segment is defined as the minimum rating among
the 7 distress parameters. The average condition of all segments is defined as the
condition weighted by length of segments. Based on the traffic counts and distress
conditions of those segments, a specific treatment type with associated cost for each

segment was identified.

The optimization model developed in this study was based on the principles that
preventive and minor rehabilitation treatments are more cost-effective than
reconstruction, high traffic volume roadways should have higher priority when selecting

treatments, and the only constraint in this model is the budget.

In the objective function, the budget was determined by the cost of a single project
applying the most expensive treatment for the current maintenance scheme. From the
unpaved roads dataset used in this research, it was found that to maintain the roads
condition, it is necessary to spend R$ 46.900,92 per year to maintain the 18 roads. It
is important to note that, in this research, every 3 months the road condition needs to
be reevaluated as the unpaved roads require next level of rehabilitation approximately
every 3 months. In order to obtain yearly budget, the optimization model was performed
every 3 months in a year and then the budget was accumulated for the entire year.
From the paved roads dataset, was found that to maintain the roads condition, it is
necessary to spend R$ 19.883.100,00 per year for the entire state analyzed network
of Minas Gerais. As the unpaved roads, after every cycle (12 months to paved roads)

the road condition needs to be reevaluated.

To optimize the budget, different counties might be interested in optimizing different
parameters. For example, engineers might want to maximize the network road
conditions with unrestricted budget. In this research, the following two possible options
for unpaved roads and two for paved roads were analyzed to demonstrate to counties

the potential of the proposed model:

e Option 1: maximize network road condition.

e Option 2: minimize cost.

In any roadway network, segments are different in length, traffic volumes, and road
conditions. When results are summarized for the model proposed, the variables were

weighted based on segment lengths to represent the overall network condition. In this
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model, the objective functions should be achieved within the allocated budget. Since
the budget was determined by the cost of a single project based on the most expensive
treatment for every 3 months for unpaved roads and every 12 months for paved roads,
the allocated budget changes every 3 months/12 months. Using this methodology, the
overall road conditions will improve while decreasing cost-factor and increasing traffic

volume on the selected projects.

6. CONCLUSIONS

In the state of Minas Gerais, there is a total of 15,236 km of roadway owned and
maintained by federal, state, and local entities. The government utilizes its ranking to
maintain their condition. However, a pavement management system (PMS), for
managing county paved roads, and an unpaved roads management system (URMS)
are being creating to optimize the process. This study developed an optimization
methodology to develop a management system for unpaved and paved roads. The
methodology developed identifies the best “mix of roads” preservation projects that

uses limited available resources.

The methodology was applied as a case study on the unpaved roadway network
consisting of 18 roadway segments in Vigosa, Zona da Mata County, Minas Gerais,
and of 88 paved roads segments over the entire state of Minas Gerais, Brazil. This
methodology included a multilevel optimization maximizing the overall road condition
and minimizing life cycle cost. As unpaved roads require next level of maintenance
every 3 months, the methodology was applied to identify the best mix of road
preservation projects over a similar period of time. The budget of 3 months was
determined by the cost of a single project applying the most expensive treatment. The
same methodology was applied to paved roads, however, instead of 3 months of cycle,
paved roads have 12 months. To determine the budget for the entire year for unpaved
roads, the methodology was applied 4 times in a year and the total budget was
accumulated over 12 months. Results show that the maintenance cost for a year is
expected to be approximately R$ 46.900,92 for unpaved roads network analyzed and
R$ 19.883.100,00 for the paved roads network analyzed, to maintain the roads
conditions. It also can be noticed that when a major treatment is applied, only minor

treatments are required for the next several years in both situations.

The developed methodology can be highlighted as follows:
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(i) The unpaved model is tailored specifically to Zona da Mata county, and the paved

model is tailored to the entire state of Minas Gerais, Brazil.

(i) This methodology considers that preventive and minor rehabilitation treatments are

more cost-effective than reconstruction.

(i) This methodology can be implemented in any county in the state of Minas Gerais
and can be used by other states for developing a management system for unpaved
roads. However, for other states, some minor changes in the methodology may be

needed to reflect local conditions.

