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Abstract

Existing bridges built in the last 50 years face challenges due to states far dif-
ferent than those envisaged when they were designed, due to increased loads, ageing
of materials, and poor maintenance. For post-tensioned bridges, the need emerged
for reliable engineering tools for the evaluation of their capacity in case of steel cor-
rosion due to lack of mortar injection. This can lead to sudden brittle collapses,
highlighting the need for proper maintenance and monitoring.

This thesis proposes a peak strength model for corroded strands, introducing a
“group coefficient” that aims at considering corrosion variability in the wires con-
stituting the strands. The application of the introduced model in a deterministic
approach leads to the proposal of strength curves for corroded strands, which rep-
resent useful engineering tools for estimating their maximum strength considering
both geometry of the corrosion and steel material parameters. Together with the pro-
posed ultimate displacement curves, constitutive laws of the steel material reduced
by the effects of corrosion can be obtained. The effects of corroded strands on post-
tensioned beams can be evaluated through the reduced bending moment-curvature
diagram accounting for these reduced stress-strain relationships. The application of
the introduced model in a probabilistic approach allows to estimate peak strength
probability functions and consecutive design-oriented safety factors to consider cor-
rosion effects in safety assessment verifications. Both approaches consider two pro-
cedures that are based on the knowledge level of the corrosion in the strands.

On the sidelines of this main research line, this thesis also presents a study of a
seismic upgrading intervention of a case-study bridge through HDRB isolators pro-
viding a simplified procedure for the identification of the correct device. The study
also investigates the effects due to the variability of the shear modulus of the rubber
material of the HDRB isolators on the structural response of the isolated bridge.
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1

Introduction

Sommario

Questo lavoro di ricerca affronta principalmente il problema della corrosione nei
trefoli, usualmente utilizzati negli elementi in cemento armato precompresso. I ri-
sultati ottenuti si pongono come strumenti ingegneristici utili ai fini delle valutazioni
di sicurezza di tali elementi, la cui necessità è emersa dai recenti eventi riguardanti i
ponti post-tesi esistenti.

Questo capitolo riporta: (i) un’introduzione relativa al suddettetto contesto, (ii)
gli obiettivi del lavoro di ricerca e (iii) l’organizzazione del testo.

Summary

This research work mainly addresses the problem of corrosion in strands, usu-
ally used in prestressed concrete elements. The results obtained are useful engineer-
ing tools for the purposes of safety assessments of these elements. Their need has
emerged from recent events concerning existing post-tensioned bridges.

This chapter presents: (i) an introduction relating to the aforementioned context,
(ii) the objectives of the research work and (iii) the organization of the text.

1.1 Background

Most of the existing bridges have been built during the last 50 years. The increasing
of static and dynamic loads, like the volume of traffic, has led to the condition in which
they are subjected to loads far higher than those envisaged when they have been designed.
The effects of chlorides, either in a marine environment or from de-icing salts, alkali-
silica reactions, carbonation and inadequate corrosion protection are causing progressive
deterioration of the bridge structural elements. An example of a damaged Gerber saddle
due to corrosion phenomena is reported in Figure 1.1.

During their service life bridges may be subjected to a loss of strength as a result of
structural damage or material degradation reaching, at some point, a minimum acceptable
level of performance. This condition is not easily defined and a sound decision making
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1.1. Background

process needs to take into account a number of factors including the consequences of
failure in terms of both costs and potential loss of life. Therefore, bridges need effective
maintenance strategies to increase their service life at the minimum cost.

(a) Damaged Gerber saddle (b) Viaduct collapse in Lecco, Italy

Pictures taken from a) www.cte-it.org and b) www.edilportale.com

Figure 1.1: Examples of the current condition of existing bridges

In recent years, especially after on disastrous collapses (see Figure 1.2) [1], [2], most
of these aspects, like the ageing of the constitutive material, and the lack of maintenance
over the years, came to light, showing several problems regarding the precarious condi-
tions of the existing bridges.

(a) Rest of the collapsed pier number 9 (b) Corroded strands

Pictures taken from a) www.tg24.sky.it and b) www.espresso.repubblica.it

Figure 1.2: Details of the Polcevera bridge after its collapse, Genoa, Italy.

In Italy, due to the particular and probably unique geographical conformation, the in-
frastructure system is constituted by a large number of bridges whose correct management
is often difficult to implement. In fact, there are about one and a half million kilometres of
roads whose competence is divided between the State, Regions, Provinces, Municipalities
and other numerous public and private companies. This makes it difficult to implement
a national register of the infrastructures, in fact, a Bridge Management System (BMS),
which accounts for inspections, retrofitting, etc., is currently still missing. A BMS can be
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Chapter 1. Introduction

used as a tool for communicating with governments and bridge managers about the con-
ditions of the infrastructural network, traffic safety and structural vulnerability of bridges
to hazard events, such as earthquakes, scour, etc.

Moreover, maintaining bridges in safe and serviceable conditions is complicated also
by the wide variety of structural types. Each type of structure behaves differently, suffers
from different types of deterioration and has different maintenance needs.

With particular reference to prestressed concrete bridges, especially the post-tensioned
ones, in the last years emerged the need for reliable engineering tools for the evaluation
of their capacity in corrosion conditions. In fact, particular environments, like the one
following lack of injections in the mortar filling the duct in which are located prestressing
steel strands, led to corrosion phenomena that can strongly reduce their strength and duc-
tility capacities, whit consequently possible brittle sudden collapses. As a matter of fact,
corrosion phenomena in strands represent nowadays a complex problem that structural
engineers have to face.

1.2 Objectives

The main objectives of this thesis are to provide engineering tools to easily estimate
the effects of corrosion in steel strands by means of simplified and analytical models.
Consequently, the specific research objectives are therefore:

• to represent the variability of the strength of corroded strands that emerged from
experimental campaigns;

• to develop of strength reduction curves for corroded strands;

• to provide design-oriented safety factors and combinations coefficients useful for
taking into account corrosion phenomena in safety and assessment phases;

• to develop of ultimate displacement reduction curves for corroded strands;

• to estimate the effects of the corrosion in strands on the structural behaviour of the
elements in which they are essential, like post-tensioned beams.

The results obtained in this thesis represent an original proposal to face the complex
problem of corrosion in prestressing strands that has become tragically popular nowadays.

1.3 Outline of the thesis

The thesis has been written in three parts and is focused on aspects regarding the
existing bridges, from a general overview to the specific problem concerning corrosion
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in prestressing steel strands, also including a small part regarding the seismic upgrading
of bridges through deck isolation. This organization is schematized in Figure 1.3 with
reference to the current framework regarding existing bridges.

• Part I General overview, from chapter 2 to chapter 6;

• Part II: Corrosion in wires and strands, from chapter 7 to chapter 13;

• Part III: Seismic upgrading through deck isolation, from chapter 14 to chapter 19.

a

Figure 1.3: Current framework about existing bridges.

aPictures taken from: [3], [4], [5]

Part I provides a general overview of safety assessment of existing bridges. It encom-
passes chapter 2 through chapter 6. Chapter 2 describes the historical-cultural framework
that has led to the current situation, trying to underline the importance of inspections and
safety assessment, interpretation of the structural behaviour, monitoring and maintenance.

In this regard, chapter 3 summarizes the procedures adopted for bridge management
at National and International levels; chapter 4 describes typical damages that could af-
fect existing bridges categorizing most of them with respect to their structural typology;
chapter 5 describes the Structural Health Monitoring from the different phases of its im-
plementation to specific mathematical techniques useful for the extraction of the signifi-
cant parameters of monitored bridges and to the management of long-term data. Finally,
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chapter 6 reports some examples of interventions applicable to existing bridges.

Part II represents the core of the thesis, providing the main original results. It encom-
passes chapter 7 through chapter 13.

Chapter 7 constitutes the introduction to the current issues of corroded steel strands in
post-tensioned elements and describes the approaches followed to manage their structural
behaviour and their effects on the structural behaviour of post-tensioned elements.

Chapter 8 describes the analytical model for corroded wires and a parametric study to
highlight the effects of the geometry of the corrosion and the steel material parameters on
its structural behaviour.

Chapter 9 describes the analytical models for corroded seven-wire strands and a para-
metric study to highlight the effects of the geometry of the corrosion and the steel material
parameters on their structural behaviour. This highlighted the effects of the variability of
the corrosion in the wires on the strength of corroded seven-wire strand.

Chapter 10 presents the peak strength resistance model for corroded strands. The
model introduces a new coefficient, which is defined as the “group coefficient” that aims
at describing the dispersion of the response that emerged from the parametric study con-
ducted in chapter 9, which also emerged from experimental campaigns available in the
literature. The application of the peak strength resistance model in deterministic and
probabilist approaches allowed to define resistance curves and design-oriented results for
corroded seven-wire strands. These approaches have been applied with reference to two
procedures based on the knowledge level of corrosion for the specific cases at hand. The
parameters that define the resistance model have been estimated through several Monte
Carlo simulations of corroded seven-wire strands.

Chapter 11 describes ultimate displacements reduction curves for corroded wire strands
estimated thanks to the Monte Carlo simulations of corroded seven-wire strands.

Chapter 12 combines the results achieved in the previous chapter. From the combi-
nation of the strength and the ultimate displacement reduction curves, it is estimated a
reduced sigma-epsilon relationship for the steel material that allows to take into account
the effects of corroded strands into the structural behaviour of post-tensioned beams, for
instance, through a reduced bending moment-curvature diagram.

Chapter 13 reports a summary of the results obtained in part II.

Part III reports an application of seismic upgrading of an existing bridge through deck
isolation.

The case-study bridge is presented in chapter 15 with its modelling through finite
element model and minimal systems.

Chapter 16 presents a simplified procedure for the identification of the horizontal stiff-
ness of the isolator.
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Chapter 17 reports the results of a series of time-history analyses conducted through
the finite element model of the case-study bridge to study the effects of different modelling
of the behaviour of the isolators.

Chapter 18 reports the results of a series of time-history and response spectrum anal-
yses conducted through the finite element model of the case-study bridge to study the
effects due to the vertical component of the seismic actions and the effectiveness of con-
sidering these effects by combining the two types of analyses or through complete dy-
namic analyses.

Chapter 19 reports the results of a series of time-history conducted through the min-
imal systems of the case-study bridge to study the effects of the variability of the shear
modulus of the rubber material of the HDRB isolators on the structural behaviour of the
isolated bridge. The analyses of the different variability in the response parameters that
emerged (displacement of the isolators, at the top of the piles and abutments) allowed to
define the values of Upper & lower bounds useful for design purposes.

Chapter 20 reports the conclusions of this thesis.

Appendix A reports all the results obtained in part II of this thesis.
Appendix B and Appendix D provide analytical demonstrations of partial results used

in chapter 10.
Appendix C provides analytical demonstrations of partial results used in chapter 8.
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General overview
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2

Historical-cultural framework

Sommario

Questo capitolo descrive brevemente il contesto storico riguardante i ponti esi-
stenti. I principali aspetti legati all’aumento dei carichi da traffico, all’invecchiamen-
to dei materiali e alla mancanza di manutenzione necessitano di un corretto piano di
gestione delle ispezioni e degli interventi. Da qui l’origine del concetto di Bridge
Management System (BMS). Vengono ripercorse le principali tappe che hanno vi-
sto la nascita di diverse società gestori del patrimonio infrastrutturale italiano per poi,
infine, sottolineare l’importanza delle ispezioni e delle valuzioni di sicurezza, dell’in-
terpretazione del comportamento strutturale dei ponti e delle attività di manutenzione
e monitoraggio.

Summary

This chapter briefly describes the historical context regarding the existing bridges.
The main aspects related to the increase in traffic loads, the ageing of materials and
the lack of maintenance require a correct management plan for inspections and in-
terventions. Hence the origin of the concept of Bridge Management System (BMS).
The main stages that have seen the birth of various companies managing the Ital-
ian infrastructure heritage are described. Finally, the importance of inspections and
safety assessments, of the correct interpretation of the structural behaviour of bridges
and of maintenance and monitoring activities is underlined.

2.1 The issue: degradation and ageing of bridges

A bridge is a structure that allows the overcoming of natural or artificial obstacles [6].
Bridges are key components of the nation’s infrastructure net that provide transportation
connectivity to waterways, railways, highways and roadways. During the service life, a
bridge has to support the entire set of loads that can occur on the viable surface (deck),
such as traffic loads and pedestrian loads, and below the viable surface, for instance, due
to the effects of the flow of a river. In addition, the structure of a bridge has to deal with
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the ageing of the material whose elements are made up. This is a relatively new problem
that engineers have to become familiar with. In fact, the problems associated with the
ageing and the decay of materials, like concrete and steel, were unknown when most of
the bridges that constitute the infrastructure net were built. Furthermore, the traffic loads
are increased in the last decades, if compared with those ones supposed during the design
phase and often the ordinary maintenance procedure has not been applied. If neglected,
all these aspects can lead either to the replacement of the bridge (or to its parts) or to the
collapse of the bridge itself, leading to an increase in the costs for the society. In fact,
a correct maintenance plan, which has to be applied during the service life of bridges,
allows the correct management of the infrastructure also from an economic point of view.
The service life is a period of time in which only ordinary maintenance has supposed to be
applied to the structures. On the contrary, extraordinary maintenances have to be fielded
after the service life is nominally passed.

The factors that influence the management of a bridge are generally of social and
economic nature and affect both the single bridge and the entire infrastructural net in
which they are inserted. A correct management should take into account the following
aspects: (i) conditions of the structure, (ii) capacity of the structure, (iii) deterioration
rate of the materials, (iv) available maintenance treatments, their effectiveness and their
duration over time, (v) costs related to maintenance treatments, (vi) traffic management
costs, and (vii) evolution of traffic flow and associated daily costs. As a matter of fact, the
management of the entire infrastructural net, which is constituted of thousands of bridges,
that takes into account all of these points requires a system that should be able to follow
the health of the net and help the owners towards the correct interventions, both from an
economic and temporal point of views. The direct cost of the engineering work necessary
to maintain a satisfactory road network is high, however, indirect costs due to the resulting
traffic congestion and disruption can be much higher and cause a severe economic penalty,
particularly on the increasing number of roads where traffic flows are reaching saturation.

Nowadays, automated systems for managing bridge maintenance are catching up with
modern Bridge Management Systems (BMS). In addition, to collect all the description
data of the bridge, i.e. age, owner, size, etc., they allow the storing of the data deriving
from inspections and successively the management and the scheduling of the interven-
tions and future inspections. In fact, they consent to establish the priorities of interven-
tion through particular procedures that also consider economic aspects. The economic
aspects can be evaluated from cost-benefit analysis taking into account different mainte-
nance strategies and different cost factors, such as those ones related to the delay due to
traffic, the deterioration rate of the bridges, the effective duration of the repair systems,
the value over time of the money and the benefits related to the improvements. Then, a
BMS is constituted by the following parts: (i) inventory of the bridges, (ii) assessment
of the conditions, (iii) assessment of the structural safety, (iii) comparison between the
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maintenance options, (iv) program of optimal maintenances, and (v) program of propri-
etary maintenances. Clearly, all these parts require valid techniques for the estimation
of the material decay effects, for the strategies of intervention and for the priority of the
inspections and/or interventions.

2.2 Origins of the modern conception of Bridge Manage-
ment

The collapse of the Silver Bridge in 1698, Ohio, USA, led to the creation of a na-
tionwide, standardized bridge inspection program. In fact, the Federal Highway Admin-
istration (FHWA) published the National Bridge Inspection Standard (NBIS) [7], which
are standards established for the safety inspections of highway bridges on public roads
throughout the United States. In addition, they also developed the so-called National
Bridge Inventory (NBI) which is a database with information of all bridges and tunnels in
the United States that have roads passing above or below them. The bridge information
includes the design of the bridge and the dimensions of the usable portion. The data are
often used to analyse bridges and to judge their condition. The inventory is developed
for the purpose of having a unified database for bridges to ensure the safety of the trav-
elling public, as required by the Federal Aid Highway Act of 1968 [8]. National Bridge
Inventory includes identification information, bridge types and specifications, operational
conditions, geometric and functional descriptions, and inspection data.

In 1991, the FHWA developed a bridge management system (BMS) called “Pontis”.
The system is owned by the American Association of State Highway and Transporta-
tion Officials (AASHTO). Many states began using Pontis when the Intermodal Surface
Transportation Efficiency Act [9] required each state to implement a BMS. As of 2008, it
was licensed by AASHTO to over 45 United State transportation departments and other
organizations in the U.S. and other countries. In the same years, the National Coopera-
tive Highway Research Program (NCHRP) developed the BRIDGIT software, which is
a micro-computer-based bridge management system (BMS), with the purpose to imple-
ment the requirements proposed by the Federal Highway Administration (FHWA). Other
states, like New York, Pennsylvania, North Carolina, Alabama e Indiana started to de-
velop software for the bridge management system (BMS).

Some years later, in Europe the BRIME project [10] was born, whose objectives are
to develop a framework for the management of bridges on the European road network
and identify the inputs required to implement such a system. This project will look at the
various modules required to enable the bridges to be managed, review the current state-of-
the-art and produce an outline framework for the management of the bridges. As a result
of the project, the sources of bridge deterioration could be divided into three groups: (i)
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deterioration or defects arising from faults in design and construction, (ii) defects arising
during construction, and (iii) deterioration from external influences.

A simple model has been developed for categorising damaged locations in concrete
structures. The model is based on a visual assessment of the damaged area as well as on
test results, both on-site and in the laboratory. It uses the neural network hybrid model
and can assess the type of repair work required on structures with a large number of dete-
riorated areas. The structural assessment module, developed for the BRIME project, has
given information on the load-carrying capacity of bridges. It has consequently recon-
structed the load-carrying capacity history of a specific bridge and of the overall bridge
network. The project has developed a method that considers all costs involved in the
designing, constructing, inspecting, maintaining, repairing, strengthening and demolish-
ing of a bridge together with the associated road user costs, in order to choose between
bridge repair alternatives. It has also shown how is it possible to combine results from
the main bridge management activities, such as inspections, assessment, testing, mainte-
nance, prioritisation and replacement, to produce a framework for a computerised bridge
management system.

2.3 Italian historical framework

The management context of the Italian infrastructure comes from a complex process
of agreements between the Italian government and the private companies identified as
managers of the infrastructure network. In 1950, on the initiative of the Institute for
Industrial Reconstruction (IRI), it was founded the society Società Autostrade Conces-
sioni e Costruzioni s.p.a.. Its main objective was to take part, together with the other
industrial groups, in the reconstruction of the Italian infrastructural system after the sec-
ond world war. In 1950, was also established the first agreement between the Società
Autostrade Concessioni e Costruzioni s.p.a (today known as Autostrade s.p.a) and the so-
ciety “Azienda Nazionale Autonoma delle Strade (ANAS)”, which was founded in 1954,
with the purposes of building the so-called Autostrada del Sole, the longer Italian highway
(it links Milan to Naples). Thereafter, a series of other agreements followed to delineate
the country’s infrastructural network.

In 1999, the IRI decided to privatize a series of companies like “Società Autostrade
Concessioni e Costruzioni s.p.a.”, transferring the management and maintenance of the
infrastructure to private companies. In 2003, after the definition of a new asset for these
activities, it was founded the “Autostrade Per l’Italia s.p.a. (ASPI)” fully controlled by
Autostrade s.p.a. (today known as Atlantia company). Nowadays, the Italian infrastruc-
tural network is managed by ANAS, ASPI and other private companies that have the task
of maintenance of the infrastructure itself.
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In this context, after some bridge collapses, like the Ariccia bridge, in Ariccia, Italy, it
was highlighted the need for a survey procedure for existing bridges (which had a different
meaning with respect to maintenance). The collapses led to the definition of technical
codes for the surveillance of the exiting bridges that required the development of specific
procedures by the companies in charge of the management of the infrastructure network.
Therefore, in the following years was created a complex scientific system that was able
to define where, when and how to make interventions also with cost evaluations: the
bridge terotechnology was born. The surveillance of bridges was basically based on visual
inspections with non-destructive tests.

In 1961 it was founded the “SPEA s.p.a.” that developed a complex manual surveil-
lance based on visual inspections that have been extensively adopted until nowadays.

In Italy, most of the bridges were built around the middle of the last century. Nowa-
days, they have passed the service life supposed during their design phase, which was
typically equal to 50 years

2.4 Evolution of the capacity and demand over time

As briefly introduced, the state of bridges tends to change over time, both from a
capacity and demand point of view. The capacity is mainly related to the state of the con-
stitutive materials and to the geometry of the structural elements. Although the geometry
can be considered constant over the years, this is not the case for the state of the materials.
They are subjected to ageing that together with lack of maintenance leads to an increase in
their decay that in turn provoke decreasing in the structural elements capacity, both from
strength and ductility point of view. In parallel, the demand increases over time.

For instance, the dead load can change configuration due to the addition of structural
and/or not-structural elements, such as New Jersey, asphalt layers, etc. In addition, also
the traffic loads tend to change according to the development of society. This is the case
of bridges built in the 70s, which are the majority of the existing ones, in which the design
phases have been conducted referring to a completely different traffic load scenario.

Figure 2.1 reports a graphical representation of these aspects. As a matter of fact, if
there happens to be a common point between the curves that describe the trend of the
capacity (green) and the demand over time (orange), a collapse would occur. Thus, a
possible way to avoid sudden local and/or global collapses is to perform maintenance and
monitoring activities. These two activities should be carried out in symbiosis in such a
way as to “follow” the structure state over time and make interventions when they are
considered more appropriate, from both the structural and the economic point of view.
This allows to increase the residual lifetime of the structure and enhance the management
of the maintenance plans for future activities, leading to a better allocation of funds. In
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fact, Structural Health Monitoring can guide in the performing of intervention strategies
aimed at improving the deficiencies associated to anomalies of features implemented as
health-descriptors in the monitoring system itself.

