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Abstract

The management of a road network needs performance evaluation models that handle the
uncertainty of the data of its different types of road assets to identify problems and/or
damages that require attention within the conservation plans. Most of the existing evalu-
ation systems are limited due to the need for an expert to evaluate the data, the lack of a
classification of fixed and dynamic properties, and they consider only individual evaluation
of the assets.

This work presents the development of a fuzzy model for the integral evaluation of the
state of road networks. The assets considered are flexible pavements, surface drainage,
geotechnical, horizontal, vertical marking, safety devices, cuts, and embankments. For
the development of the model, we generate catalogs of the properties for each asset at
inventory and performance levels. In addition, individual assessment models were proposed
at a modular level to identify their impairments. The membership functions selected to
describe the fuzzy sets that describe the behavior of asset properties were triangular and
trapezoidal. The inference engine for the evaluation of all the rules is a Mandami model.

The integral evaluation model developed considers the relationships between the state
of the different assets of the red highway and their interaction with the environment in
which they are located. We divide the integral evaluation into three levels: 1) individual
asset evaluation, 2) evaluation of highway sections, and 3) evaluation of highway segments.

The use of fuzzy logic to determine the state of assets allows more approximate model-
ing of the degree of deterioration of the assets that make up the road network than classical
logic. This will enable you to evaluate with better granularity and establish relationships
between different assets to observe changes in the state (deterioration) of the network. We
present a hypothetical case study to evaluate the feasibility of the evaluation model, where
three road sections were evaluated: section level, embankment, and cut.

Keywords: Assets, Integral Evaluation, Fuzzy logic, Damages, Road Networks
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Resumen

La gestion de una red vial necesita modelos de evaluacion del desempeno que manejen la
incertidumbre de los datos de sus diferentes tipos de activos viales, con el fin de identificar
problemas y/o danos que requieran atencion dentro de los planes de conservacion. La
mayor parte de los sistemas de evaluacion existentes estan limitados debido a la necesidad
de un experto que evalué los datos obtenidos, la falta de clasificacion de las propiedades
fijas y dindmicas, asi como la consideraciéon de una evaluaciéon individual de los activos.

Este trabajo presenta el desarrollo de un modelo difuso de evaluacion integral del estado
de activos carreteros. Como parte de los activos considerados se encuentran: pavimentos
flexibles, drenaje superficial, geotécnicos, senalamiento horizontal y vertical, dispositivos
de seguridad, cortes y terraplenes. Para el desarollo del modelo se generaron catalogos de
las propiedades a nivel inventario y desempeno de cada activo. Ademas, se propusieron
modelos de evaluacion individual a nivel modular para identificar sus deterioros. Las
funciones de membresia seleccionadas para describir los conjuntos difusos que describan el
comportamiento de las propiedades de los activos fueron triangulares y trapezoidales. El
motor de inferencia para la evalucion de todas las reglas es un modelo Mandami.

El modelo de evaluacion integral desarrollado contempla las relaciones que existen
entre el estado de los diferentes activos de la red carretera, asi como su interacciéon con el
medio ambiente en que se encuentran. La evaluacion integral se divide en tres niveles: 1)
evaluacion individual de activos, 2) evaluacion de secciones carreteras y 3) evaluacion de
segmentos carreteros.

El uso de logica difusa para la determinacion del estado de los activos permite modelar
de una manera més aproximada el grado de deterioro de los activos que conforman la red
carretera que con el uso de logica clasica. Esto permite evaluar con una mejor granulari-
dad y establecer las relaciones entre distintos activos para observar los cambios de estado
(deterioros) de la red. Para evaluar la viabilidad modelo de evaluacion se presenta un caso
de estudio hipotetico, donde se evaluan tres secciones carreteras: a nivel, terraplén y corte.

Palabras Clave: Activos Carreteros, Evaluacion Integral, Logica Difusa, Deterioro,
Red Carretera
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Chapter 1

Introduction

Mexican Rad Network (MRN) is one of the fundamental pillars of the national economy.|1]
MRN is the most crucial network to move loads and people throughout the country. Ac-
cording to SCT, in 2019, MRN was used to move 94% of passengers and 56% of the
country ’s loads. [2]

Considering the importance mentioned above, Road Network (RN) administrators have
recognized the requirement of tools and procedures to guarantee its integral operation.
According to PTARC in their publication “Innovative approaches to asset management” 3|
It has taken more importance after to publication of the norm ISO55000.

To ensure the correct integral operation of the Road Networks, it is necessary that all
the road network assets, composed of pavements, bridges, tunnels, cuts, embankments,
drainage works, signs, safety devices, and intelligent transport systems, be in optimum
conditions. Hence, it is important to invest in their conservation. [4]

Asset Management is a set of business decision-making processes that allow commu-
nicating the Road Network necessities and conditions to all the involucrate actors. The
management assets should not be confused with a computational system or management
systems for pavements or bridges. [5]

The relevance of having adequate management is related to optimizing the available
economic resources because they are always limited [6]

The number of managed assets differs for each International Road Network adminis-
trator. Nevertheless, they consider that it is important to include most of the assets in
their management system. In countries like England, Spain, or France, the paradigm of
only managing pavements and bridges has been left behind. 7] [8] [9]
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1.1 Problem Statement

Road Networks are composed of a set of assets classified in Pavement, Structures, Geotech-
nical, Drainage, and Safety Devices. The adequate road operation requires that all their
assets be in optimal conditions. It demands a lot of economic resources, which generally
are limited. Therefore it is necessary to have adequate management of maintenance re-
sources to assure the correct operation of the road networks, prioritizing the attention of
the essential needs. Asset Management Systems are a tool to do this task.

To determine the attention priorities in road networks maintenance planning. Asset
Management Systems should solve two main issues: 1) Asset Individual Condition State,
and 2) Relationships among these. The first one is related to establishing how to evaluate
the assets to understand their state in the network. The second one determines how the
state of the assets impacts the Road Network. It allows an entire road network diagnostic
to plan maintenance works as a function of the most significant necessities.

In Mexico, the management road network is based only on the management of pave-
ments and bridges. However, more assets are present in the road network, as we can show
in Image 1.1 where we can observe pavement, tunnel, drainage works, safety devices, signs,
cuttings, and intelligent transport systems (ITS). Moreover, the management of bridges
and pavements is made separately, and they have not considered their relationships.

Figure 1.1: Mexican Road Asset Management

It has only been considered the management of pavements and bridges, which has
resulted in many road problems. An example is the undermining in “Paso Expres de
Cuernavaca”. In 2017, after three months of the inauguration of the ampliation and mod-
ernization of a section in Mexico-Acapulco freeway suddenly appeared a bigger undermine
Image 1.2 provoking that a car fell; unfortunately, car users lost their lives in this incident.

Months later, investigations derived from this incident revealed the cause. It was
provoked by a culvert damaged during the building process Image 1.3. This preexisting
culvert was not considered on the modernization project. The project just scrutinized the
pavement works, although there were more assets in the road network.
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Figure 1.3: Undermining Paso Expres Culvert

This situation is an example of extensive and expensive projects that have failed be-
cause road network administrators did not consider all the road network assets integrally.
The lack of an integral evaluation has generated inefficient projects and has derived from
a misuse of the limited economic resources, resulting in an expensive and inefficient road
network.

1.2 Solution Proposal

Diagnosis Systems are a crucial part of the Road Management System and allow determin-
ing the state of the evaluated element to identify attention needs. Based on the evaluation
of Road Assets and Road Network, we can design a maintenance plan.

We propose in this thesis the design of a fuzzy model of assets condition assessment
for maintenance and risk management of road networks as a solution for the described
problem.

The design of the proposed system considers first the road’s environment, taking into
account the road type, weather, and land characteristics. Once we determine the environ-
ment, we evaluate the inventory and diagnosis the asset operation. Inventory evaluation
allows identifying the asset that generally should configure the road and the initial char-
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Figure 1.4: Solution Proposal Diagram

acteristics of those. This evaluation should be done in the construction phase or the first
time that the system is implemented. On the diagnosis evaluation, operation properties
are identified. It considers a comparison between the inventory values and diagnosis values
of the properties that can change over time. It allows identifying the attention needs.

Road network evaluation should answer two principal questions. What assets should
be part of the evaluated road? And What characteristics and conditions should these
have? To answer these questions, we consider regulations, building specifications, and
good management practices. Based on these documents, good values are determined.

Once the values are identified, the expert criterion establishes every characteristic to
determine the individual asset state. Individual states and assets that should be part of
the road are integrated to establish relationships.

The diagnosis of the road network can be made taking into account the relationships
and asset evaluation values. We can identify the attention priorities by analyzing the assets
interaction and particular values on the determination of the road network state.

Implementation of the proposed system helps to plan maintenance works to accom-
plish the performance parameters for the correct functioning of the road network. The
cyclic evaluations feed the system to identify and verify the damages evolution and asset
relationships doing an evaluation life cycle system. It makes the road network evaluation
a perfectible time process.



CHAPTER 1. INTRODUCTION 5

1.3 Objectives

1.3.1 General objective

The general objective of this research is to develop an integral evaluation fuzzy model that
includes pavement, drainage, safety and geotechnical assets evaluation with the purpose
of diagnose the global state of road networks.

1.3.2 Specific objectives

Some objectives that allow achieving the main objective are the following:

e Identify the functional importance and properties of the individual vial assets to
choose the state diagnosis metrics that helps to guide the evaluation process.

e Design individual fuzzy evaluation models for the assets pavement, drainage, safety,
and geotechnical based on established metrics (standards and good practices) to
evaluate the individual asset status identifying the relationships between them.

e Design an integral fuzzy evaluation model that combines the relationships between
the individual evaluation models to diagnose the global state of road networks.

1.4 Scopes

Management information is divided on three evolutive levels: Inventory, Diagnosis and
Planning. This project is focus on diagnosis level with the objective to be a formal base
for the planning.

Inventory

Field Tests

Vial Asset
Evaluation

Individually
Asset

|
| | A

! IERTal e Diagnosis Evaluation
i Management

5 Fuzzy Model
1 Management System
I
I
I

Systems » Road Network

» F'av_ement » Functional Relationships Diagnosis _

> Drainage ‘ Biaciosie » Asset Maintenance

» Safety Devices b At Hierarchy

» Geotechnical | - - - . . - - =

» Structures | [ e e e o<, e e "
b a2 ATS I I

Plannin
g Efficient Use of
Resources

Figure 1.5: Project Scopes
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Figure 1.5 presents the components of this research schematically. As mentioned above,
this project is focused on the management diagnosis level; however, an inventory level is
required to implement the diagnosis level. The proposed model includes the Field Tests
for the management inventory, which are recorded on a Data Base and used to make the
individual evaluation of Pavements, Drainage, Safety Devices, and Geotechnical Assets.
Inventory data are integrated and analyzed using as a framework for the individually Asset
Evaluation System, taking into account the regulated and specificated performance values.
Based on information of the Individually Asset Evaluation Systems, a Road Network
Evaluation System can be designed, establishing the asset relationships on the integral
functioning of it. Finally, using the Individual Asset Evaluation as a base according to
performance values, the Integral Diagnosis Evaluation is made to generate a Road Network
Diagnosis, which is helpful to determine the Hierarchy Asset Maintenance Needs. The
proposed evaluation implementation allows a formal methodology to diagnose the Road
Network problems, which is necessary to plan the Risk and Maintenance operation works.

Even Asset Road Networks include Pavements, Drainage, Safety Devices, Geotechnical
Assets, Structures, and Intelligent Transportation Systems (ITS). The presented research
doesn’t consider Structures an I'TS due to complexity evaluation and the disposable time
for its development. However, it is necessary to consider that all the assets are particularly
important to the Road Network functioning. So authors are convinced that the research
is not complete and should be complemented in the future.

The research purpose is to propose a Diagnosis Fuzzy Model that could be used as a
tool for evaluating Road Networks. Implementation of the proposed model there is not
contemplated.

1.5 Use of Fuzzy Logic

Generally, Evaluation Road Network Asset Information is ambiguous and uncertain. The
principal source of ambiguity is that many of the parameters are not measured directly;
because it is very complicated and expensive work. Additionally, measures are done just
for representative elements, and finally, they are generalized. As a result, the Evaluation
Information is partial and specific, giving uncertainty to a general evaluation.

The Status Determination Process (SDP) is the process by which an evaluator deter-
mines the state of the evaluated element. Since Road Network Assets have to be made
with uncertainty and ambiguity information, as mentioned before, SDP should consider
the evaluator criterion and performance parameters tolerances.

SDP implements logic rules to determine the state, comparing the obtained with the
specified parameters measures. There are two ways to do it, classic logic rules or fuzzy
logic rules. Figure 1.6 shows it schematically.

When it is made with a classical focus, the parameter’s measures are compared with
metrics and tolerances established, evaluating if this condition is satisfied or not. This
way considers a correct status into the set defined with tolerances established or a failed
status outside of it. Because this way squares the answer, it is impossible to establish the
asset status considering their deterioration cycles.

Using fuzzy logic rules makes it possible to evaluate the compliance grade into the set
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defined with tolerances established. It permits determining how well an asset’s status is
satisfied, showing their deterioration cycles. Additional to tolerances, when the fuzzy sets
are defined, it is possible to consider the expert’s criterion modifying their membership
functions shapes that describe better the asset status; since it is possible to represent their
not lineal comportment.

Considering the mentioned characteristics of the Evaluation Asset Information, the ad-
vantages of using Fuzzy Logic to interpret it, and the relation with the evaluator criterion,
the research project has been developed with Fuzzy Logic.

1.6 Methodology

A global methodology to develop a fuzzy diagnosis model is presented below.

e Establishment of Asset Status Diagnostic Metrics (ASDM). The road network’s asset
characterization, including their deterioration and failure types, evaluation forms,
function, and asset relationships, is the base to establish the ASDM. ASDM defines
the characteristics that help to determine the correct asset functioning.

e Select Management System by Asset (SMSA). The use of the existing management
systems decreases the fuzzy model’s development time because it uses their man-
agement structures. To design the SMSA, we consider the ASDM defined above,
considering the most established metrics in the literature.

e Asset geo-functional Relationships into the road network System Model. (ARSM)
After selecting the asset management systems, develop a functional model of the
system, taking into account each asset’s function and influence space. The ARSM
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establishes all the asset relationships. ARSM is the base to determine the weight of
assets in the fuzzy model

e Development of an evaluation fuzzy model based on the geo-functional relationships
model. The design of fuzzy sets is based on the asset life cycles taking into account
their deterioration process. Developing the fuzzy evaluation model will create the
membership functions based on the ARSM and the ASDM. Besides, the fuzzy evalu-
ation model identifies the road network maintenance necessities whit an integral and
systematic focus.

The proposed methodology has been divided into five steps.1) Asset recognition, 2)
Information management, 3) Selection of individual systems, 4) Design of an integral road
network model 5) Develop of the evaluation fuzzy model. For each step, have been defined
the activities presented below.

1. Asset recognition. Because each asset has a life cycle and different functioning is nec-
essary to work with them individually. To establish road network asset relationships,
we consider their individual performance parameters and deterioration causes.

e Individual asset functional technical documentation research to establish the
theoretical bases for the evaluation system

e The individual asset, international and national, technical field of research to
establish the practical bases for the evaluation system. It considers the criterion
and tolerances that experts have on practice, taking into account the different
social, technician, and methodologic contexts.

e Asset performance metrics selection, identifying, corroborating, and adapting
basic asset information to establish metrics to evaluate the functional asset
performance.

2. Information Management. Information of Asset tests should be used and trans-
formed to obtain their diagnostic evaluation. To treat this information has been
developed different management systems at the world. We ordered and gathered
sufficient information for the correct implementation because all the generated data
is not organized most of the time. To use this invaluable information, we have pro-
posed to organize this on an adequate database and a correct and util geographic
representation using a Geographical Information System.

3. Selection of individually systems. Because there is not a single management system
is necessary to select the most adequate considering the institutional objectives.

e Road network asset management systems technical documental research to iden-
tify and contrast different systems.

e A technical-functional research at a national and international level for road
network asset management systems to identify preferences and practical advan-
tages identified by experts. Whit these, experts select and implement the asset
management system that they consider most appropriate considering social,
technical, organizational, and road particular context.
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e Selection of individual systems as a result of the documental and practical
research to select the most suitable management systems.

4. Design of an integral road network model. Because asset management systems are
individually for each asset, they do not consider the asset relationships. It has
been derived in maintenance projects that only consider the affected asset without
considering the failure cause. As the fail cause is not solved a lot of times is necessary
to do the maintenance works repeatedly. To avoid it is necessary to consider the asset
relationships and their importance on the global performance of the road network.

e Design of geo-functional asset relationships. It should consider their ubication
respect other assets and the functional relationships between them. These as-
pects permit the determination of the asset interaction space.

e Design of management systems information relationships. Commonly manage-
ment system (MA) information is repletely between different MA. Integrating
MA considering their relationships helps to reduce these reworks acquiring and
registering information just one time.

5. Develop of the fuzzy model evaluation. Design of fuzzy sets and membership func-
tions. There are two levels of fuzzy models. The first model makes the asset per-
formance’s fuzzification, and the second model makes the fuzzification of the road
network performance considering the asset relationships. For each fuzzy model,
five evaluation levels have been defined (very good, good, regular, bad, very bad).
Designed fuzzy sets and membership functions to design the inference mechanism
implementation algorithm. It traduces the expert’s knowledge to diagnose the origin
of identified problems and to rank the attention necessities.



Chapter 2

Theoretical Framework

The first step in research works is to establish the elemental concepts that determine the
base of the developed products. This chapter presents the main concepts of Road Network,
Asset Management, Modeling, and Fuzzy Logic Process. This chapter’s principal objective
is to familiarize the reader with the basic features applied in this research.

2.1 Road Network

Road network is one of the larges community assets. It is predominately government-owned
[10] Although private participation has been increased in recent years.

Road Network (MRN) is one of the fundamental pillars of national economies. [1] It is
because is regularly is the way most important to move passengers and loads throughout
countries.

Road Networks are composed of different assets as a function of the environment,
weather, topography, soil, and expected transit. Assets that can be part of the Road
Network can be classified as road pavement, structures, roadside facilities, and electrome-
chanical equipment.|3]

2.2 Asset Management

Application of Asset Management assures that organizational objectives can be achieved.
Asset Management translates the organizational objectives on technical and financial de-
cisions, plans, and activities. It is focused on the value that assets can provide to the
organization. [11]

Asset Management is “A systematic process of maintaining, upgrading and operating
assets, combining engineering principles with sound business practice and economic ratio-
nale, and providing tools to facilitate a more organized and flexible approach to making
the decisions necessary to achieve the public’s expectations.”

Road administrators are now required to implement asset inventory, valuation, and
standardized depreciation processes to have correct road network management.

Asset Management Systems have been recognized because they permit engineers to be
able to communicate with financial managers clearly. [10]

10
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“An asset management is a systematic way of identifying the optimal allocation of
resources”. Management requires evaluations to establish the inventory and condition
state. Evaluations should be reported and analyzed by a qualified engineer. [12]

The asset management cycle considers the asset operation, inspection, assessment,
business case, scheduling of works, and renewal or maintenance. [13] Asset management
database should include static data, condition data, and actions recommended. [14]

Asset management activities are targeted at the conceptual, technological, and orga-
nizational levels.

The basis for asset management is information. There are three levels of information.
The core information (inventory), Diagnostic based on asset condition information, and
Planning interventions based on decision-making. [15]

Because information levels are upgradeable is possible to implement them on different
levels as a function of organizational development. To implement the major planning level,
the organization must implement the first two levels: inventory and diagnosis.

e Inventory level permits to identify all the assets that are part of the road network
managed. Also, to represent the results of diagnostic and planning levels.

e Diagnosis level permits to determine the asset performance status. Asset perfor-
mance status is the base for the level of planning. The planning level considers the
asset life cycle to determine how the works of maintenance improve an adequate road
network operation.

2.3 Modeling

A model is an abstraction of something. It hides the non-essential characteristics to sim-
plify the system.[16] Object-Oriented Process analyses and defines system requirements
identifying elemental objects to represent the system. [17] Object Modeling Technique
is an object-based modeling methodology. It identifies element relationships allowing to
establish the subsequent relationships easily. Methodology phases are: Analysis, System
and Object Design, and Implementation.

The analysis objective phase is to understand and model the application and domain
in which the system operates. Problem statements and objects are identified in this phase.

The design phase includes System and Object model construction. The first is con-
cerned with the overall architecture of the system. The object design phase attempts to
produce a practical design; focused on conceptual objects.

The implementation phase considers how the design should be implemented.[18|

There are three model types to use in the design phase. Object Model, Dynamic
Model, and Functional Model Object Model is a static structure; it represents the system
objects and relationships. It contains object classes organized hierarchically. Dynamic
Model describes the comportment system aspects that change over time. It specifies
control system parameters, establishing the system operation sequences. Functional Model
describes values transformations in the system. It contents the data flow diagrams.[19]
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2.4 Fuzzy Logic

Fuzzy models proposed apply the Mandami inference mechanism, which is based on equa-
tion 2.1 and contemplates the following elements:

TruthValue(X is C and X is D | X = x) = min(TruthValue(X is C | X = x),

2.1
TruthValue(X is D|X = z) = min(uC(z), pD(x) (2.1)

2.4.1 Fuzzification

It considers the selection of the membership functions set that represents the specific be-
havior of each evaluated property. We identify two types of values of the geotechnical data:
qualitative and quantitative. When factors are quantitative, the ranges of the fuzzy sets
are established based on the normative or a technical document that determines their min-
imum and/or maxim values. When characteristics are qualitative, fuzzy sets are created
based on performance descriptions and assign a qualification for the different performance
states considering the evolution of damages. The fuzzification process contemplates two
main groups of sets.

e Input sets. The data are obtained from measures or tests carried out in situ. Each
input factor has different limits based on its behavior.

e QOutput sets. They depend on the characteristic to evaluate based on their impact
or status.

Fuzzification allows associating quantitative and qualitative data by assigning linguistic
labels to each fuzzy set. The shape of the fuzzy sets must represent the particular be-
havior of each evaluated characteristic. Shape functions proposed include triangular and
trapezoidal functions. Functions are presented in equation 2.2, and 2.3.

r—a ¢c—ux
b—a c—0b

),0) (2.2)

f(z;a,b,c) = maz(min(
Equation 2.2: Asset set triangular function

_ d—
f(z;a,b,c,d) = maac(mm(x a’ 1, <

b—a d—c)’

0) (2.3)

Equation 2.3: Asset set trapezoidal function

2.4.2 Definition and rules evaluation

We Generated rules of the type If x is A, and y is B, then z is C. They have been generated
from the combination of the linguistic labels assigned to each input factor considering the
relationship of states and impacts between the evaluated properties. Finally, a Mamdani
inference mechanism evaluates the rules.
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2.4.3 Defuzification

Defuzzification process assign a single number to the output aggregated fuzzy set. In
this research, We use the centroid method for defuzzification. Mathematical fundament is
presented in equation 2.4. It allows to have an interpretation of the outputs based on the
x-axis values of the center of gravity of the corresponding fuzzy set.

. Jpalx) ade
e .

2.4.4 Interpretation of results

We define the output description as a conclusion of the geotechnical asset state from the
exit of the defuzzification process. We describe the state of the asset to help the engineers
to determine the task or process to follow to increase the security or operation of the asset.



Chapter 3
Related Work: Assets in Road Network

In the research process, it is essential to consider the previous work developed by several
researchers to evaluate and construct road networks. Hence, in this chapter, we present
some related works to road assets evaluations particularly. We divide their description
into the following areas: pavement, drainage, safety devices, and geotechnical assets. We
first present the assets description, following a proposal of how we consider each asset in
our work.

3.1 Pavement

Asset management combines engineering principles with economic theory and business
practices. It has closed the gap between the pavement condition and user expectations. It
is why its implementation has increased. [62]

Pavement is the most managed and evaluated road asset. HDM-4 is one of the most
used pavement management systems in the world. The World Bank has developed it.
HDM-4 takes into account Roughness changes. The progression model used in the HDM-4
Stablishes the rutting, cracking, potholes, and environmental factors as components of the
IRI growth as is shown in equation 3.1 [65]

ARI = K,(ARI, + ARI, + ARIL, + ARIL) + ARI, (3.1)

Where:

ARI 1IRI growth

K,  Calibration constant
ARI, Structural deterioration
ARI,. Cracking component
ARI, Rutting component
ARI; Potholes component
ARI, Environment component

The pavement evaluation process is considered uncertain. Generally, its evaluation re-
quires experts. They make the pavement evaluation based on more or less clear terms used

14
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to describe pavement condition. General evaluations consider the pavement performance
evaluation classifying it as bad, poor, good, and excellent. [60] [66] [67] [68]

3.1.1 Pavement condition assessment

Due to the uncertainty in the pavement evaluation, there are some proposes of fuzzy
pavement evaluations.

In 1988 D.J. Elton presented a Fuzzy Evaluation of Asphalt Pavement System. With
fuzzy triangular sets. He establishes the importance of an evaluation system because of
the large turnover in pavement engineering. [60]

Some authors have proposed an evaluation model using the weighted average operation
to consider each parameter’s evaluation importance. They proposed to use the evaluation
parameters: roughness, alligator, transverse and longitudinal cracks, cracking ratio, and
rutting. [60] [61]

Singh has utilized the IRI, surface modulus, ruth depth, and friction coefficient to make
the pavement assessment. Membership functions have been developed based on a Hierar-
chy Process and Weighted Average. The general configuration of proposed memberships
functions includes triangular in the center and trapezoidal in limits.[63]

Chen C. has proposed a fuzzy evaluation of pavements based on qualitative parameters:
Present Serviceability Index and Pavement Condition Index. Proposed fuzzy sets use
triangular and trapezoidal memberships. [62]

Diew Thi Xuan Duong developed a pavement management model. He proposes the
pavement status evaluation based on four parameters potholes, cracks, rutting, and IRI.
Diew uses triangular membership functions to represent the parameters. Based on the
evaluation, he proposed some maintenance works. Finally, he compares the results with
the HDM-4, obtaining similar proposes with fewer input parameters. [69]

Lu Sun has proposed five linguistic labels to determine the pavement condition for the
roughness, deflections, surface deteriorations, rutting, and skid resistance. He establishes
the necessity of dividing the road network into pavement segments to implement the pave-
ment assessment. He assigns weights to level conditions to analyze their influence on the
integral pavement evaluation. [64]

3.1.2 Pavement environment influence

Generally, proposed works consider the evaluation of pavement conditions by making direct
measures. However, some external factors have an impact on the pavement asset, as could
be observed in equation 3.1, where the transit and environmental conditions influence the
pavement condition.

Mohd Rosli quantifies the effects of mean annual precipitation and temperature using
the Mechanistic-Empirical Design Guide for Pavementes (MEPDG) software and takes
into account the Mechanistic-Empirical design. MEDPG Inputs are traffic, foundation,
climate, and material properties. [59]

Climate parameters in the MEPDG are Air temperature, precipitation, wind speed,
percentage sunshine, and relative humidity.|70]
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3.1.3 Proposal

In the evaluation model proposed first division takes into account the Inventory and Perfor-
mance evaluations. Generally, pavement management systems only take into consideration
the performance condition. Inventory pavement conditions are the basis of its behavior.
Pavement performance is an interaction between the construction characteristics and op-
erating conditions. It is crucial to know the opening characteristics.

For the pavement evaluation model, the inventory evaluation, material quality, and
design transit are considered to identify the road importance and construction quality.

The proposed performance evaluation is based on the model of the HDM-4. Unlike our
evaluation proposed includes the section pavement condition assessment. We consider that
Road Roughness is not at the same level that deflections and structural or surface deteri-
orations. The Road Roughness, as is shown in equation 3.1, is the result of a combination
of these parameters. In this sense, we have proposed groping the pavement deteriorations
to determine the Road Roughness. Finally, the interaction between Road Roughness and
Friction is analyzed.

Environment parameters influence is considered in the integral road evaluation model.

Searcher IRI | Structural | Cracking | Rutting | Potholes | Friction | Environment | Fuzzy Logic
HDM-4 © & &
Elton D.J. Q| ® © © © X X @
Joni Arliansyah \t%\ @ \t%\ \t%\ @ @ @ \t%\
Singh A.P. k‘/_,\ k‘/_,\ @ k‘/_,\ ® k‘/_,\ ® Q/_,\
Duong D.T. \tﬁ\ @ \tﬁ\ \tﬁ\ \tﬁ\ @ @ Q/_,\
Lu Sun K‘Z\ K‘Z\ K‘Z\ K‘Z\ \t%\ \:Z\ @ QZ\
Mohd Rosli ‘Q/_,\ ® ‘Q/_,\ ‘Q/_,\ ® ® Q/_,\ Q/_,\
Carlos Gallegos @ \tﬁ\ \tﬁ\ \tﬁ\ \tﬁ\ \:ﬁ\ \:ﬁ\ Q/_,\

Table 3.1: State of Art Pavement

3.2 Drainage

Drainage road assets have as principal purposes to minimizing effects of flooding in the
road, enhancement of road safety to users, to protect road assets and to mitigate ad-
verse environmental impacts. Their design should consider the road geometry (horizontal
and vertical alignment) and their relationships with environment and existing streams.
Performance drainage is determined based in the scour, erosion and sediments.|86]

Water is one of the major causes of road damages. It is the reason because the drainage
management could be considered as priority. A visual operation monitoring is desirable
at least once or twice times per year.[92]

Managing road surface flows is an important component of road drainage. Road
Drainage is classified in minor and major systems. Minor system includes kerbs, inlets,
surface channels, underground pipes, culverts, and retention and sedimentation facilities.
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Major system are used when capacity of minor drainage is exceeded. One of the main
aspects in road drainage design is the ultimately dispose of water. [87] [93]

Drainage systems are divided in surface and subsurface. Surface system take the surface
water flows and drive these out of road. It is subdivided in longitudinal, and transverse.
Longitudinal drainage, drive water flows parallel to road way. Transverse drainage allows
to restore natural streams blocked by the road. Subsurface drainage prevent the water
infiltration to the pavement layers. [88]

Effective surface water drainage is essential to maintaining a desirable level of road
service and safety. Recent works in road drainage research have applied computational
modeling for their characterization.[89]

The FHWA have developed a new culvert inspection manual to renew the manual of
1986. The new inspection manual has been developed into the NCHRP Project 14-26. It
includes an evaluation of culverts methodology making an analysis of entrance, barrel and
exit parts of culvert and their relationships with the embankment and existing stream.
[90] [91]

Evaluation of culvert should include the size, shape, slope, land use, geology, soil type,
infiltration and storage.|[94]

3.2.1 Proposal

General research works related to road drainage are focused in the design process and road
construction necessities. Works related to determination of asset status are developed just
for culverts.

When drainage assets are considered like a system, importance of evaluation of the
different assets that composed it is noted. The proposed road drainage evaluation for
the surface drainage includes pumping, kerb, road ditch, cutting ditch, batter chutes and
culvert assets.

As base of evaluation. Asset dimensions have been considers appropriate to the road
and environment conditions. An inventory and a performance evaluation methodology is
proposed. Inventory evaluation is focused in determines the impact of geometry conditions
in the drainage assets. Performance evaluation divides assets in two principal character-
istics: Channel, and Structure. For the channel characteristic water way is evaluated. In
structure, the asset condition is evaluated.

For the integral road evaluation continuity between the assets that compose a road
section is evaluated.

3.3 Safety Devices

Safety Devices are elements that increase the safety in the road transit. These have taken
on a particular importance principally next of the first and second resolution of ONU
respect to the decade of action for road safety in 2010 and in 2020.[95]

Roadway and traffic conditions are main factors that affect the traffic accidents. Speed,
surface conditions and geometric factors have a direct influence in the road susceptibility
accidents. [99]
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iRAP Methodology is one of used evaluation methodology. It classify the road safety
with stars. In it evaluation five stars is the best qualification for the road safety. Road
evaluation is made in segments of 100 m. Geometry, and infrastructure conditions are
considered for the road qualification. It is a management system to planning the safety
works required to have a better star qualification. Evaluation elements include vehicles,
users and roads.[96] [97]

Road signs are an essential road safety elements. Generally countries have regulations
for these. Regulations establish the type, size, placement and manufacture of road signs.
However in-service performances generally is not mandated.|98|

In Mexico, regulations related to road safety devices include the NOM-008-SCT2-
2013 (Shock-absorbers) NOM-034-SCT2-2018 (Horizontal and Vertical Marking) NOM-
036-SCT2-2016 (Braking Ramps) NOM-037-SCT2-2012 (Protection Barriers).

Furthermore a methodology of road safety audits has been developed. In these geome-
try, and assets conditions are evaluated. Audits monitor the road safety in the feasibility,
draft project, executive project, beginning of operation and in operation stages.[100]

3.3.1 Proposal

Safety devices evaluation include the inventory and performance evaluation of protection
barriers, braking ramps, horizontal and vertical marking. Geometry, location and sign
status are evaluated. Proposed evaluation of safety devices consider the specifications
established in the Mexican regulations and the signs retroreflectivity levels recommended

by the FHWA.