(iv) The government can use the findings of a statewide optimization to allocate the

appropriate resources to manage the roads in Minas Gerais.
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CHAPTER 6 - Conclusions and Recommendations

6.1.Final Conclusions
Based on the studies produced in the previous chapters, the following conclusions

are presented:

The second chapter presented two different road assessments methods to identify
unpaved roads distresses. The hypothesis adopted in tropical countries is that the
subjective method, which is based on individual perceptions, is more suitable in
reflecting road serviceability than the objective functional assessment which is based
on standardized measures of defects. The models included only five of the seven
distresses which are included in both methodologies, subjective and objective. With
current pavement condition index assessed using the models, agencies are equipped
with the information needed to predict the future condition of a segment, and to create

performance prediction models.

The third chapter presents a study which a practical application of Markovian
chains to predict pavement performance based on its age and the PCI was presented.
The research relied on a significant amount of historical data - from 2013 to 2018, that
was further transformed from PCI to five condition states following the AASHTO
methodology. The proposed deterioration model was implemented using the statistic
computing Software R. The methodology can be used to find the overall condition state
of complete road networks and then, helps to identify the appropriate maintenance
policy according to a specific budget. The research concluded that the Markovian
process is an excellent tool which can be used to design decision support systems for
PMS. However, it is more appropriate to be used at a network level, since it is more
effective at estimating the number of sections in a particular condition state for a given
moment than at predicting the performance of a specific road section and the type of

the maintenance to be used there.

In the fourth chapter, to optimize the decision-making, developed countries are
using a management system which consists in develop deterioration models according
to the surface condition. In this research, probabilistic deterioration models have been
developed for unpaved roads over nine years of roads evaluation using Markovian
process and the statistical computing Software R. The developed models were tailored

specifically to unpaved roads from Minas Gerais, Brazil. As this methodology still
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incorporates uncertainties about the data collection, the developed models will become
every year more accurate if updated with new inputs. This methodology can also be
implemented on other functional classes or types of roadways. And, using this
probabilistic method to determine the deterioration model, the GRMS can be created

as a reliable and cost-effective system to better maintain unpaved roads.

And the fifth chapter, in the state of Minas Gerais, there is a total of 15,236 km of
roadway owned and maintained by federal, state, and local entities. The methodology
developed identifies the best “mix of roads” preservation projects that uses limited
available resources. Results showed that the maintenance cost for a year is expected
to be approximately R$ 46.900,92 for the unpaved roads network analyzed and R$
19.883.100,00 for the paved roads network analyzed, to maintain the state roads
conditions. The unpaved model was tailored specifically to Zona da Mata county, and
the paved model was tailored to the entire state of Minas Gerais, Brazil. The
methodology considers that preventive and minor rehabilitation treatments are more
cost-effective than reconstruction. It can be implemented in any county in the state of
Minas Gerais and can be used by other states for developing a management system
for unpaved roads. However, for other states, some minor changes in the methodology

may be needed to reflect local conditions.

6.2. Future Work

At this stage, the current methodology to obtain the data collection is a process
which require efforts to be more technological and feasible. More experimental work is
required to enhance the reliability of this method. For example, the actual functional
condition of a unpaved or paved road is determined manually using an established
referenced guide from DNIT (DNIT, 2003). However, in developed countries,
smartphones are being used in the data collection process (through images and
correlations between roughness and texture of roads) as a new, feasible and low-cost
method (Forslof, 2015). More experimental work is required to enhance the reliability
of this method to tropical soils to calibrate the system (Aleadelat, 2018). Furthermore,
different types of smartphones and fixing locations (e.g., drivers’ pocket) should be

tested using different vehicles to simulate real time circumstances

The deterioration models associated with functional conditions using Markovian

Chain method must be updated to be more reliable every year. The model was created
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just to Minas Gerais state, and the other states should be included in any future
estimates. This will generate specific scenarios for every Brazilian state, and provide
decision makes a better understanding and eventually enhance the planning and the
decision-making process. Using a smartphone, this can be achieved by weekly
monitoring a representative sample of unpaved roads for a year. Then, this new
historical database can be used to establish more accurate performance prediction

equations.

Lastly, the developed system uses the evolutionary method to solve the
optimization problems presented in this work. However, genetic algorithms (GA) are
being introduced to update management systems (Pinninghoff, Contreras, and
Atkinson, 2008). GA are robust search algorithms which are stochastic in nature. This
mean that these algorithms might be vulnerable to be trapped in a local minima or
maxima. Therefore, future work will be focusing on enhancing the developed tools and

dealing with the stochastic nature of the implemented algorithm.
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APPENDIX A-1: Instructions on How to Use the Unpaved Roads Management
System (URMS)

The following instructions provide the necessary steps to run the maintenance tool.