Figure 2.1: Evolution of the capacity and demand overt time

2.5 The importance of inspection and safety assessment,
interpretation of the structural behaviour, monitor-
ing and maintenance

Quite similar to what is required by the Italian technical code [11], which identifies, as
fundamental principles for new structures: (i) the correct design, (ii) the correct construc-
tion, and (iii) the testing, and (iv) the maintenance, the present thesis aims at identifying
for the existing structures and bridges: (i) the principles of inspection and safety assess-
ment, (ii) general indication for a sound interpretation of the structural behaviour, (iii)
monitoring, and (iv) maintenance. In fact, inspection and safety assessment procedures
(chapter 3) are carried out on existing bridges in order to check the current condition (de-
sign+construction) and to identify issues that can compromise both their structural and
functional behaviour. The interpretation of the structural behaviour plays a central role in
understanding the effects related to the different scenarios of damages that can occur on
the bridges, especially with reference to their structural scheme and constitutive material
(chapter 4). Moreover, monitoring (chapter 5) and maintenance (chapter 6) are two im-
portant tools that should help the manager of bridges in order to follow their conditions

32



Chapter 2. Historical-cultural framework

and guide in performing interventions and retrofitting operations to prevent limit states.
As a matter of fact, for the proper management of existing bridges, main activities should
be conducted properly.
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3

National and International bridge
inspection and safety assessment

procedures

Sommario

Questo capitolo descrive i principali aspetti delle varie procedure di valutazione
delle condizioni strutturali di ponti esistenti adottate a livello nazionale ed interna-
zionale. A livello nazionale, oltre che i più diffusi approcci, quali quelli proposti da
SPEA s.p.a. e CIAS, è descritto anche il recente approccio multilivello previsto dalle
attuali Linee guida per la classificazione del rischio, la valutazione della sicurezza ed
il monitoraggio dei ponti esistenti, datate 2022.

Summary

This chapter describes the main aspects of the various procedures for evaluat-
ing the structural condition of existing bridges adopted at national and international
levels. At the national level, in addition to the most used approaches, such as those
proposed by SPEA s.p.a. and CIAS, the recent multilevel approach envisaged by the
current Guidelines for risk classification, safety assessment and monitoring of exist-
ing bridges is also described, dated 2022.

To determine which structures require maintenance, it is necessary to undertake a
systematic programme of inspections. One of the main purposes of these inspections is
to provide data on those structures that are in poor or critical condition and to decide
whether they need interventions, strengthening or retrofitting. The results of these peri-
odic inspections are used to provide an assessment of the condition of both the structural
elements and the structure itself. Most of the methods of condition assessment use two
different approaches for both the assessment of individual elements and the assessment
of the structure as a whole. The first uses a cumulative condition rating which is derived
from the condition of individual elements and the second uses the condition rating of the
bridge element in the worst condition as the condition rating of the structure itself. The
condition assessment is based on bridge inspection.
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The main purpose of bridge management, which is the most important use of infor-
mation on the conditions of a large number of bridges in a bridge dataset, is to identify
those that are most deteriorated and need priority interventions. Different methods have
been developed for evaluating bridge inspection data to give the bridge a condition rating.
A short description of some methods that have been developed in the USA and in Europe
is here presented.

3.1 Bridge management according to United States ap-
proaches

The National Bridge Inspection Standard (NBIS)[7] in the USA, establishes the na-
tional standards for the management of existing bridges. In addition, other manuals sup-
porting this purpose are the Bridge Inspector’s Training Manual [12], the Manual for
Maintenance and Inspection of Bridges [13], the Recording and Coding Guide for the
Structure Inventory and the Appraisal of the Nation’s Bridge [14]. Following collapses
that occurred over the years, the Federal Highway Administration published: the Cul-
vert Inspection Manual [15], the Inspection of Fracture Critical Bridge Members [16],
after the collapse of the Mianus River Bridge (Connecticut, 1983), Evaluating Scour at
Bridges [17] (after the collapse of Schoharie Creek Bridge, New York, 1987).

In the 80s the technical manuals available in the USA allowed the company in charge
of the maintenance of the existing bridges to correctly implement the standards estab-
lished by the National Bridge Inspection Standard. This led to two important innovations
in the next years: (i) the bridge management system implementations by most of the de-
partments in infrastructural network management and (ii) the publishing of the Manual
for Bridge Evaluation [18], which represents a reference document in the United States.
Generally, the following performance measures and indexes can be defined:

• the Bridge Health Index (BHI);

• the National Bridge Inventory (NBI) condition rating;

• the Sufficiency Rating (SR);

• Structural Deficiency (SD) and Functional Obsolescence (FO);

• Geometric Rating;

• Load Rating;

• Vulnerability Rating (VR).
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However, some of these performance indexes and conditions can be also recognized
in other bridge management approaches.

The Bridge Health Index (BHI) is calculated from an element-level inspection as a
ratio between the current and the initial value of all elements of the bridge and is used
with the purpose of preserving the existing bridges by means of the establishment of a
scheduled plan of maintenance and interventions. BHI may range from 0%, correspond-
ing to the worst possible health, to 100% for the best possible health. The hypothesis
of the BHI is that the new condition of each bridge element represents the best condition
state. During the service life, the elements might deteriorate to a lower condition state due
to increasing of traffic loads, lack of maintenance, and design or construction flaws. This
situation requires interventions in order to improve the condition of the elements until the
best condition state. Thus, the bridge element-level inspections are needed for calculating
the BHI that should reflect the bridge condition. The element-level inspection aims at the
evaluation of the condition of all the bridge elements according to the following states:

• good: state 1;

• fair: state 2;

• poor: state 3;

• severe: state 4.

For each element, a description of the condition that allows identifying the states is
provided. To aggregate the element-level condition to the whole bridge-level condition,
weights are assigned to the elements according to the economic consequences of element
failure. The choice of failure cost is a function of models for optimal actions. The intro-
duction of the failure costs allows scaling of the importance of each element with respect
to the other (i.e. girders have more weight than bearings). Consequently, elements whose
failures have relatively reduced economic effects are characterized by a small weight than
elements whose failure could lead to closing the bridge.

The NBI condition rating takes into account the main bridge structural elements such
as superstructure (deck), substructure (pears, abutments) and foundations. The definition
of the rating is based on condition states on a scale from 0 to 9, according to Table 3.1. It
is worth noting that NBI is transitioning to a new data standard, guidance, procedures, and
web application: the National Bridge Inventory Based on the SNBI (Specific for National
Standard Inventory) [19] which provides a complete guide to inventory the bridges, with
reference to:

• bridge identification: through the location part (in terms of state, country, coordi-
nates, etc.) and the classification part (in terms of owner, historical significance,
etc.);
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• bridge material and type;

• bridge geometry;

• features in terms of the road type;

• inspections conducted;

• bridge conditions in terms of: structural parts, such as the deck, the superstructure
and the substructure, and in terms of global condition classification.

As a matter of fact, the NBI condition rating does not represent the overall condition of
an entire bridge but shows the localized condition of the main bridge elements. This leads
to the difficult management of the bridge in a complete BMS approach. In addition, like
all the rating systems, the NBI index depends on the interpretations of the inspectors who
have to decide which defect most represents the bridge condition when multiple defects
may influence negatively the ratings. This is not the case of the BHI that for each element
of the bridge allows to calculate the parts of the element itself that are represented by the
different states.

Table 3.1: Definition of the bridge rating based on condition states according to NBI

Code Condition Physical Description
N Not applicable New bridge
9 Excellent Isolated inherent defects.
8 Very good Some inherent defects.
7 Good Some minor defects.
6 Satisfactory Widespread minor or isolated moderate defects.
5 Fair Some moderate defects; strength and performance of the

component are not affected.
4 Poor Widespread moderate or isolated major defects; strength

and/or performance of the component is affected.
3 Serious Major defects; strength and/or performance of the compo-

nent is seriously affected. Condition typically necessitates
more frequent monitoring, load restrictions, and/or correc-
tive actions.

2 Critical Major defects, component is severely compromised. Condi-
tion typically necessitates frequent monitoring, significant
load restrictions, and/or corrective actions in order to keep
the bridge open.

1 Imminent failure Bridge is closed to traffic due to component condition. Re-
pair or rehabilitation may return the bridge to service
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0 Failed Bridge is closed due to component condition, and is beyond
corrective action. Replacement is required to restore ser-
vice.

The Sufficient Rating (SR) is an index that combines the functional and condition
data in the NBI into a single number from 0 to 100. SR aims at representing the bridge
suitability to remain in service. It is also used to allocate funds for retrofitting opera-
tions. Typically, if the SR is less than 50 and the bridge results are classified with low
condition states, replacement possibility is evaluated. If SR is within 50 and 80 and the
bridge results are classified with medium-high condition states, retrofitting operations are
considered. However, the goal of the SR index is not the determination of the bridge con-
dition or for implementing maintenance decisions, it emphasizes large-scale functional
and geometric characteristics.

The Structural Deficiency (SD) is a classification for bridges that have an NBI rating
for the deck, superstructure and substructure equal to 4 or less (according to Table 3.1).
Structurally deficient does not imply that they are unsafe but that they need maintenance,
retrofitting or element replacement. In many cases, structurally deficient bridges are sub-
jected to restrictions of the traffic loads maintaining the operational functionality. On the
other hand, Functional Obsolescence (FO) is a classification for bridges that were built
with reference to standards that don’t satisfy the actual ones for new bridges. The func-
tionally obsolete classification is also used for prioritizing the interventions of retrofitting
and element replacements.

The Geometric Rating is an overall rating for deck geometry based on two NBI items:
bridge roadway width and vertical over-clearance. The geometric rating varies from 0 to
9 as the NBI rating scale according to Table 3.1.

The Load Rating is a procedure to evaluate the adequacy of various structural compo-
nents to carry predetermined live loads. This may lead to load restrictions on the bridge
or identification of components that require maintenance or retrofitting to avoid the clos-
ing of the bridge. However, the load rating does not indicate the overall condition of the
bridge, it can reflect problems with the load-carrying structural member such as the beams
and girders.

The Vulnerability Rating (VR) is associated with a certain likelihood of a hazard event.
The consequence score is based on the type of bridge failure (catastrophic, partial col-
lapse or structural damage) and the exposure to the public from that failure. It is used to
measure the vulnerability of the bridge to structural or operational hazard events such as
earthquakes, and over-load traffic loads.

Clearly, the manager of the infrastructural network could use different types of perfor-
mance measurements and indexes for bridge management decision-making. For instance,
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Table 3.2 reports some examples of performance measurements that may be adopted in
the United State of America, whit reference to different goals.

Table 3.2: Examples of performance measurements

Goal Performance measurement

Preservation of
Bridge Condition

NBI Rating
Bridge Health Index
Sufficiency Rating

Traffic Safety
Enhancement

Geometric Rating/Functional Obsolescence
Inventory Rating or Operating Rating

Protection from
Extreme Events

Scour Vulnerability Rating
Fatigue/Fracture Criticality Rating
Earthquake Vulnerability Rating
Other Disaster Vulnerability Rating (collision,
overload, man-made)

A good bridge management operation is then based on: (i) the development of an in-
ventory of the infrastructural network and (ii) the identification of the structural elements
that need maintenance and retrofitting interventions. The latter point can be conducted by
using different indexes related to the final golf of the bridge manager. Nowadays, most
of bridge management systems (BMS) are based on element-level information for per-
forming bridge performance measurements. Basically, the following approaches for their
calculation can be identified:

• Ratio-based approaches in which the bridge performance measurement is performed
with reference to the condition of the structural element in new condition. In other
words, the index provides an estimation of the remaining value of the bridge. The
health index introduced by AASTHO bridge management software, i.e. Pontis is
an example of a ratio-based method.

• Weighted averaging approaches in which it is estimated the condition of the whole
bridge taking into account the condition ratings of all structural elements of the
bridge weighted by their significance or contribution to the structural integrity of
the bridge.

• Worst-conditioned approaches in which the condition of the bridge is approximated
by the ratings of the component in the worst condition. In fact, the evaluations are
carried out on key bridge components neglecting the minor bridge elements.
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• Qualitative approaches in which the condition of the bridge is not expressed on
a numerical scale. They describe the bridge structure with qualitative levels, like
“Poor,” “Fair,” or “Good,” based on the condition state and importance of the ele-
ments under investigation.

Furthermore, there are other bridge condition indexes that have been developed by
combining some of the above-listed methods. One example is the sufficiency ratings (SR),
which combine the weighted averaging and the worst condition component approaches.

In order to evaluate the bridge performance measures according to the national bridge
inspections standards, the manual for bridge evaluation [18] developed by AASTHO,
identifies inspections as initial, routine, in-depth, fracture-critical member, underwater,
special and damage. Briefly descriptions of these inspections are reported as follows:

1. Initial Inspection. It is the first inspection that is performed for a new or an exist-
ing bridge. The main objective of the inspection is to acquire the bridge inventory
data and establish a timeline for future inspections. These inspections require qual-
ified technicians since they may require some analytical determination of the load
capacity of the bridge. At this level two are the aims of the inspections: (i) to pro-
vide all the information required by the national bridge inventor (NBI) and (ii) to
acquire the conditions of the bridge, including all the existing defects and their ex-
tensions and positions. Typically, this kind of inspection is conducted 90 days after
the construction/retrofitting of the bridge.

2. Routine Inspection. It is a regularly scheduled inspection regarding all the struc-
tural elements that need the determination of the physical and functional conditions,
basically those identified in previous inspections. This inspection aims at identify-
ing any changes from the initial conditions or previous recorded conditions and to
ensure that the safety of the structure is still present. The inspections are conducted
starting from the deck until the foundation including, if it is necessary, limited in-
spections of underwater positions. If some part requires a more detailed inspection
in order to determine its impact on the safety conditions of the structure, in-depth
inspections have to be carried out. Usually. routine inspections are conducted every
24 months.

3. In-Depth Inspection. It is a detailed inspection regarding one or more parts of the
bridge above or below the water level in order to identify any capacity loss that
emerged during the routine inspection. The in-depth inspection is conducted using
visual or non-destructive techniques requiring traffic control and special equipment,
such as under-bridge inspection equipment and workboats.
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4. Fracture-Critical Member Inspection. It is an inspection regarding steel mem-
bers in tension, or with tension elements, whose failure might cause a partial or
complete collapse of the bridge. Examples of these elements are: two-girder sys-
tems and suspension systems. Typically, it is performed every 24 months.

5. Underwater Inspection. It is an inspection that is conducted on the parts of the
bridge that are under the water level. Typically, it is conducted every 60 months.

6. Special Inspection. It is an inspection that is scheduled by the owner of the bridge.
It is used to monitor a particular known or suspected deficiency, such as crack,
settlements, or scour.

7. Damage Inspection. It is an inspection that is not scheduled and that aims at assess
the structural damage resulting from environmental events, such as earthquakes,
flooding, or human actions, like impacts. The amount of effort of this kind of
inspection depends on the events and the extent of the damage.

The manual identifies the qualified personnel in charge of the different inspections:
(i) the program manager who is responsible for all bridge inspections activities, including
reporting and maintaining an inventory, (ii) the inspection team leader who is in charge
of an inspection team responsible for planning, preparing, and performing the on-site in-
spection of the bridge, (iii) load rating manager who is responsible for the load ratings,
establishing consistent methods to be used during the inspections, and (iv) underwater
bridge inspection driver who is in charge of performing the underwater inspection.

When the condition of existing bridges requires attention, based on the aforemen-
tioned results, like structural conditions, material properties, loads etc., a safety assess-
ment has to be performed.

The bridge evaluation according to AASHTO requires safety assessments. The results
are generally expressed in terms of a rating factor for a particular live load model. Rating
factors greater than one indicate that the bridge is safe for the loads tested. There are two
methods available for load rating bridges:

• load factor rating: it can be performed with reference to inventory and operating
conditions. The inventory rating level corresponds to usual design-type loads while
the operating rating level corresponds to the maximum permissible live load the
structure can withstand safely. Further, the inventory load rating accommodates
live loads that a bridge can carry for an indefinite period, while the operating load
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rating refers to live loads that could potentially shorten the bridge life if applied in
a continuous way. The load rating is given by the following formula:

RF =
C − A1D

A2L(1 + I)
(3.1)

where C is the capacity of the structural element, D is the demand due to the load
loads on the element, L is the demand due to the traffic loads on the element, I is the
impact factor, A1 is the factor for dead loads, and A2 is the factor for traffic loads.

The impact factor takes into account all live loads to consider their speed, vibration,
etc.. It can be evaluated according to the following formula:

I =
50

L+ 125
≤ 0.3 (3.2)

Then the rating factor is multiplied for the weight of the live load truck to yield the
bridge member rating for that structural element. The overall rating of the bridge is
controlled by the structural element with the lowest rating.

• Load and Resistance Factor Rating (LRFR): it can be performed with reference to
inventory and operating conditions. LRFR uses limit states for strength, service,
and fatigue to ensure safety and serviceability in the load rating. These limit states
are provided by AASHTO specifications.

The strength limit state accounts for the strength capacity of the structure under
permanent and live loading while the service limit state accounts for stress, defor-
mation, and crack width.

The rating is given by the following formula:

RF =
C − γDCDC − γDWDW ± γPP

γLLL(1 + IM)
(3.3)

where C = ΦΦcΦsRn and ΦcΦs ≥ 0.85.

DC is the effect on the structural components due to dead loads, DW is the effect on
wearing surfaces and utilities due to dead loads, P is the permanent load in addition
to the dead ones, LL is the effect on the structural components due to live loads, IM
is the dynamic load allowance. The different γ indicate the load factors associated
to the corresponding effect. Φc, which takes into account the increasing of uncer-
tainties due to the deteriorated conditions, and Φs, which accounts for the level of
redundancy in the structure, are the condition and system factors, respectively. Φ is
the same factor valid for new structures accounting for general uncertainties.

The result of the load rating depends on the bridge material, the present condition
of the structural elements, etc.. Therefore, after determining the nominal resistance,
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the capacity of the bridge can be obtained by applying the three safety factors Φ,Φc

and Φs.

The aforementioned load and resistance factors are provided by AASHTO and can
be calibrated using the selected safety index targets to achieve uniform safety for
all material types, spans, and load effects, according to the procedures reported in
[20].

3.2 Bridge management according to Swiss approach

The responsibility for the maintenance of the Swiss national road network was trans-
ferred in 2008 from the cantons (member states of the Swiss Confederation) to the federal
administration. Bridges are preferably repaired in large so-called maintenance sections,
involving repair and upgrade of all elements of the highway, allowing reduction of the
traffic disturbances. In this regard, the large maintenance sections are maximum of 15 km
in length. Therefore, construction sites shall not be longer than 3–5 km.

The main objective of the federal administration is to ensure a period of 15 years
without the need for additional construction interventions.

Bridges and overpasses within the highway perimeter are assessed by means of vari-
ous programs ranging from operational maintenance to long-term inspection plans. The
first one is provided once a year and might require maintenance work to ensure proper
serviceability of the bridges and to minimize the deterioration processes.

The main inspections are carried out by engineers every 5 years. The aim of the main
inspection is to update the bridge management system with comprehensive information
on the structural elements, the deterioration mechanisms and the current conditions. The
possible conditions are reported in the following table and allow to derive the conditions
of the whole structure from the conditions of the single elements.

Table 3.3: Condition levels according to the Swiss approach

Level Condition Damages
1 Good condition No or insignificant dam-

ages
2 Acceptable condition Insignificant damages
3 Damaged condition Significant damages
4 Bad condition Large damages
5 Alarming condition Urgent countermeasures
9 Condition not evaluated Condition can not be in-

spected
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Based on the identified condition, the residual service life can be estimated and inter-
ventions and measurements planned to improve durability.

In addition to visual inspections, laboratory testing programs also provide the basis
for condition assessment and estimation of the further deterioration process. Thus, the
activities to be performed for the correct condition assessment are: (i) knowledge of the
bridge (thanks to all the available documentation of the bridge), (ii) visual inspections,
and (iii) laboratory testing.

In the structural assessments loads and resistances need to be verified according to the
Swiss codes for new structures(SIA 260 to 267). The material properties can be assumed
as defined in the documentation of the bridge under examination. If verification is not
possible, material properties shall be updated. In case the geometrical dimensions of the
structural element are verified by appropriate measurements, the partial safety factor for
permanent loads can be reduced. If the verifications fail, traffic loads can be reduced ac-
cording to the provisions in the code SIA 269/1 for actions on existing structures.

In Italy, the activities regarding the management and the safety assessment of an ex-
isting bridge have been conducted by referring to the manuals of inspections provided
by SPEA Engineering S.p.A. and CIAS. However, the collapse of the Polcevera Bridge
in Genoa has highlighted the complex management of the Italian existing infrastructure
system, which is constituted of a large number of bridges. The point is that, due to the
now well-known increased traffic load over time, lack of maintenance and material decay
over time, the infrastructure network managers have to deal with a framework that needs
priorities of interventions. Thus, the Italian Ministry of Infrastructure and Sustainable
Mobility enactment of the so-called guidelines for risk classification and management,
safety assessment and monitoring of existing bridges that aims at providing a procedure
for the safety management of the existing bridges.

3.3 Bridge management according to SPEA approach

SPEA Engineering S.p.A. (“Società Progettazioni Edili Autostradali” ) is a company
of the Atlantia group with over 50 years of experience in integrated engineering services
in the transport infrastructure sector, such as roads, motorways, airports, railways and
vehicle parking systems. The consulting services offered by the specialists of SPEA En-
gineering include feasibility studies, design, construction management, monitoring and
maintenance, both for the construction of new infrastructures and for the rehabilitation
and expansion of existing ones, including adjustments to safety standards. The SPEA
company has for a long time managed the maintenance of the highways on behalf of Au-
tostrade per l’Italia, in Italy. The achievement of the goals dictated by the correct main-
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tenance of the existing highways was obtained through the application of the surveillance
manual. The main objective of this manual, which can also be seen as a possible pro-
cedure to follow for the correct management of the existing infrastructures, is to guide
the owner in the maintenance of a proper safety level and a high-quality level of service
provided by the infrastructure itself.

The points introduced by the manual are the following:

• the surveillance;

• the evaluations of the conditions of the structure elements;

• the definition of the strategies for maintenance through the identification of the
interventions and the costs.