3.4 Geotechnical Assets

Geotechnical Assets are man-made or natural earthwork below the road pavement layers
and the adjacent land beside the road. [72]

Geotechnical Assets need to be well maintained to ensure they are safe and serviceable.
It is necessary to program inspections to evaluate de actual asset conditions to identify
priorities of attention. Inspection frequency depends on the importance and performance
of the asset. Captured information should have a defined purpose. For the management
process of geotechnical assets, it is sufficient to model these as lines or points. The most
important is the information that they contain. [71]

Geotechnical Assets support the continued function of the road network. Suppose they
do not have adequate attention; they can fail, causing mobility delays, threatening user
safety, and generating very high user costs. [74]

Highways England company has a Geotechnical Data Management System that con-
siders inventory and condition information. Inventory information is essentially static.
It includes location, geology, geometry, and condition information, with a time limit to
consider it vital. Condition information includes geotechnical features as tension cracks,
rock falls, and elements that affect the asset as water influence. Information obtained is
analyzed and qualified by an expert.|73]
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We can find the embankments, cuttings, reinforced slopes, subgrade, retaining walls,
and structural foundations between the different geotechnical assets.|75]

3.4.1 Slopes

As noted above, slopes are part of the geotechnical assets. These include road cuttings
and embankments with or without reinforcement. Following is a summary of the best
evaluation systems found in the bibliographic review.

Jared McGinn proposes a ranking of selection of geotechnical assets as a function of
their slope, height, soil, groundwater, road traffic, and the relations between pavements,
drainage system, and geotechnical asset conditions. [76]

Salcedo, based on the principle "Today and past are keys to the future" and considering
that future landslides will have the same water, geological, and geomorphological factors
as those already in the past proposed a hierarchical analysis of causal factors. f(x)=0.379
x1+0.246 x2+0.159 x3+0.102 x4+ 0.0545+ 0.036 x6+ 0.024x7 where the variables are:
pending, lithology, precipitation, distance to geological faults, distance to rivers, distance
to roads, vegetation cover.Daniela Salcedo has made a classification of road landslides
causal factors into condition (topography, structural geology, lithology, soil type, drainage,
and vegetation coverage) and triggers (earthquakes, precipitation intensity, natural or
anthropic erosion). [77]

Considering the imprecision of input data due to scattering and systematic errors in
geotechnical information, Ghassem Habibagahi used fuzzy sets to represent the approxi-
mations of soil parameters and their statical distributions to calculate the safety factor.
78]

Due to uncertainties and ambiguities in data to determine the stability factor value in
highway slopes, Xiarong Zhou proposed a weighted scoring method to model the required
experience of experts and construction personnel to make a qualitative analysis of highway
slope stability. He obtained the fuzzy membership functions with a half-lower trapezoidal
formula, using the linguistic labels more stable, stable, less stable, and unstable. He
considered the stability factors: height, slope, lithology, rock structure, weak formation,
weathering degree, groundwater, and average annual rainfall.|79|

Zhang has organized 18 evaluation indices on five proposed types of evaluation: slope
body, swell-shrink grade, hydraulic and meteorological characteristics, supporting and im-
provement measures, and other factors. Following his analysis, the most influential factors
are the hydraulic and meteorological conditions followed by the condition of slope body,
support and improvement measures, and swell-shrink grade. [80]

Sai Samanth has applied the fuzzy theory to evaluate de slope stability. He proposes the
implementation of the triangular fuzzy set shape to represent the geotechnical parameters
that define the Safety Factor in slope stability.[81]

Tsung Lin proposes the use of neural networks to assess highway slope failures. As
a result, he has established an evaluation methodology based on gradient angle, slope
height, cumulative precipitation, daily rainfall, the strength of materials, joint number,
vegetation, and slope direction. [82]

Garnica developed an evaluation system for cuttings and embankments with an ex-
ponential scale based on the England evaluation system. He had adapted to Mexican
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conditions taking into account slope characteristics, weather, and geology. For each evalu-
ated characteristic, he has proposed a qualification interval defining four classes based on
danger: very high, high, medium, low. [83]

Darren Beckstand made a conversion of exponential RHRS scores to a linear condition
index. He analyzed the relationships between de two different evaluation systems, and
finally, he has defined five classes with regular intervals of 20 points.|[74]

3.4.2 Retaining walls

Additionally to slopes, geotechnical assets include retaining walls. Generally, these are
part of an improvement system reinforcing and making slopes smarter.
Oliver Brutus presents the required information to management earth retaining struc-
tures considering their function, structural, historical, and failure consequences data. [84]
Retaining walls evaluation can be based on wall function, wall type, architectural facing,
surface treatment, and wall elements. Scott A Anderson. [85]

3.4.3 Proposal

As each of the reviewed systems suggests a particular way of evaluation with a similar
objective, a combination of the characteristics of each one makes it possible to generate
a more detailed evaluation system. In the bibliography presented, condition evaluation
systems do not utilize fuzzy logic. The majority of these propose an evaluation taking into
account just the performance or operating condition. Stability evaluation systems have
demonstrated that fuzzy logic helps make an evaluation more approximated to reality.
The evaluation system developed in this research, which will be presented on a section of
the fuzzy model, proposes fuzzy logic to do a condition evaluation divided into two phases,
inventory and performance. It has been made based on each system’s advantages, making
a combination of evaluated factors or ways to evaluate them.

Searcher / Organization | Inventory | Operation | Material | Geometry | Stabilization | Road protection | Vegetal coverage | Fuzzy Logic
Highways England %) %) ®
Paul Garnica %) @ %) %) @ %] %] @
Jared Mc Ginn %) @ %) %) @ @ @ @
Daniela Salcedo %) @ %) %) @ @ (%] (%)
Ghassem Habibagahi %) @ (%) (%) @ @ @ (%)
Xiarong Zhou %) @ (%) (%) @ @ @ %)
Jian Zhang ‘\‘-ﬁ\ @ ‘\‘-ﬁ\ ‘\‘-ﬁ\ '\‘-5\ @ @ '\‘-5\
Sai Samanth (‘ﬁ\ ® ‘\:‘C\ ‘\:‘f\ '\;‘C\ (‘ﬁ\ @ '\;‘C\
Tsung Lin © @ © © @ @ (%) %)
Carlos Gallegos © © © © (%] (%) (%) %)

Table 3.2: State of Art Geotechnical Assets



Chapter 4

Fuzzy Model Development

Once we have described the basic concepts and the related works have been analyzed, we
present the core of the proposal in this chapter. We focus on the description of the general
process for the fuzzy model evaluation for road networks. In the first section, we describe
the processing of information. Next, the modeling process of the different road elements
is established. Finally, the fuzzification process and the inference mechanism for the road
networks evaluation are described detailed.

4.1 Fuzzy Model Description

Figure 4.1 presents a diagram of the methodology to generate a fuzzy evaluation model.
First, the element to evaluate should be identified and represented. Next, an evaluation
system should be defined to classify and establish relationships between the data describ-
ing the asset functioning. Finally, based on the evaluation system, the fuzzy model is
generated, taking into account limit values, relationships, and influences of the evaluation
parameters defined previously.

For this project, a road network model has been defined. Data evaluation has been
classified in inventory and performance. The first includes fixed and initial values of
dynamic characteristics. It is defined during the design, construction, or first evaluation
phase. Performance includes dynamic characteristics. Comparison between initial and
performance values of the dynamic characteristics allows identifying deteriorations and
damages evolution.

4.2 Road Network Modeling

Road Network evaluation should considerer the own and external evaluation parameters
that have an influence on it. External parameters (transit, weather, and soil) have been
defined for this project as the environment. It has an influence on Road Network evaluation
because the road network requirements are a function of it.

Own parameters are defined by the characteristics and describe the properties of the
Road Network (road type, geometry). These are defined as a function of the environment

21
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Fuzzy Evaluation Modeling

Element to Road Metwork Model
evaluate
Inventory (Construction or first implementation, Performance (Operation phase,
fixed and initial characteristics) dynamic characteristics)
Data
classification
Evaluation System Evaluation System
N 000 & N ]
v v
. - S
Data
processing Fuzzy Maodel Fuzzy Model
L LY |

Figure 4.1: Fuzzy Evaluation Modeling

characteristics. It allows evaluating road networks ubicated at any location, taking into
account performance differences due to characteristics of the place.

To make the Road Network (RN) performance evaluation easier, We have proposed its
division on two levels. The first level divides RN into Road Sections (RS). The second
level divides RS into Road Assets. RS is composed of a set of assets as a function of the
own and external parameters defined before. Figures 4.2 and 4.3 show this division.

Road Sections are classified in Earthworks and Structures sections. First, include the
sections that are positioned on natural land, cuttings, or embankments. These represent
the basis sections because they just include pavement, drainage safety devices, and geotech-
nical assets. Last, include positioning a structure on the section; generally, it represents
an interaction with an external system as in the case of bridges and over or underpasses.
Sections of each class are presented below.

Earthworks Structures
*Level Section *Bridge
**Embankment *Overpass
**Cutting *Underpass
**Cutting/Embankment | *Tunnel

Road Network is a continuous road section system to obtain an integral evaluation of it.
It is required to integrate the Asset Evaluation, making land measures or visual evaluations
that allow determining their status. Next, establish asset relationships in the defined road
sections. And finally, define relationships between the different Road Sections.

Figure 4.2 shows aerial photography of the highway Atlacomomulco-Guadalajara, be-
hind are specified road section divisions for the presented road stretch.

a)Curve Level Section b)Underpass c¢)Cutting d)Tangent Level section
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Figure 4.3 is a photography of the cutting section of the figure 4.2. It shows some of
the different assets that compose the road section: cutting, ditch, horizontal and vertical
marking, pavement.

Asset Road Section Integration

Cutting Ditch
Cutting

Ditch
Pavement
Pumping
Harkzontal Marking

Central Ditch

~ e — ~
Road Section a) Road Section b) Road Section c) Road Section d)

Road Network Sectioning

Figure 4.2: Road Network Modeling

Figure 4.3: Road Section Modeling

A road network can be composed of an unlimited number of road sections, so consid-
ering the total Road Network evaluation is a complex job. To simplify the assessment,
Road Network can be divided into Road Sections Sets. Road Section Sets have been de-
fined as a series of three road sections: entrance, intermediate, and exit section. It allows
establishing the existing Road Section relationships, which are defined as a function of
three continuous support subsystems: Drainage, Pavement, and Safety Devices. It can
be observed at the top of figure4.2 where the lines of pavement, pumping, and horizontal
marking are continuous in the four presented sections.
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Good road network performance requires a correct performance of subsystems that are
part of it. Road section evaluation is the basis for the Road Network Evaluation, so "to
ensure that a road network operates all their road sections must operate well." We use the
curve or tangent to divide the road network into road sections. After identifying curve and
tangent sections, considering the eight road sections presented before, a second division is
made.

Three road sections form the set of road sections. This set allows analyzing the rela-
tionships between the entrance and exit sections with the intermediate section. Interaction
between intermediate and entrance or exit sections can be different by the geometry influ-
ence and road direction. Figure 4.4 presents the defined relationships for the Road Section
Sets formed by level sections toward entrance and exit. Relationships have been defined
considering that the functioning of Road Subsystems requires geographic continuity.

e g
—* Drainage
Level Section Embankment Level Section Pavement
——» Safety devices
N~ .
)\ Y =
— _.r Foi <
Level Section [4— Cut Level Section Level Section Overpass Level Section
J ¢ /4 L J \, J
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Figure 4.4: Road Sections Relationships

Surface road drainage operates with the hydraulic channel principle. Water flush goes
from the tallest to the lowest level. In the pavement system, changes on the land can gen-
erate deformations on the surface. Land changes are present principally in embankments.
Structures are a special case. Maintenance works on pavements generally consider asphalt
over layers; it is complicated because it would change the vertical clearance gauge or the
structure dead weight on the structure sections. It normally generates changes in the
transition between sections. Safety device system considers principally road-user commu-
nication signs and their ubication related to the point of change that should communicate
to the user, which is the main reason that only has relation with the entrance section.

4.3 Road Sections Modeling

Road sections are a road stretch with a particular asset configuration with the same geo-
metric and condition characteristics. Modeling Road Sections has been established based
on graph diagrams where nodes are the asset class, and the arcs represent the functional
influence between the assets. It allows establishing the relationships between the assets in
the road sections.
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Figure 4.5 shows a unidirectional influence between two assets. It means that Asset A
has an influence on the functioning of Asset B. If Asset A is worst, it is going to affect
Asset B. Besides, if Asset A is well, it will contribute to the good functioning of Asset B.
Finally, if Asset B is well or worst, it does not influence Asset A functioning.

Figure 4.6 shows a Bidirectional influence between two assets. It means that Asset
A has an influence on the functioning of Asset B, and Asset B has an influence on the
functioning of Asset A. If some Asset is worst, it is going to affect the other Asset. In the
same sense, if some Asset is well, it will contribute to the other Asset’s good functioning.

Asset B

Figure 4.5: Unidirectional Asset Relationship

Asset B

Figure 4.6: Bidirectional Asset Relationship

Road sections have been defined based on the classification of road assets in five classes:

a) Pavement b) Drainage c) Safety Devices d) Geotechnical Assets e) Structures

Figure 4.7 y Figure 4.8 show assets that form the road sections defined in the last
section, as well as relationships that exist between these. Relationships between the assets
have been defined considering their functional influence.

The level section is the base of all defined sections. It just includes pavement, safety
devices, and drainage assets. Relationships defined for this section show that pavement
is the principal and most basic road asset. The rest of the assets complements pavement
assets to warranty the correct road operation. Safety devices and drainage are basically
complementary assets. These have a direct influence on the function of the rest road
section assets.

The remaining sections are based on the level section and complement with additional
assets. They are complex because they have been created to save some topography, envi-
ronmental, or transit problems.

For the rest of Earthworks Road Sections (figure 4.7), additional asset (cutting, and/or
embankment) has influence from the safety and drainage assets, and it influences pavement
and drainage. On sections with embankments, there is a bidirectional influence between it
and pavement. Bidirectional influence means that both assets can affect and change their
functioning.

Structure road sections (figure 4.8) are special cases because, in these, there is an
intersection between two different systems. It adds an external element to the road section
defined. For these cases, we should evaluate the interactions of the external system and
section elements to warranty both systems’ correct functioning.
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Figure 4.7: Earhtworks Road Sections
Pavement Drainage Safety DevicesImprovement | Geotechnical | Structures
Flexible pavement Pumping Braking Ramp Cutting Bridge
Kerb Safety Barrier Embankment Tunnel
Batter Chute Vertical Marking
Ditch Horizontal Marking
Cutting Ditch
Culvert

Table 4.1: Asset Classes

4.4 Road Asset Modeling

As has been defined before, Road Assets are the basic elements of the road network. We
defined the classes before including the elements presented below. The Multi-level Road
Network evaluation proposed requires to know detailed the individual asset performance.

Road Asset Modeling should take into account their ubications and space to identify
them as punctual or lineal assets. Punctual Assets are assets wich ubication is a point;
they can be located with a coordinate on the Road Network: Batter Chutes, Culverts,
Transversal Structures, Vertical Marking, and some Horizontal Marking. Linear assets are
ubicated at the road length. They require two coordinates on the road defining where
they start and end: pavement, Kerbs, Ditches, Braking Ramps, Safety Barriers, Embank-
ments, Cuttings, and longitudinal Structures. At the top of figure 4.2 can be observed the
representation of the linear and punctual of the upper road body.

As mentioned, all the assets are just a part of the system, and their performance is the
basis of road network functioning. Road Network braking down in road sections and road
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Figure 4.8: Structure Road Sections

assets allows us to evaluate any Road Network. We evaluate the smallest element (asset
selected), and we can define any asset set to form the Road Sections that compose the
Road Network evaluation. Also, this division allows road administrators to select which
evaluation level they require (Road Network, Road Section, or Asset) as a function of the
management phase.

4.5 Road Asset Evaluation

We define the Evaluation Mechanism based on the modeling of the Road network, Sections,
and Assets. The evaluation Mechanism begins with the basic road elements, Assets. Asset
evaluation is based on land measures and visual evaluations of the asset parameters.

4.5.1 Road Asset Catalog

The asset catalogs have been defined to identify asset parameters that should be evaluated
for each asset. Figure 4.9 shows a general canvas used as a base to generate each asset
catalog.

The proposed general asset catalog has five basic definition classes:

e Environment. It includes Weather, Soil, and Transit. For each asset type, Environ-
ment elements and the principal influences of each one are defined.

e Importance characteristic. It is presented as a vertical bar at the left of figura 4.9.
It represents the principal asset characteristic that defines its importance level.
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Figure 4.9: Catalog canvas

e Asset section. It presents the different assets that compose the asset class defined
on the diagram.

e Fail type section. It presents the principal mechanisms of fail for the different assets
presented. It is the base of evaluation and describes the asset fail evolution.

e Assessment section. It includes the evaluation parameters based on the failure mech-
anism of the presented assets. Evaluation parameters define the asset performance.

4.5.2 Evaluation Model

Once identified assets, fail mechanism, and evaluation parameters that describe their per-
formance, the evaluation model, can be defined. The evaluation model classifies evaluation
parameters making a modular evaluation. Modular evaluation is based on relationships
between the asset evaluation parameters that describe asset characteristics and proper-
ties. Modular evaluation allows the inspector to select the asset properties that must be
considered on the specific road network.

Evaluation Modules are established based on asset property evaluations. They are
formed by an evaluation sequence where the minimal elements are the direct asset eval-
uations. These are obtained from the project for an inventory evaluation or from land
measures for a performance evaluation. Next, the sequence elements are asset character-
istics, defined based on the relationships of evaluation elements. These can be evaluated
on different levels describing the general asset functioning. Then, asset properties are
evaluated based on relationships of the most prevalent characteristics evaluation. Finally,
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inventory or performance evaluation is obtained from the interaction of asset properties.
The principal differentiating between inventory or performance evaluation is the data ori-
gin.

The general sequence of asset properties evaluation is described with equations 4.1 to
4.4. These equations show the entrance elements set for each evaluation level. We describe
each one as follows:

Evaluation set {E} is a vectorial set. It is formed by a variable number of evaluations
“h” based on the evaluation parameters of each asset. Equation 4.1.

E ={ey,eq,e_,en} (4.1)

Characteristics set {C} is a matrix-set n x j, where n is the number of levels of char-
acteristics evaluations and j is the number of elements of the first evaluation level. The
definition of the elements that compose the characteristics set has two special cases. In the
first level of evaluation characteristics, entrance elements are a subset of the Evaluation
set {E}, next levels of evaluation characteristics have as entrance a subset of the previous
evaluation level {C}. The number of elements of a superior evaluation level should be less
than for the previous level. Equation 4.2.

{Cix CE} i=1,1<k<y (4.2)
= . .
" {C,Jf Q Ci—l,k:} 1 <1 S n, 1 < k‘ S |Chi_17k| — 1

Properties set {P} is a vectorial set. It is formed by a subset of the last characteristics
evaluation level {C}. As for the superior evaluation levels of the characteristics set, the

number of properties’ elements should be less than the previous evaluation level. Equation
4.3.

P={PCC,un}:|P|<|Chkl (4.3)

Finally, the Results set {R}, has as entrance elements the properties set {P}. Elements
of the results set are Inventory or Performance according to the evaluation carried out.
Equation 4.4.

R={P} (4.4)

Figure 4.10 shows a general schematic diagram to define the asset evaluation model
and represent the equations described before. It includes at right the evaluation result,
asset inventory, or performance. It is defined based on all asset properties that describe
the asset functioning. Asset Properties are defined based on subsets of the last level of
Characteristics evaluation. The number of elements that form each subset is variable; it
is represented with the subscripts m’ and k. Characteristic evaluation is divided into a
variable number of levels, represented with the subscript n. The first level of evaluation
characteristics is based on subsets of the Evaluations set. As for the case of the last
evaluation level, the number of elements of the basis subset is variable for each evaluation
level. It is represented with different math literals.
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Vertical lines in figure 4.10 show the evaluation division sets, evaluations, character-
istics, properties, and results. Horizontal lines form boxes wich outline the tree branches
that represent the modular evaluation.
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Figure 4.10: Evaluation Model

Physical meaning of the evaluation division sets is presented below.
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e Evaluations. It includes parameters that could be evaluated on the project or mea-
sured on land. It is based on the Assessment section of the asset catalog. In figure
4.10 these are at left represented with circles.

e Characteristics. It represents a multilevel evaluation grouping the evaluation param-
eters based on their relationships.

e Properties. It represents the most general asset evaluation division that describes
the asset functioning.

e Results. It has two elements, Inventory, and Performance evaluation. First evalu-
ates the asset properties that determine asset environment resistance. Performance
evaluation evaluates the asses status at the evaluation time.

4.5.3 Fuzzy Control

As has been mentioned before, equations 4.1 to 4.4 represent the entry sets for the fuzzy
controls for the evaluation module. From figure 4.10 just left circles to represent physical
evaluations. The remaining nodes represent fuzzy controls of the evaluation results as the
entrance of the fuzzy control of the superior level.

Fuzzy control is composed of three principal phases.

1. Fuzzification. In this phase, fuzzy sets are defined. These should represent the
behavior of the evaluated element. It allows making a qualitative evaluation based
on a quantitative evaluation.

2. Rules evaluation. These are the base for implementing the inference mechanism and
represent the existing relationships between the evaluated elements.

3. Defuzzification. Once we evaluated the rules by the fuzzy inference mechanism, we
should describe the obtained results to make a correct result interpretation.

Road network evaluation needs the inspector to interpret the obtained measures con-
sidering the behavior of the evaluated element and its relationships with the other aspects
of the road network. It is the principal cause of the implementation of the Mamdani
mechanism on this project. Mamdani inference system allows modeling the approximate
reasoning. In it, fuzzy rules are based on the experience of experts that design the model.
The fuzzy inference mechanism is described in equation 4.5.

TruthValue(X is C and X is D|X = z) =
man(TruthValue (X is C|X = x), TruthValue (X is D|X = z)) = min (u C(x), u D(z)
(4.5)

The inference mechanism is the motor of the evaluation model. It evaluates the defined
rules based on the relationships of the fuzzified measures and allows to represent the
interactions between the characteristics of the assets. The elements that are part of the
evaluation are described below.
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4.5.4 Fuzzy Sets

The evaluation of asset parameters begins by defining a fuzzy set for each one. The fuzzy
sets are defined by a membership function set that represents the specific behavior of the
evaluated parameter. Fuzzy sets establish the classification of the possible values obtained
for the evaluation of asset parameters by assigning them linguistic labels that describe
their behavior. The possible values are assigned as a function of how the asset would be
if the evaluated parameter has a value in a defined range or how it would affect the asset
functioning.

In fuzzy sets, at least one limit is diffused. It allows taking into account the nearest
meaning of the measured value. On it, tolerances could be evaluated as an improvement
or a decrease of the evaluated parameter. The crisp set represents the value range where
the measure describes the defined class (linguistic label). The intersection of fuzzy sets
represents the range where the evaluated parameters could belong to various sets as a
function of the inspector interpretation. For the fuzzy evaluation models, we define two
classes of fuzzy sets:

e Input sets. These represent the evaluation data that the fuzzy mechanism will eval-
uate. For this project, the first level of input sets should represent the parameter
behavior. Set ranges are defined based on the normal values that could be obtained
on the asset parameters evaluations. Values ranges are divided into classes that de-
scribe the parameter status. On this level, evaluation data could be quantitative
(land or project measures) or qualitative (visual asset evaluations). From the second
evaluation level, input sets are the output set of the previous evaluation level.

e Output sets. They represent the result of interaction between the input sets. Data
described by these sets is qualitative. Range values for this project go from 0 to 10,
where 0 represents the worst state, and 10 represents the better state.

The fuzzification of the parameters allows classifying the evaluation data assigning
linguistic labels and a range of values to each fuzzy set. The shape of the defined fuzzy
sets must represent the particular behavior of each evaluated parameter. Shape functions
used in this project are triangular and trapezoidal.

In triangular membership functions, there is just a crisp value (figure 4.11. It could
have two fuzzified limits (equation 4.6) or one fixed limit and one fuzzified limit to left of
crisp value (equation 4.7) or a right limit of the crisp value (equation 4.8).

In Trapezoidal membership functions, there is a range of values for the crisp set (figure
4.12. Tt could have two fuzzified limits (equation 4.9) or one fixed limit and one fuzzified
limit to left of crisp values range (equation 4.10) or a right limit of crisp values range
(equation 4.11).
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Once the normal range of values for the evaluated parameters is identified, a set of fuzzy
sets is designed to assign the membership function nearest to the parameter behavior for
each range of values that describes the defined classes. The guidelines considered on the
design of the set of fuzzy sets in the proposed model are presented below.

e Values range for the different asset parameters has been divided from two to five
classes. A number of classes for each one is defined as a function of the behavior
stages of the evaluated parameter. A greater number of classes should be defined
when the normal values range is wide, or the status parameter has a lot of variations.
Few classes are defined when range values are too closer, or the status parameter
has very few variations on the values range. In this project, general linguistic labels
describe the behavior stages as Very Good, Good, Regular, Bad, and Very Bad. We
can make different linguistic labels combinations based on the best description of the
evaluated parameter.

e Fuzzy membership function assigned to the defined classes is triangular when existing
a particular value that describes the asset evaluation status. Trapezoidal sets are
used when existing a values range that describes the asset evaluation status.

e Fuzzified limits represent an improvement or worsening of the evaluated parameter.
Fixed limits in the triangular membership function are used when just a maximum
or minimum specified value exists for a measure. Trapezoidal sets with a fixed limit
have been used when there is no change in the asset status if the value increases in
its direction.

e Fuzzified limits represent an improvement or worsening of the evaluated parameter.
Fixed limits in the triangular membership function are used when just a maximum
or minimum specified value exists for a measure. Trapezoidal sets with a fixed limit
have been used when there is no change in the asset status if the value increases in
its direction.
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e Asset evaluation data is classified in qualitative and quantitative. When it is quan-
titative, the ranges of the fuzzy sets are established based on the normative or tech-
nical documents that determine their minimum and/or maxim values. When it is
qualitative, fuzzy sets are created based on performance descriptions and assign a
qualification for the different performance states considering the evolution of dam-
ages.

Qualitative parameters and outputs evaluations sets have been designed with a scale
from 0 to 10. Where 0 represents the worst parameter state and 10 is the best parameter
state. To guide visual evaluations, evaluation classes for qualitative parameters have been
described. Descriptions allow the inspector to select the state of the asset, comparing his
observations with these. The inspector should evaluate how much description is closer to
the visual evaluation. Next, inspector should assign a qualification from 0 to 10 at the
class to better describe the visual state evaluation. When the evaluation state is worse
than the status class description, but better than the previous status class description.
Inspector assigns an evaluation value between 0 and 5. When the observed condition is
completely described by the class description a qualification of 5 is assigned. Finally if
observed condition is better that class description but worst that next status description,
inspector should assign an evaluation value between 5 and 10.

Figure 4.13 shows the qualitative and output set of fuzzy sets implemented on the
developed model. Class limits values have been determined calibrating the memberships
configuration proposed in the evaluation range. It includes trapezoidal with a fixed limit
and triangular memberships functions. Trapezoidal functions are on the evaluation ex-
tremes. These represent that a point from an improvement or worsening state does not
influence the evaluation. Central sets are triangular. These represent a point where the
description is closer to evaluation, and from it, the state can improve or worsen. Below,
individual sets show the location of the evaluation value that can be assigned to the eval-
uation classes. For the triangular sets, it is easy to observe that there is just a value that
corresponds to the class description. From this point, adjacent classes are symmetrically
intersected. It allows modeling the improvement or worsening state getting away from the
description class and closer to the description of the adjacent class. For trapezoidal sets,
an interval that corresponds to the class description exists because an improvement in the
VGood set or a worsening in the VBad set does not influence the asset status.

For the qualitative class description, ranges values and the shape of fuzzy sets of the
evaluation parameters have been designed based on normative or technical documents.
Documents used to establish the fuzzy sets for the different asset classes are:

e Environment. Catalogo de Secciones Estructurales de Pavimentos para la Reptublica
Mexicana [20], N-CMT-4-05-004/18 [21]. Wind Beaufort Scale[22] Data of Weather
Stations CONAGUA [23], AASTHTO GUIDE FOR Design of Pavement Structures
[24], Anejo Norma 6.1 IC:Secciones de Firmes [25], N-CMT-1-03/02 [26].

e Geometry. Manual de Proyecto Geométrico de Carreteras 2018 [27]

e Pavement. N-CMT-1-01/21: Materiales para Terraplén [28] N-CMT-1-02/21: Mate-
riales para Subyacente[29],N-CMT-1-03/21:Materiales para subrasante [26], N-CMT-
4-02-001/21: Materiales para subbase [30], N-CMT-4-02-002/21:Materiales para base
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Figure 4.13: Response set

hidraulica [31], N-CMT-4-05-003/02:Calidad de mezclas asfalticas para carreteras
[32], PA-CR 01/2016 México. Diseno, fabricacion y colocacion de mezclas para capas
de rodadura elaboradas en caliente AMAAC. [33], AASTHTO GUIDE FOR Design
of Pavement Structures [24], Catélogo de Secciones Estructurales de Pavimentos para
la Reptublica Mexicana [20], N-CSV-CAR-1-03-007/2017: Determinacion del Coefi-
ciente de Friccion [34], N-CSV-CAR-1-03-006/2020: Determinacion de la Macro-
textura [35], N-CSV-CAR-1-03-008/2018: Determinacion de Deterioros Superficiales
de los Pavimentos (DET) [36], N-CSV-CAR-1-03-009/2016: Determinacion de Pro-
fundidad de Roderas [37]|, Anexo 4 Estandares de Desempenio APP Conservacion
Piramides-Tulancingo-Pachuca [38|, Performance Prediction Model HDM-4 [39], Céa-
talogo de deterioros de pavimentos flexibles [40], Distres identification manual [41].

e Drainage. Manual de proyecto geométrico de carreteras 2018 [27], N-PRY-CAR-4-
02-003 2016: Disenio elementos de obras complementarias de drenaje [42] AASHTO
Culvert and Storm Drain System Inspection Guide [43], Propuesta de indicadores
para la gestion de taludes de corte y de terraplén [44]|, Anexo 4 Estandares de De-
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sempenio APP Conservacion Piramides-Tulancingo-Pachuca [38].

e Safety Devices. NOM-034-SCT2-2018: Senalamiento Horizontal y Vertical de Car-
reteras y Vialidades Urbanas [45], NOM-036-SCT2-2016:Rampas de Emergencia para
frenado en carreteras[46], NOM-037-SCT2-2012: Barreras de Proteccion en Car-
reteras y Vialidades Urbanas [47], Manual de proyecto geométrico de carreteras 2018
[27], Maintaining Sign Retroreflectivity FHWA[48|, Anexo 4 Estandares de Desem-
peno APP Conservacion Piramides-Tulancingo-Pachuca [38|

e Geotechnical assets.Propuesta de indicadores para la gestion de taludes de corte y
de terraplén [44]. Risk assessment model slope stability [56], Rock Mass Rating
[58], Anexo 4 Estandares de Desempenio APP Conservacion Piramides-Tulancingo-
Pachuca [38] N-CMT-1-01/21: Materiales para Terraplén [28].

4.5.5 Fuzzy Rules Definition

Fuzzy rules are the guidelines for the inference mechanism. These consider the interaction
that exists between the status of input elements. Defined fuzzy rules for this project are of
the type If A is  And B is y Then R is w. They have been generated from the combination
of the classes assigned to input elements considering the relationship and impacts between
the evaluated properties.

The number of fuzzy rules for the fuzzy controls is determined based on the multiplica-
tion principle. Taking into account that the status of the entrance elements is independent,
the number of fuzzy rules is calculated with equation 4.12

IR| = |Ey| % |Bs| % ... | Ey| (4.12)

Where: {R} Fuzzy Rules set.
{Ei}
Entrance Element sets
Rules definition is based on the interaction of the entrance elements status. The output

result is determined considering that the status of entrance elements can affect the output
status in three ways:

e Entrance elements status goes in the same sense: The status of entrance elements is
similar and tuning. The impact of entrance status is added to the output status. It
is valid for positive or negative sense. If the entrance status is good, output status
will be good. If the entrance status is bad, output status will be bad.

e Impact of the evaluated status goes in the opposite sense: Status of entrance elements
are opposed, not tuning. Impacts of entrance status are diminished. It reduces the
individual effect that they can have on the output status. Output status will be
improved or worsened with respect to the principal entrance status. If an entrance
status is good and another entrance status is bad, output status will be intermediate.
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e Impact of evaluated status goes on independent senses: Status of entrance elements
are independent, or influence of secondary elements is not sufficient to generate a
different output status. Output status will be determined by the individual status of
the principal entrance element. The status of the principal element has no variation
by the status of the remaining entrance elements.

As general rule can be stablished that when first case is present, output class result
will be the same class of entrance elements. For the second case, the output class result
will be the adjacent evaluation class of the most important entrance element at the sense
of the other entrance status. When the third case is present, the output class result will
be still the principal entrance element status.

Table 4.2 presents the fuzzy rules defined for the pavement performance evaluation. It
is characterized by two pavement properties: Roughness and Friction. Properties status
are categorized into four classes: VGood, Good, Bad, and VBad. Implementing equation
4.12 it is possible to determine that number of fuzzy rules for this fuzzy control is 16.
Considering that between roughness and friction properties, roughness is the principal:
Rules 1, 6, 11, 12, and 16 are an example of the first way, entrance elements status in
the same sense. Rules 3, 4, 7, 8, and 13 are examples of the second way; the entrance
elements’ status goes in the opposite sense. Rules 2, 5, 9, 10, 14, 15 are examples of the
third way; the entrance elements’ status goes on independently.

Pavement Performance
No.R | Roug | Frict
1 V.G. | V.G. | VG
2 V.G. G | VG
3 V.G. B G
4 V.G. | VB B
5 G VG | G
6 G G G
7 G B B
8 G VB B
9 B V.G.| B
10 B G B
11 B B B
12 B VB | VB
13 VB | V.G.| B
14 VB G VB
15 VB B VB
16 VB VB | VB

Table 4.2: Pavement Performance Fuzzy Rules
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4.5.6 Fuzzy Rules Evaluation

At this point, entrance parameters have been fuzzified, establishing the status classes in the
normal value range. Fuzzy rules have been defined considering the relationships between
the entrance parameters. The next step is to evaluate the fuzzy rules.