1. Prepare a CSV file with the required inputs as shown exactly in Figure 1.

Entering all the dataset.

/ / G*B

A B c D E 3 G H | J K
1 |Segment PSI Length Type of Soil
2 1 1 1,94
3 2| 1,8| 0,91 Number Type of Soil
4 3 2,81] 0,62 1 dlay
5 4 2,51] 0,65 2 silt
6 5 15 1,02] 3 sand
7 5 0,88 0,13
8 7 1,63 0,27
9 8 0,89 1,52]
10 9 18 0,57
1 10 1,03 1,18]
12 1 1,19] 1
13 12 3,06] 2,65]
14 13 1,22] 0,26
15 14 1,63 0,56
16 15 0,9, 0,13
17 16 0,93 0,9
18 17 1,22] 0,6
19 18 2,34 13
20 Sum
1 1491

INPUT | DONOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET | OUTPUT | Costs | DecisionTree | (3 [

Figure 1: Sample CSV File to Run the Maintenance Tool.

2. Please go to “DO NOTHING” spreadsheet and select the option GOAL SEEK
from the data tab. The result as Figure 2 shows will be the age according to the
deterioration model. It also shows the roads overall PSI after one year without

maintenance. .
Goal Seek to find the age (x) =(0,035*(112))-(1,082*(1))+9,107
according to the deterioration model. T
A B © D M

1 PSI Length |Type of Soil

2 1 1 1,04

3 2 18 0,91

4 3 2,81 0,62

5 4 2,51 0,65

6 5 15 1,02

7 6| 0,38 0,13

8 7 1,63 0,27

9 8| 0,39 1,52

10 F] 18 0,57

1 10 1,03 1,18

12 11 1,19 1

13 12 3,06 2,65

14 13 1,22 0,26

15 14 1,63 0,56

16 15 0.9 0,13

17 16 0,93 09

18 17 1,22 0,6

19 18 2,34 13

20 Sum

21 14,91

22

23

| INPUT | DO NOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET | OUTPUT | Costs | Dedis

PSI after 1 year if you decide
DO NOTHING :(0,035*(|A2)+1)-(1,082*(|+1))+9,107
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3. If was decided to realize any maintenance at the roads surface, it is necessary
to consider the constraints. If there is no constraint, please go to “NO BUDGET
CONSTRAINTS” spreadsheet and select the decision (column E) as 1* as shows
Figure 3.

* Decision 0 = no maintenance
Decision 1 = maintenance

The result will give you the overall PSI after all the maintenances and its total cost.

=SE(F="1-R";"3,9";SE(F="2-
RII;lI4II;SE(F=Il3_RII;l|4ll;SE(F=II4_

Cost per treatment and total R":"4,1":SE(F="5-
costs considering each segment v\ K

A B C D E F G H J K L
1 PSI Length Type of Soil
2 1 1,94
3 18 0,91
4 2,81 0,62
5 2,51 0,65
6 15 1,02
7 0,88 0,13
3 1,63 0,27
9 0,89 1,52
10 18 057
1 1,03 1,18
12 1,19 1
13 3,06 2,65
14 1,22 0,26]
15 1,63 0,56]
16 03] 0,13
17 0,93 0,9]
18 1,22 0,6]
19 2,34 13
20 Sum
21 14,91
2
2

| meuT | DO NOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET | outPuT | costs | DedisionTree | @ “

Figure 3: Sample running the “NO BUDGET CONSTRAINTS” spreadsheet.

PSI after 1 year if you decide
to maintain the roads with
NO BUDGET CONSTRAINTS

A

4. If was decided to realize any maintenance at the roads surface, it is necessary
to consider the constraints. If there is a budget constraint, please go to “LIMITED
BUDGET” spreadsheet, then go to data tab and SOLVER. Select the options as shows
Figure 4 with the available budget and press SOLVE.

* Decision 0 = no maintenance

Decision 1 = maintenance
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The result will give you the overall PSI after all the maintenances and its total cost

considering the constraints as shows Figure 5.

Pardmetros do Solver

Definir Objetivo: 51823

Para: (®) Max. ) Min. () valor de:

Alterando Células Varigveis:

SESZSES18

Sujeito as Restricdes:

This budget value will represent
the overall maintenance budget.