The first point is the most important and is described in the manual by visual inspec-
tions only. They consent to estimate the decay of the structure and the assignment of
scores that allow the calculation of a quality global index. The index allows to evaluate
the decay evolutions and the priority of interventions, to establish their costs and to plan
future activities in terms of interventions. These activities are supported through the soft-
ware STONE and SAMOA (Sorveglianza Auscultazione Manutenzione Opere d’Arte).

The manual introduces four types of inspections:

• ordinary inspections: they are performed by qualified technicians every 3 months
and do not require special equipment. The inspections provide not-destructive tests,
for instance in order to evaluate the elastic modulus of the concrete (through the
sclerometric test), and the survey of the steel bars (examination by radiography,
radioscopy and reflectometric method) and local tests, for instance, visual exami-
nation by localized demolition to assess the state of the injection of the grout in the
strands in prestressed elements, of the prestressed elements.

• main inspections: they are performed by engineers every year and aim to evaluate
the defects and their causes;

• special inspections: they are performed after hazard events and when some anoma-
lies have been reported. These kinds of inspections require detailed evaluations of
the state of the defects and a final report that provides morphological indications
and descriptions of defects. Based on this report, further surveys, interventions and
limitations of the traffic might occur;

• inspections with special vehicles: they allow to check places in the structure that
are difficult to reach. An example of these vehicles is the by-bridge platform truck.
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The manual provides the condition of the bridge and its elements by means of specific
defects cards that allow to evaluate the condition of each part of the bridge. Each card
reports the description of the defect and a possible score between 10 and 70. In detail, the
scores are identified in the following ranges:

Table 3.4: Defects and score identified by the manual of the surveillance

Defects that do not re-
quire interventions

Defects that don’t re-
quire short-term inter-
ventions

Defects that require
short-term interventions

1: the defect is stable
2: the defect can evolve
into other defects that
don’t require interventions
3: the defect can evolve
into other defects that re-
quire interventions

4: the defect requires long-
term interventions
5: the defect requires
medium-term interven-
tions

6: the defect has an in-
fluence on the static be-
haviour of the bridge, but
the safety coefficients are
not significantly reduced
7: the defects lead to a
significant reduction of the
safety coefficients

As a first approximation, short-time, medium-time and long-time periods can be cho-
sen equal to: two years, between two years, five years and more than five years, respec-
tively. In addition, other two parameters can be evaluated in order to help the estimations
of the costs of the interventions: (i) the number of the sub-elements, which can be eval-
uated with respect to each element of the structure, i.e. deck, piers, abutments, etc., that
present defects, without considering their extension, and (ii) percentage of the extension
of the defects in each of the sub-elements.

Based on these scores, the index quality defined for the typology of the bridge, i.e.
viaducts, overpasses, etc., and for the analysed zone, i.e. road trunk can be evaluated. The
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index aims at representing the quality of the infrastructure and can be evaluated as follow:

I = 100− 12E + 8D + 4C

A+B + C +D + E
· 100 (3.4)

where the letters represent the number of bridges with scores in fixed ranges, accord-
ing to the following definitions.

• A: Number of bridges with scores in the range 0 and 3

• B: Number of bridges with scores equal to 4

• C: Number of bridges with scores equal to 5

• D: Number of bridges with scores equal to 6

• E: Number of bridges with scores equal to 7

However, this approach requires a methodology for assembling the structural elements
of different bridges, since it might result as not immediate. All these indexes are then
stored in the STONE software where they can be checked in future activities in order to see
the quality of the infrastructure network, for example referring to some structural element,
typology of the bridge and so on. Another approach proved by the manual is the use of
the SAMOA database that reports different evaluation cards for each structural element,
which can also be sub-divided into parts. In other words, the defects are better discretized
in the different structural elements. In addition, this database has more than 100 defect
cards with respect to the STONE database where the defects are grouped for scores (from
1 to 7). The SPEA methods can be framed into a weighted averaging approach.

3.4 Bridge management according to CIAS approach

CIAS, “Centro Internazionale di Aggiornamento Sperimentale-Scientifico” (the In-
ternational Center for Experimental Scientific Update), is a non-profit organization that
carries out a scientific dissemination activity and development of experimentation in the
structural and geotechnical field of civil engineering. CIAS developed the manual “Man-
uale Valutazione dello Stato dei Ponti”, for the maintenance and management of existing
bridges that aims at: (i) obtain a full survey of the bridges, (ii) to provide a tool for the
assessment of the health state of the bridges through the programmed visual inspections,
(iii) to provide to the manager of the infrastructural network, informatic support for the
management of the existing bridges.

The idea of the manual can be basically subdivided into two parts:

• the survey of the bridge;
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• the visual inspection for the damage evaluations.

The first one aims at acquiring all the characteristics of the structure, like geometry,
location, etc., that together with the type and the extension of the damages on the struc-
tural parts, which are evaluated through the visual inspection, also consents to perform
statistical studies.

The first visual inspection (reference for the numerical evaluation of the general con-
ditions) is called primary visual inspection. It allows to classify the bridges according
to the state of decay and to establish the frequency of the next inspections. In fact, the
manual provides a series of evaluation defect cards, for each structural element. This is a
crucial phase that has to be conducted by technicians who are experts in the bridge field.
All the information regarding the bridge and the visual inspections are then stored in the
software WeBRIDGE.

Following the visual inspections, the numerical method proposed by the manual can
be applied. It provides a general index that represents the decaying state of the bridge. The
numerical evaluation takes into account the weight G applied to each defect, multiplied
for two coefficients, K1 and K2, that consider its extension and intensity, respectively.
The value of G depends on the evaluation of the defects according to their possible effects
on the safety of the structure. In particular, it assumes values: (i) equal to 1 if actually it
represents a danger (actual risk), (ii) equal to 2 if it reduces the bearing capacity of the
structure (potential risk), equal to 3 if it leads to the presence of others defects (induced
risk), equal to 4 if it leads to a high economic cost for its repair. Anyway, it is already
assigned to each defect in their evaluation cards. The two coefficients K1 and K2 assume
values in the range of 0.2 and 1. Then, when it is clear the state of the defects on the
structural elements in terms of the introduced parameters, the relative defect DR and the
absolute defect DA can be defined according to the following formula:

DR =
∑

(G ·K1 ·K2)

DA =
∑

(N ·G ·K1 ·K2)
(3.5)

where N represents the number of each structural element.
Based on the DR parameter, for each bridge, a hierarchical plan of the interventions

can be defined. In detail, for DR>25 it is required an experimental campaign to evaluate
the static and dynamic capacity of the bridge, with the purpose of the finite element model
calibration. Contrarily, for DR in the range 0 and 25 it is required an ordinary intervention
in order to fix the defects that are emerged during the visual inspections. If the DR is
less than 5, no interventions are required. The kore of the approach proposed by this
manual is the numerical evaluation method which represents an engineering tool that can
help in dealing with the complex management and maintenance problem of the existing
infrastructural network with rigorous and effective characteristics. The identification of
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the state of the decay with its evaluation and classification represents a first step towards
the planned management of the existing bridges.

3.5 Bridge management according to the recent Italian
guidelines

After recent catastrophic events, difficulties in managing the complex Italian bridge
heritage have emerged. In fact, ageing and lack of maintenance over the years led to
a heterogeneous problem of management of the existing bridges that requires a certain
priority in terms of safety and economic point of view. Thus, starting from May 2020,
the Italian Ministry of Infrastructure and Sustainable Mobility has issued the so-called
Guidelines for risk classification and management, safety assessment and monitoring of
existing bridges [21], in the following just guidelines.

The guidelines illustrate a procedure for managing the safety of existing bridges, in
order to prevent inadequate levels of damage, making the risk acceptable. It is constituted
of three parts:

• census and risk classification;

• safety verification and surveillance;

• monitoring of existing bridges and viaducts.

The risk classification, which is achieved by the determination of attention classes, is
based on a multilevel approach. The multilevel approach is a possible solution to manage
the high number of Italian bridges. In fact, the complexity and the high cost of inspec-
tions, surveys, monitoring and verifications are calibrated by evaluating, even though in
an approximate and qualitative way, the actual requirement and urgency according to the
current state of the art.

The multilevel approach is based on six levels: Level 0, Level 1, Level 2 define the
first part, while Level 3, Level 4 and Level 5 the second one. The third part regarding
the monitoring provides an indication for the implementation of a surveillance system.
It reports a series of activities that can be applied to bridges in order to improve their
knowledge and to better perform the inspections. A surveillance system represents all
the surveys, inspections and monitoring activities that have to be performed on existing
bridges in order to ensure their availability, functionality and maintenance over the years.
The guidelines defined these activities with the so-called risk-based approach, which is
based on the attention classes. Thus, in the following, it is reported a brief description of
the levels and of the attention classes.
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• Level 0: census of bridges collecting their main characteristics by means of the
analysis of all the available documentation, including technical ones (design re-
ports, interventions, etc.) and administration ones, which consent to reconstruct
the applied interventions/retrofitting over the years. In other words, the census of
bridges consists in cataloguing all the bridges in order to know the number of struc-
tures to be managed and their main characteristics, both from structural elements
(geometry) and from road network (type of road in which they are inserted, the site
in which it is located, etc.) point of view. The collection of all these data also makes
it possible: (i) the creation of a database of Italian bridges, aimed at cataloguing the
vast existing infrastructural heritage, (ii) the subdivision of the bridges into macro-
classes, and (iii) the identification of an order of priorities useful for planning in-situ
visual inspections and starting the activities envisaged by Level 1 of the approach.

• Level 1: to be conducted in all the bridges identified in Level 0. It requires visual
inspections, surveys of the structure (such as geometric and condition state ones)
and of the characteristics of the area from the morphological and hydraulic point of
view. The goal is to identify the degradation state and the main structural charac-
teristics of the bridge which are then collected into specific cards. There is one for
each type of structural element and constitutive material, such as reinforced con-
crete abutment, concrete beams, steel beams, etc.. In addition, the cards also report
the typical damages that occur for the element under investigation with a score in
the range (1,5).

Severe damages have scores equal to 5 while not severe equal to 1. Defects on
structural elements require the identification of their extensions, by means of the
coefficient k1 in the range (0.2,1), and the intensity, by means of the coefficient k2

in the range (0.2,1).

Moreover, based on the typology of the bridge, specific critical elements, such as
Gerber saddles, prestressing cables, scour at foundations, etc., have to be investi-
gated. In this regard, for post-tensioned concrete bridges built in the 60s/70s, it
is fundamental to conduct special inspections in order to identify the state of the
prestressing cables. In this part, the guidelines recognise the actual problem in pre-
stressing cables of post-tensioned concrete bridges. Most of them, in fact, could
present corrosion in the cables that lead to a strong decrease of capacity.

• Level 2: it consents to identify the attention classes of the bridges by means of the
analysis of the parameters of hazard, vulnerability and exposure that are determined
in the previous levels. This level is the most important of the approach since all
future assessments are based on it. The attention class is useful for the definition of
the priority of inspections, surveys ad interventions.
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The definition of the attention class is based on four types of risk: (i) foundation and
structural, (ii) seismic, (iii) landslide and (iv) hydraulic. Each of them is associated
to a specific and corresponding attention class.

The attention class of the bridge is then obtained by combining the four attention
classes associated to the four types of risk. This operation is performed in a tabular
format.

• Level 3: it requires the performing of preliminary evaluations with the purpose
of correctly understanding the damages and degradations that emerged from Level
1. It is fundamental to evaluate the capacity of the bridge (with reference to the
technical code in force at the time of the design phase) with respect to the demand
provided by the current technical code. This phase strongly depends on the data
acquired in Level 0 and Level 1.

• Level 4: it requires the performing of accurate safety assessments according to the
Italian technical code [11]. In this regard, there is some peculiarity with respect to

– the referring time tref for the evaluation of the stresses (the time in which the
safety assessment is satisfied): it can be assumed as a function of the analyses
to be carried out. However, a time not higher than tref , in which structural
interventions have to be performed, has to be defined;

– the influence of the degradation that can reduce the capacity;

– the evaluation of the loads: the traffic loads defined by the Italian technical
codes are valid for new bridges.

The guidelines provide the corresponding safety factors for each action and refer-
ence times. However, they can be reasonably determined with reference to different
reference times by adopting the procedures indicated in fib Bulletin 80 [22], which
in addition, is the approached followed by the guidelines. Briefly, it allows to cal-
culate the safety factors for existing structures with reference to two approaches: (i)
the Design Value Method, in which the partial factors are derived from the actual
distribution of the variables under examination (i.e. materials, loads, etc.), and (ii)
the Adjusted Partial Factor Method (APFM), in which the coefficients provided by
the Eurocodes for new structures are modified by the application of the so-called
Adjustment coefficients.

Regarding the latter point, the guidelines define three conditions for bridges: (i)
adequate if they satisfy the safety assessment with loads and safety factors required
by the Italian technical code, (ii) operative if they satisfy the safety assessment
with loads evaluated according to Italian technical code while the safety factors
evaluated with a tref = 30 years, and (iii) trafficable if they satisfy the safety
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assessment with loads defined by the guidelines and safety factors evaluated with a
maximum of tref = 5 years. The trafficable condition requires that during the time
assumed as references, limitations on the traffic loads and interventions have to be
performed.

Clearly, in the safety assessments that are required at this level, the guidelines are
consistent with the requirements of the Italian technical code, and therefore it has to
be conducted with reference to the correct “knowledge path” in order to correctly
define the Confidence Factors and Confidence Levels that are fundamental in the
definition of mechanical parameters adopted in the safety assessments [23].

• Level 5: it is applied to bridges that are considered of significant importance. In
fact, they require more sophisticated analyses, like the evaluation of the transport
relevance, analysing of the interaction between the structure and the road network
to which it belongs and the consequences of a possible interruption of the operation
of the bridge on the socio-economic context in which it is inserted. However, the
guidelines do not explicitly treat this level.

From Level 0 to Level 5, the complexity, the level of detail and the cost of surveys
and analyses increase, but the number of bridges on which to apply them, as well as the
level of uncertainty of the results obtained, decreases.

As introduced before, Level 2 is the most important and consents to identify the atten-
tion class for the bridge under evaluation. The approach defines five attention classes: (i)
high, (ii) medium-high, (iii) medium, (iv) medium-low, and (v) low. For each of them,
they are required particular operations in terms of surveys, monitoring and assessments.
They are briefly summarized as follows:

• For bridges with high attention class it is required the performing accurate assess-
ments in terms of safety and in-depth analyses of the structural and/or geotechnical
characteristics according to Level 4 requirements. Both periodic and special (where
it is necessary) inspections and continuous or periodic monitoring systems are re-
quired.

• For bridges with medium-high attention class it is required performing of prelim-
inary assessments according to Level 3. In addition, both Periodic and special
(where it is necessary) inspections and continuous or periodic monitoring systems
are required. The manager of the bridge can decide to apply the requirements of
Level 4.

• For bridges with medium attention class it is required the performing of the prelim-
inary assessment of Level 3. If degradation states are identified (through periodic
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inspections) also special inspections have to be performed. In addition, the man-
ager of the bridge can decide to install monitoring systems and/or perform safety
assessments according to Level 4.

• For bridges with medium-low attention class they are not required further evalua-
tions in addition to those ones already performed (frequent periodical visual inspec-
tions).

• For bridges with medium-low attention class they are not required further evalua-
tions in addition to those ones already performed (periodical visual inspections).
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4

Damages in existing bridges

Sommario

Questo capitolo descrive le principali cause di crollo per i ponti esistenti distin-
guendo tra cause interne ed esterne. Successivamente, si cerca di fornire una sche-
matizzazione dei possibili danni a cui i ponti sono soggetti con riferimento a cause,
rappresentate dai fenomeni fisici che li generano, ed effetti, rappresentati da diminu-
zione di capacità e/o aumento della domanda. Infine, alcune delle tipologie di danni
vengono contestualizzati con riferimento alla tipologia strutturale dei ponti esistenti.

Summary

This chapter describes the main causes of collapses for existing bridges distin-
guishing between internal and external causes. Subsequently, a schematization of the
possible damages to which bridges are subject with reference to causes, represented
by the physical phenomena that generate them, and effects, represented by a decrease
in capacity and/or an increase in demand. Finally, some of the types of damage are
contextualized with reference to the structural typology of the existing bridges.

4.1 Main causes of bridge failures

The structural behaviour of bridges cannot be considered the same for all bridges:
each one is different. To better say it depends on a set of parameters, i.e. geometry, de-
sign phases, executive phases, etc, that make it conceivably different. Therefore, each
typology of damage that could occur during the service life of a bridge should be consid-
ered with reference to several aspects such as constitutive material, typology of damage
and its interaction with the type of the bridge, the interactions between damages, etc.. The
damages to which an existing bridge can be affected during its service life are multiple
and may depend on:

• location of the bridge, i.e. near the sea cost, rainy areas, overpassing of a river,
seismic zone, etc.;
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• the deterioration of the constitutive material, i.e. concrete, prestressed concrete,
steel bars, prestressing cables;

• the typology of the bridge, i.e. static scheme, the geometry of the deck, presence of
expansion joints, presence of Gerber saddles, etc.;

• increase of the loads, i.e. traffic.

In addition, the mechanism that governs the occurrence of damages could be very
complicated and involves the coexistence of the aforementioned aspects. In fact, based
on this coexistence, the damages lead to either operational (functionality) or structural
obsolescence. For instance, the structural settlement of a pier leads to an increasing of
displacement in the case of a simply supported bridge scheme, which can provide prob-
lems in the daily passing of the traffic, while it leads to an increasing of stresses in the
case of hyperstatic bridge scheme, which can provide forces that the beam is not ade-
quately reinforced for. As a matter of fact, the identification of cause-effect relationships
for damages could be very complicated. For instance, corrosion in the steel bars can be
seen as the consequence of material deterioration and the cause of flexural and or shear
reduction capacity/damage.

Nevertheless, the main causes of bridge failures, also according to [24], can be subdi-
vided into two main categories: (i) the internal ones and (ii) the external ones. Regarding
the first, the following causes can be identified:

• design errors: often an inadequately designed bridge is not able to properly sustain
extreme events, i.e. earthquakes, and/or guarantee sufficient safety factors with
reference to other problems, i.e. degradation of the constitutive materials;

• lack of maintenance: bridge designers always assume appropriate maintenance in
estimating the life of the designed bride. Thus, the main structural element should
be made easily accessible for future inspections.

Regarding the external causes:

• flood: the common type of collapse is due to the gradual wearing away of the soil
around the piers of the bridge together with an increasing of the external forces on
the structural elements;

• scour: in bridges whose structural elements, like piers, are put in place in bed river.
In fact, the flowing of the water leads to erosion or removal of a stream bed or bank
material from the foundation.

• wind: bridges in windy zones can be subjected to increasing of dynamic loads due
to the forced vibration due to wind actions;

56



Chapter 4. Damages in existing bridges

• collisions: it may happen that ships, vehicles or trains collide structural elements of
a bridge, i.e. vehicles that collide piers of a viaduct that overcomes a highway.

• overload: following the increasing of the static loads, due to retrofitting, changes in
the configurations, and traffic loads. In fact, the existing bridge often was designed
using different traffic loads with respect to those required by the actual technical
codes.

• environmental degradation: the construction materials are subjected to ageing, es-
pecially in the bridges which are the kind of structures that are constantly subjected
to environmental events, i.e. rain.

4.2 Bridge damages overview: causes and effects, demand
and capacity

From a general point of view, it is considered appropriate and more useful to provide
a schematization of damages and their possible effects by the integration of them in the
context of: (i) an increase in the demand, and (ii) a decrease in the capacity and (iii)
physical phenomena that can provoke them. It is worth noting that they are linked through
the bridge typology, which involves constitutive materials, geometry and static scheme.
Figure 4.1 describes possible relationships between damages.

Figure 4.1: A possible schematization of cause-effect relationships for bridge damages
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As far as the external causes are concerned, the following physical phenomena may
occur:

• Increase of static and dynamic loads: it might lead to overloading with subsequent
rupture of the bearing devices. For instance, in the last decades, the actual traffic
loads have become higher with respect to those one prescribed by the technical
codes in force at the design and construction time. Furthermore, dead loads may
change over time, due to the addition of structural and/or not-structural elements,
such as New Jersey, asphalt layers, etc..

• Seismic loads: it can lead either to the damage of the structure and/or its compo-
nents or to partial/total collapses. In fact, for existing bridges built in the last 70s,
the seismic design requirements were different with respect to those ones prescribed
by the actual technical codes. In addition, sometimes they were not considered at
all in the original “static” design phase of the bridge;

• Ageing of the materials: they may provoke their deterioration like cracking in the
concrete, corrosion in steel bars and in prestressed cables.

• Wrong water disposal: it leads to the stagnation of the rainwater that can lead to
the decay of the structural materials. In fact, the rainwater should be able to au-
tonomously run off the deck thanks to adequate systems.

• Structural settlements: they lead to an increasing of displacement in the case of a
simply supported bridge scheme, which can provide problems in the daily passing
of the traffic, while they lead to an increasing of stresses in the case of a hyperstatic
bridge scheme, which can provide forces that the beam is not adequately reinforced
for.

• Scour at bridge foundations placed in riverbed: it leads to the removal of the soil
material and sediment from around the bridge foundation (especially with fast-
moving water during the event of floods) leaving behind scour holes. The piers can
be then subjected to unpredictable changes in support conditions and unexpected
water loads, that may even lead to collapse.

• Reduction of the prestressing stresses in structural elements: they are fundamental
in the definition of the demand. In fact, it can be seen as the difference between the
demand due to the external loads and the capacity due to the prestressing stresses.

As far as the effects are concerned, the following issues may occur:

• Reduction of the flexural and/ or the shear capacity. For instance, related to the
material deterioration and to the increasing of the static loads. In fact, the latter
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case leads to an increasing of the masses that in turn provoke higher seismic forces
for which the structure is not adequate.

• Reduction of the prestressing forces. It is the case, for instance, of the corrosion
in the steel bars and prestressing strands, which can lead to losses of strength and
ductility and in turn to sudden brittle failure mechanism due to reduced capacity, i.e.
the shear ones. Moreover, corrosion in the prestressing strands represents nowadays
an important problem in the existing bridge, in particular those that were built with
specific post-tension technology. A detailed analysis of this phenomenon and a
possible way to model it and consider its effects on the structural behaviour of
existing bridges is deeply analysed in part II.