Evaluation of fuzzy rules is based on the implementation of the Mamdani inference
mechanism (equation 2.1). Evaluation of fuzzy rules has, as a result, a fuzzy output surface.
It is formed up of summation of the surfaces formed by the response sets intersected by
the minimum height of the entrance sets. The height of the entrance sets is obtained as
a grade belonging to an entrance set of a particular value. The belonging grade is the
value of the fuzzy membership at the evaluated value. Outputs sets surface is cut by a
horizontal line projected from the minimum belonging grade of the input sets. Finally, cut
surfaces are added to form a fuzzy output surface.

Evaluation of fuzzy rules, of the pavement performance, presented in table 4.2 and
described as follows:

Input and output fuzzy sets configuration for this fuzzy control are like presented in
figure 4.13. To show the process of evaluation of fuzzy rules, the evaluation values 8 and
4 for the properties of roughness and friction are assigned, respectively.

Figure 4.14 shows the assigned values like a vertical line in the configuration of evalu-
ation fuzzy sets.

Friction =4 Roughness =&

Figure 4.14: Evaluation Values

The belonging grade of the proposed values to define the classes status is determined by
the intersection of the vertical lines in the proposed values with the membership functions
of the evaluation fuzzy sets.

The assigned value to friction property belongs in the most superior grade to class Bad
and a lower grade to class Good. It can be interpreted as a big degradation status of
friction property in the good class, but it is still considered good. The value assigned to
Roughness belongs in most superior grade to VGood class, and lower grade to class Good.
It can be interpreted as a short degradation status in the VGood class.

Figure 4.15 shows the 16 defined fuzzy rules of the fuzzy control graphically. It shows
the fuzzy set that corresponds to the linguistic label contained in table 4.2 and their
intersection with the assigned values.

Figure 4.16 shows the four evaluation rules activated. Activated rules are the rules that
consider the combination of the status defined by the assigned values. In the explained
case, the activated rules are the 2, 3, 6, and 7. These rules include the combination
between classes VGood and Good for the Roughness evaluation and classes Good and Bad
for Friction evaluation.
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Figure 4.15: Response set

The belonging grade is the value of the membership function evaluated in the assigned
input values. It is geometrically represented in figure 4.16 like the intersection of the
vertical lines with the fuzzy input sets of the activated rules.

The minimum belonging grade of each activated rule is used as the height for gener-
ating the individual output surface. In figure 4.16 intersection of input memberships and
assigned values are projected by the horizontal lines to the output membership functions.
The surface below the intersection of the horizontal lines and the output membership func-
tions is the individual output surface of the evaluated rule. The final result is the output
surface integrated by the superposition of the individual surfaces of the activated rules.

Roughness= & Friction = 4
| y Performance = 5.64

Figure 4.16: Actived Rules

4.5.7 Defuzzification

As mentioned in the last section, the result of a fuzzy control evaluation is an output
surface. It is formed based on the evaluation of the fuzzy rules to obtain a specific value
for the final result. The output surface should be defuzzified. Defuzzification is the process
of obtaining a representative value of the output surface. In fuzzy terms, the final value
could be considered the crisp value of the output surface.
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In the developed model, the Centroid defuzzification process has been employed. The
mathematical foundation is presented in equation 4.13. As can be inferred from the process
name, it determines the x coordinate of the surface centroid. The Centroid x value is
considered the characteristic value of the output surface. It is the final result of the fuzzy
evaluation process.

Jna(x) - dz
Figure 4.17 shows the final surface and x value of its coordinate obtained for the example
described in the last section. From it, it can be concluded that the evaluation result of
the pavement performance is 5.64 for evaluation values 8 for the Roughness property and
4 for the Friction property.

5.64

P .

0 10

Figure 4.17: Defuzzification

Figure 4.18a shows the response surface for the pavement performance evaluation with
the fuzzy mechanism proposed. It is a three-dimensional graphic of the possible values
obtained in the pavement performance evaluation based on the possible properties values.
Figure 4.18b shows the response surface for the pavement performance evaluation using
classical logic in the evaluation of the rules proposed in the evaluation mechanism.
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(a) Fuzzy response surface (b) Classical response surface

Figure 4.18: Classical and fuzzy Pavement performance response surfaces.

Figure 4.18 contrasts differences between the use of fuzzy and classical logic in the asset
condition assessment. When a fuzzy evaluation is used, the response surface is continuous.
On it, evaluation value varies proportionally to the status of the input elements. It makes
it possible to model the asset condition deterioration process closely to reality due to status
change is progressive. It is possible because the belonging grade of the input evaluation
values varies with respect to the specific value that represents the general condition of
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the respective status class. When classical logic is used in the evaluation, a discontinuous
surface is generated. It occurs because all the values of a status class belong completely to
it. The belonging grade of all the class elements is 1. It means that opposite limit values of
the same class have the same impact on the evaluation. It generates an ambiguous status
determination because it is possible that representative variations in the input values
do not generate variations in results. Or that small variations in input values generate
big changes in evaluation. No variation in belonging grade generates that Status Class
changes are suddenly. Changes between classes are proportionate to the class range. A
representative value is defined for each class. In figure 4.18b representative value is the
center of the class. Classic evaluation tends to make an underestimated qualification with
respect to better values and an overestimate qualification with respect to worse values.

In fuzzy evaluation, changes between the defined classes are not the same for all the
ranges of values. Figure 4.19a shows a superior view of the response surface for the fuzzy
evaluation. It is easy to identify the fuzzified limits between the evaluation classes. They
are not firmly defined, as the color gradation shows it.

o

[ 5 :
10 L] B 7 3 5 4 E] 2 1 o 10 a 8 7 6 5 4 3 2 1 0

Friction

(a) Superior view of fuzzy evaluation (b) Superior view of classical evaluation

Figure 4.19: Superior view of Classical and fuzzy evaluation.

The behavior of fuzzy and classical logic evaluations are similar as can be observed
in the comparison between the figure 4.19a and figure 4.19b where the principal classes
VGood, Good, Bad, and Very Bad behaviors are represented by colors yellow, green, water
and blue respectively. The difference between both figures is the limits of each class. Fixed
and specified for classical evaluation and blurred for fuzzy evaluation.

4.5.8 Interpretation of results

As mentioned in the last section, the final result of the fuzzy evaluation model is a punctual
value. It is obtained from the defuzzification process. Implementation of the evaluation
model in the management process requires interpreting and understanding the final result.
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There are two principal and complementary senses in the interpretation of the final value:

Status causes. Evaluation classes are described based on the status of input elements
and fuzzy rules. The multi-description status includes the different scenarios that have to
describe the evaluation result as the status class. The importance of this interpretation is
to identify the class in which belongs the final result. It is ubicated in the status class that
contains the value obtained for identifying the different input statuses that could generate
it. Identification of input elements status allows defining detailed evaluation necessities.
A detailed evaluation is the first step to developing the maintenance plan.

Status deterioration. It is based on the general behavior of the element evaluated.
The importance of this interpretation is to identify the ubication of the final result in the
class it belongs. It helps to identify the deterioration level of the evaluated element with
respect to the representative value of the class. In the proposed model, the right value
ubication means that the status of the evaluated element is going to the description class.
In this case, element status is better than the described class. When the evaluation value
is at the left of the representative value, the element status has deteriorated with respect
to the class description.

Both interpretation ways are complementary. The first interpretation aids in identifying
the input elements that require maintenance attention. The second interpretation aids in
defining the time and deterioration level, which is necessary to implement the maintenance
plans.

Figure 4.20 shows the final result for the example of the pavement performance eval-
uation. The first step in result interpretation is to establish the status class limits. In
this project status, class limits are ubicated in the intersection between the fuzzy lim-
its of the adjacent classes. It allows that evaluations are symmetric with respect to the
representative class values.
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Figure 4.20: Final result

Description of status classes is defined based on the fuzzy rules that result from each
class. For example, final result 5.64 is ubicated in the status class Good. Table 4.3 shows
the fuzzy rules for the status class Good. From this, it is possible to make the general
evaluation class description. Good class is defined by Very Good status of Roughness means
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that there are no deteriorations in the pavement layers. A Bad status of friction means that
values of Friction Coefficient and/or Macrotezture are not adequate but are not completely
deteriorated. Or a fewer deterioration in pavement layers whit Friction Coefficient and/or
Macrotexture at least in desirable values.

Pavement Performance
No.R | Roug | Frict
3 V.G. B G

5 G V.G | G

6 G G |G

Table 4.3: Status Good Pavement Performance Fuzzy Rules

Once ubicated, the final result is in the respective status class; it should be evaluated
if it is at the right or left of the representative value. If the final value is ubicated at the
left of the representative value, the status deterioration is bigger than the general class
description. If the final value is ubicated at right, status deterioration is fewer than the
general class description. Priority attention is biggest when value is at left and lowest when
it is at right. In the example, the final result is ubicated at the left of the representative
class value (6.22). It means that the final status of pavement performance can be considered
good but deteriorated. For decision-makers, it represents a road deterioration, but that
could be considered acceptable.

4.6 Road Section Evaluation

Road section evaluation integrates the individual asset status. The integral evaluation
considers the existing relationships between the assets that compose them. Road section
included in the evaluation model developed in this research are:

o Level

e Cutting

e Embankment

e Cutting/Embankment

To develop the road section evaluation model, the first step is to identify the general
assets that are part of them. Next, asset statuses are grouped to evaluate their interac-
tions. Asset groups are formed based on three road capacities evaluation: user transit,
road-user communication, and user protection.

User transit capacity evaluates the conditions that allow a road user to transit on it.
The analyzed road sections could be formed by three evaluation modules: road surface,
geotechnical elements, and horizontal marking. First is the surface where the user’s car
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travels. It includes the pavement status and its interactions with the road geometry, envi-
ronment, and drainage system. Geotechnical elements allow to keep the longitudinal road
slope; it includes the Cutting and/or Embankment condition and their interactions with
the drainage system and environment. Horizontal marking delimits the transit directions
and road surface. Evaluation of drainage system has been divided into the road surface
and geotechnical subsystems. In both cases, its evaluation considers the geometry, envi-
ronment, and drainage asset status interactions to evaluate it.

Road-User Communication capacity, evaluates the horizontal and vertical mark-
ing adequacy. The road sign’s purpose is to inform the user of special road conditions.
Road-user communication allows users to keep a correct drive behavior. Markings restrict,
advise or inform users. The first two purposes have a direct impact on road safety. The
last purpose influences the user transit. It is necessary that road markings are ubicated
in the correct site, be the correct sign, and have good visibility. An incorrect message
transmission may be causing traffic accidents.

User protection capacity evaluates the road system that has the purpose of protecting
road user when he loses driver control of the vehicle or when it has braking problems. It is
directly related to road safety. It is the road capacity to forgive users’ mistakes. Evaluated
elements include central, limit, and object barriers and braking ramps. Asset evaluations
are related to the environment and geometry, analyzing the importance of good condition.

Figure 4.21 shows the Road Section evaluation process schematically. It is divided into
four sections: Asset Evaluations, Evaluation Modules, Road Capacities, and Maintenance
and Risk evaluation.

Asset Evaluation is the input information for the road section evaluation model. It is
obtained from the final results of the Road Asset Evaluation Model presented in the last
section.

The evaluation modules section groups the input information. Defined evaluation mod-
ules are Road Surface, Geotechnical Elements, and the Drainage subsystem for each one.
These analyze the interactions between the different assets that compose the road section
with the environment and road geometry.

Road capacities are the basis of integral evaluation. They represent the road charac-
teristics that determine the road operation and safety status.

Final road evaluation results analyze the road capacities status interactions. Two final
results are obtained in this model: Road Operation and Road Safety. These could be used
as the basis information in the planning management process.

As figure 4.10, figure 4.21 is an input diagram of the fuzzy evaluation model. The first
level evaluation, the left section, is composed of the asset evaluation results. From it to
the right, each one of the diagram nodes represents a fuzzy control.

Due to road section evaluation begins with the result of a fuzzy evaluation, input and
output sets of fuzzy sets for all the fuzzy controls in the diagram presented in figure 4.21
are the response set of fuzzy sets defined in figure 4.13.

When an inspector just needs to know the status of a specific road section, the four
evaluation sections should be applied. If the inspector makes a Road Network evaluation,
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Road section evaluation ends in the road capacities section. These results are the input
information in the road network evaluation.

Road Section Evaluation Model
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Figure 4.21: Road Section Evaluation

4.7 Road Network Evaluation

Road Network Evaluation is the highest evaluation level of the proposed model; it allows
the evaluation of road segments. A road segment is a road section set. It includes three
road sections: entrance, intermediate, and exit, as has been described in section Road
Network Modeling and shown in figure 4.4. Evaluation of a road network is based on a
continuous series of road segments to form a Road Network, the exit section of a segment
is the entrance section of the next segment, and so forth.
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Figure 4.22 shows the Road Network Evaluation Model diagram. As the Road Section
Evaluation, Road Network Evaluation is based on the road capabilities of the road sections
that compose a road segment. Evaluation of road section capabilities obtained in the last
section is the input information for this model.
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Figure 4.22: Road Network Evaluation

As in figures 4.10 and 4.21 Figure 4.22 includes de evaluation fuzzy controls. It is com-
posed of two evaluation levels: Road Capabilities and Maintenance and Risk Evaluation.
In the first level, fuzzy evaluation rules are based on geographical and functional interac-
tions between the road section capabilities. Fuzzy controls have, as a result, the general
road capabilities status. In the second level, fuzzy controls analyze the road capabilities’
interaction to obtain a Road Operation and Road Safety evaluation.

Road Operation analyzed the interactions between the user transit and road user com-
munication capacities. It evaluates the road functionality and answers two principal ques-
tions: 1) Can road user circulates on it? 2) Circulation roadway is clear?

Road Safety is a superior evaluation level. Besides, it evaluates if a user can circulate
the road it evaluates if the circulation is reliable. It analyzes the interactions between the
Road Operation result, Road-User Communication, and User Protection.

The integral evaluation process is composed of three principal levels. The first level
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evaluates the road assets as a function of their deterioration process, and it is based
on parameters measurables on the site. The second level evaluates the road section as
a function of the road section capabilities, and it is based on the road section assets
relationships. The last level evaluates the Road Network as a function of the road segment
capabilities, and it is based on the geographical and functional relationships between the
road sections that integrate the evaluated road segment.



Chapter 5

Fuzzy Model Application

This chapter presents a hypothetical case of study to apply the developed fuzzy model and
show its usefulness. We present the evaluation of three sections by combining pavement,
drainage, geotechnical, and safety assets with horizontal, and vertical curves geometry, by
considering weather, transit, and soil environment parameters.

5.1 Application of the Fuzzy Model Evaluation for Road
Networks

In Tables 5.1, 5.2, and 5.3 we show the evaluation diagrams of the level section in a
horizontal curve, an embankment in a vertical curve, and sedimentary rock cutting in a
vertical curve, respectively.

At the left of the tables, in the first column, we list the values of the interval evaluation
parameters. The next column shows the status related to the analysis value used in
the section evaluation. The third column shows the value of the analysis applied in the
evaluation. We define the input evaluation values randomly for each parameter considered
as part of the asset. The next column includes the evaluation parameters applied to
determine the asset status as part of the evaluated section.

We present the sequence of fuzzy controls employed in the section evaluation in the
remaining columns. We organize the fuzzy evaluations hierarchically, assembling the eval-
uation modules. The evaluation modules are a set of fuzzy controls that evaluate a par-
ticular road network aspect. These modules allow the evaluation of different levels of the
assets. The first levels evaluate the assets individually. While the evaluation stage in-
creased, we made a comprehensive relationship among the individual evaluations. Final
evaluation levels make the integral evaluation. This process determines the general road
section status.

Fuzzy modules have the nearest relation with the management levels. At the highest
levels of the management process, we must know the road network’s general status. These
levels are focused on the budget administration. An integral evaluation is needed to de-
termine the investment requirements. At the basic levels, we concentrate on the attention
of the road network maintenance constraints. These levels require to know what is wrong
to make the maintenance works planning.

49
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The tables 5.1, 5.2, and 5.3 include the results for each fuzzy control, allowing us to
observe the progressive evaluation based on the relationships of the previous evaluation.
We remark, as has been described in the Fuzzy Model Develop section, that we can carry
out a result interpretation based on the response set of fuzzy sets. Figures 5.1 and 5.2
shows the results for the Operation and Safety Performance of the evaluated sections
respectively.

Section Evaluations
Very Bad Bad Sed Cutting  Good Very Good

Embankment Sectign

Level Section
Characteristic values interval

Figure 5.1: Section Operation Performance Evaluation

Section Evaluations
Very Bad Bad Sed Cutting  Good Very Good

Embankment Sectiol

Level Section
Characteristic values interval

Figure 5.2: Section Safety Performance Evaluation

We present a comparison between the Operation and Safety Performance of the evalu-
ated sections. In figures 5.1 and 5.2. We can observe that the sedimentary cutting section
is the best evaluated. Table 5.3 shows the evaluation results obtained for both elements.
The final evaluation results are 5.0727 for the Operation Performance and 5.0551 for the
Safety Performance. These general qualifications show that the status of the section is
good but with a deterioration level near to a bad condition, which means that some assets
require attention.

After the evaluation, based on the data shown in table 5.3, we can detect the following
deficiencies:

e The road ditch requires attention to solve the drainage pavement problems.
e Mound slopes of the braking ramp need to be reduced.

e The road surface needs attention to solve the surface deterioration problems.



CHAPTER 5. FUZZY MODEL APPLICATION 51

e A relocation of the vertical marking is necessary to improve the Road-User Commu-
nication.

The level section is the second-best evaluated results showed in table 5.1 are: 4.6116 in
Operation Performance and 4.7376 in Safety Performance. It is located in the bad status
nearest to a good status.

The principal deficiencies in the level section are observed in:

e Pavement drainage.
e Pavement geometry.

Finally, the embankment section has been evaluated with 3.7794 in Operation Per-
formance and 3.7828 in Safety Performance, as could be observed in table 5.2. These
evaluations represent a bad section status.

The main deficiencies found for the embankment section are observed in:

e Entrance of culvert.
e Body surface of the embankment.

In the proposed hypothetical case of study, we can detect the necessity of integral
evaluations. Pavement performance conditions have prevailed to show the impact of status
variation in the rest of the assets. The prioritization of maintenance works should take
into account.

In this example, the priorities of attention are culvert, geometry, and relocation of
vertical markings. If maintenance works are just focused on the pavement performance,
we could ignore other necessities of attention.

In the three evaluated sections, the Pavement Performance status is better than the
Operation and Safety Performance. If just pavement performance is evaluated, the status
of sections is good with deterioration to bad. But mainly show a good performance.

Therefore, evaluating the relationships between the status of the different assets that
compose the road is the core strength of our proposed model. It is crucial to notice that
the proposed model makes the road evaluation. Application in the planning management
process requires the human interpretation component.
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Level Section/Horizontal Curve |

Values Analysis Evaluation
Interval Status Valie Parameter Fuazy Controls
0 1 A-G 0.62 Friction Coefficient Friction
50 | 110 G-R 88 Macrotexture 6.5910
0 60 G-B 3 Cracking Area
0 5 G 0 Potholes Di:;ﬁ?;?in Structural
0 50 A-B 12 Patching Area 6.2043 Performance
0 30 A-G 7 Road Depth ) 6.1927
0 1 G-A 0.28 Deflections
0 50 A-B 10 Cracking Area
0 10 A 1 Potholes Surface Deterioration
0 50 A-B 12 Patching Area 4.8086
0 30 A-B 10 Road Depth
0 6 G-B 4 Pumping Asset 5.0797
70 | 130 VB 70 Over Elevation Geometry 1.3487
90 | 250 G-Me 200 Transversal Slopes Environment
1 10 Me-H 3 Horizontal 6.5920 6.5017
0 | 600 N-M 100 Rain Fall 8.5457 :
0 [ 100 M-H 35 ESAL’S Transit
0 | 5000 M-L 700 IMDp 6.5233 Environment
0 | 100 G-VG 35 Liquid Limit Soil 6.8011
0 80 G-R 18 CBR 6.8606 :
20 | 60 M-L 36 Temperature Weather 7.4294
70 | 130 G-VB 70 Over Elevation Horizontal Geometr
70 | 130 GB 105 Over Sizing Curve A v
70 | 130 G 100 Geometric Points Performance :
0 1 G-VG 0.4 Retroreflectivity
0 6 G 5 Indiviual Lenght Pattern
9 11 G 10 Separation 8.6483 Mark
10 | 30 G 20 Width Adequacy 6.2206
-30 | 40 G 0 Lenght 6.2203
0 1 G 1 Button Separation
1.5 28 G-B 2.3 Height Location
0 2 G-A 0.7 Lateral Separation 6.33044
0.5 2 G-F 1.1 Longitudinal Distance
0 1 G-VG 0.4 Retroreflectivity Signal
0 1 G-A 0.2 Luminance 6.9937
0 10 VG-G 8 Obstruction
15] 2.8 G-B 2.3 Height Position
70 | 90 G-A 83 Verticallity 6.3234
0 | 100 Low 20 Wind Environment
-5 5 G-Btall 2 Height Barrier
0 10 | Good-Bad 6 Integrity 5.9230
0] 25 G-B 1.2 Lane Distance Location
-5 30 B 5 Lenght 3.7864
0 [ 100 M-H 35 ESAL’S Transit
0 | 600 N-M 100 Rain Fall ‘Weather
70 | 120 B 105 G Max Horizontal
80 | 120 R-G 105 R Min Curve
0 30 VG-G 9 Consistency Inventory

Table 5.1: Level Section Evaluation
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Section) Vertical Curve
Values Status | Analysis tion Tuzzy
Interval | 7 Value Parameter Controls
0 AG 0.62__| Friction Coefficient Friction
50 | 110 GR 5 Macrotexture 6.5910
0 [ 60 GB 3 Cracking Arca
[0 [ 5 [ 0 Potholes P Structural
0 [ 50 AB 2 Paiching Arca S Performance
0 [ 30 AG 7 Road Depth : 6.1927 Roughness
[0 [T GA 028 Deflections ASen
0 [ 50 AB 10 Cracking Arca Surface -
0 [ 10 ) T Potholcs
[0 [ 50 AB 12 Patching Arca Deterioration
0 [ 30 ADB 10 Road Depth 48086
0[]0 VGG 2 Pumping 74817
0 10 | VGG s Surface Det Channel
0 10 BG 1 Obstruction 10874
0 [ 10 GB 0.05 Width Cracks Kerb Asset
0 [ 10 | VSRS 85 Spacing 8.0725 Structuse AT 5.0327
0 10 VG 9 Road Surf Sep e : Drainage
0 10 VG 0 Depth Spalls : 6.2206
0 10 Vsep 10 Spacing 8.6483
0 [ 10 VG T Tong Slope Geometry 8.5569
[90 [ 250 G-Me 200 Transversal Slopes Environment
[T 10 | Mell 3 Horizontal 6.5920 G
0 [ 600 | N-M 100 Rain Fall 85157 -
0 [ 100 | NH 35 ESAL’S Transit
[0 5000 ML 700 TNDP 6.5233 P
[0 [ 10 GVG 35 Tiquid Limit Soil D
0 [ 80 GR 8 CBR 6.8606 -
20 | 60 ML 36 Temperature | Weather 7.4294
70 | 130 OB 105 | Geometric Pomts |  Vertical Curve Performance | Geometry 5.9948
09 11 [ T Height Geometry
08| 12 | GVG 098 Slope 6.2203
0] 5 M 5 Height Vegetal
0 [ 100 | MF 20 % Area Coverage
0 10 AG 7 Scour
0 %5 | _VGa 3 Deeper Longitudinal
0 15 VG 0 Width Displacements
0 [ 10 VS 10 Spacing 84708
0] 2 | BVB 13 Deeper .
015 B 5 Width R
0 [ 10 | RS-VS 55 Spacing :
0 10 | VGG s Lateral Scour
0 10 VG 005 | Road Separation
0 [ 10 VG 9 Surface Det
0 10 | Gva s Obstruction
S0 | 115 G 100 Transverse Arca.
0 [ 10 GB 0.05 Width
0 | 10 | VSRS 85 Spacing
0 10 VG 0.05 Depth
0 10 QG 85 Spacing
0 10 [ GvG s Lateral Scour User
0 10 VG 9 Surface Det Transit
0 10 | _Gva s Obstruction 3.7865
0 | 115 G T00 | Transversal Area
0 [ 10 GB 0.05 Width
0 | 10 | VSRS 85 Spacing
0 [ 10 VG 0.05 Depth
0 [ 10 VG 55 Spacing
[0 10 B-G 15 Alignement Channel
0 10 [ GVG 7 Waterway 5.3097
0 [ 10 GB 0.02 Width
0 | 10 | RS-VS 85 Spacing
0 10 GB T Depth
0 10 VS 10 Spacing
0 10 GB 0.02 Width
0 [ 10 | RS-VS 55 Spacing
0 10 OB T Depth
0 10 VS 10 Spacing
0 10| VBB 2 Erosion, Scour
0 10 BC 1 Infiltration, Exfiltration
0 10 GB [ Fasterner Joints
0 10| Gva 7 Alignement 6.5214
0 10 VB T Corrosion
0 10 GB 5 Surface
0 10| GvG B Abrasion
0] 10| BVB 3 Shape
0 10 [ GVG s Alignement
0 [ 10 VG 9 Deformation Deterioration
0 10 VG 9 Corrosion 86483
0 10 VG 9 Settlement,/Rotation
0 10 GB 0.02 Width Cracks
0 | 10 | RS-VS 85 Spacing 8.3300
0 10 GB T Depth Spalls
0 10 VS 10 Spacing 7.2128
0 10 GB 0.02 Width Cracks
0 [ 10 | RSVS 55 Spacing 8.3399
0 10 GB T Depth Spalls
0 10 VS 10 Spacing 7.2128
0 [ 10 VG 9 Erosion, Scour
[90 [ 250 G-Me 200 Transversal Slopes
T [ 10 [ Mell 3 Horizontal 6.5920
[0 600 N-M 100 Rain Fall
0 [ 100 | MH 35 ESAL’S
[0 [5000 | ML 700 IMDP
[90 [ 250 G-Me 200 Transversal Slopes
T 10 [ MeH 3 Horizontal 6.5920
[0 [ %0 GR 18 Liquid Limit
20 | 60 3L 36 CBR
[0 [600 | NM 100 Rain Fall | Weather 8.5457
0 1 GVG 0.1 Retroreflectivity
0] 6 €] 5 Indiviual Lenght Pattern
9 [ 11 G 10 Separation Mark
0 | 30 G 20 Width Adequacy 6.2206
30 40 €] 0 Lenght 6.2203
0 1 G T Button Separation
T5] 28 OB 23 Height Location
0] 2 GA 0.7 | Lateral Separation 6.3304 Road-User
05| 2 GF 1 Longitudinal Distance
0 T GVaG 01 ivi Signal © Visibility Comunication
0 1 GA 02 Luminance 6.9937 4.8468
0 10 [ VGG s Obstruction 6.8243
T5] 28 OB 23 Height -
70 90 | GA £ Venicillitv Iefiston G
0_| 100 Tow 20 Wind Environment
0| 20 GA 12 Entrance Thickness | Braking
0| 120 | VGG 5 Body 7.8403 Ramp
0[5 VB 2 Mound Slope 6.2203
5| 5 | GBual 2 Height Barrier Ehwitn
0 | 10 [GoodBad| 6 Integrity 5.9230
‘ i Performance User
0 25 OB 2 Lane Distance Location P e
5| 30 B 5 Lenght 3.7864 . 62067
0 [ 100 | NCH 35 ESAL’S Transit Environment, -
[0 [0600 | NM 100 Rain Fall Weather 7.8403
70 | 130 VG 120 Min Lenght
0 130 | VG 75 Max 82014 Gg“;‘;;;"'
0 10 va 1 Long Slope Slopes i

Table 5.2: Embankment Section Evaluation
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o4

Cutting Section/Horizontal Curve Global stabilization/Road Protection
Values Analysis Evaluation
interval Status Value Parameter ‘ Fuzzy Controls
0 1 A-G 0.62 Friction Coefficient, Friction
50 [ 110 G-R 88 Macrotexture
0 [ 60 G-B 3 Cracking Area Structural Structural
0 5 G 0 Potholes Deterioration Performance
0 50 A-B 12 Patching Area
0 30 A-G 7 Road Depth 6.2043 6.1927 Roughness
0 1 G-A 0.28 Deflections :
0 50 A-B 10 Cracking Area Surface 4.8431
0 10 A 1 Potholes Deterioration
0 | 50 AB B Patching Arca
0 30 A-B 10 Road Depth 4.8086
0 6 VG-G 2 Pumping 7.4847
0 [ 10 G-VG 7 Lateral Scour | Around
0 10 GB 2 Road Separation |
0 10 B-VB 3 Surface Det Channel Asset
0 10 VG 9 Obstruction Ditch
80 | 115 G 100 Transverse Area 3.7861 37790 Drainage
U] 0] GB 0.05 Widih Cracks Structure 3.7829 : 3
0 10 VS-RS 8.5 Spacing
010 VG 0 Depth Spalls G202
0 10 Vsep 10 Spacing 7.8758
0 10 VG 4 Long Slope Geometry 8.5569
[90 [ 250 G-Me 200 Transversal Slopes Environment
1 10 Me-H 3 Horizontal
0 | 600 N-M 100 Rain Fall 8.545%.5920 6.5017
0 | 100 M-H 35 ESAL’S Transit
0 [ 5000 M-L 700 IMDP Environment
0 100 G-VG 35 Liquid Limit Soil
0 80 G-R 18 CBR 6.8023
20 | 60 M-L 36 Temperature ‘Weather 7.4294
70 | 130 G-B 105 Geometric Points Vertical Curve Performance Geometry 5.9948
08| 1.2 G 1 Height Geometry
0.8 ] 1.2 VG-G 0.95 Incli Angle User
0 5 S-M 0.8 Height Body Vegetal Transit
0 | 100 R-H 20 % Area Coverage
0 5 M 1.8 Height Crown
0 | 100 R-H 40 % Area 7.0086 50044
0 25 B 15 Deeper Scour
0 60 B-VB 35 Width
0] 10 VS 10 Spacing 3.7861
0 25 B 10 Deeper Grooves
0] 15 B-VB 8 Width
0 10 RS 6 Spacing
0 10 VG 10 Integrity Bolts
0 10 VG 10 Body Cutting
0 10 VG 9 Cleaning Road Protection
0 10 VG 9 Screen
0 10 G-VG 7 Lateral Scour Around
0 10 B-VB 3 Surface Det Channel
0 10 VG 9 Obstruction
80 [ 115 G 100 Transversal Area 3.7861
0] 10 G-B 0.05 Width Cracks
0 10 VS-RS 8.5 Spacing
0 10 VG 0 Depth Spalls
0 10 Vsep 10 Spacing
0] 10 VG 9 Lateral Scour Around
0 10 VG-G 8 Surface Det Channel
0 10 VG 9 Obstruction
80 [ 115 VG 108 Transversal Area 8.5349
0] 10 G-B 0.05 Width Cracks
0 10 VS-RS 8.5 Spacing
0 10 VG 0 Depth Spalls
0 10 Vsep 10 Spacing
0 | 600 N-M 100 Rain Fall Weather
0 | 100 M-H 35 ESAL’S Transit
0 | 5000 M-L 700 IMDP
0 1 G-VG 0.4 Retroreflectivity
0 6 G 5 Indiviual Lenght Pattern Mark
9 11 G 10 Separation
10 | 30 G 20 Width Adequacy
301 40 a 0 Lenght 2208
0 1 G 1 Button Separation
15| 28 G-B 2.3 Height Location
0 2 G-A 0.7 Lateral Separation Road-User
0.5 2 G-F 1.1 Longitudinal Distance Comunication
0 1 G-VG 0.4 Retroreflectivity Signal Visibility
0 1 G-A 0.2 Luminance 4.8468
0 10 VG-G 8 Obstruction
15[ 2.8 G-B 2.3 Height Position
70 | 90 G-A 88 Verticallity
0 [ 100 Low 20 Wind Environment
0 20 G-A 12 Entrance Thickness Braking Ramp
40 [ 120 VG-G 85 Body
0 5 VB 5 Mound Slope 3.7863 Assets
-5 5 G-Btall 2 Height Barrier Barrier
0 10 | Good-Bad 6 Integrity Performance 3.7819 .
025 GB 12 Lane Distance Location e oiecion
-5 [ 30 B 5 Lenght 3.7837 6.0707
0 | 100 M-H 35 TDPA Transit Environment .
0 [ 600 N-M 100 Rain Fall ‘Weather
70 | 130 VG 120 Min Lenght Geometry
70 [ 130 VG 75 Max
0 10 VG 4 Long Slope 8.5569

Table 5.3: Sedimentary Rock Cutting Section Evaluation
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Conclusions

In this thesis, we developed a fuzzy evaluation model for an integral evaluation of the Road
Networks conditions. The results of this model are an evaluation analysis of the state of
the different assets that compose a road section. The model contemplates the relationships
and influence of the asset status evaluated. The final result reflects the global status of the
road sections in two ways: Road Operation and Road Safety Status. We can interpreted
the results like a diagnosis of the evaluated road section.