S

1

SES2:5ES18 <=1 i
SES2:5E518 = ndmero inteiro Agionoy
Alterar

Excluir

Redefinir Tudo

Carregar/5alvar

Tornar Variaveis Irrestritas Nao Negativas

Selecionar um Evolutionary
Método de
Solugdo:

Método de Solugdo

Selecione o mecanismo GRG MNéo Linear para Problemas do Solver suaves & ndo lineares.
Selecione o mecanismo LP Simplex para Problemas do Solver lineares. Selecione o mecanismo

Evolutionary para problemas do Solver ndo suaves,

Figure 4: Solver inputs.

Solver to decide if the segments
will be maintained (1) or not (0).

A B c )] E F G
1 |PSI Length Type of Soil
2 1 1,94
3 18 091
4 2,81 0,52
5 2,51 0,65
6 1,5 1,02
7 0,88 0,13
8 1,63 0,27
g 0,89 1,52
10 18 057
" 1,03 1,18
12 1,139 1
13 3,06 2,65
14 1,22 0,26
15 1,63 0,56
16 0,9 0,13
17 0,93 0,9
18 1,22 0,6
19 2,34 13
20 Sum
21 14,91
22
23

| INPUT | DONOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET

“LIMITED BUDGET ” spreadsheet.

Figure 5: Sample running the

Opgbes

=SE(E=0;'DO NOTHING'IK;SE(F="1-
R";"3,9";SE(F="2-R";"4";SE(F="3-
R";"4";SE(F="4-R";"4,1";SE(F="5-
R";"4,3";SE(F="GM";A)

H J \ L

UTPUT ‘ Costs | Decision Tre

PSI after 1 year if you decide to maintain the roads
with LIMITED BUDGET. In this case, the goal was to
maintain the PSI and find the minimal cost to it.
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APPENDIX A-2: Instructions on How to Use the Pavement Management

System (PMS)

The following instructions provide the necessary steps to run the maintenance tool.

1. Prepare a CSV file with the required inputs as shown exactly in Figure 1.

Entering all the dataset.

H*B

/

s

A B C D F G H [
1 |Segment PsI Length Road Width |Rut
2 LMG-633 1 35 7 0,40
3 LMG-820 2 9 7 0,40
4 MG-050 3 6,5 7 0,40
5 MG-123 3 45 7 0,40
6 |G-123/BR-262 2 10 7 0,50
7 MG-129 3 32 3,8 0,51
8 [G-129/BR-120 2 17 6,5 0,53
9 MG-164 1 23 3 0,45
10 MG-167 2 7 7.2 0,77
a1 BR-462 2 4 4 0,25
82 BR-464 4 25 4 0,25
a3 BR-474 2 151 4 0,50
24 BR-482 1 142 4 0,76
a5 BR-491 3 256 4 0,48
86 BR-494 4 198 4 0,48
a7 BR-496 1 135 4 0,58
a8 BR-497 3 86 4 0,55
29 BR-499 3 15 4 0,58
90 Sum
a1 140115
%2
9

INPUT | DONOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET | OUTPUT | Costs | Decision Tree ®

Figure 1. Sample CSV File to Run the Maintenance Tool.

2. Please go to “DO NOTHING” spreadsheet and select the option GOAL SEEK

from the data tab. The result as Figure 2 shows will be the age according to the

deterioration model. It also shows the roads overall PSI after one year without

maintenance.
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=0,005*((J2+1)"2)-(0,268*(J2+1))+4,463

Goal Seek to find the age (x)
according to the deterioration model.

A B C D
1 |Segment PSi Length |Road Width |Rut
2 LMG-633 1 35 7
3 LMG-820 2 9 7
4 MG-050 3 6,5 7
5 MG-123 3 45 7
6 |G-123/BR262 2 10 7
7 MG-129 3 32 3,8
8 [c-129/8R-120 2 17 65
9 MG-164 1 23 3
81 BR-462 2 4] 4
2 BR464 4 25 3
83 BR-A74 2 151 1
84 BR-482 1 142 4
85 BR-491 3 256 4
26 BR-494 4 198 1
a7 BR-496 1 135 4
83 BR-497 3 86 4
2 BR-499 3 15 q
90 Sum
a1 140115
[
93
o

| INPUT DO NOTHING | NO BUDGET CONSTRAINTS | LMITED BUDGET | OUTPUT | Costs | DecsionTree | (& 1

Figure 2: Sample running the “DO NOTHING” spreadsheet.