• Expansion joints deterioration: they are necessary at both ends of each bridge span
for isostatic simply-supported beams, in correspondence with the Gerber saddles
and on the abutments for hyostatic continuous bridge decks. If these kinds of de-
vices are damaged, i.e. due to the increasing of the traffic loads, ageing of their
constituent materials, increase of friction coefficient of the steel interfaces, steel
corrosion, or missing, i.e. due to the complete covering of the deck with asphalt,
the displacement capacity can be reduced.

• Bearing devices deterioration: they are fundamental in the static and seismic be-
haviour of the bridge. They can include single rollers, pinned connections, multiple
sliders, High Damping Rubber Bearing isolators, and friction pendulum devices,
such as Curved Surface Sliders. If these kinds of devices are damaged, i.e. due to
the ageing of their constituent materials, increase of friction coefficient of the steel
interfaces, steel corrosion or undersized with respect to long-term effects, thermal
variations, and seismic-induced displacements, the behaviour of the whole bridge
can be compromised.

• Reduction of the fatigue capacity: it can be related to the fact that the permissible
design stress range (the stress amplitude at which failure occurs for a given number
of cycles is the fatigue strength) of a certain constructive detail decreases due to
damage.

• Reduction of stiffness: it can be related for instance to material degradation, like
cracking in the concrete.

Then, the issues that can be identified according to the possible phenomena above
described, are basically related to how the causes (in terms of the physical phenomenon)
and the consequences effects (in terms of increasing of the demand and decreasing of the
capacity) are influenced by each other. In other words, how each of them, or a group
of them, interact and how they can be taken into account in the interpretation of the
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structural behaviour of bridges, i.e. in the damage modelling. In fact, related to the type of
damage and the type of the bridge, it results to be more appropriate and easier modelling
of either the increasing the demand or the reduction of the capacity. For instance, part
II is completely devoted to the modelling of the corrosion in prestressed strands with the
purpose of providing the reduction effects on their strength and ductility capacities. These
effects lead to reductions of the existing bridges, i.e. flexural, rotational, etc., that can be
either modelled or measured by means of a specific monitoring system.

Moreover, each bridge, in addition to those above described, can also be affected by
specific problems closely related to its typology.

4.3 Damages for each bridge typology

The resistance mechanisms of structures are basically of two types: axial force and
bending moment /shear force. This subdivision is important to correctly understand their
structural behaviour in terms of possible damages and consecutive effects. Based on these
resistance mechanisms the following typologies of bridges can be identified:

• bending moment /shear force resistance mechanism

– Beams and girders bridges.

– Rigid frame bridges.

• Axial force resistance mechanism

– Arch and vaults bridges.

– Cable-Supported Bridges.

4.3.1 Beams and girders bridges

Beams and girders bridges are structures that are constituted by decks composed of
a single beam or by an ensemble of beams where the static scheme can be both iso-
static or hyperstatic. These types of bridges are characterized by a well-known structural
behaviour and have been widely used in the last decades also involving prestressed con-
crete. The main problems that might affect these kinds of bridges are basically related
to: (i) corrosion of the prestressing strands: it provides a high reduction of strength and
ductility capacities of the strands provoking the reduction of the prestressing force in the
bridge beams leading to possible sudden collapses. In particular, post-tensioned strands
that are not fully injected with mortar can be affected by a high probability of corrosion
where mortar injection was not able to cover all cable lengths within the duct. In the case
of bridges characterized by beams that cover just one span (isostatic simply-supported
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schemes), this could also bring to brittle failure of the beam and thus of considerable
portions of the bridge deck.

a

Figure 4.2: Example of corroded strands in the duct of post-tensioned bridge beam

awww.fhwa.dot.gov/publications/research/infrastructure/structures/bridge/14039/005.cfm

Modelling of the corrosion in the prestressing strands is a complicated issue that nowa-
days is still an open research topic. Prestressing forces are at the base of the structural be-
haviour of prestressed concrete beams. In fact, they allow to exploit the entire transversal
cross-section of the beam. Corrosion can strongly reduce the strength and ductility ca-
pacities of the strands that are reflected in the prestressing forces configurations. Thus, a
decreasing in these forces leads to a reduction of the not-cracked transversal cross-section
which can be taken into account by means of a reduction of the inertia characteristics. In
addition, as a first approximation, the effects of the corrosion in the strands could be eval-
uated and modelled considering a reduced moment-curvature diagram taking into account
a strand cross-section reduction only.

(ii) Gerber saddles deterioration: it is due to the particular geometry of this structural
element which allows the stagnation of the rainwater facilitating the local deterioration of
both concrete and reinforcement steel bars.

a

Figure 4.3: Example of deteriorated Gerber saddles in RC road bridges

a[25]https://www.mdpi.com/2412-3811/6/2/25
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(iii) Foundation vertical settlements in the hyperstatic scheme: they can provoke dif-
ferential displacement demand at the bridge deck level with consequent unusual changing
in the tensional state which can lead to unexpected phenomena, i.e. cracks in parts of
beams that are not designed for tension stresses for instance due to the variation, from
negative to positive, of the bending moment at the support. Foundation vertical settle-
ments might be easily modelled by introducing elastic settlements in the static scheme of
the bridge, i.e. in the finite element model. (iv) Fatigue problems: they are due to load
cycles to which the bridge structure is subjected during its service life. In particular, it
plays a central role in the suitability of welded and/or bolted connections in steel bridges.
Fatigue problems are difficult to evaluate. In general, they require knowledge of the load
cycles over the bridge from the construction time until nowadays. Clearly, this informa-
tion is often unachievable. Thus, the estimations of the traffic loads might be based, for
instance, on a certain reduction over the years of the actual traffic passing on the bridge
nowadays. The final goal is then the estimation of the remaining fatigue life, on which
economic evaluations can be drawn. However, a certain damage to fatigue, for instance in
steel bridges that are characterized by many connection joints, can be modelled consider-
ing the reduction and/or removal of the connection in the static scheme of the bridge, i.e.
in the finite element model.

a

Figure 4.4: Example of a foundation vertical settlements

awww.stuff.co.nz/the-press/news/canterbury/9164925/Damaged-bridge-divides-community
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4.3.2 Rigid frame bridges

Rigid frame bridges are characterized by hyperstatic schemes where the deck-pier
joints play a fundamental role in transmitting bending moment, shear and axial forces.
The superstructure and the substructures are continually connected in order to have a
monolithic system. Due to hyperstaticity and redundancy of the moment-resisting frame,
foundation/soil settlements can provoke differential displacement demand at the deck-
pier joints with consequent unusual changing in the tensional state that can lead to the
damage of the joints themselves. In addition, due to the frame structural behaviour (high
bending moment in correspondence of the joints which have to be able to transfer it to
the foundations), the seismic loads can lead to localized damages of the joints that can
compromise the static behaviour of the bridge. In fact, the retrofitting of these kinds
of bridges according to the seismic standard imposed by the recent codes could result
difficult to achieve requiring a high capacity demand for the deck-pier joints.

Arch and vaults bridges are characterized by curved structural elements and they in-
clude several types of structural solutions:

• isostatic three-hinges arches;

• hyperstatic two-hinges arches;

• hyperstatic hingeless arches;

• hyperstatic massive - with solid spandrels – masonry or concrete arches;

• tied arches (to be better considered in the cable-supported bridges category);

• hyperstatic three-dimensional vaults and shells.

4.3.3 Isostatic three-hinges arch bridges

Isostatic three-hinges arch bridges need the horizontal reaction (thrust) to be effec-
tively developed by the piers/abutments. Lateral settlements at the foundation level have
to be prevented at all costs (meaning that rock soil should be there or deep pile founda-
tions/tie rods provided for) to guarantee the equilibrium of the whole arch (ultimate limit
state requirement), and to avoid significant vertical deflections (serviceability limit state
requirement). All hyperstatic solutions can suffer both vertical and lateral differential dis-
placements between the two piers/abutments, being subjected to changes in the stresses
distribution. All the more reason, differential settlements should be absolutely prevented
in vaults and shells. In these cases, the hyperstaticity involves also the transversal di-
mension of the bridge, in the guise of spatial coactive states hard to be controlled when
differential settlements occur. Thus, the settlements are the main causes of damages in
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arch and vault bridge structures leading to longitudinal and/or transversal lesions on the
materials (concrete, masonry, grout) that provoke reductions of stiffness.

a

Figure 4.5: Example of a pier vertical settlements in an arch masonry bridge

a[26]https://link.springer.com/article/10.1007/s11012-021-01397-1

4.3.4 Cable-supported bridges

Cable-supported bridges allow to cover the longest spans. Cables are usually made
either of steel or of prestressed concrete. In general, from the shorter to the longer spans,
they can be classified as:

• tied arches with the deck at the base of the arch, in which the deck is connected to
the main supporting arch by means of vertical or inclined hangers;

• cable-stayed bridges. In the case of steel stays, there could be many of them either
in fan or harp arrangement. In the case of prestressed concrete stays, typically they
are in reduced number (say 2 or 4, per pylon);

• suspension bridges.

In all cases, the steel cables constituting either the hangers, or the stays, or the main
rope and vertical hangers, should be efficient during the entire bridge’s life, as well as
their connection with other main structural elements. The main issues are then related to
cables corrosion and connections deterioration. Furthermore, very specific problems may
arise due to wind-induced aero-elastic effects (vortex shedding, Galloping, divergence,
flutter), due to the considerable length and slenderness of these structural elements.
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4.4 Anomaly detection and damage classification through
monitoring systems

For each of the reported damages on existing bridges, prevention (inspections) and
maintenance activities, and, if required, intervention strategies, should be put in place.
For the correct management of existing bridges, these activities have to be strictly related
to each other.

In this context, the monitoring of existing bridges can help, but always with the clear
understanding that it is not enough if it is implemented as a standalone tool, without a
proper knowledge and deep study of the behaviour of the bridge under examination. In
fact, it needs hand calculations and adequate and calibrated numerical models to effec-
tively support the engineers in the actual understanding of the structural behaviour of the
bridge and in the identification of its possible anomalies, for instance, related to particular
damage scenarios.

In the general framework of Structural Health Monitoring [27], four levels have been
widely recognised as possible outcomes of an installed monitoring system (see Table 4.1):

Anomaly detection:

• Level 1: damage existence.

Damage classification:

• Level 2: damage location;

• Level 3: damage type;

• Level 4: damage severity;
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Table 4.1: Levels for possible outcomes of an installed monitoring system

Anomaly detection Damage classification
Level 1: Damage
existence

Level 2: Damage lo-
cation

Level 3: Damage
type

Level 4: Damage
severity

Supervised Approach:
Threshold defined
through structural
models (structural
model-based approach
or engineering ap-
proach)

Supervised
Approach: The
following tools are
needed:
Calibrated structural
models of the intact
bridge;
Damage simulation
models;
Structural models of
the damaged bridge;
Artificial
Intelligence
algorithms.

Supervised Ap-
proach: Idem

Supervised Ap-
proach: Idem

Not-Supervised Ap-
proach: Threshold
(iper-parameters) de-
fined through large
data collection and
statistical tools on the
dataset (data-driven
approach)

The so-called “anomaly detection” (Level 1), which is also related to the definition of
performance indexes and thresholds values (such as attention, alert and alarm conditions)
that can be implemented as parameters to check during the service life of the monitored
bridges, can be performed according with the following approaches:

1. Supervised approach (structural-model based or engineering approach): the engi-
neer identifies suitable significant parameters, or a combination of them, for each
damage, (e.g. the strain in a certain point of a beam). This activity is based on the
knowledge/experience/skill (i.e. the expertise) of the engineer on both structural
analysis and phenomena that provoke the damage. In other words, the monitor-
ing data might be enough to discriminate the safe and unsafe states of the bridge,
i.e. by comparison of the measured stresses in a certain point of a beam with its
permissible value driven by the expert judgment of the engineer. However, also
calibrated structural models of the bridge, depending on the type of damage, can
be used to set threshold values for the identified parameters. These models in fact
allow to study of the effects of damages, which requires their modelling according
to the bridge typology and its structural behaviour, on the response parameters that
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have either directly measured parameters (in the field by the monitoring system) or
indirect ones (obtained from the measured parameters).

2. Not-supervised approach (data-driven approach): this approach is based only on
the analysis of the monitoring data measured in long periods and properly pro-
cessed with statistical tools. A large amount of data is required, to identify reliable
statistical thresholds.

The so-called “damage classification” (Levels 2, 3 and 4) is aimed at identifying the
damage location, damage type and damage severity. For these activities, the damage
modelling introduced within calibrated structural models has the purpose of identifying
sets of output parameters related to the location, type and severity of the damage. These
parameters will be used to train AI artificial intelligence algorithms, aimed precisely at
classifying the damage scenario in terms of location, type and severity.
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5

Structural Health Monitoring and
maintenance

Sommario

In questo capitolo viene brevemente descritto cosa si intende per Structural Health
Monitoring (SHM), introducendo le fasi che dovrebbero essere implementate nella
corretta gestione del monitoraggio stesso, anche con riferimento alle attività e i ruo-
li professionali coinvolti. Successivamente, viene decritto il background teorico di
due tecniche di identificazione dinamica ampiamente utilizzate nell’estrazione dei
parametri dinamici significativi di una struttura monitorata (frequenze di vibrazione,
modi di virbrare e rapporti di smorzamento). Queste sono poi applicate a due casi
studio di una passerella in acciaio sita in Pianoro, Bologna, ed un ponte ferrovia-
rio sito a Napoli. Inoltre, viene brevemente descritto il background teorico di una
tecnica statistica (Principal Component Analysis) spesso utilizzata per rimuovere gli
effetti ambientali, come quelli dovuti alla temperatura e all’umidità ad esempio, sui
dati di monitoraggio.

Summary

This chapter briefly describes the meaning of Structural Health Monitoring (SHM),
introducing the phases that should be implemented in the correct management of the
monitoring itself, and also with reference to the activities and involved professional
roles. Subsequently, the theoretical background of two dynamic identification tech-
niques widely used in the extraction of the significant dynamic parameters of a mon-
itored structure (frequencies, modal shapes and damping ratios) is described. These
are then applied to two case studies of a steel footbridge located in Pianoro, Bologna,
and a railway bridge located in Naples. Furthermore, the theoretical background of
a statistical technique (Principal Component Analysis) often used to remove envi-
ronmental effects, such as those due to temperature and humidity for example, on
monitoring data is briefly described.
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5.1 Phases for a correct Structural Health Monitoring
system

Structural Health Monitoring (SHM) aims at giving, at every moment during the life
of a structure, a diagnosis of the “state” of the constituent materials, of the different parts,
and of the full assembly of these parts constituting the structure as a whole [28]. The
state of the structure must remain in the domain specified in the design, although this
can be altered by normal ageing due to usage, by the action of the environment, and
by accidental events. Thanks to the time-dimension of monitoring, which makes it pos-
sible to consider the full history database of the structure, and with the usage of tech-
niques for dynamic identification, i.e. Frequency Domain Decomposition (FDD), and for
statistical approaches, i.e. Principal Component Analysis (PCA), it can also provide a
prognosis (evolution of damage, residual life, etc.) of structures. SHM can be seen as
a decision-making tool for the interventions necessary for existing structures to maintain
the code-required safety levels. In other words, a monitoring system is an organized set of
measurement tools and instrumentation that is designed and managed in order to obtain
field data that, if properly interpreted, can give useful information about the structural
behaviour of existing bridges and structures. Therefore, it can help the Owner and the
Engineer in the decision-making process, by driving them towards the identification of
the best type of intervention for the infrastructure at hand.

It may happen that monitoring systems lead to wrong decisions on the basis of wrong
data acquisition or wrong data interpretation. To avoid this and to be effective, the moni-
toring system of a given existing bridge should consist of the following phases (to which
specific activities, different roles and responsibilities of the involved operators corre-
spond):

0. Preparation: planning and design of the monitoring system with clear identifica-
tion of the objectives and of the response parameters to be measured.

1. Data acquisition: this phase refers to the operations with which the physical instru-
ments are put in place (implementation) and correctly provide the data of interest
(calibration).

2. Data processing: this phase refers to the first elaborations, typically made by tech-
nicians who installed the instruments, aimed at returning the raw data in an in-
telligible way (data reported in the correct measure units, removal of spikes and
systematic errors in the recorded signal, any correction of the temperature effects).

3. Extraction of significant response parameters: this phase corresponds to the
mathematical analysis of the recorded signal with the aim of extracting hidden re-
sponse parameters of the bridge (e.g. frequency, damping, . . . ). This phase requires
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the removal of the thermal effects on the monitoring data. In fact, the measure of
the response of the structure could be hidden by the thermal component.

4. Data clustering: a collection of all data in a single “tool” usable by specific opera-
tors, typically a web platform, which can be inquired to provide a first visualization
(e.g. time-history plot) of the results.

5. Aggregate data reporting: this term refers to the scheduled operations in which
people in charge (typically the company in charge of data clustering) provides re-
porting containing all the aggregate data obtained from the monitoring system.

6. Short-term data evaluation: expeditious evaluations carried out daily/weekly by
the so-called “Control room” through the comparison of the data with identified
”threshold values” and prescribed “attention bands” (lower and upper bounds), if
available. In the event of dangerous scenarios (e.g. exceedance of the “threshold
values”), phase 9 has to be considered, keeping into account all implications on the
society.

7. Long-term data interpretation: this phase refers to periodic evaluations with
scheduled reporting (typically half-yearly, yearly, . . . ), with which the results pro-
vided by the monitoring system are analysed and compared (together with those
provided by any additional survey campaign). These evaluations require the con-
textualization of the experimental data in relation to the specific characteristics (his-
tory, materials, mechanical and behavioural properties, loading intensities, temper-
ature effects) of the infrastructure at hand. The interpretation of the monitoring data
is a complex operation that must be seen with a long-term perspective (reasonably
lasting for the entire life of the infrastructure or at least until the structural behaviour
stabilizes) and which must necessarily be carried out on the basis of in-depth knowl-
edge of the bridge. In this respect, attention is paid to the fact that this long-term
interpretation is not to be confused with the simple aggregate data reporting of the
monitoring data referred to in the previous point. The interpretation is aimed at
having a meditated picture of the static and dynamic/seismic condition of the in-
frastructure under control both in the immediate (quarter/semester of reference) but
also, and above all, in perspective (i.e. identification of any pathologic changes in
the state/conditions of the bridge with reference to its physiological behaviour).

8. Decision support: it corresponds to the technical and scientific contributions that
the Experts (Engineers and/or Scientific Committee) provide in terms of guidance
in the choices made by the Owner (a) in the development of the monitoring system,
(b) in the interpretation of the data, (c) in the activation of specific surveys and
consultancy studies aimed at planning specific interventions.
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9. Intervention: in this phase, the possible intervention decided in the previous phase
has to be designed and implemented. It is worth noticing that the Owner and the
Police, together with the Experts (Engineers and/or Scientific Committee), should
temporarily handle the infrastructure both before and during the intervention phase.
Typically, two scenarios can be envisaged: (i) closing the access to the infrastruc-
ture (full closing), (ii) limiting the traffic on the bridge (partial closing, reduction
of weight, reduction of velocity). Consequences on the viability (traffic jams, alter-
native ways) should be carefully considered since they may have a large impact on
the society habits and expectations.

The following table aims at schematizing the above-mentioned phases and at identi-
fying actors, roles and responsibilities as well as the main objectives of each step.

Table 5.1: Schematization of the monitoring activities

Step Phase Actors-
Operators

Activities-
Responsibilities

Objectives

Preparation 0 Preparation Owner + Engi-
neer + Scientific
Committee

Identification of
the objectives of
the monitoring
system

Decision about
data to be mea-
sured

Anamnesis 1 Data acquisi-
tion

Company in
charge of the
physical monitor-
ing instrumenta-
tion

Installation
Acquisition

Correct function-
ing
Actual measure-
ments of what ex-
pected

2 Data process-
ing

Company in
charge of the
physical monitor-
ing instrumenta-
tion

Processing
Delivery to the
web platform

Spikes removal
Temperature ef-
fects corrections
Adequate preci-
sion/resolution
Transfer speed
Adequate con-
nection with the
data clustering
company
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3 Extraction
of signifi-
cant response
parameters

Signal analysis
specialist

Signal analysis Mathematical
rigour
Correct iden-
tification of
significant hid-
den response
parameters

4 Data cluster-
ing

Company in
charge of the
development
of the data
web-repository
(software plat-
form)

Web-repository
development
Collection Visu-
alization Inquiry

Full collection
Safe storage
Straightforward
tools

5 Aggregate
data reporting

Company (could
be the same in
charge of the
development
of the data
web-repository)

Periodic report
Visualization

Diligence
Compliance with
deadlines

Diagnosis 6 Short-term
data evalua-
tion

People in charge
of daily/weekly
check of data
(“Control
Room”)

Daily check
Weekly check
Comparison of
selected data with
threshold values

Surveillance
Alert
Early warning

7 Long-term
data interpre-
tation

Technicians (En-
gineer / Scientific
Committee) in
charge of peri-
odic long-term
interpretation
of data (6/12
months, even
more)

Comparative
study of the re-
sults in the more
general context
given by deep
knowledge of the
bridge

Overall under-
standing of actual
behaviour of the
infrastructure
Engineering
judgement for
the definition of
sound thresholds

73



5.2. Possible approaches for the extraction of significant response parameters

8 Decision sup-
port

Engineer + Scien-
tific Committee +
Risk manager +
Consultants

Synthesis of all
information
Support to the
Owner

Engineering
judgement lead-
ing to safety
conclusions
and to the best
intervention type

Consequences 9 Intervention Owner + Police +
Experts

No intervention
needed
Limiting the traf-
fic
Closing the in-
frastructure to
traffic

To handle the in-
frastructure dur-
ing the interven-
tion design pro-
cess and imple-
mentation

5.2 Possible approaches for the extraction of significant
response parameters

From an engineering point of view, the extraction of the significant response parame-
ters represents an important step (phase 3) on which the SHM are based. In this regard, the
parameters that describe the dynamic behaviour of the structure, i.e. vibration frequencies,
modal shapes, and damping ratios, can be estimated by means of several dynamic identifi-
cation techniques. They can be divided into two groups: (i) frequency domain techniques
and (ii) time domain techniques. With reference to the type of the excitation load, the al-
gorithms for identification of modal properties are divided into: (i) input-output, referred
to as Experimental Modal Analysis (EMA), which requires the measurements of the input
loads (the dynamic characteristic of the structure are collected from the transfer function
between the input and the output responses), and (ii) output-only, referred as Operational
Modal Analysis (OMA), which use the measured response of the structure in operational
condition and does not require the characterization of the input loads. The EMA approach
has been widely used in the last decades in the mechanical engineering field, basically in
the study of dynamic behaviour and in the dynamic identification of small elements in lab
spaces. However, also experimental campaigns with purposes of dynamic identification
through EMA techniques on buildings and bridges have been performed. Since the OMA
techniques take advantage of the fact that the monitored structures can stay in the opera-
tional conditions, resulting also advantageous from an economic point of view, they have
taken hold in recent decades.