We defined the functional importance and properties of road assets to determine the
evaluation parameters and metrics. In this sense, we developed catalogs to contemplate
the failure types and evaluation parameters proposed for five types of assets: 1) pavement,
2) geotechnical, 3) drainage, 4) safety, and 5) structures. Then, we classified the elements
selected in the catalogs in two segments inventory and performance evaluation param-
eters. The inventory parameters are fixed or correspond to the initial asset properties.
We associate this parameter with asset resilience and its interaction with environmental
conditions. In contrast, the performance parameters are the asset properties during the
evaluation time, which we related to asset behavior and its interactions with the environ-
ment and other asses status.

For the fuzzy evaluation model, we selected membership functions (triangular and
trapezoidal) that associate the metrics and behavior of the evaluation parameters. There-
fore, the fuzzy sets shape the behavior of the assets such as environment, flexible pave-
ments, pavement drainage, cuttings, surface cutting drainage, embankments, vertical and
horizontal marking, barriers, and braking ramps.

For the individual evaluation model of the assets, we have selected evaluation param-
eters based on the analysis of existing evaluation models. Besides, we complement the
existing evaluation models to form a more extensive evaluation of the modules that de-
scribe the asset behavior, including evaluation parameters of different proposes.

To generate an integral evaluation, we analyze and propose relationships between the
properties of the different assets. We define the fuzzy evaluation rules for the different fuzzy
control modules employed in the integral evaluation. We define the integral performance
evaluation associating the asset and environment status through the following road prop-
erties: User Transit, Road-User Communication, User protection, Operation Performance,
and Safety Performance.

Hence, the integral evaluation model is developed based on the individual asset evalu-
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ations modules. We include the evaluation of the assets that form road sections and their
relationships. In this sense, to generate the evaluation, the status qualification limits of
each parameter have been diffused to estimate the belonging grade of the evaluation values
to the status classes, which produces a continuous set of responses. Modules classification
allows us to evaluate the road properties and identify what is bad. Also, facilitate the def-
inition of relationships between parameters, dividing them into road characteristics with
internal and inter characteristics relationships.

Progressive evaluation generates evaluation outcomes at different management levels
simplifying the general visualization of results and providing enough details to identify the
status of the individual parameters.

The solution proposed to carry out an integral evaluation of the assets that compose a
road network compared with previous evaluation models does not limit the asset evaluation
models to a particular aspect or characteristics of an asset. Another difference is that we
contemplate the asset relationships with the environmental properties.

Implementing fuzzy logic in our model allows us to obtain an evaluation similar to an
expert that visualizes a global panorama of the behavior of the assets. Therefore, our
solution allows an administrator to identify the attention priorities, evaluating the status
of the road in a global and/or individual state: determining how well or bad is their
condition.

Furthermore periodic implementation of the developed model allows to describe better
the road deterioration process. Because evaluation outcomes are continuous. Then evolu-
tion of deterioration process can be observed. Unlike employing classic logic. It generates,
the same results for a defined status interval so their results are discrete. The aforemen-
tioned, makes challenging to identify attention priorities of road sections classified into the
same status because all have the same evaluation.

The developed model is the first proposal that makes an integral evaluation of assets
that compose a road section. We establish in this thesis the base to develop an integral
approach to evaluate of the assets condition assessment for maintenance and risk manage-
ment of road networks.



Chapter 7
Future Work

Research job is a continuous process of evolution. All works need to be complemented or
adapted to embrace them in different applications. Some of the future works identified in
this research are the following.

e We should improve the proposed model by including assets such as road structures
evaluation, road rights, and intelligent road systems, also adding their relationships.

e An analysis to calibrate the proposed model and the land interpretation of results
for different scenarios should be done.

e A software implementation of the proposed model to process the road network eval-
uation in real-time should be done, considering the databases’ design that collects
the parameters described in the catalogs.

e To obtain the parameters measures in an automatic way several technologies and
applications should be explored.

e The planning process can obtain benefits from the automatization of the model
results interpretations. Besides, we can implement protection tools of data based on
blockchain.

I think that research without future works is a death investigation. Hence, the contri-
butions presented in this thesis are just the origin of a very long road.
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Annex A

8.1 Environment
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Environment Model

emperature

Froject

= @ @

»

Figure 8.1: Environment Model

Weather
e Temperature. Average temperature of the warming seven consecutive days.
e Rain Fall. Total annual precipitation.

e Wind. Average wind speed.
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Temperature Rain Fall Weather

Low Med High W._High Low  Horm Med  High V._High

Wind

Table 8.1: Weather Fuzzy Sets

Temp | RainF | Wind Temp | RainF | Wind Temp | RainF | Wind

L L L VG M M M B H VH H VB
L N L G M H M B H L VH | VB
L M L G M VH M VB H N VH | VB
L H L B M L H G H M VH | VB
L VH L VB M N H B H H VH | VB
L L M G M M H B H VH VH | VB
L N M G M H H B VH L L G
L M M G M VH H V.B VH N L G
L H M B M L VH B VH M L B
L VH M | VB M N VH B VH H L VB
L L H G M M VH B VH VH L VB
L N H G M H VH | VB VH L M G
L M H B M VH VH | VB VH N M B
L H H B H L L G VH M M B
L VH H VB H N L G VH H M | VB
L L VH B H M L B VH VH M | VB
L N VH B H H L B VH L H B
L M VH B H VH L VB VH N H B
L H VH | VB H L M G VH M H VB
L VH VH | VB H N M B VH H H VB
M L L G H M M B VH VH H VB
M N L G H H M B VH L VH | VB
M M L G H VH M VB VH N VH | VB
M H L B H L H G VH M VH | VB
M VH L VB H N H B VH H VH | VB
M L M G H M H B VH VH VH | VB
M N M G H H H B

Table 8.2: Weather Fuzzy Rules

Transit

e ESAL’s. Project million ESAL’s. AASHTO 1993.
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e IMDp. Project IMDp. Regulation 6.1 Spain.

61

ESAL’s IMDp Transit
Table 8.3: Transit Fuzzy Sets
Transit
ESAL’s | IMDP ESAL’s | IMDP ESAL’s | IMDP
L L VG M L VG VH L N
L N G M N VG VH N N
L M N M M G VH M N
L H B M H N VH H B
L VH B M VH B VH VH B
N L VG H L G
N N G H N G
N M N H M G
N H B H H N
N VH B H VH B
Table 8.4: Transit Fuzzy Rules
Slopes
e Transversal. Degrees slope.
e Longitudinal. Percentage slope.
Transversal Horizontal Slopes

Bad Reguiood

Low Med Hagh

Roguiar

Table 8.5: Soil Slopes Fuzzy Sets
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Soil

Trans | Hor Trans | Hor
B L |B G L |G
B M | R G M |G
B H |G G H |G
B V.H | R G VH | B
R L |B M L |G
R M |G M M |R
R H | R M H | B
R V.H | R M V.H | B
Table 8.6: Slopes Fuzzy Rules

e Slopes. Horizontal and Transversal evaluation.

e Liquid Limit. Geotechnical property.

e CBR. Geotechnical property.
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Slopes Liquid Limit Soil
| - -CBR W
Table 8.7: Soil Fuzzy Sets
Environment

e Weather. Rain fall, temperature and wind evaluation.

e Transit. ESAL’s and IMDp evaluation.

e Soil. Geotechnical properties and Slopes evaluation.
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LL | CBR | Slp LL | CBR | Slp LL | CBR | Slp

B| VB | B |VB G| VB | B |VB VG.| VB | B | VB
B| VB | R |VB G| VB | R |VB VG.| VB | R | VB
B| VB | G | VB G| VB | G |VB VG.| VB | G | VB
B B B | B G B B | B V.G.| B B | B
B B R | B G B R | B V.G. | B R | B
B B G | B G B G | B V.G.| B G | B
B R B | B G R B | B V.G.| R B | B
B R R | B G R R | G V.G.| R R | G
B R G| B G R G| G V.G.| R G| G
B G B | B G G B | B VG. | G B | B
B G R | B G G R | G VG | G R | G
B G G| G G G G| G VG | G G | VG
B|VG | B | B G|VG | B | B VG. | VG | B | G
B|VG | R |G G|VG | R |G V.G. | VG | R | VG
B|VG | G| G G | V.G. | G | VG V.G | VG | G | VG

Table 8.8: Soil Fuzzy Rules
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Soil
VG VG | VG | VG G G B G B N VB | VB
VG VG G | VG G G VB | B B B VG | G
VG VG B G G N VG | G B B G | B
VG VG | VB | B G N G G B B B B
VG G VG | VG G N B B B B VB | VB
VG G G G G N VB | B VB VG | VG| G
VG G B B G B VG | G VB VG G | G
VG G VB | B G B G G VB VG B B
VG N VG | VG G B B B VB VG | VB | VB
VG N G G G B VB | B VB G VG | G
VG N B G B VG | VG| G VB G G | G
VG N VB | B B VG G G VB G B B
VG B VG | G B VG B B VB G VB | VB
VG B G G B VG | VB | B VB N VG | G
VG B B B B G VG | G VB N G B
VG B VB | B B G G | G VB N B B
G VG | VG | VG B G B B VB N VB | VB
G VG G G B G VB | VB VB B VG | B
G VG B G B N VG | G VB B G B
G VG VB | B B N G B VB B B B
G G VG | G B N B B VB B VB | VB
G G G G

Table 8.9: Environment Fuzzy Rules
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Annex B

9.1 Geometry
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Geometry Model

Performance

umber of
Lanes

Figure 9.1: Geometry Model

Horizontal Curve Inventory
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e G Max. Percentage of project curvature degree in relation with max curvature degree
e R Min. Percentage of project turning radio in relation with min turning radio.

e Consistency. Curve consistency PIARC

G Max

Good Reg Bad | Bad Rieg oo

—
| X N; ‘ | W
) — : L _— — e =3 0 Vo]

Consistency W

Table 9.1: Inventory Horizontal Curve Fuzzy Sets

R Min Horizontal Curve Inventory

Grad | Rat | Cons Grad | Rat | Cons Grad | Rat | Cons
G G VG | VG R G VG | G B G VG G
G G G G R G G G B G G G
G G B G R G B B B G B B
G R VG | VG R R VG | G B R VG G
G R G G R R G G B R G B
G R B G R R B B B R B B
G B VG G R B VG | G B B VG B
G B G G R B G B B B G B
G B B B R B B B B B B VB

Table 9.2: Horizontal Curve Fuzzy Rules

Horizontal Curve Performance
e Over Elevation. Land over elevation in relation with project over elevation.
e Over Sizing. Land over sizing in relation with project over sizing.

e Geometric Points. Land ubication of Pc, Cc, Pt
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67

Over Elevation

Over Sizing

Horizontal Curve Performance

Bag

V. Bad Goed Bad

| V. _Bad Gooxnd

9

Geometric Points

V. _Bad Good Bag

Table 9.3: Performance Horizontal Curve Fuzzy Sets

O.E. | O.8. | G.P. O.E. | 0O8. | G.P. O.E. | OS. | G.P.

VB | VB | VB | VB G VB | VB | VB B VB | VB | VB
VB | VB G B G VB G B B VB G B
VB | VB B | VB G VB B B B VB B B
VB G | VB | VB G G | VB | B B G | VB | B
VB G G B G G G | VG B G G G
VB G B B G G B G B G B B
VB B VB | VB G B VB | B B B VB | VB
VB B G B G B G G B B G B
VB B B | VB G B B B B B B B

Table 9.4: Performance Horizontal Curve Fuzzy Rules
Lenght

e Min. Land tangen lenght in relation with minimum lenght. Geometric design.

e Max. Land tangen lenght in relation with maximum lenght. Geometric design.

Max Lenght

Min Lenght

Lenght

V._Good oot Bad

na

Bad Good

. Gond

Bad Good V/Good

WX

XX

Table 9.5: Lenght Fuzzy Sets
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Min | Max

VG | V.G. | V.G

VG G G

VG B B
G VG G
G G G
G B B
B VG B
B G B
B B B

Table 9.6: Lenght Fuzzy Rules

Vertical Curve Inventory

e Lenght. Land lenght in relation with project lenght.

e Slope. Percentage longitudinal slope.
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Lenght

Slope

Vertical Curve Inventory

Bad Good ,_Good

_Good Good  Bod V._Bad

T
Good VGoed |

XX

/W

XX

Table 9.7: Vertical Curve Inventory Fuzzy Sets

Lgth | Slop Lgth | Slop

VG | VG | VG G B B

VG G | VG G VB | VB

VG B G B VG | B

VG | VB | B B G B
G VG | VG B B B
G G G B VB | VB

Table 9.8: Vertical Curve Inventory Fuzzy Rules

Tangent Inventory

e Bodies. Number of road bodies.
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e Number of lanes. Number of lanes of road

Bodies Number of Lanes Tangent Inventory

Roguar Good Bad Roguar  Good W_Geod | Ead Reguar Good \"_ﬁ:m_

XXU]

Table 9.9: Tangent Inventory Fuzzy Sets

Bod | Lan
R B B
R R R
R G R
R | VG| G
G B B
G R G
G G | VG
G | VG | VG

Table 9.10: Tangent Inventory Fuzzy Rules
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10.1 Pavements
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Tamnamhm{m“

it’s made with asphalt
cement As asphalt cement is
an organic compaund, his
r = characteristics can change
Type. Capacity from oxidation
1 Superficial

Failure

Cracking

Pavements Deformations

Furmional
Strucrural

It's made with hydrauc

concrete, As hydraulic

concrete ahvays have 1o
crack, it can cause eresion
from the subbase material

Tanst JEsAL's

Functional
Friction
Geometry
IRl
Deteriorations
Fatch
Deflections
ESAL's
Laboratory tests

Equipment and
Safety devices

Crainage

Functional
Friction

Geometry

IRl
Slabs
Deteriorations

Joints
Patch

Deflactions
ESAL's
Laboratory tests

Figure 10.1: Pavement Evaluation Dates

Cracking

Spailing
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Pavement Inventory Model

Underiaying

Subgrade

Hydraulic Base

Hot Asphalt Mix

Structural
Number

Pavement
Layers

Figure 10.2: Pavement Inventory Model

Inventory Embankment Layers

e Liquid Limit. Geotechnical property embankment material.

e CBR. Geotechnical property embankment material.
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Liquid Limit

CBR

Embankment

Good Aceplatio

Badt Bad

Bad

Accoptable

Good |

Table 10.1: Inventory Embankment Fuzzy Sets
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Q
o8
=

w| W w| =] | = Q) Qo

T = QI = QT = Q2
W | W B =] | T = Q2

Table 10.2: Inventory Embankment Fuzzy Rules

Inventory Underlaying Layers

e Liquid Limit. Geotechnical property embankment material.

e CBR. Geotechnical property embankment material.
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Liquid Limit CBR Underlaying

Good

Acoptatis

Bad Bag Aceplutie Good | Bad Acrephatio Good

Al

Table 10.3: Inventory Underlaying Fuzzy Sets

Q
o
=)

w| | w| =] | = Q) QB

T = QI = QI =R
W 3| | B | | T = Q2

Table 10.4: Inventory Underlaying Fuzzy Rules
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Inventory Subgrade Layers

e Liquid Limit. Geotechnical property embankment material.

e CBR. Geotechnical property embankment material.
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Liquid Limit

Subgrade

Good Acoplable Bad

il

CBR

Bad Acceptable Good |

1

XX

Table 10.5: Inventory Subgrade Fuzzy Sets

LL | CBR
G G |G
G A A
G B | B
A G | A
A A A
A B | B
B G | B
B A | B
B B | B

Table 10.6: Inventory Subgrade Fuzzy Rules

Inventory Dirt Works

e Embankment. Liquid Limit and CBR material evaluation.

e Underlaying. Liquid Limit and CBR material evaluation

e Subgrade. Liquid Limit and CBR material evaluation.
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Emb | Undly | Subgr Emb | Undly | Subgr Emb | Undly | Subgr
G G G G A G G G B G G A
G G A A A G A A B G A A
G G B B A G B B B G B B
G A G G A A G G B A G A
G A A A A A A A B A A A
G A B B A A B B B A B B
G B G B A B G B B B G B
G B A B A B A B B B A B
G B B B A B B B B B B B

Table 10.7: Inventory Dirt Works 1 Fuzzy Rules

| Dirt Works 2|
Emb | Subgr Undly | Subgr
G G G G G G
G A A G A A
G B B G B B
A G G A G G
A A A A A A
A B B A B B
B G A B G A
B A B B A B
B B B B B B

Table 10.8: Inventory Dirt Works 2 y 3 Fuzzy Rules

Inventory Sub Base Layers
e Liquid Limit. Geotechnical property sub base material.

e CBR. Geotechnical property sub base material.
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Liquid Limit CBR Subbase

Good Aceptatio Bad | Bag Aceptatia Good Bad Accoplatie Gocd

Table 10.9: Inventory Sub-base Fuzzy Sets
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Q
o8
=

w| W w| =] | = Q) Qo

T = QI = QT = Q2
W | W B =] | T = Q2

Table 10.10: Inventory Sub-base Fuzzy Rules

Inventory Hydraulic base Layers
e Liquid Limit. Geotechnical property hydraulic base material.

e CBR. Geotechnical property hydraulic base material.

Liquid Limit CBR Hydraulic Base

Good Actptati Bad | o Actptati Bad | maa Accoptabis Good

Table 10.11: Inventory Hydraulic Base Fuzzy Sets

Q
oy
=

w| W W = = | Q0 Q| E

W = QW] = QW = Q2
W| 00| W) | | > | > Q2

Table 10.12: Inventory Hydraulic Base Fuzzy Rules
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Inventory Hot asphalt mix.

e Air Voids. Air voids in asphalt layers.

Air Voids

V_Bad Good Badd

Table 10.13: Inventory Hot Asphalt Mix Fuzzy Set

Inventory Pavement Structure

e Sub base. Liquid limit and CBR material evaluation.
e Hydraulic base. Liquid limit and CBR material evaluation.

e Hot asphalt mix. Air voids asphalt asphalt layers evaluation

Structure 1
S Bas | H Bas | A Mix S Bas | H Bas | A Mix S Bas | H Bas | A Mix
G G G G A G G A B G G A
G G B A A G B B B G B B
G G VB B A G VB B B G VB B
G A G A A A G A B A G A
G A B B A A B B B A B B
G A VB B A A VB | B B A VB B
G B G B A B G B B B G B
G B B B A B B B B B B B
G B VB B A B VB | B B B VB B

Table 10.14: Inventory Structure 1 Fuzzy Rules

Structure 2

H Base | A mix
G G G
G B B
G VB B
A G A
A B B
A VB B
B G B
B B B
B VB B

Table 10.15: Inventory Structure 2 Fuzzy Rules
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Inventory Pavement Layers

e Dirt Works. Embankment layers evaluation.

e Pavement Structure. Pavement structure layers evaluation.

Pavement

D Works | Struct

G G G
G A A
G B B
A G G
A A A
A B B
B G B
B A B
B B B

Table 10.16: Inventory Pavement Layers

Inventory Pavement
e Structural Number. Determined based in AASHTO 1993.

e Pavement layers. Embankment and structural layers evaluation.

Pavement Layers Structural Number Pavement Inventory

Bad. Apiatio Good Low Mormal - Meduigh W_High VBad Bad Good V_Good

QL AL XXX

Table 10.17: Inventory Pavement Fuzzy Sets

Inventory
Str N | Pav Str N | Pav
L G VG M B B
L A VG H G VG
L B G H A G
N G VG H B VB
N A G V.H. | G VG
N B B VH. | A G
M G VG V.H. | B VB
M A G

Table 10.18: Inventory Pavement Fuzzy Rules
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Pavement Performance Model

Friction
Coeficient, H

Cracking
Area

Potholes

Structural
Deterioration

Patching
Area

Road
Depth

Structural
Performance

Deflection

Roughness

Cracking

Potholes

\ Surface
Deterioration

Patching
Area

Road
Depth

>
L

Performance

Figure 10.3: Pavement Performance Model

Friction Pavement
e Friction coefficient. Average land friction coefficient.

e Macrotexture. Medium texture depth

79

Friction Coefficient Macrotexture

Friction

V_Bad Acooplabie Good. Bad | Bad Feasgular e

Table 10.19: Performance Friction Fuzzy Sets
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Friction
F Coef | Mactx F Coef | Mactx
G G VG B G B
G R G B R B
G B B B B B
A G G V.B. G B
A R G V.B. R V.B
A B B V.B. B V.B

Table 10.20: Performance Friction Fuzzy Rules

Structural Deterioration

e Cracking area. Percentage area of structural cracking, longitudinal, transverse, alli-
gator, block.

e Potholes. Number of structural potholes.
e Patching area. Percentage area of structural patching.

e Road depth. Average road depth (mm)

Cracking Area

Goaliad " Badf Good Bad

Potholes Structural Deterioration

' Bad

W Bsd Bad Good W_Good

Patching Area Road Depth W

Table 10.21: Performance Structural Deterioration Fuzzy Sets
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Structural Deterioration

S.C.A. | Poth | Patch | R.Dep. S.C.A. | Poth | Patc | R.D S.C.A. | Poth | Patc | R.D
G G G G V.G B G G G G V.B. G G G B
G G G A G B G G A G V.B. G G A B
G G G B G B G G B B V.B. G G B B
G G G V.B B B G G |V.B|VB V.B. G G |V.B|VB
G G A G V.G. B G A G G V.B. G A G B
G G A A G B G A A B V.B. G A A B
G G A B B B G A B B V.B. G A B B
G G A V.B B B G A | VB|VB V.B. G A | VB|VB
G G B G G B G B G B V.B. G B G B
G G B A G B G B A B V.B. G B A B
G G B B B B G B B B V.B. G B B B
G G B V.B | V.B. B G B | V.B|VB V.B. G B | V.B|VB
G B G G G B B G G B V.B. B G G B
G B G A G B B G A B V.B. B G A B
G B G B B B B G B B V.B. B G B B
G B G V.B VB B B G |V.B|VB V.B. B G |V.B|VB
G B A G G B B A G B V.B. B A G B
G B A A B B B A A B V.B. B A A B
G B A B B B B A B B V.B. B A B B
G B A V.B B B B A | VB|VB V.B. B A | VB|VB
G B B G B B B B G B V.B. B B G B
G B B A B B B B A B V.B. B B A B
G B B B B B B B B B V.B. B B B | VB
G B B V.B VB B B B | V.B|VB V.B. B B | V.B|VB
G V.B. G G B B VB.| G G B VB. | VB. | G G | VB
G V.B. G A B B VB.| G A B VB. | VB. | G A | VB
G V.B. G B B B VB.| G B | VB VB. | VB. | G B | VB
G V.B. G V.B VB B VB.| G |VB|VB VB. |VB.| G |VB|VB
G V.B. A G B B VB.| A G B VB. | VB. | A G | VB
G V.B. A A B B VB.| A A B VB. | VB. | A A | VB
G V.B. A B B B VB.| A B | VB VB. | VB. | A B | VB
G V.B. A V.B VB B V.B.| A |[VB|VB VB. | VB.| A |[VB|VB
G V.B. B G B B V.B.| B G B V.B. | VB.| B G | VB
G V.B. B A B B V.B.| B A | VB V.B. | VB.| B A | VB
G V.B. B B B B V.B.| B B | VB V.B. | VB.| B B | VB
G V.B. B V.B VB B VB.| B |V.B|VB VB. |VB.| B |V.B|VB

Table 10.22: Performance Structural Deterioration Fuzzy Rules

Structural Deterioration
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e Structural deterioration. Structural cracking area, potholes, patching area and road

depth evaluation.

e Deflections. Land measure (mm)

Structural Deterioration

Deflections

Structural Performance

V_Baa Bad Good _Good

Good Acceptable Bag

V_Bad

Bad

Good

V_Good

Table 10.23: Structural Performance Fuzzy Sets
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Structural Performance
StrDet | Def
VG G VG
VG R G
VG B B
G G G
G R G
G B B
B G G
B R B
B B B
VB G B
VB R VB
VB B VB

Table 10.24: Structural Performance Fuzzy Rules

Structural Deterioration

e Cracking area. Percentage area of superficial cracking, longitudinal, transverse, alli-
gator, block.

e Potholes. Number of superficial potholes.
e Patching area. Percentage area of superficial patching.

e Road depth. Average superficial road depth (mm).

Cracking Area Potholes Surface Deteriorations

Gilodepiatis Bad Gobegiabio EBad

Patching Area | Road Depth

Dol Aceplatia Bad [Bocd Accaptablo Bad

Table 10.25: Performance Surface Deterioration Fuzzy Sets



83

CHAPTER 10. ANNEX C

Surf. Deter.

C.A. | Poth

VB

VB

VB

VB

VB

R.D.

C.A. | Poth | Patc

R.D.

Patc

VG

VG

R.D.

C.A. | Poth | Patc

Table 10.26: Performance Surface Deterioration Fuzzy Rules

Roughness

e Structural performance. Structural deterioration and deflections evaluation.

Superficial cracking, potholes, patching area and road

e Superficial deterioration.

depth.

Roughness

VB

VB

VB

VG

VB

VG

VB

St P | StDet

B

VB

VB

VB

VB

VG

VB

VG | VG

VB

VG

VB

St P | StDet

VG

VG

VG

VG

Table 10.27: Performance Roughness Fuzzy Rules
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Pavement Performance
e Roughness. Road deterioration evaluation.

e Friction. Friction coefficient and macro-texture evaluation.

Pavement Performance
Roug | Frict Roug | Frict
V.G. | V.G. | VG B V.G.| B
V.G. G | VG B G B
V.G. B G B B B
V.G. | VB B B VB | VB
G V.G | G VB | V.G.| B
G G G VB G | VB
G B B VB B | VB
G VB B VB VB | VB

Table 10.28: Performance Pavement Fuzzy Rules
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Figure 11.1: Drainage Evaluation Dates
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Drainage Inventory Model

Batter Chute
Iniet

Batter Chute

Batter Chute

Figure 11.2: Drainage Inventory Model

Batter Chute Inlet
e Length. Land measure inlet length (m).
e Width. Land measure inlet width (m).

e Slope. Land measure inlet percentage slope.

87



CHAPTER 11. ANNEX D

88

Width

Batter Chute Inlet

Length

_Bad Good Bad

Bad

Slope

Table 11.1: Batter Chute Inlet Inventory Fuzzy Sets

Batter Chute Inlet
Lenght | Width | Slope Lenght | Width | Slope Lenght | Width | Slope
B B B B G B B B VB B B B
B B G G G B G G VB B G G
B B VB B G B VB B VB B VB B
B G B B G G B B VB G B B
B G G G G G G | VG VB G G B
B G VB B G G VB B VB G VB B
B VB B B G VB B B VB VB B VB
B VB G B G VB G B VB VB G | VB
B VB VB | VB G VB VB B VB VB VB | VB

Table 11.2: Inventory Batter Chute Inlet Fuzzy Rules

Batter Chute Channel

e Separation. Percentage distance between batter chute related to drainage project.

e Width. Land measure inlet width (m).

e Height. Batter chute height (m).

Separation

Width

Batter Chute Channel

Bad VoGood  Good V_Bad

V_Bad G

Table 11.3: Batter Chute Channel Inventory Fuzzy Sets
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Channel Batter Chute
Separ | Width | Height Separ | Width | Height Separ | Width | Height
VG G G VG G B G G B VB G B
VG G B VG G B B G B VB B B
VG G VB G G B VB B B VB VB B
VG B G VG G VB G B VB G G B
VG B B G G VB B B VB G B B
VG B VB G G VB VB | VB VB G VB | VB
VG VB G B B G G G VB B G B
VG VB B G B G B G VB B B B
VG VB VB B B G VB B VB B VB B
G G G G B B G G VB VB G VB
G G B G B B B G VB VB B B
G G VB B B B VB B VB VB VB | VB

Table 11.4: Inventory Channel Batter Chute Fuzzy Rules

Batter Chute

e Inlet. Land inlet batter chute geometry evaluation.

e Channel. Land channel batter chute geometry and capacity evaluation.

Ditch

Batter Chute
Inlet | Chan Inlet | Chan
VG VG | VG B VG G
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG | VG VB VG G
G G G VB G B
G B B VB B B
G VB | VB VB VB | VB

Table 11.5: Inventory Batter Chute Fuzzy Rules

e Longitudinal Slope. Percentage longitudinal slope

e Road Side Slope. Grade longitudinal slope of ditch side of lateral road.

e Width. Land measure width related to project width.
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Long Slope Road Side Slope Ditch

Table 11.6: Ditch Inventory Fuzzy Sets

Ditch Inventory
L Slp | RSSlp | Width L Slp | RSSlp | Width L Slp | RSSlp | Width
VG G VG | VG G A G |G R B B B
VG G G | VG G A B |G R VB | VG| B
VG G B B G B VG | G R VB G B
VG A VG | VG G B G |G R VB B | VB
VG A G | VG G B B |G B G VG| B
VG A B B G VB | VG | G B G G B
VG B VG | G G VB G |G B G B | VB
VG B G G G VB B | B B A VG| B
VG B B B R G VG | G B A G B
VG VB | VG| B R G G |G B A B | VB
VG VB G B R G B | B B B VG| B
VG VB B B R A VG | G B B G B
G G VG | VG R A G |G B B B | VB
G G G | VG R A B | B B VB | VG | VB
G G B G R B VG | G B VB G | VB
G A VG | G R B G | B B VB B | VB

Table 11.7: Inventory Ditch Fuzzy Rules

Cutting Ditch

e Longitudinal slope. Percentage slope of land cutting.

e Edge distance. Distance between the cutting ditch and cutting edge (m).

e Depth. Land measure depth (cm).
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Acoplatie VBad Good  V_Good Bad

V.Bad  Good Bag

Long Slope Edge Distance Cutting Ditch

Table 11.8: Cutting Ditch Inventory Fuzzy Sets

Cutting Ditch
L Slp | E Dist | Depth L Slp | E Dist | Depth L Slp | E Dist | Depth

G VG VG | VG A G B B B B VB G
G VG G VG A G VB B B VB VG B
G VG B VB A B VG B B VB G B
G VG VB B A B G G B VB B B
G G VG G A B B B B VB VB | VB
G G G G A B VB | VB VB VG VG B
G G B B A VB VG B VB VG G B
G G VB B A VB G B VB VG B VB
G B VG B A VB B B VB VG VB B
G B G B A VB VB | VB VB G VG B
G B B B B VG VG G VB G G B
G B VB | VB B VG G G VB G B VB
G VB VG G B VG B B VB G VB B
G VB G B B VG VB B VB B VG | VB
G VB B B B G VG G VB B G B
G VB VB | VB B G G G VB B B VB
A VG VG G B G B B VB B VB B
A VG G G B G VB B VB VB VG | VB
A VG B B B B VG B VB VB G VB
A VG VB B B B G G VB VB B VB
A G VG G B B B B VB VB VB | VB
A G G G

Kerb
e Shoulder distance. Distance between kerb and road shoulder (cm).

e Longitudinal slope. Road percentage slope

e Height. Kerb height (cm).
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Shoulder Dist Long Slope Kerb

Bad Good ViGood Bt Regar  V_Good Good

V_Baod Bad Good

Height

Bl Good V_Bad

Table 11.9: Kerb Inventory Fuzzy Sets

kerb inventory
ShDis | L Slp | Height ShDis | L Slp | Height ShDis | L Slp | Height
VG G VB G G G VB G B G VB B
VG G G VG G G G G B G G G
VG G B VG G G B B B G B B
VG VG VB G G VG VB B B VG VB B
VG VG G VG G VG G VG B VG G B
VG VG B G G VG B B B VG B B
VG R VB B G R VB B B R VB | VB
VG R G G G R G G B R G B
VG R B G G R B B B R B B
VG B VB B G B VB | VB B B VB
VG B G B G B G B B B G
VG B B B G B B B B B B

Table 11.10: Inventory Kerb Fuzzy Rules



CHAPTER 11. ANNEX D

Pumping and Kerb Performance Model

Figure 11.3: Pumping and Kerb Performance Model

Pumping

e Slope. Percentage road transverse slope.

Slope Pumping

V_Bad VB Bad | W_Bad Bad Good V_Good

>

Table 11.11: Pumping Fuzzy Sets
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Evaluated
Element

Good Qualification from
5.0 0 7.3

Bad Qualification from
2.57 to 4.99

Channel Road

S No wear in canal surface.
Surface Deterioration

Surface slightly wearing, There are not
exposure of aggregates.

Moderately rough surface. Few aggregates loss.
There are not significant scour.

94

Very rough surface with significant loss
of particles. New water way due to scour.

"¢ Trec of obstructions. 1T any, these

Tight garbage or Transported materials

Garbage or Transported materials generate an

Garbage or Transported materials generate

Obstruction small. They do not obstruct generate an hydraulic area obstruction ) v ]
’ I, v aon s by hydraulic area obstruction up to 30%. an hydraulic area obstruction greater than 30%.
significantly hydraulic area. up to 10%. )
) Tew cracks of width minor to 3 mm. They | Cracks of 3 fo 10 mm wide. There are exposure | _ Cracks with width greater to 10 mm. There
N Surface free of cracks. Or surface with o S ) ) ‘ y
Cracking N ‘ e Wi do not generate discontinuities in the of aggregates or vegetation presence. Elements are exposure of aggregates or vegetation
sealed fissures without water infiltration. ‘
drainage asset. are not completely separated. presence. Elements are completely separated.
ol Tsolated spalls with depth and/or length | Isolated spalls with depth of up to 1 cm Spalls with depth of up to 3 cm and length of Spalls with depth of greater to 3 cm and
palls A ; ! A
P of up to 1 cm. and length of up to 5 cm. up to 1 length of up to 15 cm.
Road Surface Drainage asset and road completely Joint separation of up to 1 mm in isolated — ) Drainage asset separated from road surface.
° ; Comp e ! Light join separations greater to 1 mm. o
Separation bonded. There are not infiltations. sections. Bht ] There are great filtration.