PSI after 1 year if you decide
DO NOTHING

3. If was decided to realize any maintenance at the roads surface, it is necessary
to consider the constraints. If there is no constraint, please go to “NO BUDGET
CONSTRAINTS” spreadsheet and select the decision (column E) as 1* as shows
Figure 3.

* Decision 0 = no maintenance

Decision 1 = maintenance

The result will give you the overall PSI after all the maintenances and its total cost.
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=SE(G="1-R";"3,9";SE(G="2-
R";"4";SE(G="3-R";"4";SE(G="4-
R";"4,1";SE(G="5-
R";"4,3";SE(G="GM";A;))))))

K*B

Cost per treatment and total

costs considering each segment v\ \
A B < D E F G H J K L

Psi Length Road Width Rut

65
45

32
17
23

@ | w

25
151
142
256

zl&lz]=/le]=]~[o]w]=]w]=]=

o
&

o
&

198
135

oo
=

(700 75 I S 0 S 0 N N N S
£
N S N S S S S A e o A

2

2

15

2

Sum
140115

=

w o
wWor

b3

| INPUT | DONOTHING | NO BUDGET CONSTRAINTS | LIMITED BUDGET | OUTPUT | Costs | DecisionTree | (&) 4

Figure 3: Sample running the “NO BUDGET CONSTRAINTS” spreadsheet.

PSI after 1 year if you decide
to maintain the roads with
NO BUDGET CONSTRAINTS

A

4. If was decided to realize any maintenance at the roads surface, it is necessary
to consider the constraints. If there is a budget constraint, please go to “LIMITED
BUDGET” spreadsheet, then go to data tab and SOLVER. Select the options as shows
Figure 4 with the available budget and press SOLVE.

* Decision 0 = no maintenance

Decision 1 = maintenance

The result will give you the overall PSI after all the maintenances and its total cost

considering the constraints as shows Figure 5.
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This budget value will represent

Pardmetros do Solver

Definir Objetivo: SMS93

Para: @) Méx, ) Min. (O valor de:

Alterando Células Varidveis:

SF32:3F389

Sujeito s Restricies:

the overall maintenance budget.

SF$2:5F589 <=1 -
SFS2:5F589 = ndmero intaira i Adicionar

Alterar

Excluir

Redefinir Tudo

Carregar/Salvar

Tornar Varidveis Irrestritas N3o Megativas

Selecionar um Evolutionary
Metodo de
Solugdo:

Método de Solugdo

Opches

Selecione o mecanismo GRG Mdo Linear para Problemas do Solver suaves e ndo lineares,
Selecione o mecanismo LP Simplex para Problemas do Solver lineares. Selecione o mecanismo

Evolutionary para problemas do Solver ndo suaves.

Figure 4: Solver inputs.

Solver to decide if the segments
will be maintained (1) or not (0).

A 8 c \F G H

1 |Psi Length Road Width |Rut
2 1 35 7
3 2 g 7
4 3 6,5 7
5 3 45 7
6 2 10 7
7 3 32 3,8
8 2 17 6,5
9 1 23 3
81 2 4 4|
a2 4 25 4
a3 2 151 4
24 1 142 4
85 3 256 4
86 4 198 4
a7 1 135 4
a8 3 86 4
29 3 15 4
90 Sum
91 14011,5
92
®
94

Figure 5: Sample running the

| INPUT | DONOTHING | NO BUDGET CONSTRAINTS
“LIMITED BUDGET” spreadsheet.

=SE(F=0;'DO NOTHING'IK;SE(G="1-
R";"3,9";5E(G="2'R“;"4“;SE(G="3'
Rll;ll4||;SE(G=II4_RII;II4’1||;SE(G=||5_
R";"4,3";SE(G="GM";A;)))))))

PSI after 1 year if you decide to maintain the roads
with LIMITED BUDGET. In this case, the goal was to
maintain the PSI and find the minimal cost to it.

QUTPUT | Costs | Decision Tree |



	258518d660523fd15572b53e00b061375048a840519c702a89ce6e291621be96.pdf
	Establishing a methodology for unpaved and paved roads management system : 
	LAURA CARINE PEREIRA RIBEIRO
	258518d660523fd15572b53e00b061375048a840519c702a89ce6e291621be96.pdf