One of the most used OMA techniques for the dynamic identification that works in
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the frequency domain is the Frequency Domain Decomposition (FDD) [29], [30], [31]
that involves computation of the power spectral density matrix and uses singular value
decomposition (SVD) to decompose the matrix at every frequency into a set of auto-
spectral density functions, each corresponding to a single degree of freedom (SDOF)
system. In parallel, in the time domain, the objective is to extract the physical informa-
tion of the structure under examination from correlation functions. The major difference
between the time domain techniques is that they use different ways for the formulation of
the regression problem. One of the most diffused techniques is the Stochastic Subspace
Identification (SSI), which can be formulated into two types: covariance-driven SSI (SSI-
cov) and data-driven SSI (SSI-data). In the last 30 years, the output-only identification
technique, such as Frequency Domain Decomposition (FDD) and Stochastic Subspace
Identification (SSI) became widely used since they overcame the limitations of the previ-
ous techniques in terms of working with closely spaced modes and noise. Thus, nowadays
Operational Modal Analysis (OMA) techniques are frequently used in the framework of
civil engineering (buildings, bridges, pedestrian bridges, wind turbines, dams, etc.) me-
chanical engineering and aerospace engineering.

The OMA techniques are based on the following hypotheses: (i) the response of the
system to a combination of inputs is equal to the combination of the response to every
single input, (ii) the input is assumed to be stationary (it does not change its characteristics
over the time) and (iii) the layout of the sensors is well-designed in the sense that it
consents the observability of the modes of interests. The key point of the OMA technique
resides in the fact that the input is supposed to be white noise, i.e. the PSD is a constant
matrix. In other words, this assumption leads to consider that all the modes are equally
excited and the output spectrum contains full information about the structure.

5.2.1 Frequency Domain Decomposition

The Frequency Domain Decomposition (FDD) provides very accurate results main-
taining a user-friendly approach. It is based on the theoretical relationship in the modal
space between the unknown outputs y(t) and the modal coordinates p(t):

y(t) = [Φ]p(t) (5.1)

where [Φ] is the Modal Matrix. The correlation matrix of the outputs y(t) can be
expressed by computing their expected value as follow:

[Ryy(τ)] = E[y(t+ τ)y(t)T ] = [Φ][Rpp(τ)][Φ]T (5.2)

The Fourier transform of the Eq. 5.2 then results to be:

[Gyy(jω)] = [Φ][Gpp(jω)][Φ]T (5.3)
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where Gyy(jω) and Gpp(jω) represent the Power Spectral Density (PSD) matrices
of the outputs and of the modal coordinates, respectively. Through the Singular Value
Decomposition (SVD), the PSD matrix of the outputs (Gyy(jω)) can be factorized as
reported in the following formula:

Gyy = [U ][S][V ] (5.4)

Where the matrices U and V are the unitary matrices that contain the left and right
singular vectors and S is a diagonal matrix of the scalar singular values. However, for a
Hermitian and positive definite matrix, like the PSD matrix, it results that U = V and the
factorization can be written as follow:

Gyy = [U ][S][U ] (5.5)

From the comparison between Eq. 5.3 and Eq. 5.5 it can be seen the direct relation-
ship between singular vectors and mode shapes. The singular values are related to the
modal responses and they can be used to define the spectra of equivalent SDOF systems
characterized by the same modal parameters as the modes contributing to the response of
the Multiple Degrees of Freedom (MDOF) system under investigation.

Thus, the first step of the technique algorithm is the estimation of the Power Spectral
Density (PSD) matrix, for instance by means of the Welch formulation [32]. The PSD
of the output is then evaluated at discrete frequencies f = fi that define the frequency
resolution of the final spectra. It is worth noting that the results achieved by using the FDD
technique are affected by the frequency resolution. In addition, the important aspect of the
SVD decomposition is that, since it provides the singular values arranged in descending
order, in each frequency fi value the first singular value contains the information about
the dominant mode at that frequency.

Welch’s Method. The signal is divided into L overlapping (by D points) segments
of length M. The L segments are then windowed in the time domain by applying a
window function (i.e. Hamming, Blackman, Gaussian, etc.). Then the periodogram
is calculated by computing the squared magnitude of the Discrete Fourier Trans-
form of the windowed segments. The individual periodograms are then averaged,
which reduces the variance of the individual power measurements. The end result
is an array of power measurements vs. frequency “bin”.

The identification goals using the FDD technique are then achieved by looking at the
spectra, as a function of the frequency, of the first singular values. This is the case of well-
separated modes, where the contribution of the higher singular values is negligible and the
modes identified on the spectra of the first singular value are a good approximation. On
the contrary, in the case of close modes, near their natural frequencies, more than two
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singular values with not negligible amplitude can be observed. In this case, the modes are
identified by looking at the singular values that present higher amplitudes, which might
be different from the frequency of the peak. This aspect is due to the fact that the SVD
provides orthogonal vectors. In fact, if the experimental mode shapes are orthogonal the
obtained estimates are unbiased. On the contrary, if the mode shapes are not orthogonal,
the mode shape estimates for the closely spaced modes are biased. However, the estimate
of the dominant mode can be considered valid, in fact, the bias mainly affects the weak
mode. Finally, the modal shape of each mode is determined by looking at the singular
vector, which is stored in the U matrix, associated with the peak of the singular value
identified as its natural frequency. Starting from the identified peak, equivalent SDOF
systems can be defined. In fact, each of them can be seen as a set of singular values
around the peak that are characterized by similar singular vectors. This aspect is used
in the so-called Enhanced Frequency Domain Decomposition (EFDD) [33] in order to
estimate in addition, the damping ratio. Thus, as the first step the procedure requires the
identification of singular vectors around that one corresponding to the peak. A possible
choice can be carried out using the so-called Modal Assurance Criterion (MAC) index,
which is used to measure the correlation between two modal vectors, according to the
following formula.

MAC(uiφk) =
|uiHφk|2

(uiHui)(φk
Hφk)

(5.6)

where ui and φk represent a generic vector at the frequency fi and the vector representing
the k − th mode (it corresponds to the k − th peak).

The MAC assumes, by definition, values in the range [0,1]. In particular, it is equal to
0 when the two vectors under analysis are orthogonal while is equal to 1 when they differ
for a scale factor only. The MAC index is used to choose the points of an equivalent PSD
SDOF function. In fact, each point corresponds to the singular vectors that have a MAC
index that assumes values higher than the so-called rejection level, which is typically
adopted equal to 0.8. Thus, the identified equivalent PSD SDOF function can be used
to evaluate the modal damping ratio, which can be estimated by using the logarithmic
decrement technique applied to its Inverse Fast Fourier Transform (IFFT). The latter, in
fact, assumes the shape of an approximated correlation function taken by an equivalent
SDOF system in the time domain.

In addition, to estimate the natural frequency independent with respect to the fre-
quency resolution of the spectra, a linear regression on the zero crossing times of the
equivalent SDOF system correlation function could be applied.
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5.2.2 Covariance-driven Stochastic Subspace Identification

Equations of motion of a Multiple Degree of Freedom (MDOF) are generally ex-
pressed in matrix form by the following expression:

[M ] ¨y(t) + [C] ˙y(t) + [K]y(t) = f(t) (5.7)

where ¨y(t), ˙y(t) and y(t) are the vectors of acceleration, velocity, and displacement,
respectively, [M ], [C], and [K] denote the mass, damping, and stiffness matrices, f(t)

is the forcing vector. State space models are used to convert the second-order problem
described by Eq. 5.7 into two first-order problems, defined by the so-called state equation
and observation equation. They assume the expressions reported in Eq. 5.8 and Eq. 5.9,
respectively.

˙s(t) = [Ac]s(t) + [Bc]u(t) (5.8)

yo(t) = [Ca] ¨y(t) + [Cv] ˙y(t) + [Cd]y(t) (5.9)

Where yo(t) is the vector of the measured outputs, [Ca], [Cv] and [Cd] are the output
location matrices for acceleration, velocity, and displacement, respectively. [Ac] and [Bc]

are the state matrix and the input influence matrix, respectively. The subscript c indicates
the continuous time. s(t) is the state vector, which is defined according to Eq. 5.10.

s(t) =

{
˙y(t)

y(t)

}
(5.10)

Detailed mathematical manipulation for obtaining Eq. 5.8 and Eq. 5.9 can be found
in [30].

Under the assumption that the input is piecewise constant over the sampling pe-
riod continuous-time state-space model can be converted to the discrete-time state-space
model and assumes the following expression:

˙sk+1 = [A]sk + [B]uk

yk = [C]sk + [D]uk
(5.11)

where sk = s(k ·∆t) is the discrete-time state vector yielding the sampled displace-
ments and velocities, uk and yk are the sampled input and sampled output, respectively,
[A] is the discrete state matrix, [B] is the discrete input matrix, [C] is the discrete output
matrix and [D] is the direct transmission matrix. However, the system described by Eq.
5.11 is a deterministic model (it is driven by a deterministic input only). Thus, in order
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to include stochastic components, the following discrete-time combined deterministic-
stochastic state-space model is obtained:

˙sk+1 = [A]sk + [B]uk + wk

yk = [C]sk + [D]uk + vk
(5.12)

where wk is the process noise due to disturbances and model inaccuracies, while vk is
the measurement noise due to sensor inaccuracies.

In the context of Operational Modal Analysis (OMA), structures are excited by several
inputs that cannot be measured. In other words, the information about the vector uk is not
available and the measured system response is generated by the stochastic processes wk
and vk only. Therefore, the system is simplified as follows:

˙sk+1 = [A]sk + wk

yk = [C]si + vk
(5.13)

Finally, when a stochastic state-space model is adopted (q. 5.13), the objective is the
determination of the matrices [A] and [C] from a large number of measurements of the
output yk. In addition, also the determination of the order n of the unknown system is
required.

The Covariance-driven Stochastic Subspace Identification (SSI-cov) aims at comput-
ing the state space models described by Eq. 5.13 from a given output data assuming white
noise for wk and vk. The SSI-cov starts from the computation of output correlations of the
data collected in the l (number of outputs) x m (number of elements of each output)[Y ]

matrix at different time lags i, according to the following formula:

[Ri] =
1

m− i
[
Y(1:m−i)

] [
Y(1:m)

]T (5.14)

where
[
Y(1:m−i)

]
is obtained from the n x n data matrix [Y ] by removal of the last

i samples, while
[
Y(1:m)

]
is obtained from [Y ] by removal of the first i samples. Thus,

all the estimated correlations at different time lags are collected in the Toeplitz matrix
according to the following expression:

T ∈ Cp×p is a Toeplitz matrix if tij = ti−j for 2p− 1 parameters t1−p1 , ..., tp−1. An
example for p = 4:

T =


t0 t−1 t−2 t−3

t1 t0 t−2 t−2

t2 t1 t0 t−1

t3 t2 t1 t0
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5.2. Possible approaches for the extraction of significant response parameters

[T1|i] =


[Ri] [Ri−1] . . . [R1]

[Ri+1] [Ri]
. . . [R2]

...
... . . . ...

[R2i−1] [R2i−2]
. . . [Ri]

 (5.15)

The Toeplitz matrix [T ] has dimension equal to (l · i) x (l · i) since each correlation
matrix [Ri] has dimension lxl. For the identification of a system with order n, the number
of blocks rows has to respect the condition for which (l · i) ≥ n. Clearly, in practical
identification problems, this parameter is unknown and has to be tuned.

After the assembling of the Toplix matrix, considering that the number of outputs l
is a constant of the identification problem, the value of i that respects the condition with
respect to the number of model orders can be set: i ≥ n/l. In other words, the i value is
the main parameter to be chosen by users and that has to be well identified. Considering
the relationship between the correlations and the state matrix of Eq.5.16, the Toeplitz
matrix can be factorized as follow.

[Ri] = [C][A]i−1[G]

where

G = E[sk+1y
T
k ]

(5.16)

where G is the covariance between the response of the system yk and the state vector
sk+1.

[T1|i] =


[C]

[C][A]
...

[C][A]i−1


[
[A]i−1[G] . . . [A][G] [G]

]
= [Oi][Γi] (5.17)

Where [A] is the state matrix, [Oi]l·i×n and [Γi]n×l·i are the observability and reversed
controllability matrices, respectively. It is worth noting that if the condition l · i ≥ n is
respected, the rank of the Toeplitz matrix is equal to n (the Toeplitz matrix results from
the product between a matrix with n columns and a matrix with n rows). Comparing
the Singular Value Decomposition (SVD) of the Toeplitz matrix in Eq. 5.18 with its
definition reported in Eq. 5.17 it results immediate the estimation of the observability and
controllability matrices.

[T1|i] = [U ][S][V ]T =
[
[U1] [U2]

] [[Σ1] [0]

[0] [0]

][
[V1]T

[V2]T

]
(5.18)
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Where the non-zero singular values are decreasingly arranged in the diagonal matrix
[Σ1], which has n×n dimension. The matrices that contain the left and right singular vec-
tors, respectively U and V , have dimensions equal to (l·i×n) and (n×l·i). Consequently,
the observability and controllability matrices assume the following expressions.

[Oi] = [U1][Σ1]
1
2 [T ]

[Γi] = [T ]−1[Γ1]
1
2 [V1]T

(5.19)

The final step is then the estimation of the matrices [A] and [C], which can be done
according to different approaches whose detailed expressions can be found in [30]. Fi-
nally, the modal parameters can be extracted from those matrices. In fact, the poles in
the discrete time are in the diagonal matrix obtained from the eigenvalue decomposition
of the state matrix. The conversion of the p-th pole corresponding to a physical mode
from discrete-time to continuous-time is obtained by Eq. 5.20, which describes a rela-
tionship between the pole in the z-domain (discrete) and that one in the Laplace domain
(continuous).

zp = eλ·p·∆t ⇒ λp =
ln(zp)

∆t
(5.20)

Thus, for instance, for the p-th mode, the natural frequency, the damped modal fre-
quency, and the damping ratio can be obtained as follow:

fp =
|λp|
2π

fd,p =
Imag(λp)

2π

ξp = −Real(λp)
|λp|

(5.21)

As described above, the number of modes could be estimated as the rank of the Tao-
pleiz matrix. However, in practical identification problems, this is not possible due to
the fact that the singular values that theoretically should be zero (defining of the [Σ1]n×n
in Eq. 5.18 matrix), are not, for instance, due to noise phenomena and modelling inac-
curacies. Thus, in practical applications, a range of model order n is previously fixed,
for instance, higher than two times the number of physical modes of the system within
the frequency range under analysis according to [34], and then the number of inputs are
identified (l · i ≥ n). Moreover, the time lag i has to be previously set, also based on the
experience, in such a way as to allow the identification of the main modes. For instance,
[35] suggests to consider the minimum number of correlation points (which are related
to the time lag i) taking into account that the correlations should contain more than one
complete cycle of the largest structure period of vibration.
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5.3. A possible approach to manage the long-term data evaluation

The introduction of high model order leads to the identification of the so-called spuri-
ous modes, which are numerical modes without physical meaning. Typically, the separa-
tion between physical and spurious modes is done by means of the stabilization diagram
where all the modal parameters coming from the identification are expressed all together.
It shows the poles obtained for different model orders as a function of their frequency.
Physical modes can be identified from alignments of stable poles with respect to the mode
orders. In fact, the spurious modes tend to be more scattered. The construction of the sta-
bilization diagram is based on the comparison of the poles associated with a given model
order with those associated with the previous model order. The adopted criteria to identify
stable poles are related to the value assumed by the percentage of the difference in two
consecutive model orders of the frequency, damping ratio and MAC values. Typically, the
following limit percentage are adopted:(

|f(n)− f(n+ 1)|
f(n)

< 0.01

)
(5.22)

(
|ξ(n)− ξ(n+ 1)|

f(n)
< 0.05

)
(5.23)

[
[1−MAC(φn, φn+1)] < 0.02

]
(5.24)

Therefore, according to these limits, in the stabilization diagram, the following poles
can be identified: (i) stable in frequency: if is respected the Eq. 5.22 only, (ii) stable in
damping: if is respected the Eq. 5.23 only, (iii) stable in MAC if is respected the Eq.
5.24 only, and (iv) stable: if Eqs. 5.22, 5.23 and 5.24 are simultaneously verified. The
stabilization diagram consents to select the poles that reasonably represent the structure
physical modes.

5.3 A possible approach to manage the long-term data
evaluation

In order to properly perform the monitoring activities, in particular the Long-term data
interpretation, the environmental effects on the monitoring data have to be removed. In
fact, the structural behaviour measured by the sensors composing the monitoring system
is affected by the environment in which the structure is located. As a consequence, the
data results are affected by components that are not associated with the structural be-
haviour only, but also by those ones associated with the interaction of the structure with
the environment, i.e. temperature, humidity, and so on. In this regard, Figure 5.1 shows an
example of monitoring data (normalized according to Eq. 5.25) that are affected by tem-
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perature effects. This is clear from the seasonal behaviour (that seems almost periodic) of
the data over the years.

Figure 5.1: Example of monitoring data affected by temperature effects

A possible approach to remove these effects is by means of the application of statis-
tical tools which can be calibrated using the large number of observations coming from
the monitoring system. The goal of these approaches is to find relationships between
the parameters that describe the structural behaviour of the monitored bridge, which can
be either directly measured, like stresses, inclinations, etc., or indirectly calculated like
frequency, damping ratios, modal shapes, etc. (for instance with FDD and SSI-cov tech-
niques), with the factors that influence them, like temperature, humidity, etc.. Clearly, this
requires the measurements of those independent variables (temperature, humidity, etc.).
A widely used statistical tool for this purpose is the Principal Component Analysis (PCA)
which is briefly described in the following section.

5.3.1 Principal Component Analysis

Principal Component Analysis (PCA) is probably the oldest multivariate analysis
technique. It was first introduced by Pearson (1901)[36], and developed independently
by Hotelling (1933) [37]. Like many multivariate methods, it started to be widely used
after the advent of electronic computers in the last decades. Nowadays PCA represents a
popular technique adopted for the analysis of large data sets with a high number of dimen-
sions. The central idea of principal component analysis is to reduce the dimensionality
of a data set in which there are a large number of correlated variables, maintaining as
much as possible, the variability present in the data set itself. This reduction is achieved
by transforming the variables of the original data set to a new set of variables, the prin-
cipal components, which are uncorrelated (diagonal covariance matrix), and are ordered
in such a way that the first few retain most of the variability that is present in all of the
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5.3. A possible approach to manage the long-term data evaluation

original variables. The computation of the principal components is given by the solution
of an eigenvalue problem for a positive-semidefinite symmetric matrix. The steps towards
the computation of the principal components are the following:

• Standardization of the data set D of dimensions m× n, which represents the length
of the variables (i.e. the time of acquisition) and the number of the variables (i.e. the
number of the sensors), respectively. The goal is to standardize the initial variables
that are present in the data set so that each one of them contributes equally to the
analysis. In fact, they are of different natures with different ranges of definition,
i.e. data measured by different sensors of a monitoring system. In other words,
they have an initial variability. Since the PCA is sensitive to this initial variability,
which means that a variable in a range 0-100 will dominate a variable in a range
0-1, which can lead to biased results, the following formula to standardize the initial
variables can be applied:

Di,st =
Di −mean(Di)

std(Di)
(5.25)

Eq. 5.25 leads to a data set that can be transformed in the same scale.

• Computation of the covariance matrix C.

[C]n×n = [Dst][Dst]
T (5.26)

• Computation of the Singular Value Decomposition (SVD) of the covariance matrix
[C].

The objective of the PCA analysis is to compute the matrix that allows to make the
following transformation:

[P ]m×n = Tm×m[Dst]m×n ⇒ [Dst] = [T ]T [P ] (5.27)

where [P ] is the matrix that contains the data projected in the PCA base and [T ]

is the transformation matrix. By applying the expression reported in Eq. 5.26, the
covariance matrix assumes the following expression:

[C] = [T ]T [P ]([T ]T [P ])T = [T ]T [P ][P ]T [T ] (5.28)

whose Singular Value Decomposition is:

[C]n×n = [U ]m×n[S]n×n[V ]Tm×n (5.29)
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the comparison between Eqs. 5.28 and 5.29 suggests that:

[U ] = [V ]T = [T ]T ⇒ [T ] = [U ]T ⇒ [P ] = [U ]T [Dst] (5.30)

This linear application allows to represent the variability of the data set (decompo-
sition of the covariance matrix) with their associated weight (the singular values).
In addition, since the algorithms for computing the singular value decomposition
provide the singular values in descending order, the first element of the diagonal of
S coincides with the higher variance of the data, and so on. Thus, a reduction of
the data set can be adopted. For instance, the matrix S can be reduced in order to
consider variability of the data equal to a certain percentage, i.e. pmax = 95%. This
means that the reduced [Sred] matrix contains the singular values that respect the
following equation:

pmax =

∑K
i=1 si∑n
i=1 si

(5.31)

Clearly, the reduction of the [S] matrix leads to a reduction of the [U ] matrix. It
is worth to calculate the data set resulting after this reduction in order to compare
it with the original data set. The reduced data set [Sred], according to Eq. 5.30
assumes the following expression:

[P ]k×k = [U ]
T

k×m[Dst]m×k ⇒ [Dst] = [T ]
T

[P ] (5.32)

where the superscript − denotes the reduced matrices.