Drainage asset without mfiltrations or
Lateral Scour | spills. Land surrounding dry and without

deformations.

Small infiltrations or spills. Land surrounding

is humid without deformations.

There are significantly infiltratios and/or spills
There are light deformations, scour or channel
formations in Land surrounding .

There are significantly infiltratios and,/or spills
There are deformations, scour or channel
formations in Land surrounding.

Kerb Channel

e Surface deterioration.

e Obstruction. Percentage of kerb hydraulic surface obstructed.

Visual evaluation of kerb channel surface

Surf Det Obstruction Channel
Table 11.12: Kerb Channel Fuzzy Sets
Kerb Channel
S Det | Obst S Det | Obst
VG VG | VG B VG | G
VG G G B G G
VG B B B B B
VG VB | VB B VB | VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB | VB VB VB | VB
Table 11.13: Performance Kerb Channel Fuzzy Rules
Cracking evaluation
e Width. Land measure (mm)
e Spacing. Visual evaluation of cracking continuity.
Width Spacing Cracks

Table 11.14: Cracks Fuzzy Sets
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Cracks
Width | Spac
G VS | VG
G RS | VG
G Cont | G
B VS G
B RS B
B Cont | B
VB VS B
VB RS | VB
VB Cont | VB

Table 11.15: Performance Cracks Fuzzy Rules

Spalls evaluation
e Depth. Land measure (cm)

e Spacing. Visual evaluation of cracking continuity:.

Depth Spacing Spalls

Good Bt V_Bad Con Reguiar_§ Viry 5 v Bad Bad P v

Table 11.16: Spalls Fuzzy Sets

Spalls
Depth | Spac
G VS | VG
G RS | VG
G Cont | VG
B VS G
B RS B
B Cont | B
VB VS B
VB RS | VB
VB | Cont | VB

Table 11.17: Performance Spalls Fuzzy Rules

Kerb structure
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e Cracks. Width and separation evaluation.

e Spalls. Depth and separtation evaluation

e Road Surface Separation. Visual evaluation

Cracks

Road Surf Sep

Structure

Bad

Good

V_Bat Bad Good

Table 11.18: Performance Kerb Structure Fuzzy Sets

Kerb structure

Crack | Spalls | R S S Crack | Spalls | RS S Crack | Spalls | RS S

VG VG VG | VG G G B B B B VB | VB
VG VG G G G G VB | B B VB VG B
VG VG B B G B VG | B B VB G B
VG VG VB B G B G B B VB B VB
VG G VG | VG G B B B B VB VB | VB
VG G G G G B VB | B VB VG VG B
VG G B B G VB VG | B VB VG G B
VG G VB B G VB G B VB VG B B
VG B VG G G VB B B VB VG VB | VB
VG B G B G VB VB | B VB G VG B
VG B B B B VG VG | G VB G G B
VG B VB B B VG G G VB G B B
VG VB VG B B VG B B VB G VB | VB
VG VB G B B VG VB | B VB B VG B
VG VB B B B G VG | G VB B G B
VG VB VB B B G G G VB B B B
G VG VG | VG B G B B VB B VB | VB
G VG G G B G VB | B VB VB VG | VB
G VG B B B B VG | B VB VB G VB
G VG VB B B B G B VB VB B VB
G G VG G B B B B VB VB VB | VB
G G G G

Kerb performance

Table 11.19: Performance Kerb Structure Fuzzy Rules
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e Channel. Surface deterioration and obstruction evaluation

e Structure. Structure deterioration evaluation

Kerb Performance
Chan | Str Chan | Str
VG | VG | VG B VG| B
VG G | VG B G B
VG B B B B B
VG | VB | B B VB | VB
G VG| G VB | VG | VB
G G G VB G | VB
G B B VB B | VB
G VB | B VB | VB | VB

Table 11.20: Performance Kerb Fuzzy Rules
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Ditch Performance Model

Figure 11.4: Ditch Performance Model
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Batter Chute Performance Model

Lateral
Scour

Road
Separafio

Surface

Transv
Area

Batter Chute

Lateral
Scour

Surface

OORO

Batter Chute

Transv

Spacing

Figure 11.5: Batter Chute Performance Model

Around
e Lateral scour. Land surrounding visual evaluation.

e Road Separation. Drainage asset and road surface separation evaluation.
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Lateral Scour

Cutting Ditch

V_Bad Badt

Good

Table 11.21: Around Cutting Ditch/Batter Chute Fuzzy Sets

100

Lateral Scour

Road Separation

Around

V_Baa Bad Good _Gond

V(Ioad

Bad

_Bad

Bad Good

Table 11.22: Around Ditch/Batter Chute Inlet Fuzzy Sets

Ditch/Batter Chute Inlet Around
LSc| R Sp LSc| R Sp
VG | VG | VG B VG | B
VG G | VG B G B
VG B G B B B
VG | VB B B VB | VB
G VG | VG VB | VG | VB
G G G VB | G |VB
G B B VB B VB
G VB B VB | VB | VB

Table 11.23: Around Ditch Fuzzy Rules

Drainage Asset Channel

e Surface deterioration. Visual evaluation of channel surface.

e Obstruction. Visual evaluation of water way.

e Transverse area. Asset land measure related to project.
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Surf Det

Obstruction

Drainage asset channel

V_Bad Badt Good V_Goad

XXX

V_Bad Badt Good V_Goad

XXX

Transverse Area

V_But Bad  Good VG

K

Table 11.24: Channel Fuzzy Sets

Channel

SD | Obst | Tr Ar SD | Obst | Tr Ar SD | Obst | Tr Ar

VG | VG VG | VG G G B B B B VB | VB
VG | VG G VG G G VB B B VB VG B
VG | VG B G G B VG G B VB G B
VG | VG VB B G B G B B VB B VB
VG G VG | VG G B B B B VB VB | VB
VG G G G G B VB B VB | VG VG B
VG G B G G VB VG B VB | VG G B
VG G VB B G VB G B VB | VG B B
VG B VG B G VB B VB VB | VG VB | VB
VG B G B G VB VB | VB VB G VG B
VG B B B B VG VG B VB G G B
VG B VB | VB B VG G B VB G B B
VG | VB VG B B VG B B VB G VB | VB
VG | VB G B B VG VB B VB B VG B
VG | VB B VB B G VG B VB B G B
VG | VB VB | VB B G G B VB B B VB

G | VG VG | VG B G B B VB B VB | VB

G | VG G G B G VB B VB | VB VG B

G | VG B B B B VG B VB | VB G B

G | VG VB B B B G B VB | VB B VB

G G VG | VG B B B B VB | VB VB | VB

G G G G

Table 11.25: Performance Channel Fuzzy Rules

Structure

e (Cracks. Visual evaluation

e Spalls. Visual evaluation
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e Road Surface Separation. Visual separation

Structure

102

Crack | Spalls | R S S Crack | Spalls | R S S Crack | Spalls | R S S

VG VG VG | VG G G B B B B VB | VB
VG VG G G G G VB | B B VB VG B
VG VG B B G B VG | B B VB G B
VG VG VB B G B G B B VB B VB
VG G VG | VG G B B B B VB VB | VB
VG G G G G B VB | B VB VG VG B
VG G B B G VB VG | B VB VG G B
VG G VB B G VB G B VB VG B B
VG B VG G G VB B B VB VG VB | VB
VG B G B G VB VB | B VB G VG B
VG B B B B VG VG | G VB G G B
VG B VB B B VG G G VB G B B
VG VB VG B B VG B B VB G VB | VB
VG VB G B B VG VB | B VB B VG B
VG VB B B B G VG | G VB B G B
VG VB VB B B G G G VB B B B
G VG VG | VG B G B B VB B VB | VB
G VG G G B G VB | B VB VB VG | VB
G VG B B B B VG | B VB VB G VB
G VG VB B B B G B VB VB B VB
G G VG G B B B B VB VB VB | VB
G G G G

Table 11.26: Performance Structure Fuzzy Rules

Drainage Asset Performance

e Channel. Water way evaluation.

e Structure. Asset evaluation

e Around. Deterioration effects in surrounding land.
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Cutting Ditch/Ditch/Inlet /Batter Chute Performance
Chan | Str | Arnd Chan | Str | Arnd Chan | Str | Arnd
VG | VG | VG | VG G G B B B B VB | VB
VG | VG| G | VG G G | VB | VB B |VB| VG | B
VG | VG| B B G B | VG | G B |VB| G B
VG | VG| VB | VB G B G G B |VB| B B
VG G VG | VG G B B B B VB | VB | VB
VG | G G G G B | VB | VB VB | VG| VG | G
VG | G B B G |VB| VG | B VB | VG| G G
VG | G | VB | VB G |[VB| G B VB | VG| B B
VG | B | VG | G G |[VB| B B VB | VG| VB | VB
VG | B G G G |VB| VB | VB VB | G | VG | G
VG | B B B B | VG| VG | G VB | G G G
VG | B | VB | VB B | VG| G G VB | G B B
VG | VB| VG | B B |VG| B B VB | G | VB | VB
VG | VB | G B B | VG| VB | VB VB | B | VG | B
VG | VB| B | VB B G| VG | G VB | B G B
VG | VB | VB | VB B G G G VB | B B B
G VG | VG G B G B B VB B VB | VB
G | VG| G G B G | VB | VB VB | VB| VG | B
G |[VG| B B B B | VG | G VB | VB | G B
G |VG| VB | VB B B G G VB |VB| B | VB
G G VG G B B B B VB | VB | VB | VB
G G G G

Table 11.27: Performance Ditch, Cutting Ditch, Inlet Batter Chute Fuzzy Rules

Batter chute

e Inlet. Evaluation of water entrance structure.

e Channel. Evaluation of water way in batter chute.

Performance Batter Chute
Inlet | Chan Inlet | Chan
VG VG | VG B VG B
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG | VG VB VG B
G G G VB G B
G B B VB B VB
G VB | VB VB VB | VB

Table 11.28: Performance Batter Chute
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Annex E

12.1 Culvert

Status descriptions presented in this section are based in the evaluation descriptions pro-
posed in the AASHTO Culvert and Storm Drain System Inspection Guide. [43]

104
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Culvert inventory

e Size. Land diameter (m).

e Longitudinal slope. Percentage slope of culvert

105

Size

Long. Slope

Culvert

V_Bad

Aezgiiati

Good

Bad W Bad  AccapkableiGood

B

Ead Good

Table 12.1: Culvert Inventory Fuzzy Sets

Culvert

L Slp Size

w2
=
N
@

L Slp

B

B

B

B

VB

VB

| | o) 0| 2] (2

VB

@l QS ol > @

VB

= | QIO Q0

< <
5 == @ 5w = @
S P oI Ea Ealp=

VB

VB

VB

Table 12.2: Inventory Culvert Fuzzy Rules
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12.1.1 Entrance Performance

Culvert Entrance Performance Model

Spacing

Spacing

flignement

Protection

Surface
Damage

Channel
Alignement

Figure 12.1: Culvert Entrance Performance Model

Evaluated
Element

Channel is aligned with culvert
(horizontally and vertically). It does
not present potential erosion or flow

restrictions.

Good Qualification from
5.0 to 7.3

Bad Qualification from
2.57 to 4.99

Channel stream is at slight
angle or offset relative to
culvert centerline but does
not affect flow capacity. Small
ponding.

Alignement beginning to
change, causing embankment
erosion and undercuttirng
barrel. Ponding at inlet. Stream
at moderate angle.

Channel flow severely
misaligned causing severe
bank erosion. Channel
directed at bank with threat
of immediate collapse.
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Waterway
Adequacy

Waterway is open and free flowing
with noobstructions.

Minor sedimentation or debris
accumulation. Depth of blockage
less than 10% of pipe diameter.
No scour. Ponding.

Partial blockage of channel.
Depth of blockage between
10 % and 30% of pipe diameter.
Ponding deeper than 10% of
diameter.

Culvert blocked or severely
restricted. Depth of blockage
greater than 30% of pipe
diameter. Frequent flooding,
roadway marks of high water
flows.

Scour

No indications of bank erosion or
scour.

Structure remains stable but with
intermittent bank erosion or local
scour. It does not exposure
previously buried features.

General bank erosion, local
scour or headcutting near
outlet, or signs of downstream
scour. Undercutting and
sod-root overhangs.

Bank, culvert end treatment
structure, and/or roadway
weakened by scour, danger of

collapse with next flood event.

Culvert entrance channel
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e Alignment. Visual evaluation.

e Waterway. Visual evaluation

107

Alignment

Waterway

Channel

V_Baa Bad Good _Gond

Bad Good

Bad Good

Table 12.3: Culvert Entrance Channel Fuzzy Sets

Channel
Alig | WWAd Alig | WWAd
VG VG VG B VG G
VG G G B G B
VG B B B B B
VG VB B B VB VB
G VG VG VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB VB

Table 12.4: Performance Entrance Culvert Channel Fuzzy Rules

Cracks

e Width. Land measure (mm)

e Spacing. Visual evaluation

Width

Spacing

Gocdiad V_Bad

Respitar_S

Table 12.5: Cracks Fuzzy Sets
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Cracks
Width | Spac
G VS | VG
G RS | VG
G Cont | G
B VS G
B RS B
B Cont | B
VB VS B
VB RS | VB
VB Cont | VB

Table 12.6: Performance Cracks Fuzzy Rules

Spalls evaluation
e Depth. Land measure (cm)

e Spacing. Visual evaluation of cracking continuity:.

Depth Spacing Spalls

Good Bt V_Bad Con Reguiar_§ Viry 5 v Bad Bad P v

XXX

Table 12.7: Spalls Fuzzy Sets

Spalls
Depth | Spac
G VS | VG
G RS | VG
G Cont | VG
B VS G
B RS B
B Cont | B
VB VS B
VB RS | VB
VB | Cont | VB

Table 12.8: Performance Spalls Fuzzy Rules

Head /Protection structures
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e Crack. Width and spacing evaluation

e Spalls. Depth and spacing evaluation

Head/Protection
Crack | Spalls Crack | Spalls
VG VG | VG B VG G
VG G VG B G B
VG B B B B B
VG VB B B VB | VB
G VG G VB VG B
G G G VB G VB
G B B VB B VB
G VB B VB VB | VB

Table 12.9: Performance Culvert Head/Protection Fuzzy Rules

Structures
e Head. Crack and spalls evaluation

e Protection. Crack and spalls evaluation

Structures
Head | Prot Head | Prot
VG | VG | VG B VG | B
VG G G B G B
VG B B B B B
VG | VB | VB B VB | VB
G VG | G VB | VG | VB
G G G VB G |VB
G B B VB B | VB
G VB | VB VB | VB | VB

Table 12.10: Performance Culvert Structures Fuzzy Rules

Culvert Entrance
e Channel. Alignment and water way adequacy evaluation.
e Structures. Head and protection structures evaluation.

e Erosion/Scour. Visual evaluation.
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Channel Structures Entrance
Erosion/Scour
Table 12.11: Culvert Entrance Fuzzy Sets
Entrance
Chanl | Str | Er/Sc Chanl | Str | Er/Sc Chanl | Str | Er/Sc

VG | VG| VG | VG G G B B B B VB VB
VG | VG G VG G G VB VB B VB VG B
VG | VG B B G B VG B B VB G B
VG | VG VB VB G B G B B VB B VB
VG G VG G G B B B B VB VB VB
VG G G G G B VB | VB VB | VG| VG B
VG G B B G VB VG B VB VG G B
VG G VB VB G VB G B VB VG B B
VG B VG G G VB B VB VB | VG| VB | VB
VG B G B G VB VB VB VB G VG B
VG B B B B VG| VG G VB G G B
VG B VB | VB B VG G G VB G B B
VG VB VG B B VG B B VB G VB VB
VG VB G B B VG| VB VB VB B VG B
VG | VB B VB B G VG G VB B G VB
VG VB VB VB B G G G VB B B VB
G VG| VG | VG B G B B VB B VB | VB
G VG G G B G VB | VB VB | VB| VG | VB
G VG B B B B VG B VB VB G VB
G VG| VB | VB B B G B VB | VB B VB
G G VG | VG B B B B VB VB VB VB
G G G G

Table 12.12: Performance Culvert Entrance Fuzzy Rules
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12.1.2 Barrel Performance

Culvert Barrel Performance Model

Figure 12.2: Culvert Barrel Performance Model
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Separation

Evaluated
Element

Joints are tightly installed with
proper alignment and
functioning well.

112

Good Qualification from
5.0 to 7.3

Bad Qualification from
2.57 to 4.99

Joint separation, offset, or rotation
with no indication of distress.
Gasket not exposed.

Joint separation, offseet, or
rotation in one or more
with exposed or missing gasket

materials.

Joint separation , offset, or
rotation with exposed backfill
material. Multiple locations of

exposed or missing gaskets.

Joint Cracking

No joint cracking.

Longitudinal cracks of 0.25 mm to
1 mm wide emanating from joint.
No spalling. Small spalls along
edge of spigot end that do not
expose reinforcing or joint sealant.

Longtitudinal cracks of 1 mm to
3 mm wide emanating from joint.
Moderated spalls along edge of
spigot end, possible exposed
reinforcing or joint sealant.

Longitudinal cracks greater than
3 mm wide emanating from joint.
Large spalls along edge of spigot
end with associated structural
cracking.

Slight cocked seams without cusp

Cocked seams such that it affects

Cocked seams severely affecting
cross section shape. Cusp affect with

bolts/fasteners.

in any seam.

Alignment No visible misalignment. effect, but does not affect cross cross section shape. Cusped effect . .
X . . seam cracking. Seam capacity loss
section shape. with local wall bending. . . ’
imminent.
Fasteners No loose or missing Less than 5% loose or missing bolts | 5% to 15% of loose or missing bolts | Greater than 15% loose or missingt bolts

in any seam.

in any seam.

Barrel joint

e Separation. Visual evaluation.

e Cracks. Width and spacing evaluation.

e Alignment. Visual evaluation

e Fasteners. Visual evaluation.

Joints

Concrete Barrel

Plastic Barrel

Metal Barrel

Sep

Crack

Sep | Alig

Fstnr | Alig

VG

VG

VG VG | VG

VG VG

VG

VG

G

VG

G

G

G

G

VG

B

B

B

B

B

B
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VB
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VB
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VG
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VG
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G

G
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B

G
G
B

B

B

B

B

VB
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VG
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VG

G

G

G

B

B
B
B

B

oo o) @2

B

G
B
B

VB
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VB

VB
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G

G

VB
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= b=l e Eo Fo Fa Fa RS

G

G

B

st e s - 1= i - P R o o
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vy
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<
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Table 12.13: Performance Joints Fuzzy Rules
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Evaluated Good Qualification from Bad Qualification from
Element 5.0 to 7.3 2.57 to 4.99
Widespread cracking splitting, or

crushing of masonry units or

No cracking, split or missing Split or cracked masonry units. Large | missing units. Large areas of heavy
masonry units. No displaced | Cracking of isolated individual units. | areas of moderate spalling, scaling or spalling, scaling, or weathering.

Units masonry units. No surface Surface weathering or spalling. No | weathering. Pronounced movement or Holes through structure wall.

deterioration. No measurable movement of masonry units. dislocation of masonry units but does Significant movement of individual
cross sectional distortion. not warrant engineering evaluation. | units. Visible movement or distortion
of cross sectional shape, structure
appears unstable.
Localized cracked or missing mortar. | Extensive missing mortar. Extensive
.. . Widespread areas of shallow mortar mortar deterioration, small flow but Missing mortar with backfill
Mortar is intact with no i . . R e s . N . o . . .
Mortar . . deterioration, possible minor water | no soil/fines, infiltration or exfiltration infiltration, possible voids in
deterioaration. o . . Y . . ’
infiltration or exfiltration through through joints. Vegetation sprouting roadway.
joints. from between units
Localized arcas of efflorescence Widespread areas of efflorescence Heavy buildup of efflorescence with
Efflorescence . . - .
less than 25 cm?. without rust staining. rust staining.

Masonry Barrel Performance

e Units. Visual evaluation of masonry elements.

e Mortar. Visual evaluation of masonry joints.

e FEfflorescence. Visual evaluation of deterioration.

Masonry Barrel

Units

Mort

Efflo

Units | Mort

Efflo

Mort

VG

VG

VG

VG G

G

VG

VG

VG

B

VG

VG

oS/ K

Q

VG

VG

VG

VG

VG

VG

VG

®)
0| | 0| 0| o) @2l @2
vs)

VG

B |VB

VG

o0l | | @2 (2] @2

VG

VB

<l < <
e kR

VB

00| ™| 0| 0| ™| (2] 2

VG

VG

VG

VB

VB

VG

VG

vs)
0| | o) 0| =@

W oo ) @ 2| (2
vs)

G |VB
B
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QO Q0

G

| O0| o] 0| 0| o] 3| 0| Q2 @2 42| G2 G2 42| &2

W o Q2R

G

<
)
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VB G
VB B

Table 12.14: Performance Barrel Masonry Damage Fuzzy Rules
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Evaluated Good Calification from Bad Calification from
Element 5.0to 7.3 2.57 to 4.99
Longitudinal cracks from 1 mm to

- 3 mm wide. Spacing from 0.3 m to 1 m. o
Longitudinal cracks from 0.25 mm to N P o Longitudinal cracks greater than 3 mm
Water infiltration through

1 mm wide with spacing of 1 m or . . wide, exposed rebar, significant water
. . ) . . circumferential cracks. Efflorescence o . R .
Cracking No cracks. more. Some circumferential cracks L . infiltration and/or soil migration.

. . . and/or rust staining emanating from ) . . .
with no infiltration. Efflorescence but Cracks with vertical offset Large arcas

L L cracks. No cracks with vertical offset. L L
no rust Stﬂllll[lg (‘,Illallatl"g ﬁ'()l[l CY&‘L(‘](S. . . . . Of rust Stﬂllll[lg (‘,Illallatl"g ﬁ'()l[l CIa(‘](S
No increase in cracking from previous

inspection.
) R Localized spalls less than 10 mm depth Spalling and or delamination from 10 mm . . .
Slabbing, . . o L N . Widespread spalling greater than 2 cm
. No spalling or slabbing. No and less than 15 cm in diameter. No to 20 mm depth and larger than 15 cm in . Lo .

Spalling R y . - A y in depth or delamination with exposed
L delamination. Patched areas that exposed rebar. No slabbing. Small diameter. No exposed rebar. Some rust A
Delamination R R R rebar, structure unstable. Slabbing of

are sound. delaminations indicatied by hollow staining from spalled areas, structure stable.
P‘(Lt('h(‘h N . . concrete.
sounds at patches but pathc stable. No slabbing. Pathed areas deteriorated.

Light or moderate scaling. Abrasion . . Extensive surface damage and aggregate
ght o derate scaling, Abra: U o Moderate to severe scaling. Abrasion tensive surface damage and aggregate

. . less than 5 mm deep over less than 20% - pop-out. Includes exposed and/or

. . No scaling, abrasion, or other .. . . - between 5 mm and 10 mm deep over y .
Deterioration of pipe surface. Localized superficial corroded rebar. Complete invert

surface damage. more than 30% of pipe surface. Impact

. deterioration and loss of pipe wall
damage with exposed rebar.

section.

impact damage. No rebar exposed.
Multiple plugged weep holes

Concrete Barrel Performance
e Cracking. Visual evaluation.
e Deterioration. Visual evaluation.

e Slabbing/Spalling. Visual evaluation.

Concrete Barrel
Crack | Det | S1/Sp Crack | Det | SI/Sp Crack | Det | SI/Sp
VG | VG B B VB | VB
G G VB | VB VG | VB
B B VG G |VB
VB | VB G B | VB
VG | VG B VB | VB
G G VG | B
B B G B
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Table 12.15: Performance Barrel Concrete Damage Fuzzy Rules
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Evaluated
Element

Shape

Good Qualification from
5.0 to 7.3

Bad Qualification from
2.57 to 4.99

Barrel maintains roud shape
with no local wall flattening.
Vertical deformation less than
5% of original inside diameter.

Minor wall flattening. Vertical
deformation 5%-7.5% of original inside
diameter.

Significant wall flattening or increased wall
curvature. Vertical deformation 7.5% to 10%
of original inside diameter. Visual
out-of-roundness.

115

Extrem wall flattening with reversal of
curvature, and /or kinks. Vertical deformation
greater than 10% of original inside
diameter. Significant visual out-of-roundness.

No indication of wear, abrasion,

Minor wear, abrasion, less than 10% of

Wear, abrasion that exceeds 10% of wall

Wear, abrasion that exceeds 25% of wall

Surface . . wall thickness. Minor staining or UV whtickness. UV degradation causing . T R Lo
impact damage or UV . N . s . . . . thickness. UV degradation resulting in
Damage > degradation. Blistering over less than 25% discoloration. Blistering over greater than .
degradation. > C . 507 Af i s - cracked or broken pipe wall.
> of pipe inner surface. 25% of pipe inner surface.
Advanced and widespread wall buckling Kinks though the full wall thickness. Pipe
Bucking Initiation of local buckling indicated by indicated by extensive interior surface wall buckles inward locally. Wall cracking
5 )lit‘% ai:i Smooth interior wall. No splits in | rippling in wall. Wall cracking or splits, rippling. Wall cracking or splits up to half of or splits greater than hals of pipe
‘:I‘l'a;:killg welded seams or cracking in wall. | less than a quarter of circumference. No circumference. Minor water infiltration but circumference. Longitudinal cracking more

infiltration. No longitudinal cracking

no soil infiltration. Longitudinal cracking less
than 30 cm in length.

than 30 cm in length. Crac
indication of soil infiltration.

Plastic Barrel Performance

e Shape. Visual evaluation of plastic shape.

e Surface damage. Visual evaluation of plastic damage.

e Buckling, splits and cracking. Visual evaluation.

Plastic Barrel
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Table 12.16: Performance Barrel Plastic Damage Fuzzy Rules
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Evaluated Good Qualification from Bad Qualification from
Element 5.0to 7.3 2.57 to 4.99
Corrosion of pipe material and widespread Widespread through-wall penetration. Invert
Freckled rust, corrosion of pipe wall section loss less than 10% of wall thickness. missing in localized sections. Through-wall
Corrosion | Isolated areas of freckled rust. material. No loss of section, no Localized deep pitting. Several holes less than | penetrations present. Holes greater than 2.5
through-wall penetration from corrosion 2.5 cm diameter. Penetration possible with cm diameter or many smaller holes grouped
hammer pick strike. closely.
- . . Large dents or impact damage to pipe Dents or damage that warrant engineering
. Small dents or impact damage to pipe b pact £¢ pp . s s °
Surface No dents or other localized X X wall or end section with localized wall evaluation. Through wall holes greater than
wall or end section with no wall . LT N
Damage damage. breaches breaches, no more than one corrugation one corrugation over a length more than
A over circumferential length of 15 cm. 15 cm allowing unimpeded soil infiltration.
. . . Widespread abrasion of protective coating Abrasion has worn large holes through the
Small or local abrasion of wall or coating . . R . X >
. . X . . . with breaches exposing the pipe wall material | metal pipe greater than one corrugation in
Abrasion | No damage due to abrasion. | with no breaches in the coating exposing . K .
> X . ! and allowing through wall penetration during length for more than 15 cm around the
structural wall or signs of corrosion. X . . . . .
inspection probing with a pick. circumference.

Metal Barrel Damage

e Corrosion. Visual evaluation of metal barrel.

e Surface damage. Visual evaluation of metal damage.

e Abrasion. Visual evaluation of metal barrel.

Metal Damage
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Table 12.17: Performance Metal Damage Fuzzy Rules
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Evaluated
Element

Good Qualification from

5.0 to 7.3

Bad Qualification from
2.57 to 4.99

Smooth curvature in barrel,
deformation less than 5% of inside
diameter.

Shape

Top half smooth. Minor bulges or
flattening of bottom. Deformations
5% to 10% of original inside diameter.

Significant distoritions or flattening.
Lower third may be kinked.
Deformation 10% to 15% of

original inside diameter. Visible

Extreme distortion throughout pipe,
local area of reverse curvature and

kinks. Deformation greater than 15%
of original inside diameter.

out-of-roundness. Significant out-of-roundness.

Metal Barrel Performance

e Damage. Corrosion, surface damage and abrasion evaluation.

e Shape. Visual evaluation of barrel deformations.

Metal Barrel
Dmg | Shp Dmg | Shp
VG | VG | VG B VG | G
VG G | VG B G B
VG B B B B B
VG | VB | B B VB | VB
G VG | VG VB | VG | B
G G G VB G B
G B B VB B | VB
G VB | VB VB | VB | VB

Table 12.18:

Barrel Structure

Performance Barrel Metal Damage Fuzzy Rules

e Material Deterioration. Deterioration barrel evaluation.

e Joints. Alignment and deterioration joints evaluation.

Barrel Structure
M Det | Joints M Det | Joints
VG VG | VG B VG B
VG G VG B G B
VG B G B B B
VG VB B B VB | VB
G VG | VG VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB | VB

Table 12.19: Performance Barrel Structure Fuzzy Rules
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Evaluated Good Qualification from Bad Qualification from
Element 5.0to 7.3 2.57 to 4.99
Coarse soil infiltration through seam
. . . . - . . ings. Possible hollow sounds
Infiltration No siens of infiltration or exfiltration Minor water infiltration through leak Significant water infiltration and iﬁﬁgllgg:h_”ﬁi:: S’\dll(l) 1?::\:3:;112
Exfiltration | 0“8 h e resistant seams but no soil infiltration. evidence of fine soils infiltrating. i o e

indicating loss of back fill support.
Evidence of piping due to exfiltration.

. . . . Distress at joints or in barrel due to
A . . . . Horizontal alignment with deviations . N -
Horizontal alignment shows no signs Horizontal alignment shows small . . vertical or horizontal misalignment

P from installed condition that may affect 2

. of movement from installed condition. | visible deviations from installed condition . - - with pipe section offsets. Vertical
Alignment i~ . . . . joints or barrel. Vertical misalignment - . .
Vertical alignment shows no sagging | that does not affect joints or barrel. Vertical . . . . misalignment causes ponding/sediment
. . . . . causing ponding/sediment accumulation . o
or heaving. alignment has minor sagging or heaving. accumulation of more than 30% of

between 10% and 30% of diameter. . S, S
‘ ‘ diameter. Significant flow restriction.

Barrel Performance
e Barrel structure. Deterioration barrel evaluation.
e Infiltration/Exfiltration. Visual evaluation.

e Alignment. Visual evaluation.

Barrel
Barr | In/Ex | Alig Barr | In/Ex | Alig Barr | In/Ex | Alig
VG | VG B B VB | VB
VG G VB VB | VG | VB
VG B VG VB
VB G VB
VG B VB | VB | VB
G VB VG | VG | B
B VB | VG VB | VG G | B
VB VB G | VB VB | VG B | VB
VG VB B | VB VB | VG | VB | VB
G VB |V VB VG | B
B VG | VG VB
VB VG G VB
VG VG B VB
G VG | VB VB
B VG VB
G VB VB
B VB VB | VB
VB | VB VB | VB | VG | VB
VG VB | VB VB
G VB | VB VB
B VB VB VB | VB
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Table 12.20: Performance Barrel Fuzzy Rules

12.1.3 Exit Performance

Evaluation of properties in this section are based in descriptions presented above, in section
Entrance Performance.
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Culvert Exit Performance Model

Depth

Spalis

OOO® @

Spalis

Spacing

(o)

Fattiement)
Rotation

Erosion/
Scour

Figure 12.3: Culvert Exit Performance Model

Concrete deterioration

e Cracks. Visual evaluation.

e Surface Damage. Visual evaluation.



CHAPTER 12. ANNEX E

Concrete Deterioration/Head/Protection
Crack | S Dmg Crack | S Dmg
VG VG | VG B VG G
VG G VG B G B
VG B B B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G VB
G B B VB B VB
G VB B VB VB VB

Table 12.21: Performance Concrete Deterioration/Head/Protection Fuzzy Rules

Metal deterioration

e Deformation. Visual evaluation.

e Corrosion. Visual evaluation.

Metal Deterioration
Def | Corr Def | Corr
VG | VG | VG B | VG | G
VG| G | VG B G B
VG B B B B B
VG| VB | VB B | VB | VB
G | VG | VG VB | VG | VB
G G G VB| G | VB
G B B VB B | VB
G | VB | VB VB | VB | VB

Table 12.22: Performance Metal Deterioration Fuzzy Rules

Spillway

e Material deterioration. Concrete or metal evaluation.

e Settlement/Rotation. Visual evaluation.
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Spillway
Det | S/R Det | S/R
VG | VG | VG B | VG| B
VG| G | VG B G B
VG| B B B B B
VG | VB | VB B | VB | VB
G | VG | G VB | VG | VB
G G G VB| G |VB
G B B VB| B |VB
G | VB | VB VB | VB | VB

Table 12.23: Performance Spillway Fuzzy Rules

Structures
e Head. Visual evaluation.

e Protection. Visual evaluation.

Structures
Head | Prot Head | Prot
VG | VG | VG B VG | B
VG G G B G B
VG B B B B B
VG | VB | VB B VB | VB
G VG | G VB | VG | VB
G G G VB G | VB
G B B VB B | VB
G VB | VB VB | VB | VB
Table 12.24: Structures Fuzzy Rules

Exit

e Structures. Head and protection evaluation.

e Spillway. Material deterioration and deformation evaluation.

e Scour. Visual Evaluation.
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Exit
Str | Spwy | Scour Str | Spwy | Scour Str | Spwy | Scour
VG | VG VG | VG G G B B B B VB | VB
VG | VG G G G G VB | VB B VB VG B
VG | VG B B G B VG G B VB G B
VG | VG VB | VB G B G B B VB B VB
VG G VG | VG G B B B B VB VB | VB
VG G G G G B VB | VB VB | VG VG B
VG G B B G | VB VG B VB | VG G B
VG G VB | VB G | VB G B VB | VG B VB
VG B VG G G | VB B B VB | VG VB | VB
VG B G G G | VB VB | VB VB G VG B
VG B B B B | VG VG G VB G G B
VG B VB | VB B | VG G B VB G B VB
VG| VB VG B B | VG B B VB G VB | VB
VG| VB G B B | VG VB | VB VB B VG B
VG| VB B B B G VG G VB B G VB
VG| VB VB | VB B G G B VB B B VB
G VG VG | VG B G B B VB B VB | VB
G VG G G B G VB | VB VB | VB VG | VB
G VG B B B B VG B VB | VB G VB
G VG VB | VB B B G B VB | VB B VB
G G VG G B B B B VB | VB VB | VB
G G G G

Table 12.25: Performance Exit Fuzzy Rules

Culvert Performance

e Entrance. Alignement and structures status evaluation.

e Barrel. Joints and barrel evaluation

o Exit. Exit structures status evaluation
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Culvert
Entrance | Barrel | Exit Entrance | Barrel | Exit Entrance | Barrel | Exit

VG VG VG | VG G G B B B B VB | VB
VG VG G | VG G G VB | B B VB VG | VB
VG VG B B G B VG | B B VB G | VB
VG VG VB | B G B G B B VB B | VB
VG G VG | G G B B B B VB VB | VB
VG G G G G B VB | VB VB VG VG | B
VG G B B G VB VG | B VB VG G B
VG G VB | B G VB G B VB VG B B
VG B VG | B G VB B | VB VB VG VB | B
VG B G B G VB VB | VB VB G VG | B
VG B B B B VG VG | B VB G G B
VG B VB | B B VG G B VB G B B
VG VB VG | B B VG B B VB G VB | B
VG VB G B B VG VB | B VB B VG | B
VG VB B | VB B G VG | B VB B G B
VG VB VB | VB B G G B VB B B B
G VG VG | VG B G B B VB B VB | VB
G VG G G B G VB | B VB VB VG | VB
G VG B B B B VG | B VB VB G | VB
G VG VB | B B B G B VB VB B | VB
G G VG | G B B B B VB VB VB | VB
G G G G

Table 12.26: Performance Culvert Fuzzy Rules
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Figure 13.1: Safety Devices Evaluation Parameters
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Vertical Marking Inventory
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Entrance
Angle

Barrier
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Figure 13.2: Safety Devices Inventory Model
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e Ramp. Land measure of ramp width (m)

e Service Way. Land measure of service way (m)

Ramp Service Way Width
Table 13.1: Width Braking Ramp Fuzzy Sets
Width
Ramp | SWay Ramp | SWay
VG G VG B G G
VG B B B B G
VG VB B B VB B
G G G VB G B
G B B VB B VB
G VB B VB VB | VB
Table 13.2: Width Braking Ramp Fuzzy Rules
Geometry
e Width. Ramp and service way width evaluation.
e Length. Percentage land length respect to length project.
Width Length Geometry

V_Baa Bad Good

Bad Good

Table 13.3: Geometry Braking Ramp Fuzzy Sets

Geometry
Wdth | Lnght Wdth | Lnght
VG VG | VG B VG G
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB | VB VB VB | VB

Table 13.4: Geometry Braking Ramp Fuzzy Rules
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Inventory braking ramp

e Geometry. Width and length evaluation.

e Entrance angle. Grades angle between ramp entrance and roadway.

128

Geometry

Entrance Angle

Braking Ramp

V_Baa Bad Good

Good

Bad V_Bad

Table 13.5: Braking Ramp Fuzzy Sets

Braking Ramp Fuzzy Rules
Geo | E An Geo | E An
VG | VG VG B VG G
VG | G G B G B
VG | B B B B B
VG | VB B B VB VB
G VG VG VB | VG VB
G G G VB | G VB
G B B VB | B VB
G VB B VB | VB VB

Table 13.6: Braking Ramp Fuzzy Rules

Barrier Geometry

e Height. Land height difference respect project height.

e Visual status evaluation.

Height

Integrity

Barrier Geometry

Good Baa Tal

Bad

Good

W_Bad

Bad Good

_Good

Table 13.7: Barrier Geometry Fuzzy Sets
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Barrier Geometry

Hgh | Int Hgh | Int
BS|VG| B G B
BS| G B G | VB

BS| B | VB BT | VG
BS | VB | VB BT | G
G | VG | VG BT | B
G G| G BT | VB | VB

| @2 (2| 0| T

Table 13.8: Barrier Fuzzy Rules

Barrier Distance

e Work distance/Object distance. Proportion of specified work distance and object
distance.

e Lane distance. Distance between barrier and lane limit.

Work Dist/Obj Dist Lane Distance Distance

Bad Good Good V_Bad Good Bad V_Bad Bad Good V_Good

Table 13.9: Distance Barrier Fuzzy Sets

Distance

OD|LD

B VB | VB

B G B

B B B

G VB | VB

G G G

G B B
VG | VB | B
VG G | VG
VG B B

Table 13.10: Distance Barrier Fuzzy Rules

Barrier Location
e Barrier distance. Work, object and lane distance evaluation.

e Length. Additional barrier length respect to object length. (m)
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Distance

Location

V_Bad Badt Good V_Goad

XXX

V_Bad Bad Good _Good

XXX

Table 13.11: Location Barrier Fuzzy Sets

Location
Dst | Lngt Dst | Lngt
VG| VB | B B | VB | VB
VG| B B B B B
VG| G G B G B
VG | VG | VG B | VG | B
G | VB | B VB | VB | VB
G B B VB B |VB
G G G VB| G | VB
G | VG | VG VB | VG | VB

Table 13.12: Location Barrier Fuzzy Rules

Safety Barrier

e Barrier geometry. Height and integrity barrier evaluation.

e Location. Distance and length barrier evaluation.

Safety Barrier
Bar | Loc Bar | Loc
VG | VG | VG B | VG| G
VG| G | VG B G B
VG| B B B B B
VG | VB | VB B | VB | VB
G | VG| G VB | VG | B
G G G VB | G B
G B B VB| B | VB
G | VB | VB VB | VB | VB

Table 13.13: Safety Barrier Fuzzy Rules

Short vertical marking location.

e Height. Land measure height (m)

e Lateral separation. Land measure between sign and road. (m)
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Height

Lateral Separation

Short Vertical marking

_Bad

V_Bod Good

Acxagatin

Baed

W_Bad Bad Good V_Good

Table 13.14: Short Vertical Marking Fuzzy Sets.

Short Signs
Hght | L Sep Hght | L Sep
B B B G G VG
B A B G VB | VB
B G B VB B B
B VB | VB VB A B
G B B VB G B
G A G VB VB | VB

Tall vertical marking location.

e Height. Land measure height (m).

Table 13.15: Short Vertical Marking Fuzzy Rules.

e Lateral separation. Land measure between marking and road (m).

Height

Lateral Separation

Tall Marking

V_Bad

V_Bad Good

Aanplablo

Bad

Table 13.16: Tall Location Vertical Marking Fuzzy Sets

Tall Location
Hght | L Sep Hght | L Sep
B B B G G VG
B A B G VB | VB
B G B VB B VB
B VB | VB VB A VB
G B G VB G VB
G A G VB VB | VB

Table 13.17: Tall Location Vertical Marking Fuzzy Rules.

Tall vertical marking location.
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e Location. Height and lateral separation evaluation.

132

e Longitudinal distance. Relation between land distance and project distance of mark

and point specified.

Location Longitudinal Distance

Vertical Marking

V_Baxt Bad Good V_Good V.o

MeawGood  Far

V_Bad Bad Good _Good

XXX

Table 13.18: Vertical Marking Fuzzy Sets

Vertical Marking

Ub | LD Ub | LD

VG| VF | B B | VF | VB
VG | F G B F B
VG| G | VG B G B
VG| N G B N B
VG| VN | B B | VN | VB
G | VF | B VB | VF | VB
G F B VB| F | VB
G G G VB| G | VB
G N B VB| N | VB
G | VN | B VB | VN | VB

Table 13.19: Inventory Vertical Marking Fuzzy Rules
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Safety Devices Performance

Horizontal
IMarking

Figure 13.3: Safety Devices Performance Model

Barrier.
e Height. Difference between land height and project height (cm).

e Integrity. Visual evaluation, continuity, terminals, distance between elements...
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Barrier

Height

.

Integrity

_Bad Had Good W_Good

XXX

V_Bad Bad Good _Good

XXX

Table 13.20: Barrier Fuzzy Sets

Barrier
Hgt | Int Hgt | Int
BS|VG| B G B B
BS| G B G |VB| B
BS| B | VB BT | VG| G
BS|VB| VB BT | G G
G | VG | VG BT | B B
G G G BT | VB | VB

Table 13.21: Performance Barrier Fuzzy Rules

Barrier location.

e Lane distance. Land distance between barrier and road lane (m)

e Length. Additional barrier length of object length (m).

Lane Distance

Length

Location

_Bad Good

VBad  Bad Good ViGood

XX

V_Bad Bad Good _Good

XXX

Table 13.22: Barrier Location Fuzzy Sets

Location
L D | Lng L D | Lng
VB | VB | VB G G G
VB | B | VB G | VG | VG
VB | G B B | VB | VB
VB | VG | B B B B
G | VB | VB B G B
G B B B | VG| G

Table 13.23: Barrier Location Fuzzy Rules

Performance barrier.
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e Barrier. Height and integrity evaluation.

e Location. Lane distance and barrier length evaluation.

Performance Barrier
Bar | Loc Bar | Loc
VG | VG | VG B | VG| G
VG | G | VG B G B
VG| B B B B B
VG | VB | VB B | VB | VB
G | VG| G VB | VG | B
G G G VB | G B
G B B VB| B | VB
G | VB | VB VB | VB | VB

Material thickness.

Table 13.24: Safety Barrier Fuzzy Rules

e Entrance. Braking material thickness in entrance (cm)

e Body. Braking material thickness in body (cm)

135

Entrance

Body

Thickness

V_Bad Bad Good _Good

XXX

Table 13.25: Braking Ramp Thickness Fuzzy Sets

Material Thickness
Entrance | Body Entrance | Body
A VG G B VG B
A G G B G B
A A G B A B
A VB B B VB | VB
G VG | VG VB VG B
G G G VB G B
G A G VB A B
G VB B VB VB | VB
Table 13.26: Braking Ramp Thickness Fuzzy Rules

Braking ramp performance.

e Thickness. Entrance and body braking material thickness evaluation.
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e Mound Slope. Percentage slope of braking material mounds.

136

Thickness Mound Slope Braking Ramp
Table 13.27: Braking Ramp Fuzzy Sets
Performance
Thickness | Mnd Slp Thickness | Mnd Slp
V@ VG| V@ B VG | @
VG G |G B G |B
Va B B B B | B
G VG| VG VB VG | B
G G |G VB G | VB
G B B VB B | VB
Table 13.28: Braking Ramp Fuzzy Rules
Pattern.
e Individual length. Length of elements of discontinuous line (m).
e Separation. Distance between elements of discontinuous line (m).
Individual Length Separation Pattern

V_Bad Good Bad

Bad

Bautl

Table 13.29: Horizontal Marks Pattern Fuzzy Sets

Pattern

Individual Lenght

Separation

B

G

B1

B

G

B1

<
Sl Q Qv w|w

B

VB

G

VB

B1

S|w| | @ §| @ w| | w

Table 13.30: Horizontal Marks Pattern Fuzzy Rules.

Adequacy 1. Discontinuous line
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e Width. Line width (cm).

e Length. Difference between land length and minimum length (m).

Lenght

Adequacy 1

| wBaa

Width

Band

|

|

Good

V._Good

Bad Good

Table 13.31: Horizontal Marks Adequacy 1 Fuzzy Sets

Adequacy 2. Continuous line.

e Width. Line width (cm).

e Length. Difference between land length and minimum length (m).

Width

Lenght

Adequacy 2

Good

Bad Good

Table 13.32: Horizontal Marks Adequacy 2 Fuzzy Sets

Adequacy
Width | Length
VB VB VB
VB G B
VB VG B
G VB VB
G G G
G VG | VG
B VB VB
B G G
B VG G

Table 13.33: Horizontal Marks Adequacy Fuzzy Rules

Horizontal Mark.
e Pattern. Individual Length and separation evaluation.

e Adequacy. Width and length evaluation.
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Mark
Pattern | Adqcy Pattern | Adqcy
VG VG | VG B VG B
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG | VG VB VG B
G G G VB G B
G B B VB B VB
G VB | VB VB VB | VB

Table 13.34: Horizontal Mark

Line.
e Mark. Pattern and adequacy evaluation

e Retroreflectivity. Difference between initial and land measure of line retroreflectivity.

Mark Retroreflectivity Line

_Bad ad Good W_Good V_Good Good Bad _Baa V_Bad Bad Good _Good

Table 13.35: Horizontal Marks Line Fuzzy Sets

Line
Retroref | Mark Retroref | Mark
VG VG | VG B VG B
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB | VB VB VB | VB

Table 13.36: Horizontal Marks Line Fuzzy Rules

Horizontal Marking.
e Line. Retroreflectivity and mark evaluation.

e Button separation. Number of spaces between individual lines in discontinuous line
without reflective buttons.
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Line

Button Separation

Horizontal Marking

V_Good Good Bad W_Baa

X

V_Bad Bad Good V_Good

XXX

Table 13.37: Horizontal Marking Fuzzy Sets

Performance
Line | Butt Line | Butt
B VG B VG | VG | VG
B G B VG G | VG
B B B VG B G
B VB | VB VG | VB B
VB | VG B G VG | VG
VB G B G G G
VB B VB G B G
VB | VB | VB G VB B

Table 13.38: Horizontal Marking Fuzzy Rules

Vertical Marking Signal.

e Retroreflectivity. Difference between initial and land measure of line retroreflectivity.

e Luminance. Land measure luminance related to maximum value specified by color.

Retroreflectivity

Luminance

Signal

V_Good Good Bad V_Bad

Good Bad _Bad

V_Bad Bad Good V_Good

XXX

Table 13.39: Vertical Marking Signal Fuzzy Sets
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Signal
Ret | Lum Ret | Lum
VG A G B A B
VG G | VG B G G
VG B G B B B
VG | VB B B VB | VB
G A G VB A | VB
G G G VB G B
G B G VB B VB
G VB B VB | VB | VB

Table 13.40: Vertical Marking Signal Fuzzy Sets

Visibility

e Signal. Luminance and retroreflectivity evaluation

e Obstruction. Visual evaluation.

Signal

Visibility

_Bad Had Good W_Good

XXX

v, Bag

Obstruction

Bad

Good

V_Good

XXX

V_Bad Bad Good V_Good

XXX

Table 13.41: Vertical Marking Visibility Fuzzy Sets

Visibility
S Vis. | Obst S Vis. | Obst
VG VG | VG B VG B
VG G VG B G B
VG B B B B B
VG VB B B VB | VB
G VG G VB VG B
G G G VB G VB
G B B VB B VB
G VB B VB VB | VB

Table 13.42: Vertical Marking Visibility Fuzzy Rules

Vertical Marking Sign Position.

e Height. Land measure (m).

e Verticality. Grades angle respect horizontal.
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Height

Verticality

Short Position

V_Bad Accephatia Good

_Bad Good

V_Bad Bad Good _Good

XX

XXX

Table 13.43: Vertical Marking Short Position Fuzzy Sets

Height

Verticality

Short Position

V_Bad Good Badt

V_Bad Accaptatio Good

<X

V_Bad Bad Good _Good

XXX

Table 13.44: Vertical Marking Tall Position Fuzzy Sets

Position
Short Tall
Hgh | Vert Hgh | Vert
VB | VB | VB VB | VB | VB
VB A B VB A | VB
VB G B VB G | VB
G VB | B G | VB | B
G A G G A G
G G | VG G G | VG
B VB | B B VB | B
B A B B A B
B G B B G B

Table 13.45: Vertical Marking Position Fuzzy Rules

Vertical Marking Performance.

e Visibility. Sign and obstruction evaluation.

e Position. Height and verticality evaluation
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Vertical Marking Performance
Vis | Pos Vis | Pos
VG | VG | VG B |[VG| B
VG| G | VG B G B
VG| B B B B B
VG| VB | VB B | VB | VB
G | VG| G VB | VG | VB
G G G VB| G | VB
G B B VB| B | VB
G | VB | VB VB | VB | VB
Table 13.46: Vertical Marking Performance Fuzzy Rules
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14.1 Geotechnical Assets Rock Cuttings.
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14.1.1 Sedimentary Cutting.

Sedimentary Cutting Inventory.

Inclination angle
. . | ubication
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Displacemen Face  |spalis
Supportiprossctan of fils or
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Collapse | Water — Levels
Fil
Water content
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prowct shanening duiances Sudden

and mainening the designed Crystalline — Outgoings
slopes wrossin over hils. Thair

il goes fom pamal to total
block of the lane. In addition,
structurss can be sfeced

Sazemng.
Earthguakes
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Surface runoff
Soil-Rock contact
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| | PragreEssive Rock 4 Biocks in soil [g::oe
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Safety Devices
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 Load Capabily | Characteristics { Height " e
] Face.[ egetal coverage
Erosion
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llOg_?i by'riddm; ::wy‘:r‘ Earthqu;
heir Fail goes from
sefommatans 1 lane callpse Settlement Settiement

Dralnage
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Figure 14.1: Sedimentary Cutting Inventory Model
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Sedimentary Cutting Inventory Model

nterestratificatio

Geology
Desper

nclination @
Angle
Safety
Factor
Stabilization
@

Captation
Area
Protection

Figure 14.2: Sedimentary Cutting Inventory Model

Inter-stratification.
e Thickness. Land measure (cm)

e Soft stratum. Number of soft stratum in the cutting body
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Thickness (cm)

Soft Stratum

Inter-stratification

Good Bad

Vilad

Good

Bad

VBad Bad Good

X

X

XX

Table 14.1: Inter-stratification Fuzzy Sets

T |SS T|SS T |SS
Gl G |G B| G |B VB| G | B
G| B |G B| B |B VB| B | VB

Table 14.2: Inter-stratification Fuzzy Rules

Grooves.

e Deeper. Land measure (cm)

e Width. Land measure (cm)

e Spacing. Visual evaluation, distance between grooves.

Deeper (cm)

Width (cm)

Grooves

VGood — Good B

= ==

V_Gaoonood Baa

XX

V_Bad

e'd

| Spacing

X

Very_&

Table 14.3: Grooves Fuzzy Sets




CHAPTER 14. ANNEX G

D | W/|S D|W/| S D | W/|S
VG | VG | VS | VG G| G |RS| G B B |C| B
VG | VG | RS | VG G| G| C| B B |VB|VS| B
VG | VG| C | VG G| B |VS| G B |VB|RS| B
VG| G | VS| VG G| B |RS| B B |VB| C |VB
VG| G | RS | VG G| B | C| B VB | VG | VS | VG
VG| G | C | VG G|VB|VS| B VB | VG | RS | VG
VG| B | VS| VG G| VB|RS| B VB | VG| C | VG
VG| B | RS | VG G|VB| C | VB VB| G | VS| B
VG| B | C | VG B | VG| VS| VG VB| G |RS| B
VG | VB | VS | VG B | VG| RS | VG VB| G | C | VB
VG | VB | RS | VG B/ VG| C | VG VB| B |[VS| B
VG| VB | C | VG B| G |VS| G VB| B |RS| B
G | VG | VS| VG Bl G |RS| G VB| B | C | VB
G | VG | RS | VG B| G| C| B VB | VB | VS| VB
G | VG| C | VG B, B |VS| B VB | VB | RS | VB
G G | VS| G B, B |RS| B VB|VB| C | VB
Table 14.4: Grooves Fuzzy Rules
Geology.

o Inter-stratification. Thickness and number of soft stratum evaluation.

e Grooves. Deeper, width and spacing evaluation

Inter | Groo Inter | Groo Inter | Groo
G VG | VG B G G VB B B
B VG G VB G B G VB B
VB VG B G B B B VB | VB
G G G B B B VB VB | VB
Table 14.5: Geology Fuzzy Rule
Geometry.

e Height. Project measure (m).

e Inclination angle. Grades angle of body cutting.
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Height (m) Inclination angle (°) Geometry

V_Goed Good T ma v_Good Good  Bad v_Bad

Table 14.6: Geometry Fuzzy Sets

[ Gemetry ]
H|TA H|TA H |[TA
L| G | VG M| B |B VH| G | G
L| B | G H| G |G VH| B | VB
M| G | VG H| B B

Table 14.7: Geometry Fuzzy functions

Structure.

e Geology. Inter-stratification and grooves evaluation.

e Geometry. Height and inclination angle evaluation.

Structure 1 is used when the cutting dip towards road.
Structure 2 is used when the cutting dip towards land.

_

Road Direction Dip
Gl | Gm Gl | Gm Gl | Gm
G| VG| G B | VG| B VB | VG | VB

Gl | Gm
VG | VG | G
VG| G |G G| G G B| G B VB| G | VB
VG| B | B G| B B B| B | VB VB| B | VB
VG| VB | B G | VB | VB B | VB | VB VB | VB | VB

Table 14.8: Structure 1 Fuzzy Rules

Land Direction Dip
Gl | Gm Gl | Gm Gl | Gm Gl | Gm
VG | VG | VG G | VG | VG B | VG |G VB | VG | G
VG| G | VG G| G G B| G |G VB | G G
VG| B G G| B G B| B |G VB | B B
VG| VB | B G| VB| B B | VB |B VB | VB | VB

Table 14.9: Structure 2 Fuzzy Rules

Improvement.
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e Safety factor 1. Improvement works include deeper and shallow stabilization.

area.

Safety factor 2. Improvement works include deeper stabilization.
Safety factor 3. Improvement works include shallow stabilization.

Safety factor 4. Cutting does not requires the stabilization works.

149

Caption area. Percentage between project or land measure related to safety caption

Safety Factor 1

Improvement

Safety Factor 2

Bad Badf Good V_Good

Vs Bod Good

XX

Safety Factor 3 y

Caption Area

V. Bad  Bad Good _Good

D9

v_Bad Bad Gaodl_Good |

Table 14.10: Improvement Fuzzy Sets

SF|CA SF|CA SF|CA SF|CA
VG | VG | VG G | VG | VG B | VG| B VB | VG | B
VG| G | VG G G G B G B VB| G | VB
VG| B G G B B B B B VB| B | VB
VG| VB | B G | VB | B B | VB | VB VB | VB | VB
Table 14.11: Improvement Fuzzy Rules
Inventory.

e Structure. Geology, geometry and dip evaluation.

e Improvement. Stabilization and road protection evaluation.

St | Im St | Im St | Im St | Im
VG | VG | VG G | VG | VG B | VG| G VB | VG| G
VG| G | VG G| G G B | G G VB | G G
VG| B G G| B B B| B B VB| B | VB
VG| VB | B G|VB| B B | VB | VB VB | VB | VB

Table 14.12: Inventory Fuzzy Rules
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Sedimentary Cutting Performance.

150

Sedimentary Cutting Performance Model

% area

OOOOOO®

H
L]

90

Glabal
Stanilization

i

Stabilization

Road Protection

Stablization

e
g

Road Protection

Shasow
Stabilization

Road Protection

Road Protection

inclination
Angle

i

Improvement 1

Coverage

Improvement 4
—_—

Geometry.

e Height. Land height change related to project or inventory measure.

Figure 14.3: Sedimentary Cutting Performance Model
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e Inclination angle. Land change related to project or inventory value.

Inclination Angle

Geometry

Height

V_Good Bad

Good  Bad v_Bad

=

Table 14.13: Performance Geometry Fuzzy Sets

Geometry
H|[TA H|ITA H|TA
VG | VG | VG G | VG | VG B| VG| G
VG| G | VG Gl G| G B| G| B
VG| B | G G| B | B B| B | VB
VG| VB | B G| VB | VB B| VB | VB

Table 14.14: Geometry Fuzzy Rules

Vegetation.

e Height. Average or common vegetation height (m).

e Area. Percentage of total area with vegetation.

Area

Body Vegetation

Height

XX

Fow Reg High

(>

V._Bad Bad Good

XX

Table 14.15: Body Vegetation Fuzzy Sets

Body Vegetation

H|A H|A H|A

S|F |G M|F| G H|F| G
S| R|G M|R| B H R|VB
S| H|G M| H| V.B. H|{H| VB

Table 14.16: Body Vegetation Fuzzy Rules
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Height Area Crown Vegetation

Smal High Fow Reg  Hgh Bad Regriar Good

DX

Table 14.17: Crown Vegetation Fuzzy Sets

Crown Vegetation
Height | % area

sl Ban asiieq o R R R 51RO
mn]iovilies|Rusiiov] leo| Rusi Boviies!
QO Q=I I I

Table 14.18: Crown Vegetation Fuzzy Rules

Vegetal Coverage.
e Body Vegetation. Height and area evaluation.

e Crown Vegetation. Height and area evaluation.

Vegetal Cov
Body | Crown

G G VG

G R G

G B B

B G B

B R B

B B VB
VB G VB
VB R VB
VB B VB

Table 14.19: Vegetal Coverage Fuzzy Rules

Scour/Grooves.
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e Deeper. Land measure (cm).
e Width. Land measure (cm).

e Spacing. Visual evaluation.

Deeper Width Scour Scour /Grooves

WOood  Goed Bad v, Bad V_Geodood Ead V_Bad

Spacing Width Grooves

Cont Reguar_S Very_5| W GoodGond Bt V_Bad

Table 14.20: Scour/Grooves Fuzzy Sets

Scour/Grooves
Deep | Width | Spac Deep | Width | Spac Deep | Width | Spac Deep | Width | Spac
VG VG VS | VG G VG VS | VG B VG VS | VG VB VG VS | VG
VG VG RS | VG G VG RS | VG B VG RS | VG VB VG RS | VG
VG VG | Cont | VG G VG | Cont | VG B VG | Cont | VG VB VG | Cont | VG
VG G VS | VG G G VS G B G VS G VB G VS B
VG G RS | VG G G RS G B G RS G VB G RS B
VG G Cont | VG G G Cont | B B G Cont | B VB G Cont | VB
VG B VS | VG G B VS G B B VS B VB B VS B
VG B RS | VG G B RS B B B RS B VB B RS B
VG B Cont | VG G B Cont | B B B Cont | B VB B Cont | VB
VG VB VS | VG G VB VS B B VB VS B VB VB VS | VB
VG VB RS | VG G VB RS B B VB RS B VB VB RS | VB
VG VB | Cont | VG G VB Cont | VB B VB Cont | VB VB VB | Cont | VB

Table 14.21: Scour and grooves fuzzy rules

Body Surface.
e Scour. Deep, width and spacing evaluation.

e Grooves. Deep, width and spacing evaluation.
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Body surface

Scour

Grooves

Scour

Grooves

VG VG

B

VG

G

B

G

B

B

B

VB

B

VB

VG

VB

VG

G

VB

<l <
| % 5| & 9| @

G

B

VB

B VB

<
o~|lo~{epiEepiiosiiesi ey

VB

VB

VB VB

Table 14.22: Body surface fuzzy rules

Structure.

e Geometry. Height and inclination angle evaluation.

e Body. Grooves and scour evaluation.

e Vegetal coverage. Height and area evaluation.

Structure
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Bolts

Integrity

Table 14.23: Structure fuzzy rules

Head and backing plate are firmely and in very
good condition. No or just perceptible
deformations, corrosion, or spalls.

Good Qualification from
5t0 7.3

Bad Qualification from
2.57 to 4.99

Head and backing plate are firmely and in good
condition. Minor deformations, corrosion, or spalls

Head and backing plate are firmely. They are
deteriorated. Deformation, corrosion or chipping.
Backing plate deformed or section area reduced

There are not head and/or backing plate. Head or backing
plate arc not firmely. Head completely deteriorated
Backing plate destroyed or with very significative
reduction of section area,

Body Slope

Surrounding backing plate surface s i very
good condition. There is not visible fracturing
or undercut

Surrounding backing plate surface i good condition.
Fractures or undercut begins to show, slight
fractures are observed.

Surrounding backing platc surface in bad condition
Fractures or undercut width
in less of 25% of backing plate perimeter.

3mm. There are scour

Surrounding backing plate surface i very bad condition.
Cracking in multiple directions. Cracking width ~3mm
Greater of 25% of backing plate perimeter is scoured

Shot concrete

Infiltration

No visible infiltrations or they are just
noticeable,

Focused area with low infiltration

There is a high infiltration or many small to medium
infiltration areas. They are very noticeable.

Infiltration has beed caused shot concret peeled.

Mesh

Integrity

Anchors and mesh body in very good
condition. Anchors without corrosion or
scour. Body mesh without visible deterioration.

Anchors and mesh body in good condition.
Anchors without corrosion or scour. Body mesh with
low deterioration (corrosion or focused mesh tears).

Auchors and mesh body in bad condition. Anchors

with low to medium corrosion or scour. Body mesh

withgeneralized deterioration (corrosion or focused
mesh tears)

Anchors and mesh body in very bad condition. Anchors
with low to medium corrosion or scour. Body mesh with
generalized deterioration (corrosion or big mesh tears)

Road Protection

Caption surface

Cleaning caption surface. There are ot fall
material or debris accumulation.

Small to medium falling material or debris
acumulation in less of 20% of caption surface.

rial or debris acumulation

Small to big falling ma
in less of 50% of caption surface

Medium to big falling material or debris acumulation
greater to 50% of caption surface.

Screen

Base and body screen in very good condition
There are not scour, or discontinuities.

Base and screen body in good condition. Low scour
There are not discontinuities. Small sereen inclination

Base and screen body in bad condition. Moderate
scour. Small discontinuities. Moderated screen
inclinations.

Base and screen body in very bad condition. Big scour
surfaces. There are noticeable discontinuities. Big screen
inclinations.

Bolt.

Table 14.24: Performance Improvement descriptions
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e Integrity. Visual evaluation.

e Body Cutting. Visual evaluation

155

Integrity Body Cutting Bolt
Table 14.25: Bolt Fuzzy Sets
Bolts
Integ | B cut Integ | B cut
F F VG H F G
F M G H M | VB
F H B H H VB
F VH | VB H VH | VB
M F G VH F VB
M M G VH M | VB
M H VB VH H VB
M VH | VB VH | VH | VB
Table 14.26: Bolt Fuzzy Rules
Cracking/Spalls.

e Spacing. Visual evaluation.

e Width. Land measure (mm)

Spacing

Cont Feguiar & Viery_S

Width

Cenciad Bad

Cracking/Spalls

V_Bad oot V_Good

XXX

Table 14.27: Cracking/Spalls Fuzzy Sets
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Cracks Spalls
Width | Spacing Depth | Spacing
G VS VG G VS VG
G RS VG G RS VG
G Cont G G Cont | VG
B VS G B VS G
B RS B B RS B
B Cont B B Cont B
VB VS B VB VS B
VB RS VB VB RS VB
VB Cont | VB VB Cont | VB

Table 14.28: Cracking and Spalls Fuzzy Rules

Reinforced Concrete.

e Cracking. Width and Spacing evaluation.

e Spalls. Width and Spacing evaluation. Land measure (mm)

Reinforced Concrete

Crack | Spalls Crack | Spalls

VG VG VG B VG G
VG G G B G B
VG B G B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G B
G B G VB B B
G VB B VB VB VB

Table 14.29: Reinforced concrete Fuzzy Rules

Global Stabilization System.

e Bolts. Integrity and scour evaluation

e Reinforced concrete. Cracking and spalls evaluation.
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Global Stabilization
Bolts | R Conc Bolts | R Conc
VG VG VG B VG G
VG G G B G B
VG B B B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB VB

Table 14.30: Global stabilization

Shot Concrete.

e Cracking. Width and spacing evaluation.

e Dampness. Visual evaluation.

Shot Concrete
Cracks | Damp Cracks | Damp
VG VG | VG B VG B
VG G G B G B
VG B B B B B
VG VB | VB B VB | VB
G VG | VG VB VG | VB
G G G VB G VB
G B B VB B VB
G VB | VB VB VB | VB

Table 14.31: Shot concrete

Shallow Stabilization 1.
e Bolts. Integrity and Body Cutting evaluation.

e Shot Concrete. Cracking and dampness evaluation.

Shallow S1
Bolts | S Conc Bolts | S Conc
VG VG VG B VG G
VG G G B G B
VG B B B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB VB

Table 14.32: Shallow stabilization 1
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Shallow Stabilization 2.
e Bolts. Integrity and Body Cutting evaluation.
e Mesh. Visual evaluation.
Shallow S2
Bolts | Mesh Bolts | Mesh
VG VG | VG B VG B
VG G VG B G B
VG B G B B B
VG VB B B VB | VB
G VG G VB VG B
G G G VB G VB
G B G VB B VB
G VB B VB VB | VB
Table 14.33: Shallow Stabilization 2
Improvement 1.
e Global Stabilization.
e Shallow Stabilization.
e Road Protection.
Improvement 1
GS|SS|RP GS|SS|RP GS|SS|RP GS|SS|RP
VG | VG | VG | VG G | VG| VG | G B | VG| VG B VB | VG | VG B
VG | VG| G | VG G | VG| G G B | VG| G B VB | VG | G B
VG | VG B G G | VG B B B | VG B B VB | VG B VB
VG | VG | VB B G | VG| VB B B | VG| VB | VB VB | VG| VB | VB
VG| G | VG | VG G G | VG| G B G | VG | B VB| G | VG | B
VG | G G G G G G G B G G B VB | G G B
VG | G B B G G B B B G B B VB G B VB
VG| G | VB B G G | VB | B B G | VB | VB VB | G | VB | VB
VG| B | VG | G G B | VG | G B B |VG| B VB| B | VG | B
VG | B G G G B G G B B G B VB | B G | VB
VG | B B B G B B B B B B B VB B B VB
VG | B VB B G B VB B B B VB | VB VB B VB | VB
VG | VB | VG | B G |[VB| VG | B B |VB| VG | B VB | VB | VG | VB
VG | VB | G B G |[VB| G B B |VB| G B VB|VB| G | VB
VG | VB B B G | VB B VB B VB B VB VB | VB B VB
VG | VB | VB | VB G | VB| VB | VB B | VB | VB | VB VB | VB | VB | VB

Improvement 2.