• Computing of the so-called residuals r. They can be evaluated as the difference
between the original data set and the reduced data set.

r = [Dst]− [Dst] (5.33)

Eq. 5.33 allows to remove the temperature effects on the data. In fact, those effects
are associated to higher variabilities and therefore they are present in both the data
sets (original and reduced). In other words, the difference between these data al-
lows to represent the data due to the only structural behaviour (they represent the
magnitude of the variation remaining in each sample after projection through the
model calculated with the PCA). For a correct removal of the thermal effects, the
period of time in which to calculate the reduced transformation matrix has to be at
least one year (in such a way as to consider the seasonal effects). From a practice
point of view, [T ] is calculated with reference to the data coming from one year of
monitoring, which reasonably can be assumed as a safe state for the structure under
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5.3. A possible approach to manage the long-term data evaluation

monitoring. However, this is the fundamental passage that also requires calibration,
for instance with respect to the percentage of variability to consider in the reduction
of the transformation matrix. Since the residuals represent the structural behaviour
only, they allow making considerations about the safety of the structure under mon-
itoring. In particular, they consent to highlight anomalies in the structural behaviour
that can be associated with changes in the structure configuration with respect to the
configuration represented in the year of reference (used to calculate [T ]).

• Identification of anomalies in the structural behaviour by means of the so-called
control charts that summarize the information contained in the residuals considering
the Hotelling’s T 2 value. It represents the distance from the centre of the model
(calculated with the PCA analysis) and the data themselves (residuals). T 2 assume
the expression:

T 2 = (ri − µri)T [C](ri − µri) (5.34)

where µ· represents the mean value of (·). Under some statistical assumptions on
the data, the T 2 can be expressed by a Fisher distribution that allows to theoret-
ical define the safety regions, which represent the regions beyond which the data
might be considered anomalous. However, for practical applications, since there
are several uncertainties regarding the statistics of the data, they can be assumed as
percentiles of the residuals, i.e. equal to 95%. Figure 5.2 shows an example of the
T 2 values associated with the residuals of the data reported in Figure 5.1. The figure
also shows the period of one year (green lines) in which the [T ] has been calculated,
and the limit that defines a safety region (95% percentiles of the residual data).

2015 2016 2017 2018 2019 2020 2021

time [years]

0

10

20

30

40

50

T
2

Figure 5.2: Example of T 2 values associated to the residual of monitoring data
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The T 2 plot summarizes all the information contained in the residuals associated
with the monitoring data emphasizing any present anomalies.

5.4 Example 1: Dynamic identification of a steel pedes-
trian bridge

In this section is reported an example of the application of the above-described tech-
niques for the dynamic identification of a two-hinge steel pedestrian bridge. The bridge
is located in the Savena torrent river park within the municipality of Pianoro, Bologna,
Italy and overcomes the river for a length approximately of 62 m. The structure is char-
acterised by two main systems: (i) a lower steel arch with a circle tubular profile of 800
mm in diameter and 14 mm in thickness, and (ii) two circle steel tubular beams of 273
mm in diameter and 6.3 mm in thickness. The arch and the beams are linked by means of
transversal circle steel beams of 193 mm in diameter and 6.3 mm in thickness. They are
put in place with 2.0 m of spacing. The deck is constituted by a lightened reinforced con-
crete slab (specific weight of 14kN/m3 and cubic characteristic resistance of 350daN/

cm2) of 15 cm of thickness. A 5 cm thickness of asphalt is placed on the concrete slab.
The abutments are manufactured in reinforced concrete with pile foundations of 11 re-
inforced concrete piles of circular cross-sections with 800 mm in diameter and 14 m in
length. Figure 5.3a shows the lateral view of the bridge while 5.3b shows the middle span
cross-section.

(a) Lateral view of the pedestrian bridge (b) Middle-span cross-section of the pedestrian
bridge

Figure 5.3: Lateral view and a cross-section of the pedestrian bridge

In order to apply the Frequency Domain Decomposition (FDD) and Covariance-driven
Stochastic Subspace Identification (SSI-Cov) techniques, 20-minute ambient vibration
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measurements without interrupting the functionality of the bridge, have been performed.
The acquisition system was constituted by four triaxial accelerometers positioned on the
bridge deck, as shown in Figure 5.4. The sampling frequency was 400 Hz with a low-pass
filter application provided by the acquisition system. The measuring points identified by
the positions of the accelerometers were chosen in order to be able to identify the first
four modal shapes of the arch structure of the bridge that basically are related to the first
modes of an arch beam.

Figure 5.4: Position of the accelerometers on the bridge deck

In this regard, was helpful the finite element model of the pedestrian bridge. In fact, it
allows to better visualize the modal shapes in order to correctly locate the accelerometers.
The observability of the modes of interest, in fact, is one of the important assumptions
in the OMA techniques. However, it provides just an overview of the dynamic behaviour
of the bridge since it has to be calibrated with reference to the performed dynamic tests.
In the identification process, since the frequencies of the bridge are below 10 Hz, a dec-
imation procedure has been applied to the measured accelerations in order to reduce the
sampling frequency from 400 Hz to 20 Hz.

5.4.1 FDD application

The estimation of the spectrum matrix was achieved by applying the Welch average
by dividing the time series of the acceleration signals, of a total length of 25 minutes, in
segments of a number of samples that lead to a frequency resolution of 0.01 Hz, consid-
ering an overlap of 50% between the segments and using Hamming windows to reduce
the leakage. Figure 5.5 shows the accelerations and the spectra of the singular values for
two cases: (i) the signals as measured and (ii) the signals after removing the part of the
acceleration due to external loading (during measurements of few pedestrians and cyclists
crossed the bridge).

As it can be seen from the figure, the spectra results to be highly influenced by the
pedestrian loads. For this reason, all the analyses have been performed taking into account
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(a) Spectra plot considering all the accelera-
tions measurements

0 1 2 3 4 5 6 7

frequency [Hz]

-200

-175

-150

-125

-100

s
in

g
u
la

r 
v
a
lu

e
 [
d
b
]

0 120 240 360 480 600 720

time [s]

-2

-1

0

1

2

a
c
c
e
le

ra
ti
o
n
 [
m

/s
2
]

10
-3

(b) Spectra plot without the part of the acceler-
ation due to external loading

Figure 5.5: Spectra plots of the singular values

the signals after removing the parts of the acceleration due to the external loading (Figure
5.5b). Finally, the final spectra allows to identify five vibration modes, whose shapes are
estimated by taking the singular vector corresponding to the identified peak frequency,
according to the procedure reported in the previous sections.
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Figure 5.6: Identified peaks on the first singular value spectra

As it can be seen from the spectra (Figure 5.6), the 5 modes, which are identified by
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5.4. Example 1: Dynamic identification of a steel pedestrian bridge

the five peaks (blue line), result to be well-separated. In fact, the amplitude of the other
singular values is negligible. Thus, the identification has been achieved by looking at the
first singular value. The identified frequencies are reported in Table 5.2.

Table 5.2: Identified frequencies according to FDD technique

Mode Frequency [Hz]
1 1.72
2 1.90
3 3.36
4 4.47
5 5.44

In the following are then reported the associated mode shapes also compared with
the results achieved with the finite element model. The coloured circles represent the
accelerometers adopted for ambient vibration acquirement. In the model, the arch and the
transversal beams were modelled with beam elements, while the deck (concrete slab and
asphalt) was modelled with shell elements. The restraints are not symmetric, in the sense
that one side of the deck has pinned connections while the other is fully restrained. The
arch joints are fully restrained (due to the fact that in operational conditions the hinges
behave with a higher degree of constraint, i.e. friction). This asymmetry in the restraints
is motivated by the asymmetry in the experimental modes.
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• Mode 1

Figure 5.7: Comparison between experimental and numerical 1st mode shape

• Mode 2

Figure 5.8: Comparison between experimental and numerical 2nd mode shape
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• Mode 3

Figure 5.9: Comparison between experimental and numerical 3rd mode shape

• Mode 4

Figure 5.10: Comparison between experimental and numerical 4th mode shape

5.4.2 SSI-cov application

The SSI-cov algorithm has been applied by introducing a time lag of 5 s. This means
that 100 correlation points have been considered (20 Hz sampling frequency). This time
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lag corresponds to almost 10 cycles of the lower frequency (1/1.72Hz ' 0.58s). Figure
5.11 shows the stabilization diagram resulting from the output of the technique, adopting
the limit reported in Eqs. 5.22, 5.23 and 5.24.
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Figure 5.11: Stabilization diagram

The stabilization diagram allows to identify the modes that reasonably represent the
physical modes of the bridge. The following modes can be extracted from the diagram.

Table 5.3: Identified frequencies according to SSI-cov technique

Mode Frequency [Hz]
1 1.723
2 1.898
3 3.359
4 4.469
5 5.444
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• Mode 1

Figure 5.12: Comparison between experimental and numerical 1st mode shape

• Mode 2

Figure 5.13: Comparison between experimental and numerical 2nd mode shape
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• Mode 3

Figure 5.14: Comparison between experimental and numerical 3rd mode shape

• Mode 4

Figure 5.15: Comparison between experimental and numerical 4th mode shape

5.4.3 Sensitivity analyses

As it can be seen from the comparison of the mode shapes, there is a good agreement
between the experimental and numerical modes. However, a calibration of the finite ele-
ment model is needed. In fact, the values of the frequencies present differences. In order
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to calibrate the model, which is an operation often called modal updating, parametrical
analyses through the finite element model have been carried out. These analyses have
been performed thanks to the OAPI functions in Sap20001 that allow to study the effects
of the variation of the parameters on the structural analysis, i.e. modal analysis.

In this regard, with reference to two limits restrain conditions of the restrained joints:
(i) fully-restrained and (ii) hinges-restrained, sensitivity analyses varying the joints stiff-
ness, the Young modulus and the unit weight of the concrete have been performed. Figure
5.18 summarizes the two restrain conditions and the parameters that have been varied in
the sensitivity analyses.

Figure 5.16: Two limit cases considered for the sensitivity analysis of the finite element
model

Figure 5.17 and Figure 5.18 report the results of the sensitivity analyses with reference
to the parameters that have an influence on the modal shapes only: (i) the Young Modulus
of the concrete, (ii) the unit volume weight of the concrete, (iii) the translational stiffness
UX and the rotational stiffness RY (point B).

1CSI, “SAP2000 Integrated Software for Structural Analysis and Design”, Computers and Structures
Inc., Berkeley, California.
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Figure 5.17: Sensitivity analyses results for the fully-restrained condition
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Figure 5.18: Sensitivity analyses results for the hinges-restrained condition
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After the identification of the main parameters that govern the dynamic behaviour
of the bridge they can be introduced as variables in the model updating process whit
reference to the n identified modes, for instance, with a typical approach of minimizing
a cost function, also called the objective function. This function typically assumes the
following expression:

n∑
i=1

wf,i ·
(
fi,exp − fi,fem

fi,exp

)2

+
n∑
i=1

wMAC,i · (1−MACi) (5.35)

where wf,i and wMAC,i indicate the weight that can be applied to the frequency and
MAC, respectively. fi,exp and fi,fem are the identified and the numerical frequencies,
respectively. The Modal Assurance Criteria, between fi,exp and fi,fem, can be calculated
according to expression 5.6. However, this step is already ongoing, since the setup of the
acquirement system was constituted by 4 accelerometers and it does not allow to correctly
update the model.

5.5 Example 2: Dynamic identification of a railway pre-
stressed concrete bridge

In this section it is reported an example of the application of the above-described
techniques for the dynamic identification of a railway post-tensioned concrete viaduct. It
belongs to the railway line Roma-Formia-Napoli, Italy and overcomes the A1 highway
in the Napoli municipality. The bridge, which was built in 1976, consists of seven 35.10
m long straight simple supported caisson beams. A schematic view of the viaduct is
reported in Figure 5.19. It is characterized by the typical configurations adopted in the
construction of most of the Italian bridges built in the 60-70s. Figure 5.20 reports its
longitudinal profile and the transversal cross-section of the caisson beam.

Figure 5.19: View of the railway post-tensioned concrete viaduct
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(a) Longitudinal profile

(b) Transversal cross-section of the caisson beam

Figure 5.20: Original technical drawing of the railway post-tensioned concrete viaduct

Each beam is post-tensioned by means of the presence of curvilinear harmonic steel
wires with 8mm diameter. In particular, they follow four different layouts (α, β, γ and δ)
along the longitudinal extension of each beam, as reported in Figure 5.21.

Figure 5.21: Cables layout along the post-tensioned beams

The supports at each extremity of a beam are constituted respectively by four bearing
devices that fix the displacement in all directions and bearing devices that allow the longi-
tudinal displacements. The static scheme provided by the supports is the typical isostatic
simple-supported scheme. Piers and abutments are on pile foundations.
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In 2022, the National railway company decided to install a static and dynamic moni-
toring system on two of the seven beams of the viaduct in order to identify its structural
behaviour and to manage its conditions over the next years, in terms of maintenance,
retrofitting, and future interventions. The monitoring system consists of several sensors,
including strain gauges, inclinometers, accelerometers, thermocouples, laser barriers (to
identify the passing of the trains) and displacement sensors. Figure 5.22 reports a schema-
tization of the sensors that are installed in the two monitored beams.

Figure 5.22: Layout of the sensors installed on one of the two monitored spans

Until now, the system is still in a checking phase and requires further calibrations and
tuning activities. For instance, in order to remove the effects of the temperature on the
monitoring data, i.e. according to the PCA theory discussed before, the amount of the
acquired data has to be enough to consider the seasonal effects. However, several data are
already available and dynamic identification techniques can be applied. This activity, in
fact, allows to calibrate a finite element model of the viaduct that will be fundamental in
the future monitoring phases. In this regard, in the present case, only the data dynamically
acquired by the accelerometers (red circles in Figure 5.22) during operational conditions
of the viaduct have been considered. The sampling frequency is 200 Hz.

5.5.1 FDD application

The estimation of the spectrum matrix was achieved by applying the Welch average
by dividing the time series of the acceleration signals, of a total length of 40 minutes, in
segments of a number of samples that lead to a frequency resolution of 0.05 Hz, consider-
ing an overlap of 50% between the segments and using Hamming windows to reduce the
leakage. Figure 5.23 the spectra of the singular values.
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Figure 5.23: Spectra plot of the singular values

As it can be seen from Figure 5.23 also the other singular values with respect to the
first one present not negligible values around the peak that can be identified as modes.
This could lead to unbiased modal shapes, however, their frequency values can be as-
sumed valid. In this regard, Table 5.4 reports the first four identified frequencies in the
range of (0 Hz,30 Hz).

Table 5.4: Identified frequencies according to FDD technique

Mode Frequency [Hz]
1 4.55
2 13.35
3 15.00
4 18.25

However, the modal shapes that correspond to the identified peak on the spectra as-
sume high complex values that do not allow to correct identify their modal shapes. This
aspect requires further studies that are currently ongoing.
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5.5.2 SSI-cov application

The SSI-cov algorithm has been applied by introducing a time lag of 3 s. This time
lag corresponds to almost 10 cycles of the lower frequency (1/4.55Hz ' 0.22s). Figure
5.24 shows the stabilization diagram resulting from the output of the technique, adopting
the limit reported in Eqs. 5.22, 5.23 and 5.24.
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Figure 5.24: Stabilization diagram

The stabilization diagram shows that the frequencies identified by the FDD techniques
appear stable and could be real modes of the structure. However, the poles in the range
10-20 Hz still have to be well characterized.

5.6 Concluding remarks of the chapter

The chapter has reported the phases that should be conducted in the correct manage-
ment of monitoring systems. Each phase is described in terms of the specific activities,
different roles and responsibilities of the involved operators. Two examples of techniques
that can be implemented for the extraction of the significant response parameter from the
dynamic data coming from monitoring systems have been described. Thus, these tech-
niques, the Frequency Domain Decomposition (FDD) and the Covariance-driven Stochas-
tic Subspace Identification (SSI-cov) have been applied to the measurements acquired on
a steel pedestrian bridge in Pianoro, Italy. Parametric analyses on the Finite Element
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Model of the bridge have been performed in order to identify the parameters that govern
the dynamic behaviour of the bridge and that can be tuned in order to calibrate the model
itself. However, this step is already ongoing, since the setup of the acquirement system
was constituted by 4 accelerometers and it does not allow to correctly update the model.

In addition, the chapter also reports the theoretical description of the Principal Compo-
nent Analysis, which is a widely used technique for removing the environmental effects,
like those one related to temperature, humidity, etc., on the monitoring data.
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6

Intervention strategies

Sommario

Questo capitolo descrive brevemente alcune possibili strategie di intervento sui
ponti esistenti necessarie per ripristinare i livelli di sicurezza richiesti, sia dal punto
di vista statico che sismico.

Summary

This chapter briefly reports some possible intervention strategies on existing
bridges necessary in case to restore the required safety levels, both from a static
and seismic point of view.

If the existing bridge is no more able to satisfy some functionality requirements or
it shows an evident reduction of the strength capacity of some structural elements (e.g.
due to deterioration of the materials, damage caused by environmental actions and/or
abnormal operating and use situations, etc.), an expert judgement, sometimes requiring a
structural safety assessment, is necessary in order to establish whether:

• the functional obsolescence is moderate or severe;

• the structural obsolescence is moderate or severe;

• the use of the bridge can continue without interventions;

• it is necessary to restore full functionality or to increase structural safety through
major or minor interventions.

6.1 Intervention strategies from static point of view

The safe static behaviour of an existing bridge is fundamental and has to be always
guaranteed. For instance, the following interventions can be applied:

• replacing of the bearing devices;
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• increasing of strength of selected structural elements (deck, piers) by means of
composite materials;

• increasing of the foundation capacities;

6.2 Intervention strategies from seismic point of view

Seismic actions could represent high demanding loads that a bridge has to sustain.
The solutions mostly adopted to intervene on existing bridges, from a seismic point of
view are:

• introducing special bearing devices currently available on the market, like isolators
(High Rubber Damping Bearing or Curved Surface Sliders), eventually with the
addition of shock-transmitters and dampers.

• traditional solutions that provide increasing of strength and ductility, like interven-
tions with composite materials and reinforcement of the substructures.

The typologies of seismic intervention basically depend on the static scheme of the
bridge. For instance, the seismic upgrading of a rigid frame bridge often requires the
increasing of strength of the most stressed points, like the connections between the deck
and the piers. Regarding the seismic upgrading of existing bridges through isolators, in
the part III is described a simplified procedure is described which identifies the proper
isolator system with an application to a reinforced concrete bridge.
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Corrosion in wires and strands
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Methodological approach

Sommario

Questo capitolo introduce il problema della corrosione nei trefoli e descrive i
principali approcci e risultati disponibili in letteratura in merito alle modalità di
analisi di trefoli corrosi e all’interpretazione di risultati sperimentali.

Sulla base di questi ultimi, emerge come la riduzione di resistenza nei trefoli cor-
rosi dipenda da ulteriori fenomeni rispetto alla sola riduzione di sezione trasversale.

A partire quindi da questa osservazione, viene presentato brevemente l’approccio
metodologico (dettagliato nei capitoli successivi) utilizzato nel cercare di modellare
la corrosione in fili e trefoli al fine di fornire degli strumenti ingegneristici utili ai fini
progettuali e di valutazioni di sicurezza.

Summary

This chapter introduces the problem of corrosion in strands and describes the
main approaches and results available in the literature, regarding the methods of
analysing corroded strands and the interpretation of experimental results.

In this regard, it emerges that the reduction of strength in corroded strands de-
pends on further phenomena in addition to the reduction of the cross-section area
only.

Therefore, starting from this observation, the methodological approach (detailed
in the following chapters) in trying to model corrosion in wires and strands is briefly
presented in order to provide engineering tools useful for design purposes and safety
assessments.

7.1 Scientific background

Cementitious grouting of the steel strands in post-tensioned prestressed concrete beams
is essential to provide their permanent protection against corrosion. In fact, they are highly
vulnerable to corrosion phenomena, which can strongly reduce their strength and ductility
capacities leading to sudden failures. The recent catastrophic collapse of the Polcevera
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bridge [1] and subsequently, extended bridge inspections on Italian bridges [38] high-
lighted that several post-tensioned beams present lacks in the grout, which trigger the
formation of corrosion in the steel strands. Steel seven-wire strands are often used in
reinforced concrete structures. They are constituted by a straight central wire, often in-
dicated as king-wire, and six external wires twisted into helicoidal shapes. Since they
are made up of high-strength steel they are commonly used both in pre-tensioned and
post-tensioned elements, such as bridge beams.

Localized corrosion phenomena may be particularly dangerous for such elements
given the high difficulty in their detection, especially when dealing with long bridge
beams. They can interest both the longitudinal and transversal directions of strands and
might be characterized by uniform or specific complex shapes, depending on the chemical
conditions during corrosion phenomena. Their presence might, therefore, detrimentally
influence the strength of the strand.

Thus, the availability of reliable engineering tools enabling the estimation of the max-
imum strength of corroded strands accounting for the geometry of the corrosion and the
characteristics of the steel material represents nowadays one of the main challenges for
the structural engineering community.

According to the available studies, three approaches can be identified:

• assessment based on the results of numerical analyses carried out with sophisticated
finite element models capable of accounting for the real corrosion configuration;

• assessment based on the results of experimental tensile tests on corroded wires and
strands aimed at obtaining reduction/correlations relationships based on the main
mechanical parameters and the main information regarding the corrosion extent;

• assessment based on simplified analytical models taking into account the geometry
of corrosion and the steel material parameters.

These approaches are summarized in Figure 7.1.
On one hand, numerical finite element modelling of corroded strands, which are avail-

able for instance in [39] and [40], require complete knowledge of the corrosion geometry.
However, nowadays this information is still difficult to obtain. In this regard, [40], [41]
proposed analytical formulas for the estimation of the section loss in corroded wires. As
a matter of fact, this approach can be directly adopted after collapses when the geometry
of the corrosion can be directly measured on the field. This leads to the fact that the ap-
proach of using complete and sophisticated numerical models results difficult to be used
as an engineering prediction tool.