Table 14.34: Improvement 1.
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e Global Stabilization.

e Road Protection.

Improvement 2
G Stab | R Prot G Stab | R Prot
VG VG | VG B VG G
VG G VG B G B
VG B G B B B
VG VB B B VB B
G VG G VB VG B
G G G VB G VB
G B G VB B VB
G VB B VB VB VB
Table 14.35: Improvement 2.
Improvement 3.
e Shallow Stabilization.
e Road Protection.
Improvement 3
S Stab | R Prot S Stab | R Prot
VG VG VG B VG G
VG G VG B G B
VG B G B B B
VG VB G B VB VB
G VG VG VB VG B
G G G VB G B
G B G VB B VB
G VB B VB VB VB

Performance.

Table 14.36: Improvement 3

e Structure. Geometry, body and vegetal coverage evaluation.

e Improvement. Stabilization and Road Protection evaluation.
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Performance
Str | Imp Str | Imp
VG | VG | VG B | VG| B
VG| G | VG B G B
VG| B B B B B
VG| VB | B B | VB | VB

G | VG | VG VB | VG | B
G G G VB | G B
G B B VB| B | VB
G | VB | B VB | VB | VB

Table 14.37: Performance Fuzzy Rules

14.1.2 Crystalline Cutting
Crystalline Cutting Inventory

160

Crystalline Cutting Inventory Model

nclination
Angle

Outgoing
Size

Deeper Stabilization

Improvement

Captation
Area

Protection

Figure 14.4: Crystalline Cutting Inventory Model
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Geometry.

e Height. Project measure (m).

e Inclination Angle. Grades angle measure.

e Outgoing Size. Land measure (m).

Geometry

Low 1 High Very_High Good

Height Inclination Angle

Bad

Outgoing Size

V._Smal  Smail Regu. Bg

Table 14.38: Crystalline Cutting Geometry Fuzzy Sets

Geometry
Hght | Inc An | O Size Hght | Inc An | O Size
L G VS | VG H G VS | VG
L G S VG H G S G
L G R G H G R G
L G B G H G B B
L B VS G H B VS B
L B S G H B S B
L B R G H B R B
L B B G H B B VB
M G VS | VG VH G VS G
M G S G VH G S B
M G R G VH G R B
M G B G VH G B B
M B VS G VH B VS B
M B S G VH B S B
M B R G VH B R VB
M B B G VH B B VB

Table 14.39: Crystalline Cutting Geometry Fuzzy Rules

Structure.

e Geometry. Height, inclination angle, and outgoing size evaluation.

e RMR. Bieniawski land evaluation.

Structure 1 is used when the cutting dip towards road.
Structure 2 is used when the cutting dip towards land.
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Geometry RMR Structure

V_Bad Bad Good V_Good W _Bad Bad Reguar Good ¥_Good W_Bad Bat Good _Good

XXX XXX

Table 14.40: Crystalline Cutting Structure Fuzzy Sets

Road Direction Dip
Structure 1
RMR | Geom RMR | Geom
VG VG | VG R B B
VG G G R VB | VB
VG B G B VG G
VG VB B B G B
G VG G B B B
G G G B VB | VB
G B B VB VG G
G VB B VB G B
R VG G VB B VB
R G G VB VB | VB

Table 14.41: Structure 1 Fuzzy Rules

Land Direction Dip
Structure 2
RMR | Geom RMR | Geom
VG VG | VG R B G
VG G VG R VB B
VG B G B VG G
VG VB B B G G
G VG | VG B B B
G G G B VB B
G B G VB VG G
G VB B VB G B
R VG G VB B B
R G G VB VB | VB

Table 14.42: Structure 2 Fuzzy Rules

Stabilization.
Stabilization fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Road Protection.
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Road Protection fuzzy sets and fuzzy rules were presented in section Sedimentary Cut-
ting.

Improvement.
Improvement fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Inventory.
Inventory fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Crystalline Cutting Performance

Crystalline Cutting Performance Model

Claaning

Crown
Vegetation

Glhobal
Stabilization
Shaliow
Stabilization

Ghabal
Stabélization

Road Protection
Shaliow
Stabilization

Road Protection
Road Protection
—J

Figure 14.5: Crystalline Cutting Performance Model

Captation Area Road Protection

Shaliow
Stabilization

Global
Stabélization

Geometry.
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e Height. Land height change related to project or inventory measure.

e Inclination angle. Land change related to project or inventory value.

e Outgoing Size. Land measure (m).

Height Inclination Angle Geometry
V_Good Good Bad V_Good Good Bad V_Bad
W_Bad Bad Good V_Good
Outgoing Size
VS Smil Roguar Bg
Table 14.43: Crystalline Cutting Performance Geometry Fuzzy Sets
Geometry
Inc An | Hght | O Size Inc An | Hght | O Size Inc An | Hght | O Size Hght | Inc An | O Size

VG | VG | Vs |Va G | vG | vs |va B | VG| Vs |G| [VB]| VG | VS | G
VG | VG | S |VG G | VG| S |VvG B | VG| S |G| [VB]| VG S |G
VG | VG| R |VG G [VG| R |G B |VG| R |G| [VB]| VG R | B
VG [ VG| B |G G [VG| B |G B | VG| B |B|[VB]| VG B | B
VG | G | VS |VG G G | VS | G B G | VS |B| VB | G VS | B
VG | G S | VG G G S | G B G S |B| [ VB | G S | B
VG | & R |G G G R | G B G R [B||[VB| G R | VB
VG | G B | G G G B | G B G B |[B||VB| G B | VB
VG | B | VS | G G B | VS | B B B | VS |[B||VB| B VS | VB
VG | B S |G G B S | B B B S |B| [ VB]| B S |VB
VG | B R | B G B R | B B B R |B|| VB | B R | VB
VG | B B | B G B B | B B B B |B||VB| B B | VB

Body Vegetation.

Table 14.44: Crystalline Cutting Performance Geometry Fuzzy Rules

Vegetal coverage sets and fuzzy rules were presented in section Sedimentary Cutting

Crown Vegetation.
Vegetal coverage sets and fuzzy rules were presented in section Sedimentary Cutting

Vegetal Coverage.
Vegetal coverage sets and fuzzy rules were presented in section Sedimentary Cutting

Structure.

e RMR. Bieniawski land evaluation.
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e Geometry. Height, inclination angle, and outgoing size evaluation.

e Vegetal Coverage. Height and percentage area evaluation.
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RMR

Geometry

Structure

_Bag Bad  Good _Good

Badt Good

Vegetal Coverage

Vs Small Foguar By

_Good

Table 14.45: Crystalline Cutting Performance Structure Fuzzy Sets

Structure

Geom | RMR | V Cov Geom | RMR | V Cov Geom | RMR | V Cov Geom | RMR | V Cov
VG VG VG | VG G VG VG | VG B VG VG G VB VG VG G
VG VG G VG G VG G VG B VG G G VB VG G B
VG VG B G G VG B G B VG B G VB VG B B
VG VG VB B G VG VB B B VG VB B VB VG VB B
VG G VG | VG G G VG G B G VG G VB G VG B
VG G G VG G G G G B G G G VB G G B
VG G B G G G B G B G B B VB G B B
VG G VB B G G VB B B G VB B VB G VB B
VG B VG G G B VG B B B VG B VB B VG B
VG B G G G B G B B B G B VB B G VB
VG B B B G B B B B B B B VB B B VB
VG B VB B G B VB B B B VB B VB B VB | VB
VG VB VG B G VB VG B B VB VG B VB VB VG | VB
VG VB G B G VB G B B VB G VB VB VB G VB
VG VB B VB G VB B VB B VB B VB VB VB B VB
VG VB VB | VB G VB VB | VB B VB VB | VB VB VB VB | VB

Table 14.46: Crystalline Cutting Performance Structure Fuzzy Rules

Caption Area.
Caption Area fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Reinforced concrete.

Cracking, Spalls, and Reinforced Concrete fuzzy sets and fuzzy rules were presented in

section Sedimentary Cutting.

Bolt.
Bolt fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Improvement.
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Improvement fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Performance.
Performance sets and fuzzy rules were presented in section Sedimentary Cutting.

14.1.3 Rock in Soil Matrix Cutting.
Rock in Soil Matrix Cutting Inventory.

Rock in Soeil Matrix Cutting Inventory Model

nclination
Angle

Desper Stabilization

Captation

Protection

@ e
:F}

Figure 14.6: Rock in Soil Matrix Cutting Inventory Model
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Geometry.
e Height. Project measure (m)
e Inclination Angle. Grades project measure
Height Inclination Angle Geometry

Table 14.47: Rock in Soil Matrix Geometry Inventory Fuzzy Sets

Geometry
Height | In Ang Height | In Ang
L VG | VG H VG G
L G VG H G G
L B G H B B
L VB B H VB | VB
M VG | VG VH VG G
M G G VH G B
M B B VH B VB
M VB B VH VB | VB

Table 14.48: Rock in Soil Matrix Geometry Inventory Fuzzy Rules

Soil.

e Liquid Limit. Geotechnical property cutting soil.

e Phi. Geotechnical property cutting soil.

Liquid Limit

Table 14.49: Rock in Soil Matrix Soil Inventory Fuzzy Sets
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Soil
LL | Phi LL | Phi
VG | VG | VG B | VG| G
VG| G | G B| G| G
VG| R | G B R | B
VG| B B B B B
G | VG | VG VB | VG| G
G| G| G VB| G | B
G| R |G VB| R | B
G | B B VB| B | VB
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Table 14.50: Rock in Soil Matrix Soil Inventory Fuzzy Rules

Evaluati Good Qualification from Bad Qualification from
vatanon 50 7.3 2.57 t0 4.99
Shape Tabular blocks. Cubic blocks. Relatively flat. | Cubic and angular blocks. R,ou‘nd & nd4 ﬂaﬁ blocks. Or blocks
with inclination toward road.
Amount | Individual and isolated blocks. Dispersed rock blocks. Rock groups distributed into | Rock group dleE ributed into all the
cutting body. cutting body.
. Blocks located in upper third Blocks located in middle e T . R .
Placement of body cutting. third of body cutting. Blocks located in lower third of body cutting.
Table 14.51: Rock shape, amount and placement status description.
Block.

Size. Diameter land measure (m).

Shape. Visual evaluation.
Amount. Visual evaluation.

Placement. Visual evaluation.

Size Shape Block
Smail Mod ;!og Bg V_Bad Had Good »cmd
V_Bad Bas Good V_Good |
Amount Placement
V_Bad Bas Good _Good Bact [ ) " Gous

Table 14.52: Rock in Soil Matrix Block Inventory Fuzzy Sets
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Block

Siz | Shp | Amn | Ubi Siz | Shp | Amn | Ubi Siz | Shp | Amn | Ubi Siz | Shp | Amn | Ubi

S B VG | R | G M| VG| VG | R | VG R | VG | VG R | G B|VG| VG | R | G
S B G R | G M | VG G R | VG R | VG G R | G B | VG G R | G
S B B R B M | VG B R | VG R | VG B R | G B | VG B R | G
S B VB R B M| VG| VB R | G R | VG| VB R B B | VG| VB R B
S B | VG| G| G M| G| VG| R |G R| G| VG| R |G B| G| VG| R |G
S B G G | G M| G G R | G R | G G R | G B | G G R | G
S B B G | G M| G B R | G R | G B R | G B | G B R | G
S B VB | G B M| G| VB | R B R| G| VB | R B B| G| VB | R B
S B | VG | B B M| B VG | R G R | B VG | R | G B B VG | R B
S B G B B M| B G R G R | B G R | G B B G R B
S B B B B M| B B R B R B B R B B B B R B
S B VB B B M| B VB R B R B VB | R B B B VB | R | VB
S G | VG | R | VG M|VB| VG | R | G R|VB| VG| R | G B |VB| VG | R B
S G G R | VG M | VB G R B R | VB G R B B | VB G R B
S G B R | VG M | VB B R B R | VB B R B B | VB B R | VB
S G | VB R | G M| VB | VB R B R | VB | VB R B B | VB | VB R | VB
S G | VG | G | VG M| VG| VG | G | VG R | VG| VG | G | VG B|VG| VG | G | VG
S G G G | VG M| VG| G G | VG R |VG| G G | VG B |VG| G G | VG
S G B G | VG M | VG B G | VG R | VG B G | VG B | VG B G G
S G | VB | G | VG M|VG| VB | G | G RIVG| VB | G | G B|VG| VB | G | G
S G | VG | B G M| G| VG | G | VG R| G| VG| G |G B| G| VG| G| G
S G G B G M| G G G | VG R | G G G | G B | G G G G
S G B B G M| G B G | VG R | G B G G B | G B G G
S G | VB B G M| G| VB | G| G R| G| VB | G G B| G| VB | G B
S|VB| VG | R | G M| B VG | G G R B VG | G G B B VG | G G
S | VB G R B M| B G G G R | B G G G B B G G B
S | VB B R B M| B B G B R | B B G B B B B G B
S | VB | VB R B M| B VB | G B R | B VB | G B B B VB | G B
S|VB| VG | G | G M| VB| VG | G G R |VB| VG | G G B |VB| VG | G B
S | VB G G B M | VB G G B R | VB G G B B | VB G G B
S | VB B G B M | VB B G B R | VB B G B B | VB B G | VB
S | VB| VB | G B M | VB| VB | G B R | VB| VB | G B B | VB| VB | G | VB
S| VB| VG | B B M |VG| VG | B G R |VG| VG | B G B |VG| VG | B G
S | VB G B B M| VG| G B G R | VG| G B G B | VG| G B G
S | VB B B B M | VG B B G R | VG B B G B | VG B B G
S | VB | VB B B M| VG| VB B G R | VG| VB B B B | VG| VB B B
S | VG| VG | R | VG M| G| VG| B G R| G| VG| B G B| G| VG| B G
S | VG G R | VG M| G G B G R | G G B G B | G G B G
S | VG B R | VG M| G B B G R | G B B G B | G B B G
S | VG| VB R | G M| G VB B B R | G VB B B B | G VB B B
S |VG| VG | G | VG M| B VG | B G R | B VG | B G B B VG | B B
S | VG G G | VG M| B G B B R | B G B B B B G B B
S | VG B G | VG M| B B B B R | B B B B B B B B | VB
S VG| VB | G | VG M| B VB B B R | B VB B B B B VB B | VB
S| VG| VG | B G M |VB| VG | B B R |VB| VG | B B B |VB| VG | B B
S | VG G B G M | VB G B B R | VB G B B B | VB G B | VB
S | VG B B G M | VB B B B R | VB B B | VB B | VB B B | VB
S | VG| VB B G M | VB | VB B | VB R | VB | VB B | VB B | VB | VB B | VB

Table 14.53: Block Fuzzy Rules
Geology.

e Soil. Liquid limit and Phi evaluation.

e Block. Size, shape, amount and placement evaluation.
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Geology
Soil | Block Soil | Block
VG | VG VG B VG B
VG | G VG B G B
VG | B G B B B
VG | VB G B VB B
G VG VG VB | VG B
G G G VB | G VB
G B G VB | B VB
G VB G VB | VB VB
Table 14.54: Geology Fuzzy Rules
Structure.
e Geometry. Height, and inclination angle evaluation.
e Geology. Soil and Block evaluation
Structure
Geol | Geom Geol | Geom
VG VG | VG B VG G
VG G G B G G
VG B G B B B
VG VB B B VB | VB
G VG | VG VB VG G
G G G VB G B
G B B VB B VB
G VB B VB VB | VB

Table 14.55: Structure Fuzzy Rules

Stabilization.

170

Stabilization fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Road Protection.

Road Protection fuzzy sets and fuzzy rules were presented in section Sedimentary Cut-

ting.

Improvement.

Improvement fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Inventory.

Inventory fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.
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Rock in Soil Matrix Cutting Performance.

Rock in Scll Matrix Cutting F Maodel

Incimaton @
Angia

Body

% area

O OOOA

Longitucnal
Dispiacements,

OOOOOD
0
0

Performance,
e

Glabal
Stabikzation

Shaliow

Giotal
Stabiizaton

Shasow
Statuization

=)

Figure 14.7: Rock in Soil Matrix Cutting Performance Model

Geometry.
Geometry performance fuzzy sets and fuzzy rules were presented in section Sedimen-
tary Cutting.

Body and Crown Vegetation.
e Height. Land average height of vegetation (m).

e Area. Percentage area whit vegetal coverage.
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Height

Body Vegetation

Semad Med High

V_Bad ] Good

Table 14.56: Rock in Soil Matrix Performance Body Vegetation Fuzzy Sets

Height

Body Vegetation

9

V_Bad ] Good

Table 14.57: Rock in Soil Matrix Performance Crown Vegetation Fuzzy Sets

Body Vegetation Crown Vegetation
Height | Area Height | Area

S F | VB S F | VB
S M | VB S M | VB
S R G S R B
S H G S H B
M F | VB M F | VB
M M B M M B
M R G M R G
M H | VG M H | VG
H F B H F B
H M G H M G
H R | VG H R | VG
H H | VG H H | VG

Table 14.58: Body and Crown Vegetation Fuzzy Rules

Vegetal Coverage.

e Body Vegetation. Height and area evaluation.

e Crown Vegetation. Height and area evaluation.
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Vegetal Coverage
B Veg | C Veg B Veg | C Veg
VG VG | VG B VG B
VG G VG B G B
VG B G B B B
VG VB B B VB | VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB | VB
Table 14.59: Vegetal Coverage Fuzzy Rules
Soil Longitudinal Displacements and Grooves.
e Deeper. Land Measure (cm).
e Width. Land measure (cm).
e Spacing. Visual evaluation.
Deeper Width L. Displ./Grooves
Spacing
Table 14.60: Rock in Soil Matrix Longitudinal Displacements Fuzzy Sets
Longitudinal Disp./Grooves
Deep | Wid | Spac Deep | Wid | Spac Deep | Wid | Spac Deep | Wid | Spac
VG | VG | VS | VG G VG | VS | VG B VG | VS | VG VB | VG | VS | VG
VG | VG | RS | VG G VG | RS | VG B VG | RS | VG VB | VG | RS | VG
VG | VG C | VG G VG C VG B VG C VG VB | VG C VG
VG G VS | VG G G VS G B G VS G VB G VS B
VG G RS | VG G G RS G B G RS G VB G RS B
VG G C | VG G G C B B G C B VB G C VB
VG B VS | VG G B VS G B B VS B VB B VS B
VG B RS | VG G B RS B B B RS B VB B RS B
VG B C VG G B C B B B C B VB B C VB
VG | VB | VS | VG G VB | VS B B VB | VS B VB | VB | VS | VB
VG | VB | RS | VG G VB | RS B B VB | RS B VB | VB | RS | VB
VG | VB C | VG G VB C VB B VB C VB VB | VB C VB

Table 14.61: Longitudinal Displacements and Grooves Fuzzy Rules
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Soil.
e Displacement. Deeper, width, and spacing evaluation.

e Grooves. Deeper, width, and spacing evaluation.

Soil
L Dis | Groo L Dis | Groo
VG VG | VG B VG B
VG G G B G B
VG B B B B B
VG VB B B VB | VB
G VG | G VB VG | B
G G G VB G B
G B B VB B VB
G VB B VB VB | VB
Table 14.62: Soil Fuzzy Rules
g Good Qualification Bad Qualification from
Evaluation from 5 to 7.3 2.57 to 4.99
Some rock blocks have been Some rock blocks have been
displaced less of 1 meter from displaced greater of 1 meter from S ock blocks have b
Block All rock blocks are in their | original location. All the rock original location. All the rock d('){n(; 1?3 ) O(t' S I?\ie :er.l
Displacement original location. block displaced are located in the | block displaced are located in the 1?)_ ace .'gl'e & lei ° t'me o
middle or upper third of body middle or upper third of body rom origimat focation.
cutting. cutting.

Table 14.63: Rock Blocks displacement status descriptions.

Body Surface.
e Soil. Longitudinal displacement and grooves evaluation.

e Block Displacement. Visual evaluation.

Body Surface

Soil | B Disp Soil | B Disp

VG VG | VG B VG B

VG G VG B G B

VG B B B B B

VG VB B B VB B
G VG G VB VG | VB
G G G VB G VB
G B B VB B VB
G VB B VB VB VB

Table 14.64: Body Surface Fuzzy Rules
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Structure.
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Structure fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Bolts.

Bolts fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Mesh.

Mesh fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Cracks.

Cracks fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Shot Concrete.

Shot concrete fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Shallow Stabilization.
e Bolts.

e Shot Concrete.

e Mesh
Shallow stabilization 1 Shallow stabilization 2
Bolts | S Conc Bolts | Mesh
VG VG VG VG VG VG
VG G G VG G VG
VG B B VG B G
VG VB B VG VB B
G VG G G VG G
G G G G G G
G B B G B G
G VB B G VB B
B VG G B VG B
B G B B G B
B B B B B B
B VB VB B VB VB
VB VG B VB VG B
VB G B VB G VB
VB B VB VB B VB
VB VB VB VB VB VB

Table 14.65: Structure 1 Fuzzy Rules

Road Protection.

Road protection fuzzy sets and fuzzy rules were presented in section Sedimentary Cut-

ting.
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Improvement.
Improvement fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

Performance.
Performance fuzzy sets and fuzzy rules were presented in section Sedimentary Cutting.

14.2 Geotechnical Assets Soil Cutting
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Soil Cutting Inventory

Soil Cutting Inventory Model

nclination
Angle

Safety
Factor

Deesper Stabilization

Captation
Area

Protection

Figure 14.8: Soil Cutting Inventory Model

Geometry.
e Height. Project measure (m)

e Inclination Angle. Grades Angle measure.
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Height Inclination Angle Geometry

| Low Mg ighh Vary_High W Good Good Bad W _Bad ¥ Bad Bad Good V_Good

XX X XXX

Table 14.66: Soil Cutting Geometry Fuzzy Sets

Height | I Angle Height | I Angle
L VG VG H VG G
L G VG H G G
L B G H B B
L VB B H VB VB
M VG VG VH VG G
M G G VH G B
M B B VH B VB
M VB B VH VB VB

Table 14.67: Fuzzy Rules

Soil.
Soil fuzzy sets and fuzzy rules were presented in section Rock in soil matrix.

Soil | Geo Soil | Geo

VG | VG | VG B | VG | G

VG| G G B G G

VG| B G B B B

VG| VB | B B | VB | VB
G | VG | VG VB | VG | G
G G G VB | G B
G B B VB| B | VB
G | VB | B VB | VB | VB

Table 14.68: Structure Fuzzy Rules

Stabilization.
Stabilization fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Road Protection.
Road protection fuzzy sets and fuzzy rules were presented in section sedimentary cut-
ting.
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Improvement.

Improvement fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Inventory.
Inventory fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Soil Cutting Performance

Soil Cutiing Perlormance Model

Giogal
S1abikzanon

Foad Profection

6
Impeovement 2
Fuad Projection
Impegvement 3 }
Qa\x ectia
—

7

-
Giabal
atikzaton
Fraf

Figure 14.9: Soil Cutting Performance Model
Geometry.
Geometry fuzzy sets and fuzzy rules were presented in section rock in soil matrix cut-

ting.

Body Vegetation



CHAPTER 14. ANNEX G 180

Body vegetation fuzzy sets and fuzzy rules were presented in section rock in soil matrix
cutting.

Crown Vegetation
Crown vegetation fuzzy sets and fuzzy rules were presented in section rock in soil ma-
trix cutting.

Vegetal Coverage
Vegetal Coverage fuzzy sets and fuzzy rules were presented in section rock in soil ma-
trix cutting.

Longitudinal Soil Displacement
Longitudinal soil displacement fuzzy sets and fuzzy rules were presented in section rock
in soil matrix cutting.

Grooves
Grooves fuzzy sets and fuzzy rules were presented in section rock in soil matrix cutting.

Soil
Soil fuzzy sets and fuzzy rules were presented in section rock in soil matrix cutting.

Body Surface.

e Scour. Visual evaluation

e Soil. Longitudinal displacements and scour evaluation

VG | VG | VG B VG B
VG G VG B G B
VG B B B B B
VG | VB B B VB | VB
G VG G VB | VG | VB
G G G VB G VB
G B B VB B VB
G VB | VB VB | VB | VB

Table 14.69: Body Surface Fuzzy Rules

Structure
Structure fuzzy sets and fuzzy rules were presented in section rock in soil matrix cutting.

Berms (Global stabilization).
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e Longitudinal soil displacement. Width, deeper and spacing evaluation.

e Grooves. Width, deeper and spacing evaluation.

Longitudinal Displacements

Grooves

V_Bag EBad Good V_Good

EBad Good

Table 14.70: Soil Cutting Performance Berms Fuzzy Sets

L Dis | Groo L Dis | Groo

VG VG | VG B VG B

VG G G B G B

VG B B B B B

VG VB B B VB | VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB | VB

Table 14.71: Berms Fuzzy Rules

Bolts

Bolts fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Cracks

Cracks fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Shot concrete

Shot concrete fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Shallow stabilization

Shallow stabilization fuzzy sets and fuzzy rules were presented in section rock in soil

matrix.

Road Protection

Road protection fuzzy sets and fuzzy rules were presented in section sedimentary cut-

ting.

Improvement
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Improvement fuzzy sets and fuzzy rules were presented in section sedimentary cutting.

Performance
Performance fuzzy sets and fuzzy rules were presented in section sedimentary cutting.



Chapter 15

Annex H

15.1 Geotechnical Assets Embankment
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Embankment Inventory Model

Figure 15.1: Embankment Inventory Model

Geometry.
e Height. Project measure (m)

e Slope. Grades slope project.

Height

Serull Med _Tal

Geometry

Table 15.1: Embankment Geometry Fuzzy Sets

VG S VG B S B
VG M VG B M B
VG H G B H VB
VG VH G B VH | VB
G S VG VB S B
G M G VB M VB
G H G VB H VB
G VH B VB VH | VB

Table 15.2: Embankment Geometry Fuzzy Rules

Soil.
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e Compaction. Percentage related Maximum AASHTO.

e CBR. Land geotechnical measure

Compaction CBR

| Bad Good iGaad _Bad Good v_Good

Table 15.3: Embankment Soil Fuzzy Sets

Comp | CBR

G VG | VG
G G G
G B B
B VG | B
B G B
B B | VB

Table 15.4: Soil Fuzzy Rules

Inventory.
e Geometry. Height and inclination angle evaluation.

e Soil. Compaction and CBR evaluation.

. Twemtry |
Geo | Soil Geo | Soil
VG | VG | VG B | VG| G
VG| G | VG B G B
VG | B G B B B
VG | VB | B B | VB | VB
G | VG | VG VB | VG | B
G G G VB | G | VB
G B B VB | B | VB
G | VB | B VB | VB | VB

Table 15.5: Fuzzy Rules
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Embankment Performance Model

Vegetal

% area

Deeper

Longitudinal Body Surface
Displacements.

Spacing

Deeper

Figure 15.2: Embankment Performance Model

Geometry.
e Height. Land measure related to project or inventory measure.

e Slope. Land measure related to project or inventory measure.

Height Slope Geometry

V_Bad Good Bad I _\‘._Gm. a Good éw- - ;"Bﬂl i V_Bad Bad Good V.G““d:

Table 15.6: Embankment Performance Geometry Fuzzy Sets
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Slope | Height
VG VG | VG

VG B G

G VG B
G G VG
G B G
B VG B
B G VB
B B G

VB VG B
VB G VB
VB B VB

Table 15.7: Fuzzy Rules

Vegetal Coverage.
e Height. Average vegetation height.

e Area. Surface percentage with vegetal coverage.

187

Vegetal Coverage

Height Area

V_Bad Bad Good V_Good |

XXX

Table 15.8: Embankment Performance Vegetal Coverage Fuzzy Sets
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~ Vegetal Coverage
Height | Area
S F B
S M G
S R G
S H | VG
M F B
M M G
M R G
M H B
T F B
T M B
T R | VB
T H | VB

188

Table 15.9: Vegetal Coverage Fuzzy Rules

Longitudinal Displacements and Grooves.

e Deeper. Land measure (cm)

e Width. Land measure (cm)

e Spacing. Visual evaluation.

Cont Fequir_5 Vory_S

Deeper Width Longitudinal Disp/Grooves
Spacing

Table 15.10: Longitudinal Displacements and Grooves Fuzzy Sets.
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Deep | Wid | Spac Deep | Wid | Spac Deep | Wid | Spac Deep | Wid | Spac
VG | VG | VS | VG G VG | VS | VG B VG | VS | VG VB | VG | VS | VG
VG | VG | RS | VG G VG | RS | VG B VG | RS | VG VB | VG | RS | VG
VG | VG C | VG G VG C | VG B VG C | VG VB | VG C | VG
VG G VS | VG G G VS G B G VS G VB G VS B
VG G RS | VG G G RS G B G RS G VB G RS B
VG G C | VG G G C B B G C B VB G C | VB
VG B VS | VG G B VS G B B VS B VB B VS B
VG B RS | VG G B RS B B B RS B VB B RS B
VG B C | VG G B C B B B C B VB B C | VB
VG | VB | VS | VG G VB | VS B B VB | VS B VB | VB | VS | VB
VG | VB | RS | VG G VB | RS B B VB | RS B VB | VB | RS | VB
VG | VB C | VG G VB C | VB B VB C | VB VB | VB C | VB
Table 15.11: Longitudinal Displacements and Grooves Fuzzy Rules.

Body Surface.

e Scour. Visual evaluation.

e Soil. Longitudinal displacement and grooves evaluation.

Scour Soil Body Surface

_Bad Ead Accaptable Good _Bad Ead Accaptable Good V_Bad Bad Good V_Geod |

Table 15.12: Embankment Performance Body Surface Fuzzy Sets

Body | Scour Body | Scour

VG G | VG B G B

VG A G B A B

VG B B B B B

VG VB B B VB | VB
G G G VB G | VB
G A G VB A | VB
G B B VB B |VB
G VB B VB VB | VB

Table 15.13: Fuzzy Rules

Performance.
e Geometry. Height and slope evaluation.

e Body Surface. Soil deformations and scour evaluation.
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e Vegetal Coverage. Height and percentage area with vegetal evaluation.