On the other hand, several experimental campaigns on corroded wires and strands that
take into account both real and artificial corrosion have been conducted. The behaviour of
corroded strands, collected from existing bridges, has been studied in [40],[3],[42], [43],
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Figure 7.1: Summary of the possible approaches to manage corrosion phenomena in
strands

[44], by means of tensile tests. In addition, experimental results of artificial corroded
strands are available in [45], [46] and [47], where also analytical modelling of corrosion
introducing a damage constitutive model is reported. In addition, [48] introduces a consti-
tutive model for corroded strands, taking into account the pit type morphologies proposed
by [40] comparing the results of the model with experimental tensile tests. Recently, [49]
proposed a simplified model for the evaluation of the residual mechanical response of
corroded strands providing a formulation based on a single input parameter represented
by the maximum penetration depth on the most corroded wire. Similarly, [50] reports
a probabilistic study of the corrosion pits introducing a constitutive model of corroded
strands.

However, typically a linear correlation between the ultimate force measured during the
tests and the total reduction of the cross-section of the most corroded wire is provided.
This is due to the assumption, often confirmed by experimental evidence, that the first
wire failure occurs in correspondence of the most corroded one and that it corresponds to
the maximum force in the strand.

However, trends of the force reduction as a function of the cross-section loss in the
strand are also available. The latter representation results to be a more complete descrip-
tion of the force reduction in corroded strands and is the one that will be used in this work.
Basically, what has been done seems to be limited for three reasons: (i) the tested spec-
imens had reductions of the cross-section area in a specific range, typically 20-30%, (ii)
the analytical formulations are limited to consider the maximum strength of the strands
corresponding to the most corroded wire, and (iii) the results depend on the specific test
configuration setup. Although tests on wires and strands, both with real and artificial
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corrosion, were conducted, analytical formulations are still limited. These formulations
should be able to provide an estimation of the strength in corroded strands taking into
account the geometry of the corrosion in the wires constituting the strand and the steel
material properties. Examples of analytical models are shown in [48], [49] and [51].
However, the latter model is circumscribed to the case of the brittle behaviour of wires.

The peak force of corroded strands (Fp), for instance, measured during pulling tests,
can be represented as a function of a synthetic parameter of damage D , related to the
global reduction of the cross-section area. In fact, D = 1 − A/A0, where A and A0

indicate the residual and the intact cross-section area of the strand, respectively. This
representation is available [40], [3], [43], [44], [46] [50], [48]. However, the current state
of the art shows that the peak force seems to be influenced by further effects that have
not been deeply analysed so far. In fact, the maximum force measured during tensile
tests does not agree with the prediction provided by the linear formulation given by the
reduction of the cross-section area only (dashed black line in Figure 7.2. As observed also
by [40] the amount of decrease in tensile strength is larger than the amount of decrease in
the reduction in cross-sectional area.

This effect is graphically explained in Figure (1) where the tensile tests results are
identified by the green circles (Fp,EXP ). Fp and F0 are the maximum force (peak force)
in corroded strands and the maximum force in not-corroded ones, respectively. In addi-
tion, Figure 7.2 reports also some example of linear correlation of the experimental data,
usually provided by their interpolation and often representing a damage index until 20-40
%.
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Figure 7.2: Results of some experimental tensile tests on corroded seven-wire strands
available in the literature
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The linear correlations between ultimate force and corrosion level in strands are typi-
cally expressed by the following formula:

Fp,α = F0(1− α ·D) (7.1)

The parameter α depends on the experimental data and may assume values in the range
(1.31 [40], 3.07 [46]). The different amount of dispersions for the same damage index
suggests that the peak forces reduction might be affected also by further parameters such
as the variability of the corrosion in the wires. As a matter of fact, a reliable expression
of the strength reduction in corroded seven-wire strands, which should be valid in the
entire domain of the damage index D, is still missing. Thus, this work aims at providing
a complete strength reduction curve for corroded seven-wire strands by means of a new
resistance model that is able to represent the dispersion in the peak force by means of
introducing a new function depending on the variability of the corrosion in the wires. In
addition, this new model should allow to characterize the effects of localized corrosion
on the mechanical behaviour of corroded strands evaluated through force-displacement
relationships (which are shown in chapters 8,9 and 10).

7.2 Problem formulation

Post-tensioned beams can be affected by lack of injections in the grout of the duct con-
taining prestressing steel strands. Figure 7.3 shows how this problem has been schema-
tized in this work. The behaviour of these post-tensioned beams can be seen as repre-
sented by the series system between intact zones and corroded zones where the lack of
injection occurred. Thus, in this kind of problem, the study of the mechanical behaviour
of the strands in the corroded zones has been first performed.

Localized corrosion picutures taken from [52]

Figure 7.3: Schematization of lack of injections in post-tensioned beams
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Localized corrosion along the longitudinal and transversal directions of strands is
characterized by uniform or specific complex shapes, however, for the sake of introducing
simplified analytical models, they are often approximated by analytical configurations,
which allows the calculation of the cross-section loss.

In this work, the cross-section reduced area due to corrosion is introduced by means
of a simplified model for the corrosion geometry that considers both the longitudinal and
the transversal corrosion extension. The model is based on the key parameters:

• the adimensional reduction of cross-section area ρi = Ai/A0i, where A0i and Ai
indicate the not-corroded and the residual cross-section areas of the i-th wire, re-
spectively;

• the adimensional corrosion length λi = Lc/L0, where L0 and LC represent the
reference length and the corrosion length, respectively.

The reference length represents the portion of wires or strands for which lack of grout-
ing occurred, and therefore the portion where the corrosion can develop, while the corro-
sion length represents the length of the corroded part.

Thus, when the geometry of the corrosion is defined, corroded and not-corroded
parts can be identified and their mechanical behaviour is expressed in terms of force-
displacement relationships.

Consequently, the corroded wire is modelled as a series system between those iden-
tified springs (corroded and not-corroded parts) in terms of force-displacement relation-
ships according to the representation reported in Figure 7.4.

Figure 7.4: Model for the geometry of the corrosion in corroded single wires

Finally, the mechanical behaviour of corroded seven-wire strands is modelled by
means of the parallel system between corroded and not-corroded wires in terms of force-
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displacement relationships as shown in Figure 7.5. As a result, the force-displacement
relationship of the corroded strand allows to identify the peak force (strength) and the ul-
timate displacement (ductility, if referred to the yielding displacement) that will be anal-
ysed in detail in this work. It is worth pointing out that the peak force of a corroded
seven-wire strand might be in between a lower bound estimation, provided by the brittle
behaviour of the wires (i.e. Darmawan-Stewart model), and the fully ductile behaviour of
the wires.

The effects of the geometry of corrosion in the strands are summarized by means of
three synthetic parameters:

• the adimensional corrosion length λi;

• the mean corrosion level ρM ;

• the group coefficient ρG.

In particular, the characterization and the study of the “group coefficient” represent the
original result of this work that together with a new resistance model, which is introduced
in chapter 10, allows the achievement of the set objectives by means of the analysis of
the peak force provided by the parallel model. The group coefficient can be seen as
the product of two other coefficients: the minimum group coefficient ρGmin(D,COVρi),
which describes a completely brittle behaviour of the wires, and the model coefficient
η(D,COVρi , λi, µε), which accounts for a ductile behaviour of the wires. In other words,
it can be seen as the coefficient to apply to the lower bound estimation of the group
coefficient in order to consider a certain ductility level.

After the characterization of the analytical expression of the lower bound estimation
of the group coefficient ρGmin, several Monte-Carlo simulations of corroded seven-wire
strands have been performed in order to estimate the model coefficient η.

Hence, the simulation results allowed to characterize the model coefficient η in order
to apply two different procedures:

• procedure a) considering λi as unknown: it could be the case of lack of knowledge
of the corrosion extension;

• procedure b) considering λi as known: it could be the case of a complete character-
ization of the extension of the corrosion.

The application of the resistance model according to deterministic and probabilistic
approaches lead to the definition of the strength and the ultimate displacement (ductility)
reduction curves, and design-oriented results (safety factors and combination coefficients)
based on the probability functions of the peak force of corroded strands, respectively. The
idea is summarized in the following table.
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Table 7.1: Summary of the application of the introduced resistance model

Peak strength model
Deterministic approach Probabilistic approach

F0 Calculated
ρM Calculated and/or estimated, i.e. experience, measurements
ρGmin Calculated as discussed in chapter 10
η λi is known λi is unknown λi is known λi is unknown

Polynomial expres-
sion as a function of
λi

Constant value PDF PDF as a function of
λi

The statistical description of the group coefficient ρG as a function of the damage
indexD, with reference to different percentiles, provides the possibility to define different
strength reduction curves that directly allow evaluating the estimation of the strength of
the corroded strands considering the geometry of corrosion, the mechanical parameter of
the steel material and a certain ductility level. In other words, they allow to apply the
introduced resistance model in a deterministic approach.

Parallel to the strength reduction curve, also ultimate displacement reduction curves
providing useful information regarding the available ductility for corroded seven-wire
strands have been obtained and shown in chapter 11. They consent to calculate reduced
sigma-epsilon relationships for the steel material according to the damage index of the
strand. This result allows to evaluate the reduction of the bending moment capacity of
post-tensioned beams, for instance through the bending moment-curvature diagram, as
illustrated in chapter 12.

The statistical description of the model coefficient η, in terms of probability and cu-
mulative density functions, results central in the application of the introduced resistance
model in a probabilistic approach. In fact, it consents to calculate the peak strength prob-
ability density function that allows to define useful design-oriented results, like safety
factors and combination coefficients. This is deeply analysed in chapter 10.

Figure 7.5 summarizes the theoretical path followed for defining the probabilistic and
the deterministic approaches taking into account the new resistance model and the lower
bound estimation of the minimum group coefficient.
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Mechanical behaviour of corroded wires

Sommario

Questo capitolo presenta la modellazione analitica di fili corrosi. Nel modello
vengono introdotti i parametri che verosimilmente ne governano il suo comporta-
mento meccanico. Tali parametri riguardano la geometria di corrosione, in termini
di riduzione trasversale di area e di estensione longiturinale, e i parametri costituti-
vi del materiale acciaio, quali la duttilità e il rapporto di incrudimento. Gli effetti
di questi parametri sul comportamento meccanico di fili corrosi, valutato median-
te diagrammi forza-spostamento, sono emersi da una serie di analisi parametriche
condotte tramite il modello meccanico del filo corroso introdotto.

Summary

This chapter presents the analytical modelling of corroded single wires. The
parameters that may govern the mechanical behaviour of corroded wires that are in-
troduced in the model concern the geometry of the corrosion, in terms of transversal
cross-section reduction and longitudinal extension, and the constitutive parameters
of the steel material, such as ductility and hardening ratio. The effects of these
parameters on the mechanical behaviour of corroded wires, evaluated by means of
force-displacement relationships, emerged from a series of parametric analyses con-
ducted using the introduced mechanical model of corroded wire.

The parameters that might influence the mechanical behaviour of corroded wires and
strands are necessarily related to the mechanical behaviour of steel material and the geo-
metrical configuration of the corrosion. The mechanical behaviour of the steel material is
here represented by two stress-strain relationships: (i) elastic - perfectly plastic behaviour
and (ii) bilinear with hardening behaviour. Figure 8.1a shows the parameters that define
the sigma-epsilon relationships of the steel material. They are the yield stress fy, the
ultimate stress fu, the yield strain εy and the ultimate strain εu.

As far as the bilinear with hardening steel material relationship is concerned, the hard-
ening coefficient r defines the slope of the sigma-epsilon after the yield point as a percent-
age of the Young modulus E. The geometrical configuration of the corrosion in the wires
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is here described by two key-parameters: (i) the adimensional reduction of cross-section
area ρi and (ii) the here proposed adimensional corrosion length λi.

The proposed mechanical model of the corroded single wire is based on the following
main assumptions:

• the wire is straight and subjected to tension force only;

• the corrosion model provides cross-section reduction both in transversal and longi-
tudinal direction;

• the wire is described as an equivalent series system composed by the corroded and
not-corroded parts that can be identified along the reference length;

• the mechanical behaviour of the corroded wire is represented by a force-displacement
relationship that also accounts analytically for the corrosion effect on the elastic
stiffness

(a) sigma-epsilon relationships of the
steel material

(b) qualitative force-displacement re-
lationships of the corroded and not-
corroded wire

Figure 8.1: Sigma-epsilon relationships of the steel material and qualitative force-
displacement relationships of corroded and not-corroded wires

Figure 8.1b reports qualitative force-displacement relationships of corroded (green
lines) and not-corroded (red lines) wires highlighting the main parameters that character-
ize their shape. They are yield forces Fy0i and Fyi, the ultimate forces Fu0i and Fui, the
yield displacements δy0i and δyi, and the ultimate displacement δu0i and δui. The subscript
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0 indicates the not-corroded configuration while the subscript i indicates that it is referring
to the wire. The elastic stiffness Ki is referred to the corroded wire.

8.1 Analytical model with elasto-plastic material

The mechanical behaviour of a corroded wires can be expressed in terms of force-
displacement relationships. Considering the geometry of the corrosion and the elastic-
perfectly plastic steel material, from the properties of series systems, the elastic stiffness,
the yield force, the yield displacement, the ultimate force and the ductility of a corroded
wire can be expressed in a closed form as follow, respectively:

Ki =
E · A0i

L0

 1

1 + λi

(
1

ρi
− 1

)
 (8.1)

Fyi = ρi · fy · A0i (8.2)

δyi =
Fyi
Ki

(8.3)

δui = δyi + (εu − εy) · λi · L0 (8.4)

µδui = 1 +
εu − εy
εy

λi

ρi

[
1 + λi ·

(
1

ρi
− 1

)] (8.5)

It is worth noting that Eqs. 8.1, 8.2, 8.3 are also valid for elastic-perfectly plastic with
hardening steel material and that the plastic deformation, according to Eq. 8.4 occurs in
the corroded part only.

Figures 8.2a and 8.2b report the ductility of the corroded wire given by Eq. 8.5,
compared with the ductility of the not-corroded wire, which corresponds to the material
ductility µε(µδ0 = µε), for a fixed value of material ductility µε = 10 (harmonic steel) in
a three-dimension and two-dimension ductility domains, respectively.

It can be seen from Figure 8.2, that the reduction of the ductility in a corroded wire is
governed by the coupling of the two parameters of the adimensional reduction of cross-
section area ρi and the adimensional corrosion length λi. In particular, it assumes a high
non-linear behaviour for small values of the parameters (ρi, λi). In other words, the ge-
ometry of the corrosion can strongly govern the mechanical behaviour of a corroded wire,
especially for localized corrosion. Similar behaviours can be observed in the other pa-
rameters as well.
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Figure 8.2: Reduction of the ductility in corroded wires as a function of the adimensional
reduction of cross-section area and adimensional corrosion length

8.2 On the influence of the hardening ratio and the ma-
terial ductility

To highlight the effects of the steel material and the geometrical configurations of
the corrosion on the mechanical response of a corroded single wire, several parametrical
simulations have been carried out. In particular, for the steel material, they are considered
two values of material ductility: (i) µε = 10 as representative of harmonic steel and (ii)
µε = 10 as representative of mild steel. In addition, they are taken into account three
values of the hardening coefficient: 0 % (elastic-perfectly plastic), 0.5 % and 1.5%. As
far as the geometrical configuration of the corrosion, for each value of the dimensional
corrosion extension λi different ρi values in the range (0,1) have been considered.

Figure 8.3 and Figure 8.4 report the results of the parametrical simulations of corroded
wires for the case of λi = 0.01 and λi = 0.15 in terms of force-displacement relationships,
respectively. The results are shown normalized with respect to the not-corroded wire
(ρi = 1) dividing the forces by the yield force Fy0,i and the displacement by the yield
displacement δy0,i. In other words, it is made equal to (1, 1) the yielding point of the
not-corroded wire. The figures show the force-displacement results considering elastic-
perfectly plastic and elastic-plastic with hardening stress-strain relationships for the two
values of material ductility.

Figure 8.3 and Figure 8.4 clearly show that the different configurations (in terms of
r and µε) lead to different results in terms of maximum force, yield and ultimate dis-
placement. They allow identifying two different behaviours of the wires characterized
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Chapter 8. Mechanical behaviour of corroded wires

Figure 8.3: Results of parametrical simulations of corroded wires characterized by λi =
0.01 in terms of force-displacement relationships: (a) (µε = 10, r = 0%), (b) (µε =
10, r = 0.5%), (c) (µε = 10, r = 1.5%), (d) (µε = 100, r = 0%), (e) (µε = 100, r =
0.5%), (f) (µε = 100, r = 1.5%)

by r > 0. The first one is represented by a bilinear behaviour with the collapse due to
the complete plasticization of the corroded part only, while the not-corroded part remains
within the elastic behaviour. The second one is represented by a trilinear behaviour with
two consecutive changes in the slope of the diagram after the yielding point. This be-
haviour occurs because the collapse involves a partial plasticization of the not-corroded
part in addition to the full plasticization of the corroded part, thus leading to a higher
ductile behaviour. In other words, an exploitation of the post-yielding branch response of
the not-corroded part is observed.

This “post-yielding response exploitation” leads to larger ultimate displacement (duc-
tility) and, for r > 0, also to increased maximum force, describing the capacity of the
corroded wire to exceed the yielding force of the not-corroded one. This depends on the
specific combination of the values of r and µε. In addition, it results to be high depending
also on the λi value, as shown by comparing Figure 8.3 with Figure 8.4. In fact, the higher
the adimensional extension λi, which describes a higher ductility in the corroded part, the
higher the capacity to exploit the post-yielding branch response of the not-corroded part.

The post-yielding response exploitation can also occur for small values of λi. In the
case of limited material ductility, which is the case of harmonic high-strength steel used
in prestressed concrete structures, this effect strongly depends on the coupling between ρi
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8.2. On the influence of the hardening ratio and the material ductility

Figure 8.4: Results of parametrical simulations of corroded wires characterized by λi =
0.15 in terms of force-displacement relationships: (a) (µε = 10, r = 0%), (b) (µε =
10, r = 0.5%), (c) (µε = 10, r = 1.5%), (d) (µε = 100, r = 0%), (e) (µε = 100, r =
0.5%), (f) (µε = 100, r = 1.5%)

and λi. In particular, as reported in Figure 8.3, for small values of ρi, it can be observed
only for high values of hardening coefficient (i.e. r = 1.5%). In other cases, the plas-
tic deformation involves only the corroded part. This phenomenon leads to very brittle
behaviour for the corroded wire. Moreover, also the material ductility µε plays a very im-
portant role in the mechanical response of corroded wires, in fact, the higher the material
ductility, the higher the maximum force.

Accounting for the combination of the three parameters ρ,λi and µε can provide a
better description of the behaviour of corroded wires with respect to the usual estima-
tion. Indeed, typically, as a first approximation, the force-displacement response of the
corroded wire can be estimated with reference to the corroded part only: specifically, the
maximum force of a corroded wire can be obtained with reference to the cross-section
reduction of the corroded part only (i.e. Fu,i = ρifyA0,i).

The main results of the simulations are here summarized and subdivided with the
behaviour classes for the steel material. Assuming an elastic-perfectly plastic material
(hardening coefficient r = 0%):

• the peak force of corroded wires results to be independent with the adimensional
corrosion length λi. In these cases, it can be assumed as a function only of the
adimensional reduction of cross-section area ρi.
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Chapter 8. Mechanical behaviour of corroded wires

• The ultimate displacement of corroded wires results to be independent with the
adimensional reduction of cross-section area ρi. In these cases, it can be assumed
as a function only of the adimensional corrosion length λi.

• The ductility of the material µε leads to an increase in the ductility of the corroded
wires.

Assuming an elastic-plastic material (hardening coefficient r 6= 0):

• The effect of the coupling of ρi and λi can provide a post-yielding response ex-
ploitation of the not-corroded part leading to higher peak force and ultimate dis-
placement with respect to the ones of the corroded part, which can represent a first
approximation of the mechanical behaviour of a corroded wire.

• For high values of ρi, the post-yielding response exploitation appears clear also for
small values of hardening coefficient (i.e. r = 0.5%), but it depends on the λi and
ρi values.

• For small values of ρi, the same effect takes place only for higher values of r and
λi . In other words, a particular coupling of ρi and λi might provide a post-yielding
response exploitation of the not-corroded part leading to an increase in the perfor-
mance of the corroded wire.

Figure 8.5: Comparison of the parametric force-displacement relationships of corroded
wires
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8.2. On the influence of the hardening ratio and the material ductility

Figure 8.5 summarises the force-displacements relationships obtained from the para-
metric study with reference to the case of ρi = 0.9 with λi = 0.05 and λi = 0.1. It
empathizes the discussed reducing effects both of the strength and of the ductility. The
diagrams are expressed with reference to the not-corroded case.

Therefore, from this first parametric study carried out on the single wire, the follow-
ing considerations can be drawn: (i) a particular coupling of ρi and λi might lead to a
post-yielding response exploitation of the not-corroded part that allows the capacity of
the corroded wire to exceed the one of the corroded parts, (ii) the maximum force and
the ultimate displacement for the case of limited material ductility and small hardening
coefficient are governed by the adimensional reduction of cross-section area ρi and the
adimensional corrosion length λi, respectively, (iii) accounting for λi allows to model the
wire embrittlement caused by the corrosion.

Figure 8.6: Schematization of the strength and ductility reductions in corroded wires

Figure 8.6 summarises the identified effects due to corrosion on the force-displacement
of a corroded single wire. In particular, it empathizes the reductions both of the strength
and of the ductility in case of an elastic-perfectly plastic steel material. The diagrams are
expressed with reference to the not-corroded case.
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9

Mechanical behaviour of corroded
seven-wire strands

Sommario

Questo capitolo presenta due modelli analitici per tefoli corrosi. Il primo prevede
un comporamento elasto-fragile dei fili corrosi mentre il secondo consente di tenere
conto dell’effettivo diagramma forza-spostamento dei fili corrosi costitutiscono il
trefolo. Gli effetti dovuti alla variabilità della corrosione nei fili sul comportamento
meccanico di trefoli corrosi sono emersi da uno studio parametrico relativo a specifici
scenari di trefoli corrosi. Tali effetti conducono ad un ulteriore riduzione di resistenza
dei trefoli che dipende dalla geometria di corrosione.