Geo | B Surf | Veg Co Geo | B Surf | Veg Co Geo | B Surf | Veg Co Geo | B Surf | Veg Co

VG | VG VG | VG G VG VG | VG B VG VG G VB | VG VG G
VG | VG G VG G VG G VG B VG G G VB | VG G B
VG | VG B G G VG B G B VG B B VB | VG B B
VG | VG VB G G VG VB B B VG VB B VB | VG VB B
VG G VG | VG G G VG G B G VG G VB G VG G
VG G G G G G G G B G G G VB G G B
VG G B G G G B G B G B B VB G B B
VG G VB G G G VB B B G VB B VB G VB B
VG B VG B G B VG B B B VG B VB B VG B
VG B G B G B G B B B G B VB B G VB
VG B B B G B B B B B B B VB B B VB
VG B VB B G B VB B B B VB B VB B VB | VB
VG| VB VG VB G VB VG B B VB VG B VB | VB VG | VB
VG | VB G VB G VB G B B VB G VB VB | VB G VB
VG| VB B VB G VB B VB B VB B VB VB | VB B VB
VG| VB VB VB G VB VB VB B VB VB VB VB | VB VB | VB

Table 15.14: Fuzzy Rules
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Figure 16.1: Horizontal Curve Level Section Performance evaluation

Soil | Rain Fall Soil | Rain Fall

VG VG VG B VG G

VG G VG B G B

VG B G B B B

VG VB B B VB VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB VB

Table 16.1: Pavement Drainage Environment Fuzzy Rules
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Pump | Ov. Elev. | Environ Pump | Ov. Elev. | Environ
VG VG VG VG B VG VG G
VG VG G VG B VG G G
VG VG B G B VG B B
VG VG VB G B VG VB VB
VG G VG G B G VG G
VG G G G B G G G
VG G B G B G B B
VG G VB G B G VB VB
VG B VG B B B VG B
VG B G B B B G B
VG B B B B B B B
VG B VB B B B VB VB
VG VB VG B B VB VG B
VG VB G B B VB G VB
VG VB B VB B VB B VB
VG VB VB VB B VB VB VB
G VG VG G VB VG VG B
G VG G G VB VG G B
G VG B G VB VG B B
G VG VB G VB VG VB B
G G VG G VB G VG B
G G G G VB G G B
G G B G VB G B B
G G VB G VB G VB B
G B VG G VB B VG B
G B G G VB B G VB
G B B B VB B B VB
G B VB B VB B VB VB
G VB VG B VB VB VG VB
G VB G B VB VB G VB
G VB B VB VB VB B VB
G VB VB VB VB VB VB VB

Table 16.2: Pavement Drainage Fuzzy Rules
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sl ]
LL | CBR LL [ CBR LL [ CBR

VG| VG [VG| [G [ VG [VG| [ B[ VG | B
VG| G |[VG| [G| G |G| B[ G |B
VG| R |G| [G| R |G| [B| R |VB
VG| B |[B|[G| B [B| [ B[ B |VB
VG| VB [ B | [G| VB | B | [B| VB VB

Table 16.3: Pavement Environment Soil Fuzzy Rules

Figure 16.2: Vertical Curve Level Section Performance evaluation
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Pavement

Perf | Drain | H Curve | Environ Perf | Drain | H Curve | Environ

VG | VG VG VG VG VG B VG VG G
VG | VG VG G VG VG B VG G G
VG | VG VG B VG VG B VG B G
VG | VG VG VB VG VG B VG VB G
VG | VG G VG VG VG B G VG G
VG | VG G G VG VG B G G G
VG | VG G B VG VG B G B G
VG | VG G VB G VG B G VB G
VG | VG B VG B VG B B VG B
VG | VG B G B VG B B G B
VG | VG B B B VG B B B B
VG | VG B VB B VG B B VB B
VG | VG VB VG VB VG B VB VG VB
VG | VG VB G VB VG B VB G VB
VG | VG VB B VB VG B VB B VB
VG | VG VB VB VB VG B VB VB VB
VG G VG VG VG VG | VB VG VG B
VG G VG G VG VG | VB VG G B
VG G VG B VG VG | VB VG B B
VG G VG VB VG VG | VB VG VB B
VG G G VG VG VG | VB G VG B
VG G G G G VG | VB G G B
VG G G B G VG | VB G B B
VG G G VB G VG | VB G VB B
VG G B VG B VG | VB B VG VB
VG G B G B VG | VB B G VB
VG G B B B VG | VB B B VB
VG G B VB B VG | VB B VB VB
VG G VB VG VB VG | VB VB VG VB
VG G VB G VB VG | VB VB G VB
VG G VB B VB VG | VB VB B VB
VG G VB VB VB VG | VB VB VB VB

Table 16.4: Pavement Fuzzy Rules. 1)
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Pavement

Perf | Drain | H Curve | Environ Perf | Drain | H Curve | Environ
G VG VG VG G G B VG VG G
G VG VG G G G B VG G G
G VG VG B G G B VG B G
G VG VG VB G G B VG VB G
G VG G VG G G B G VG G
G VG G G G G B G G G
G VG G B G G B G B G
G VG G VB G G B G VB G
G VG B VG B G B B VG B
G VG B G B G B B G B
G VG B B B G B B B B
G VG B VB B G B B VB B
G VG VB VG VB G B VB VG VB
G VG VB G VB G B VB G VB
G VG VB B VB G B VB B VB
G VG VB VB VB G B VB VB VB
G G VG VG G G VB VG VG B
G G VG G G G VB VG G B
G G VG B G G VB VG B B
G G VG VB G G VB VG VB B
G G G VG G G VB G VG B
G G G G G G VB G G B
G G G B G G VB G B B
G G G VB G G VB G VB B
G G B VG B G VB B VG VB
G G B G B G VB B G VB
G G B B B G VB B B VB
G G B VB B G VB B VB VB
G G VB VG VB G VB VB VG VB
G G VB G VB G VB VB G VB
G G VB B VB G VB VB B VB
G G VB VB VB G VB VB VB VB

Table 16.5: Pavement Fuzzy Rules. 2)
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Pavement
Perf | Drain | H Curve | Environ Perf | Drain | H Curve | Environ
B VG VG VG B B B VG VG B
B VG VG G B B B VG G B
B VG VG B B B B VG B B
B VG VG VB B B B VG VB B
B VG G VG B B B G VG B
B VG G G B B B G G B
B VG G B B B B G B B
B VG G VB B B B G VB B
B VG B VG B B B B VG B
B VG B G B B B B G B
B VG B B B B B B B B
B VG B VB VB B B B VB VB
B VG VB VG VB B B VB VG VB
B VG VB G VB B B VB G VB
B VG VB B VB B B VB B VB
B VG VB VB VB B B VB VB VB
B G VG VG B B VB VG VG VB
B G VG G B B VB VG G VB
B G VG B B B VB VG B VB
B G VG VB VB B VB VG VB VB
B G G VG B B VB G VG VB
B G G G B B VB G G VB
B G G B B B VB G B VB
B G G VB VB B VB G VB VB
B G B VG B B VB B VG VB
B G B G B B VB B G VB
B G B B B B VB B B VB
B G B VB VB B VB B VB VB
B G VB VG VB B VB VB VG VB
B G VB G VB B VB VB G VB
B G VB B VB B VB VB B VB
B G VB VB VB B VB VB VB VB

Table 16.6: Pavement Fuzzy Rules. 3)
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Pavement

Perf | Drain | H Curve | Environ Perf | Drain | H Curve | Environ

VB | VG VG VG B VB B VG VG VB
VB | VG VG G B VB B VG G VB
VB | VG VG B VB VB B VG B VB
VB | VG VG VB VB VB B VG VB VB
VB | VG G VG B VB B G VG VB
VB | VG G G B VB B G G VB
VB | VG G B VB VB B G B VB
VB | VG G VB VB VB B G VB VB
VB | VG B VG B VB B B VG VB
VB | VG B G B VB B B G VB
VB | VG B B VB VB B B B VB
VB | VG B VB VB VB B B VB VB
VB | VG VB VG B VB B VB VG VB
VB | VG VB G B VB B VB G VB
VB | VG VB B VB VB B VB B VB
VB | VG VB VB VB VB B VB VB VB
VB G VG VG B VB VB VG VG VB
VB G VG G B VB VB VG G VB
VB G VG B VB VB VB VG B VB
VB G VG VB VB VB VB VG VB VB
VB G G VG B VB VB G VG VB
VB G G G B VB VB G G VB
VB G G B VB VB VB G B VB
VB G G VB VB VB VB G VB VB
VB G B VG B VB VB B VG VB
VB G B G B VB VB B G VB
VB G B B VB VB VB B B VB
VB G B VB VB VB VB B VB VB
VB G VB VG B VB VB VB VG VB
VB G VB G B VB VB VB G VB
VB G VB B VB VB VB VB B VB
VB G VB VB VB VB VB VB VB VB

Table 16.7: Pavement Fuzzy Rules. 4)
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. UserTramsit |
Assets Assets
VG VG VG B VG B
VG G VG B G B
VG B B B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G B
G B B VB B VB
G VB B VB VB VB

Table 16.8: User Transit Fuzzy Rules
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Vertical Marking

Inv | Perf | Wind Inv | Perf | Wind
VG | VG | VG | VG B | VG | VG G
VG | VG G VG B | VG G G
VG | VG B VG B | VG B B
VG| VG | VB | VG B | VG| VB B
VG | G VG G B G VG G
VG | G G G B G G B
VG | G B G B G B B
VG| G VB G B G VB B
VG| B VG B B B VG B
VG| B G B B B G B
VG| B B B B B B B
VG| B VB B B B VB | VB
VG| VB | VG B B | VB | VG | VB
VG | VB G B B | VB G VB
VG | VB B VB B | VB B VB
VG| VB | VB | VB B | VB | VB | VB
G | VG | VG | VG VB | VG | VG G
G | VG G G VB | VG G G
G | VG B G VB | VG B B
G | VG| VB G VB | VG | VB B
G G VG G VB | G VG B
G G G G VB | G G B
G G B G VB | G B B
G G VB G VB | G VB | VB
G B VG B VB | B VG | VB
G B G B VB | B G VB
G B B B VB | B B VB
G B VB B VB | B VB | VB
G | VB | VG B VB| VB | VG | VB
G | VB G B VB | VB G VB
G | VB B VB VB | VB B VB
G | VB | VB | VB VB| VB | VB | VB

Table 16.9: Vertical Marking Fuzzy Rules
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| Road-User Comunication |
Horiz | Vert Horiz | Vert
VG | VG | VG B VG | B
VG G | VG B G B
VG B B B B B
VG | VB | B B VB | VB
G VG | VG VB | VG | B
G G G VB G | VB
G B B VB B | VB
G VB | B VB | VB | VB

201

Table 16.10: Road-User Comunication Fuzzy Rules

U Transit | R-U Com U Transit | R-U Com
VG VG VG B VG B
VG G VG B G B
VG B G B B B
VG VB B B VB VB
G VG G VB VG B
G G G VB G VB
G B G VB B VB
G VB B VB VB VB

Table 16.11: Operation Performance Fuzzy Rules

ESAL’S | R Fall ESAL’S | R Fall

L L G M H G

L N G M VH B

L M G H L G

L H B H N G

L VH B H M B

N L VG H H B

N N VG H VH | VB
N M G VH L B

N H G VH N B

N VH B VH M B

M L VG VH H VB
M N VG VH VH | VB
M M G

Table 16.12: User Protection Environment Fuzzy Rules
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Geom | Assets | Environ Geom | Assets | Environ
VG VG VG VG B VG VG G
VG VG G VG B VG G G
VG VG B VG B VG B G
VG VG VB G B VG VB G
VG G VG G B G VG G
VG G G G B G G G
VG G B G B G B B
VG G VB G B G VB B
VG B VG G B B VG B
VG B G G B B G B
VG B B B B B B B
VG B VB B B B VB VB
VG VB VG B B VB VG VB
VG VB G B B VB G VB
VG VB B VB B VB B VB
VG VB VB VB B VB VB VB
G VG VG G VB VG VG B
G VG G G VB VG G B
G VG B G VB VG B B
G VG VB G VB VG VB B
G G VG G VB G VG B
G G G G VB G G B
G G B G VB G B B
G G VB G VB G VB B
G B VG B VB B VG VB
G B G B VB B G VB
G B B B VB B B VB
G B VB B VB B VB VB
G VB VG B VB VB VG VB
G VB G B VB VB G VB
G VB B VB VB VB B VB
G VB VB VB VB VB VB VB

Table 16.13: User Protection Fuzzy Rules
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Op Perf | R-U Com | U. Prot. Op Perf | R-U Com | U. Prot.
VG VG VG VG B VG VG B
VG VG G VG B VG G B
VG VG B G B VG B B
VG VG VB B B VG VB VB
VG G VG VG B G VG B
VG G G VG B G G B
VG G B B B G B B
VG G VB B B G VB VB
VG B VG G B B VG B
VG B G G B B G B
VG B B B B B B B
VG B VB B B B VB VB
VG VB VG B B VB VG VB
VG VB G B B VB G VB
VG VB B VB B VB B VB
VG VB VB VB B VB VB VB
G VG VG G VB VG VG B
G VG G G VB VG G B
G VG B G VB VG B VB
G VG VB B VB VG VB VB
G G VG G VB G VG B
G G G G VB G G B
G G B B VB G B VB
G G VB B VB G VB VB
G B VG G VB B VG VB
G B G G VB B G VB
G B B B VB B B VB
G B VB VB VB B VB VB
G VB VG VB VB VB VG VB
G VB G VB VB VB G VB
G VB B VB VB VB B VB
G VB VB VB VB VB VB VB

Table 16.14: Safety Performance Fuzzy Rules
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Assets
Barrier | B Ramp Barrier | B Ramp
VG VG VG B VG B
VG G VG B G B
VG B B B B B
VG VB VB B VB VB
G VG G VB VG VB
G G G VB G VB
G B B VB B VB
G VB VB VB VB VB

Table 16.15: User Protection Assets Fuzzy Rules

Assets
Pump | Kerb Pump | Kerb
VG VG | VG B VG | B
VG G | VG B G B
VG B B B B B
VG VB | VB B VB | VB
G VG | VG VB VG | VB
G G G VB G |VB
G B B VB B | VB
G VB | VB VB VB | VB

Table 16.16: Pavement Drainage Assets Fuzzy Rules

Assets

B Chute | Culvert B Chute | Culvert

VG VG VG B VG B

VG G VG B G B

VG B B B B B

VG VB VB B VB VB
G VG VG VB VG VB
G G G VB G VB
G B B VB B VB
G VB VB VB VB VB

Table 16.17: Embankment Drainage Assets Fuzzy Rules
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Figure 16.3: Horizontal Curve Embankment Section Performance evaluation
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. Draimage |
Assets | Environ Assets | Environ
VG VG VG B VG B
VG G VG B G B
VG B G B B B
VG VB G B VB VB
G VG G VB VG B
G G G VB G VB
G B G VB B VB
G VB G VB VB VB

Table 16.18: Geotechnical Drainage Fuzzy Rules
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Asset | Drain | Environ Asset | Drain | Environ
VG VG VG VG B VG VG B
VG VG G VG B VG G B
VG VG B G B VG B B
VG VG VB G B VG VB VB
VG G VG G B G VG B
VG G G G B G G B
VG G B G B G B B
VG G VB G B G VB VB
VG B VG G B B VG B
VG B G G B B G B
VG B B G B B B B
VG B VB G B B VB VB
VG VB VG B B VB VG VB
VG VB G B B VB G VB
VG VB B B B VB B VB
VG VB VB B B VB VB VB
G VG VG G VB VG VG B
G VG G G VB VG G B
G VG B G VB VG B VB
G VG VB G VB VG VB VB
G G VG G VB G VG B
G G G G VB G G VB
G G B G VB G B VB
G G VB G VB G VB VB
G B VG G VB B VG VB
G B G G VB B G VB
G B B B VB B B VB
G B VB B VB B VB VB
G VB VG B VB VB VG VB
G VB G B VB VB G VB
G VB B B VB VB B VB
G VB VB B VB VB VB VB

Table 16.19: Geotechnical Asset Fuzzy Rules (Embankment, Cutting)
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Pavement | Geotechnical Pavement | Geotechnical

VG VG VG B VG B

VG G G B G B

VG B B B B B

VG VB VB B VB VB
G VG G VB VG VB
G G G VB G VB
G B B VB B VB
G VB VB VB VB VB

Table 16.20: Assets Fuzzy Rules

[ Asses ]

VG VG | VG B VG B

VG G | VG B G B

VG B B B B B

VG VB | VB B VB | VB

G VG | VG VB VG | VB

G G G VB G VB

G B B VB B VB

G VB | VB VB VB | VB
Table 16.21: Pavement Drainage Assets Fuzzy Rules

C Ditch | B Chute C Ditch | B Chute
VG VG VG B VG B
VG G VG B G B
VG B B B B B
VG VB VB B VB VB
G VG VG VB VG VB
G G G VB G VB
G B B VB B VB
G VB VB VB VB VB

Table 16.22: Cutting Drainage Assets Fuzzy Rules
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Figure 16.4: Vertical Curve Embankment Section Performance evaluation
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Figure 16.5: Horizontal Curve Cutting Section Performance evaluation



CHAPTER 16. ANNEX I 211

Figure 16.6: Vertical Curve Cutting Section Performance evaluation
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Figure 16.7: Horizontal Curve Cutting/Embankment Section Performance evaluation
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Embankment | Cutting Embankment | Cutting

VG VG VG B VG B

VG G G B G B

VG B B B B B

VG VB VB B VB VB
G VG G VB VG VB
G G G VB G VB
G B B VB B VB
G VB VB VB VB VB

Table 16.23: Geotechnical Assets Fuzzy Rules
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Figure 16.8: Vertical Curve Cutting/Embankment Section Performance evaluation



Bibliography

[1] World Economic Forum 2019 “The Global Competitiveness Report” Committed to
Improvig the State of the World, ISBN-13: 978-2-940631-02-5

[2] Fernandez Ayala Salvador. “Las mejores practicas de conservacion de carreteras en
Meéxico,” International Road Maintenance Day, 2 de abril de 2020

[3] Comité technique AIPCR D.1 - Gestion du patrimoine routier/ PIARC Techni-
cal Committee D.1 - Management of road infrastructure assets(2019), Innovative
Approaches to Asset Management ISBN: 978-2-84060-541-6

[4] SChIESSIER, A. N. D. R. E. A. S., and BUIl, A. (2004). Road Network Man-
agement. GTZ German Technical Cooperation and UN-ECLAC United Nations
Economic Commission for Latin America and the Caribbean.

[5] Comité technique ATPCR D.1 - Gestion du patrimoine routier/ PIARC Technical
Committee D.1 - Management of road infrastructure assets (2017), Asset Manage-
ment Manual a Guide for Practitioners

[6] Corté Jean Frangois. Conferencia “Challenges in management of road assets” Insti-
tuto Mexicano del Transporte 7 de mayo 2018.

[7] Daly, T., Carluccio, S., Bhanderi, D., Patterson, D., Power, C., and Codd, J.
(2019, September). Use of Geotechnical Asset Data Within Highways England:
The Journey so Far and the Future. In International Conference on Inforatmion
technology in Geo-Engineering (pp. 797-812). Springer, Cham.

[8] Cornejo Charo. “Criterios de innovacion y conservacion de carreteras”, International
Road Maintenance Day, 2 de abril de 2020

[9] European Union Road Federation ERF. (2014). Road asset management—An ERF
position paper for maintaining and improving a sustainable and efficient road net-
work.

[10] OEDC. (2001) Asset Management for the Roads Sector. Paris Cedex 16, France
[11] ISO 55000:2014

[12] Brutus, O., Tauber, G. (2009). Guide to asset management of earth retaining
structures (pp. 1-120). US Department of Transportation, Federal Highway Ad-
ministration, Office of Asset Management.

215



BIBLIOGRAPHY 216

[13] Perry, J., MacDonald, M., Pedley, M., Brady, K., Reid, M. (2004). 122. Embank-
ment Cuttings: Condition Appraisal and Remedial Treatment. Water and Energy
Abstracts, 14(1), 44-44.

[14] Anderson, S. A., Alzamora, D., DeMarco, M. J. (2009). Asset management systems
for retaining walls. In Geo-Velopment: The Role of Geological and Geotechnical
Engineering in New and Redevelopment Projects (pp. 162-177).

[15] Comité technique AIPCR D.1 - Gestion du patrimoine routier/ PIARC Techni-
cal Committee D.1 - Management of road infrastructure assets (2019), Enfoques
Innovadores para la Gestién de Activos

[16] Repa, V. (1999). Information System Development Methodology: The BPR Chal-
lenge. In Systems Development Methods for Databases, Enterprise Modeling, and
Workflow Management (pp. 337-348). Springer, Boston, MA.

[17] Abel, D. J., Kilby, P. J., y Davis, J. R. (1994). The systems integration problem.
International Journal of Geographical Information Systems, 8(1), 1-12.

[18] Hunt, J. (2002). Java and object orientation: an introduction. Springer Science y
Business Media.

[19] ROSSI, B., BRITOS, P., y MARTINEZ, R. G. Modelado de objetos. Revista, (21).

[20] Direccion General de Servicios Técnicos, SCT, México. CATALOGO DE SEC-
CIONES ESTRUCTURALES DE PAVIMENTOS PARA LAS CARRETERAS DE
LA REPUBLICA MEXICANA

[21] Normatividad SCT, México, 2018 N-CMT-4-05-004/18 Calidad de Cementos As-
falticos segtin su Grado de Desempeno (PG)

[22] Escala de Beaufort, (1 de octubre 2020). Secretaria de Marina, México
http://www.semar.gob.mx/meteorologia/ESCALA % 20BEAUFORT.htm

[23] Estaciones Climatologicas en Google Earth (Data 1967-2019). Servicio Meteo-
rologico Nacional, CONAGUA, México

[24] Transportation Officials. (1993). AASHTO Guide for Design of Pavement Struc-
tures, 1993 (Vol. 1). Aashto.

[25] Norma 6.1 IC Secciones de firme de la Instruccion de Carreteras, 2003 Madrid,
Espana

[26] Normatividad SCT, México, (2002), N-CMT-1-03/02 Materiales para Subrasante.

[27] Direccion General de Servicios Técnicos, SCT, México. MANUAL DE PROYECTO
GEOMETRICO DE CARRETERAS 2018

[28] Normatividad SCT, México, (2016), N-CMT-1-01/16 Materiales para terraplén.



BIBLIOGRAPHY 217

[29] Normatividad SCT, México, (2002), N-CMT-1-02/02 Materiales para Subyacente.
[30] Normatividad SCT, México, (2016), N-CMT-4-02-001/16 Materiales para subbases

[31] Normatividad SCT, México, (2020), N-CMT-4-02-002/20 Materiales para bases
hidréaulicas

[32] Normatividad SCT, México, (2002) N-CMT-4-05-003/02 Calidad de Mezclas As-
falticas para Carreteras

[33] Asociacion Mexicana del Asfalto, Protocolo AMMAAC, PA-CR 01/2016 México,
(2016), Diseno, fabricacion y colocacion de mezclas para capas de rodadura elabo-
radas en caliente.

[34] Normatividad SCT, México, (2017) N-CSV-CAR-1-03-007,/2017 Determinacion del
Coeficiente de Friccion (CF)

[35] Normatividad SCT, México, (2020) N-CSV-CAR-1-03-006,/2020 Determinacion de
la Macrotextura (MAC)

[36] Normatividad SCT, México, (2018) N-CSV-CAR-1-03-008/2018 Determinacion de
Deterioros Superficiales de los Pavimentos (DET)

[37] Normatividad SCT, México, (2018) N-CSV-CAR-1-03-009/2016 Determinacion de
Profundidad de Roderas (PR)

[38] Estandares de desempenio SCT. México, (2016) Anexo 4 Modelo de contrato pluri-
anual de prestacion de servicios para la conservacion del tramo carretero Piramides-
Tulancingo-Pachuca en términos de la ley de asociaciones ptublico privadas.

[39] Saba, R. G., Huvstig, A., Hildebrand, G., Sund, E., Evensen, R., Sigursteinsson,
H., & Elsander, J. (2006). Performance prediction models for flexible pavements:
A state-of-the-art report.

[40] Consejo de Directores de Carreteras de Iberia e Iberoamérica. 2002 M5.1. Catélogo
de Deterioros de Pavimentos Flexibles. Volumen 11

[41] Miller, J. S., & Bellinger, W. Y. (2003). Distress identification manual for the long-
term pavement performance program (No. FHWA-RD-03-031). United States. Fed-
eral Highway Administration. Office of Infrastructure Research and Development.

[42] Normatividad SCT, México, (2016) N-PRY-CAR-4-02-003,/2016 Disefio de Elemen-
tos que Constituyen las Obras Complementarias de Drenaje.

[43] L. Beaver Jesse, Simpson Gumpertz and Heger Inc, (agosto 27-31, 2018) AASHTO
CURVERT AND STORM DRAIN SYSTEM INSPECTION GUIDE, National Hy-
draulic Engineering Conference, Columbus, Ohio USA.

[44] Anguas, P. G., Culebro, J. A. R., & Garcia, C. P. (2016). Propuesta de indicadores
para la gestion de taludes de corte y de terraplén.



BIBLIOGRAPHY 218

[45]

[46]

147]

48]

[49]

[50]

[51]

[52]
[53]
[54]

[55]

[56]

[57]

[58]

Norma Oficial Mexicana NOM-034-SCT2-2018, México (2018) Senalamiento hori-
zontal y vertical de carreteras y vialidades urbanas

Norma Oficial Mexicana NOM-036-SCT2-2016, México (2016) Rampas de emer-
gencia para frenado en Carreteras

Norma Oficial Mexicana NOM-037-SCT2-2012, México (2016) Barreras de protec-

cion en carreteras y vialidades urbanas

Carlson, P. J., Higgins, L., & Re, J. (2012). Research and recommendations for a
statewide sign retroreflectivity maintenance program (No. FHWA /TX-12/0-6408-
1). Texas Transportation Institute.

Habibagahi, Ghassem, and M. Meidani. "Reliability of slope stability analysis eval-
uated using fuzzy set approach." Proc. of the 5th Int. Conf. on Civil Eng. Vol. 36.
sl|: Ferdowsi University, 2000.

Zhou, Xiaorong, et al. "Research on Highway Slope Stability Based on Hierarchi-
cal Fuzzy Comprehensive Evaluation Method." IOP Conference Series: Materials
Science and Engineering. Vol. 569. No. 3. IOP Publishing, 2019.

Anuma Reddy, Sai Samanth. Fuzzy Theory Application for Analysis and Assess-
ment of Slope Stability. Agosto 2016.

Fuzzy Logic Toolbox MATLAB. MathWorks,2021.
England, Highways. "HD41. Maintenance of highway geotechnical assets." (2015).

Auriol, J. C., et al. "Having indicators representative of the condition of geotech-
nical structures for road assets management." PIARC Activity Report. PIARC
World Road Association, 2007. 2004-2007.

Daly, Tony, et al. "Use of Geotechnical Asset Data Within Highways England:
The Journey so Far and the Future." International Conference on Information
technology in Geo-Engineering. Springer, Cham, 2019.

Zhang, Jian, et al. "Risk assessment model of expansive soil slope stability based on
Fuzzy-AHP method and its engineering application." Geomatics, Natural Hazards
and Risk 9.1 (2018): 389-402.

Salcedo, Daniela, et al. "Landslide susceptibility mapping using fuzzy logic and
multi-criteria evaluation techniques in the city of Quito, Ecuador." Natural Hazards
and Earth System Sciences Discussions (2018): 1-33.

Bieniawski, Z. (1988). The rock mass rating (RMR) system (geomechanics clas-
sification) in engineering practice. In Rock Classification Systems for Engineering
Purposes. ASTM International.



BIBLIOGRAPHY 219

[59]

[60]

[61]

[62]

[63]

[64]

[65]

|66]

[67]

[68]

[69]

[70]

71

Mohd Hasan, M. R., Hiller, J. E., & You, Z. (2016). Effects of mean annual tem-
perature and mean annual precipitation on the performance of flexible pavement
using ME design. International Journal of Pavement Engineering, 17(7), 647-658.

Elton, D. J., & Jung, C. H. (1988). Asphalt pavement evaluation using fuzzy sets.
Transportation research record, (1196).

Arliansyah, J., Maruyama, T., & Takahashi, O. (2003). A development of fuzzy
pavement condition assessment. Doboku Gakkai Ronbunshu, 2003(746), 275-285.

Chen, C., Flintsch, G. W., & Al-Qadi, I. L. (2004, October). Fuzzy logic-based life-
cycle costs analysis model for pavement and asset management. In 6th International
Conference on Managing Pavements (pp. 19-24).

Singh, A. P., Sharma, A., Mishra, R., Wagle, M., & Sarkar, A. K. (2018). Pavement
condition assessment using soft computing techniques. International Journal of
Pavement Research and Technology, 11(6), 564-581.

Sun, L., & Gu, W. (2011). Pavement condition assessment using fuzzy logic theory
and analytic hierarchy process. Journal of Transportation Engineering, 137(9), 648-
655.

De Solminihac-Tampier, H., & Salgado-Torres, M. (2002). Calibraciéon del modelo
de progresion de la rugosidad (IRI) de HDM-4 para pavimentos asfalticos. Inge-
nieria y Universidad, 6(2), 93-108.

Anita Vandervalk, P. E., PMP, 1., & Chelsey Thompson, I. C. F. (2020). PROJECT
FINAL REPORT.

Consejo de Directores de Carreteras de Iberia e Iberoamérica (2002). Catalogo de
Deteriores de Pavimentos Flexibles. Vol.11

Teng, T. P. (2003). Distress Identification Manual, for the Long-Term Pavement
Performance Program. US Department of Transportation, Federal Highway Ad-
ministration: Washington, DC, USA, 1-169.

DUONG, D. T. X. (2014). FUZZY LOGIC APPLICATION IN PAVEMENT
MAINTENANCE AND REHABILITATION (Doctoral dissertation, THAM-
MASAT UNIVERSITY).

Zapata, C. E., Andrei, D., Witczak, M. W., & Houston, W. N. (2007). Incorpo-
ration of environmental effects in pavement design. Road Materials and Pavement
Design, 8(4), 667-693.

Daly, T., Carluccio, S., Bhanderi, D., Patterson, D., Power, C., & Codd, J. (2019,
September). Use of Geotechnical Asset Data Within Highways England: The Jour-
ney so Far and the Future. In International Conference on Inforatmion technology
in Geo-Engineering (pp. 797-812). Springer, Cham.



BIBLIOGRAPHY 220

[72]
73]

[74]

[75]

[76]

7]

78]

[79]

[80]

[81]

82]

83

England, H. (2015). HD41. Maintenance of highway geotechnical assets.

Power, C. M., Patterson, D. A., Rudrum, D. M., & Wright, D. J. (2012). Geotech-
nical asset management for the UK Highways Agency. Geological Society, London,
Engineering Geology Special Publications, 26(1), 33-39.

Beckstrand, D., & Mines, A. (2017). Jump-Starting a Geotechnical Asset Man-
agement Program with Existing Data. Transportation Research Record, 2656(1),
23-30.

Auriol, J. C., Anguas, P. G., Peroni, G., Samson, M., Harvard, H., Patterson,
D., ... & Hendgl, O. (2007). Having indicators representative of the condition of

geotechnical structures for road assets management. In PIARC Activity Report
(pp. 2004-2007). PIARC World Road Association.

McGinn, J., Dupuis, S. T., Goguen, P., & Parsons, R. (2018). Development of
a Geotechnical Asset Management Program for the New Brunswick of Trans-
portation and Infrastructure. In TAC 2018: Innovation and Technology: Evolving
Transportation-2018 Conference and Exhibition of the Transportation Association
of Canada.

Salcedo, D., Padilla Almeida, O., Morales, B., & Toulkeridis, T. (2018). Landslide
susceptibility mapping using fuzzy logic and multi-criteria evaluation techniques in
the city of Quito, Ecuador. Natural Hazards and Earth System Sciences Discus-
sions, 1-33.

Habibagahi, G., & Meidani, M. (2000). Reliability of slope stability analysis evalu-
ated using fuzzy set approach. In Proceedings of the 5th International Conference
on Civil Engineering.

Zhou, X., Xu, T., Shi, Q., Zheng, K., & Sheng, J. (2019, July). Research on highway
slope stability based on hierarchical fuzzy comprehensive evaluation method. In
IOP Conference Series: Materials Science and Engineering (Vol. 569, No. 3, p.
032003). IOP Publishing.

Zhang, J., He, P., Xiao, J., & Xu, F. (2018). Risk assessment model of expansive
soil slope stability based on Fuzzy-AHP method and its engineering application.
Geomatics, Natural Hazards and Risk, 9(1), 389-402.

Samanh Sai. (2016). Fuzzy Theory Application for Analysis and Assessment of
Slope Stability. Manipal Institute of Technology

Tsung-lin, L. E. E., & Hung-mingLIN, Y. P. L. (2009). Assessment of highway slope
failure using neural networks [J|. Journal of Zhejiang university-science A, 10(1),
101-108.

Garnica Anguas, P., & Ramirez Culebro, J. A. (2014). Gestion de terraplenes y
riesgos ante la inestabilidad. Publicacion Técnica, (423).



BIBLIOGRAPHY 221

[84] Brutus, O., & Tauber, G. (2009). Guide to asset management of earth retaining
structures (pp. 1-120). Washington, DC, USA: US Department of Transportation,
Federal Highway Administration, Office of Asset Management.

[85] Anderson, S. A., Alzamora, D., & DeMarco, M. J. (2009). Asset management sys-
tems for retaining walls. In Geo-Velopment: The Role of Geological and Geotech-
nical Engineering in New and Redevelopment Projects (pp. 162-177).

[86] Road Design Drainage Technical Sub-commitee, Richar Fanning. Guide to Road
Design Part 5:Drainage-General and Hydrology Considerations(2018), Austroads.
Sydney.

[87] Road Design Drainage Technical Sub-commitee, Richar Fanning. Guide to Road
Design Part 5: Drainage-Road Surface, Networks, Basins and Subsurface (2018),
Austroads. Sydney.

[88] Marin H. Elizabeth, & Pérez C. I. Mareli. Drenaje y Subdrenaje en Carreteras.
2014. Tesis de licenciatura. IPN Zacatenco. México D.F.

[89] Mahboub, K. C., Liu, Y., & Allen, D. L. (2003). Evaluation and analysis of highway
pavement drainage.

[90] Arnoult, J. D., & Byrd, T. (1986). Culvert inspection manual (No. FHWA-IP-86-2).
United States. Federal Highway Administration.

[91] Richie, M. C., & Beaver, J. L. (2017). Culvert and Storm Drain System Inspection
Manual (No. 17-05544).

[92] Kalantari, Z., & Folkeson, L. (2013). Road drainage in Sweden: current practice and
suggestions for adaptation to climate change. Journal of Infrastructure Systems,
19(2), 147-156.

[93] de Carreteras, I. Norma 5.2-IC de Drenaje Superficial. Orden de, 14.

[94] Nora, M. B., & Reddy, K. N. S. (2018). Performance Assessment of Road Drainage
Systems of Burayu Town, Oromia Region, Ethiopia. International Journal of Re-
search in Engineering and Management, 2(2), 40-55.

[95] World Health Organization. (2011). Global launch: decade of action for road safety
2011-2020 (No. WHO/NMH/VIP11. 08). World Health Organization.

[96] Jameel, A. K., & Evdorides, H. (2016, October). An investigation for an all-
encompassing iRAP road Star Rating index. In Functional Pavement Design (pp.
1607-1616). CRC Press.

[97] Hurtado-Beltran, A., Serna-Rodriguez, M., & Chéavez-Cardenas, J. A. (2015). Apli-
cacion de la metodologia iRAP y el software VIDA-iRAP en un tramo de autopista
en México. Infraestructura Vial, 17(29), 5-12.



BIBLIOGRAPHY 222

[98] Howe, S. J. (2006). Assessment of Road Signs for Retroreflectivity. In Engineering
Asset Management (pp. 1080-1089). Springer, London.

[99] Gaber, M., Mohamed Wahaballa, A., Mahmoud Othman, A., & Diab, A. (2017).

Traffic accidents prediction model using fuzzy logic: Aswan desert road case study.
JES. Journal of Engineering Sciences, 45(1), 28-44.

[100] DGST. Manual de Auditorias de Seguridad Vial, (2018) SCT, México