Summary

This chapter presents two analytical models for corroded strands. The first con-
cerns an elastic-fragile behaviour of the corroded wires while the second allows
taking into account the effective force-displacement diagram of the corroded wires
whose constitute the strand. The effects due to the variability of corrosion in the
wires on the mechanical behaviour of corroded strands have emerged from a para-
metric study related to specific scenarios of corroded strands. These effects lead to
a further reduction of the strength of the strands which depends on the geometry of
the corrosion.

In this chapter, they are reported two models for corroded strands that are frequently
used in this work. The first one has been described by Darmawan and Stewart [51] and
provides a simple analytical formulation to estimate the peak strength in corroded strands
considering a completely brittle behaviour in the wires (brittle model). The second one
is a parallel model, similarly adopted by [40], in which the geometry of the corrosion,
according to the idealization constituted by the two key-parameter ρi and λi, and the
mechanical parameters of the steel material are introduced. The parallel model provides a
peak force that is in between a lower bound estimation provided by the brittle model and
the upper bound estimation provided by the ductile model (Fupper = Afu). On one hand,
the brittle model allowed to analytically develop the minimum group coefficient ρGmin as
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discussed in section 10.5. On the other hand, the parallel model allowed to study of the
influence of the single parameters constituting the corrosion (i.e. geometry and variability
of the corrosion) and the steel material (ductility and hardening ratio) on the mechanical
behaviour of the corroded strands.

Figure 9.1: Qualitative force-displacement relationship of a corroded seven-wire strand

Figure 9.1 shows qualitative force-displacement relationships of a corroded seven-
wire strand (continued line) compared with the not corroded one characterized by an
elastic-perfectly plastic steel material(dashed line). This is typically characterized by
some key parameters: (i) a series of yield points, i.e. (δy1, Fy1), that describes the pro-
gressive collapses of the wires, (ii) the peak point (δp, Fp) that is the maximum point of
the diagram, and (iii) the ultimate point (δu, Fu). Duals points can be identified for the
not-corroded strands: the peak force F0 and the ultimate displacement δu0. This chapter is
focused on the study and characterization of the peak point, taking into account the force
only. In other words, an extensive analytical and numerical study on peak force Fp has
been carried out. It is worth noting that in a parallel model, which is the model that will
be deeply developed and used in this work, the ultimate displacement of a corroded strand
is the same of that one of the more ductile wires in the strand itself.

In addition, it is worth noting that similarly to wire ropes, in seven-wire strands, two
kinds of progressive collapses can be identified: (i) due to the changing of geometrical
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Chapter 9. Mechanical behaviour of corroded seven-wire strands

configuration: after the first wire break, the geometry of the strand changes and a progres-
sive collapse of the wires, due to geometrical effects only, can occur. In fact, the mechani-
cal behaviour of helicoidal strands and ropes may become very complicated [53]. (ii) Due
to localized corrosion: it is considered and deeply analysed in this work. Regarding the
first point, it is important to clarify that the change of the geometry after a wire collapse
is more significant in wire ropes where its effects lead to increasingly local phenomena
related to flexural, shear and torsional effects. In other words, in seven-wire strands, the
further effects on the peak force reduction due to the changing of the geometry after a wire
collapse, together with those introduced in this chapter, assume a negligible contribution.
However, this aspect will be the objective of future studies.

9.1 The Darmawan-Stewart model for brittle material

The Darmawan-Stewart model provides an analytical expression for the peak force in
corroded strands constituted by a certain number of wires. The hypothesis considered by
the model are:

• equal stiffness in all the wires;

• the elasto-brittle behaviour of the wires;

• progressive collapses of the wires according to the adimensional reduced cross-
section area values.

The expression for the peak force assumes the following expression:

Fp,DS = max

[
(nw − i+ 1)ρi

F0

nw
)

]
(9.1)

where the adimensional reduction of cross-section areas ρi are in ascending order.
Figure 9.2 summarizes the model idea: they are considered different strands configura-
tions according to the ρi wires values in ascending order, and then the maximum of their
peak force provides the peak force of the corroded strand.
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9.2. The parallel model for the elasto-plastic material

Figure 9.2: Mechanical idealization of the Darmawan-Stewart model

9.2 The parallel model for the elasto-plastic material

The parallel mechanical model of a corroded straight seven-wire strand is based on
the following main assumptions:

• the wires composing the strand are straight and subjected to tension forces only;

• any kind of interaction (e.g., friction) between the wires is neglected;

• the strand is described as a parallel system between the equivalent series systems
representing the wires (according to their mechanical behaviour described in chap-
ter 8);

• the mechanical behaviour of a corroded seven-wire strand is represented by a force-
displacement relationship;

• all the wires are characterized by the same diameter.

As a result of the characterization of the mechanical behaviour of the single wire, the
parallel model provides the force-displacement of corroded strands taking into account
the geometry of the corrosion, which is described by the two key-parameter ρi and λi,
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Chapter 9. Mechanical behaviour of corroded seven-wire strands

and the steel material parameters that describe its sigma-epsilon relationship. The model
considers the parallel system of the equivalent spring representing the corroded wires. In
addition, it considers the effects of corrosion on the elastic stiffness of the wires. Figure
9.3 reports a schematic representation of the parallel model and a possible result in terms
of force-displacement relationship, respectively.

(a) Mechanical idealization

(b) qualitative force-displacement relationship of
a corroded seven-wire strand

Figure 9.3: Mechanical idealization and a qualitative force-displacement relationship
given by the parallel model

As an important result, as it can be seen from Figure 9.3, the model here presented is
able to describe the typical mechanical behaviour of strands under tensile loads, which is
characterized by a progressive collapse of the wires whose are constituted. The param-
eter of interest on which this work is focused is the peak force measured on the force-
displacement relationship provided by the model (Fp,p). In addition, Figure 9.3 reports
also both the lower and upper bounds among which the peak force is included. Valid ex-
pressions for the two limits are the following: (i) Darmawan-Stewart model prevision for
the lower bound Fp,DS and (ii) fully-ductile model prevision for the upper bound prevision
Fp,upper = Afu.
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9.3. On the influence of the variability of the corrosion in the wires

9.3 On the influence of the variability of the corrosion in
the wires

Since this model has been implemented by coding, parametric studies have been car-
ried out in order to (i) study the influence of the single parameters constituting the corro-
sion (i.e. geometry and variability of the corrosion) and the steel material (ductility and
hardening ratio) on the mechanical behaviour of the corroded strands, and (ii) for charac-
terizing the new resistance model introduced in chapter 10. As far as the first objective is
concerned, seven possible scenarios of corrosion in the strands reported in Table 9.1 have
been taken into account. In this regard, each scenario has been simulated considering a
distribution of corrosion in such a way as to have the mean corrosion level ρM = 0.5 with
different levels of variability of the corrosion (which is evaluable through their variability,
that can be quantified by the coefficient of variation COVρi of the ensemble of the seven
corrosion levels of the single wires constituting the whole strand) and the adimensional
corrosion extension λi in the range (0,1) with a reference length L0 = 1m. The mean
corrosion level and the variability of the corrosion in the wires are defined as follows:

ρM =

∑nw

j=1Ai,j∑nw

j=1A0i,j

=

∑nw

j=1A0i,j · ρi,j∑nw

j=1A0i,j

=
A0i,j

∑nw

j=1 ρi,j

nwA0i,j

=

∑nw

j=1 ρi,j

nw
= mρi (9.2)

COVρi =

√∑nw

j=1(ρi,j −mρi)
2

nw − 1

mρi

(9.3)

It is worth noting that since all the wires are characterized by the same diameters (it
is justified by the small differences between the diameter of the king-wire and those of
the external wires) the mean corrosion level is equal to the mean of the corrosion. On the
contrary, it corresponds to the weighted average of the adimensional reduced cross-section
areas.

Table 9.1: Seven different scenarios of corroded seven-wire strands

Scenario ρ1 ρ2 ρ3 ρ4 ρ5 ρ6 ρ7 ρM COVρi
1. S1 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0
2. S2 0.41 0.44 0.47 0.50 0.53 0.56 0.59 0.50 0.129
3. S3 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.50 0.216
4. S4 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.50 0.432
5. S5 0.15 0.20 0.25 0.50 0.75 0.80 0.85 0.50 0.606
6. S6 0.10 0.20 0.40 0.50 0.60 0.70 1 0.50 0.611
7. S7 0.05 0.20 0.35 0.50 0.65 0.80 0.95 0.50 0.648
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Chapter 9. Mechanical behaviour of corroded seven-wire strands

Figure 9.4 and Figure 9.5 report the force-displacement relationships obtained with the
application of both the parallel model and the Darmawan-Stewart model (horizontal lines)
to the identified scenarios, for the case of λ = 0.01 and λ = 0.15. They are normalized
with respect to the not-corroded strand dividing the forces by the yield force Fy0 = A0fy
and the displacement by the yield displacement δy0. In other words, it is made equal to (1,
1) the yielding point of the not-corroded strand. The figures show the force-displacement
results considering elastic-perfectly plastic and elastic-plastic with hardening stress-strain
relationships for the two values of material ductility. The hardening coefficients have been
considered equal to 0.5% and 1.5%.

Figure 9.4: Results of parametric simulations of fixed scenarios of corroded seven-wire
strands characterized by λi = 0.01 in terms of force/displacement relationships: (a) (µε =
10, r = 0%), (b) (µε = 10, r = 0.5%), (c) (µε = 10, r = 1.5%), (d) (µε = 100, r = 0%),
(e) (µε = 100, r = 0.5%), (f) (µε = 100, r = 1.5%)

Figure 9.4 and Figure 9.5 show that the proposed parallel model is able to simulate
the typical force-displacement relationship of corroded wire strands that are characterized
by progressive collapses of the single wires. It is also worth noting that, for a fixed value
of λi (especially for small values), the behaviour of corroded strands might be different
according to the corrosion distribution in the wires, which is evaluable through their vari-
ability. In fact, the peak force and ultimate displacement given by force-displacement
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Figure 9.5: Results of parametric simulations of fixed scenarios of corroded seven-wire
strands characterized by λi = 0.15 in terms of force/displacement relationships: (a) (µε =
10, r = 0%), (b) (µε = 10, r = 0.5%), (c) (µε = 10, r = 1.5%), (d) (µε = 100, r = 0%),
(e) (µε = 100, r = 0.5%), (f) (µε = 100, r = 1.5%)

relationships of the strand characterized by COVρi = 0.129 (light blue line) are differ-
ent than those ones of the strand characterized by COVρi = 0.129 (yellow line), even
though the strands were characterized by the same mean corrosion level. This suggests
that the reductions in the peak force and ultimate displacement are influenced by both the
corrosion mean level (ρM = 0.5) and the variability in the corrosion of the wires (differ-
ent COVρi). In particular, as it can be seen from Figure 9.4 the effects of the variability
are much more significant in strands characterized by small values of λi (localized cor-
rosion), where the interaction with ρi is higher. In other words, the ductility in the wires
is not enough to enable the strand achieving the maximum force given by the mean cor-
rosion level, which is, on the contrary, evident for higher values of λi reported in Figure
9.5. Such first results, which require further investigation as shown in chapter 10, allows
highlighting the importance of considering both parameters ρi and λi of the wires (and
not only ρi ), in the mechanical behaviour of corroded seven-wire strands. Furthermore,
the hardening effect is limited for small material ductility (i.e. high strength steel with
µε = 10), whilst it leads to higher maximum force and higher ultimate displacement for
large material ductility (i.e. mild steel with µε = 100).
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Chapter 9. Mechanical behaviour of corroded seven-wire strands

In other words, the behaviour of corroded seven-wire strands made up of high strength
steel is well represented by an elastic-perfectly plastic constitutive model. On the contrary,
for elastic-perfectly plastic steel material with high values of material ductility µε, the
peak force depends only on the mean corrosion level ρM , in fact, the ductility content in
the wires is enough to achieve the yielding stress. This is valid also if, in addition, high
values of the adimensional corrosion length λi are considered.

As a matter of fact, the peak force in corroded seven-wire strands, considering an
elastic-perfectly plastic with hardening steel material, as shown in Figure 9.4 and Figure
9.5, always depends on the variability of the corrosion in the wires.

Figure 9.6a reports the reductions of the peak force of corroded strands identified
by the seven scenarios reported in Table 9.1 considering an elastic-perfectly plastic steel
material with ductility µε = 10.

(a) Peak force as a function of the adimensional
corrosion extension
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Figure 9.6: Peak force reduction in corroded strands of the seven scenarios reported in
Table 9.1 considering an elastic-perfectly plastic steel material with ductility µε = 10

As it can be seen from Figure 9.6a, the higher the variability of the corrosion in the
wires the higher the reduction of the peak force in the strand. Furthermore, for small
values of λi (localized corrosion) the reduction is strongly dependent on the variability in
the corrosion, while after a specific value around 0.1, this effect fails since all the wires
have sufficient ductility to achieve the yielding stress. As a matter of fact, this important
aspect should be considered in the evaluation of the strength capacity of a corroded strand.
Figure 9.6b reports the trend taken by the reduction of the peak force with the coefficient
of variation of the corrosion in the wires confirming that this variability has an important
effect on the peak force in corroded strands. In addition, Figure 9.6b summarizes the
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important aspects that have been obtained from this study regarding the peak force in
corroded strands: (i) it decreases with an increasing of the variability of the corrosion in
the wires, and (ii) it decreases with a decreasing of the adimensional corrosion extension
λi.

Figure 9.7 reports the ultimate displacement δu identified in the seven scenarios re-
ported in Table 9.1 with reference to the case of elastic-perfectly plastic steel material
with ductility µε = 10. The ultimate displacement is expressed with respect to the ulti-
mate displacement of the not-corroded strand δu0 = εu · L0.

Figure 9.7: Ultimate displacement of the strands in the seven scenarios as a function of
the adimensional corrosion extension

As it can be seen from the Figure 9.7, the ultimate displacement increases with the
increasing of the adimensional corrosion extension. In fact, it governs the ductility in the
wires and allows to model the embrittlement in the wires due to corrosion. In addition,
the ultimate displacement tends to increase with an increasing of the variability of the
corrosion in the wires. The sixth scenario, which is characterized by a not-corroded wire,
shows, as expected, no reduction of the ultimate displacement. In fact, in the parallel
model, the ultimate displacement of the strand corresponds to the ultimate displacement of
the more ductile wire. However, do not consider the effects of variability of the corrosion
in the wires on the ultimate displacement of the strand could be accepted from a safety
point of view.
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Figure 9.8 summarises the identified effects due to corrosion on the force-displacement
of a corroded seven-wire strands. In particular, it empathizes the reductions both of the
strength and of the ductility in case of an elastic-perfectly plastic steel material. The dia-
grams are expressed with reference to the not-corroded case.

Figure 9.8: Schematization of the strength and ductility reductions in corroded seven-wire
strands

In conclusion, the parametric study allows to make the following considerations: (i)
the mechanical behaviour of a corroded strand is highly governed by the geometrical
configuration of the corrosion in the wires, and by the ductility and hardening capacities
of the steel material. In particular, their coupling might not be negligible in the evaluation
of the peak force and the ultimate displacement. (ii) To consider either elastic-perfectly
plastic or elastic-plastic with hardening steel material is comparable if the ductility of the
material is low, which is also the case of wire strands, (iii) the corrosion distribution in
the wires provides a further reduction on the peak force in addition to that one due to
the reduction of the cross-section area and in the ultimate displacement, (iv) for a fixed
value of λi, the higher the variability of the corrosion, the higher the reduction of the
peak force and the lesser is the reduction of the ultimate displacement, and (v) the further
reductions in the peak force and in the ultimate displacement due to the variability in the
wires decreases with an increasing of the adimensional corrosion extension λi.
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Peak strength resistance model

Sommario

In questo capitolo viene introdotto un nuovo modello di resistenza per trefoli
corrosi. Tale modello introduce un parametro atto a rappresentare gli effetti della va-
riabilità della corrosione nei fili sulla risposta meccanica di trefoli corrosi. Il modello
introdotto è applicato secondo due approcci, quello deterministico e quello probabili-
stico, e secondo due procedure dipendenti dalla conoscenza dettagliata o meno della
geometria di corrosione.

I paramtetri del modello vengono calibrati mediante simulazioni di Monte Car-
lo di trefoli corrosi, sfruttando le modellazioni di fili e trefoli mostrate nei capitoli
precedenti.

Sulla base dei risultati delle simulazioni, viene infine proposto un dominio di
resistenza per trefoli corrosi che tiene conto sia della geometria di corrosione che dei
parametri costitutivi del materiale acciaio.

La descrizione probabilistica del modello di resistenza introdotto ha permesso la
definizione di parametri di verifica e di progetto, ad esempio i fattori di sicurezza,
per tener conto della presenza di corrosione nei trefoli nelle verifiche di sicurezza.

Tutti i risultati sono riportati in forma tabellare nell’ Appendice A.

Summary

In this chapter, a new resistance model for corroded strands is presented. This
model introduces a parameter able to represent the effects of corrosion variability
in the wires on the mechanical response of corroded strands. The introduced model
is applied according to two approaches, the deterministic and the probabilistic one,
and according to two procedures depending on the knowledge of the geoemtry of the
corrosion.

The model parameters are calibrated by means of several Monte Carlo simu-
lations of corroded strands, taking into account the models of corroded wires and
strands shown in the previous chapters.

Based on the results of the simulations, resistance curves for corroded strands
are finally proposed which takes into account both the corrosion geometry and the
constitutive parameters of the steel material.
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10.1. The proposed model and the approaches

The probabilistic description of the resistance model introduced has allowed the
definition of safety and design factors, for instance the safety factors, to take into
account the corrosion in the strands in the safety assessments.

All the results are reported in tabular form in the Appendix A.

10.1 The proposed model and the approaches

The expression for the peak force reported in Eq.7.1 has some limitations in its def-
inition, in fact, it is defined only for limited cases of damage index (up to 20-40%) and
provides no physical results (negative force reductions) for damage index higher than a
fixed value that depends on the α parameter. In addition, it is not able to describe the
dispersion in the peak force reduction for the same value of D, also shown in some ex-
perimental campaigns [40], [3], [43]. Therefore, here is introduced a resistance model
for corroded strands introducing a new coefficient that accounts for the variability of the
corrosion in the wires. Since this coefficient is supposed to represent the effects of the
group of wires in a corroded strand, in terms of corrosion variability, it is referred to it
as the group coefficient ρG. The physical meaning of this coefficient is that in a corroded
seven-wire strand not all the wires, according to the corrosion geometry, might reach the
yield stress, leading to a premature collapse of the wires themselves, which provides a
peak force that cannot be described by simply considering the mean corrosion level only.
This result is also suggested by the parametric study shown in section 9.2.

10.2 The peak strength resistance model

The peak strength resistance model here proposed, therefore, assumes the following
expression:

Fp,p(ρM , ρG) = F0 · ρM · ρG
Fp,p(ρM , ρG) = F0 · ρM · ρG(ρM(mρi), COVρi , λi, µε)

Fp,p(ρM , ρG) = F0 · ρM · ρGmin(ρM(mρi), COVρi) · η(ρM(mρi), COVρi , λi, µε)

(10.1)

where ρM = ρM(mρi) and ρG = ρG(COVρi), accounting for the mean corrosion
level and the dispersion of the corrosion in the set of the nw values of corroded areas,
respectively. In addition, the group coefficient is a function of the damage index D (mean
corrosion level), the ductility in the wires and the material ductility. It can be seen as the
product of the other two coefficients: the minimum group coefficient ρGmin(D,COVρi)
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and the model coefficient η(D,COVρi , λi, µε). In other words, it can be seen as made up
of two contributions related to a completely brittle behaviour (ρGmin) and to a ductile one
(η):

ρG = ρGmin · η (10.2)

From a qualitative point of view, the group coefficient should have two boundary
conditions in D = 0 and D = 1 that are cases characterized by no variability in the
corrosion, which corresponds to COVρi = 0. In these cases, no further reduction in the
peak force due to variability of corrosion occurs, then, the group coefficient is equal to
one.

Accordingly, the objectives are now to estimate the minimum group coefficient ρGmin
and the model coefficient η. In fact, these coefficients are the unknowns in Eq. 10.1,
since the peak force of the not-corroded strand F0 and the mean corrosion level ρM can
be calculated. In this regard, section 10.6 shows the analytical lower bound estimation of
the group coefficient and section 10.5 describes the estimation of the model coefficient by
means of several Monte Carlo simulations of corroded seven-wire strands.

10.3 The approaches for the model parameters

The resistance model can be applied according to the following approaches:

• the deterministic one that can be used for a direct estimation of the strength of
corroded seven-wire strands by directly applying the Eq.10.1:

– the mean corrosion level is reasonably estimated⇒ ρM ;

– the peak force of the not-corroded strand is calculated⇒ F0;

– the minimum group coefficient is calculated by applying Eq.10.3⇒ ρGmin;

– the model coefficient can be calculated thanks to its expressions that have
been obtained by the fitting procedure of the Monte Carlo simulations results.
These functions for all the damage index values are reported in Appendix A
⇒ η;

• the probabilistic one that can be used for providing a statistical representation of the
peak force as discussed in detail in section 10.7.2. Through the representation of the
variables (or some of them) that define the resistance model as random variables, it
is possible to characterize the variability of the peak strength of corroded seven-wire
strands:

– the mean corrosion level ρM can be assumed as deterministic variable;
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– the peak force F0 of the not-corroded strand is equal to A0 · fy. The cross-
section area A0 of the not corroded strand can be assumed as a deterministic
variable while the yielding stress of the steel material fy is a random variable;

– the minimum group coefficient ρGmin can be assumed as deterministic vari-
able;

– the model coefficient η can be assumed as random variable. Its probability
density functions have been obtained by the fitting procedure of the Monte
Carlo simulations results. These functions for all the damage index values are
reported in Appendix A.

In both approaches, the geometrical configuration of the corrosion and the mechani-
cal parameters of the steel material are taken into account by means of the cross-section
reduction of the strand (through the mean corrosion level ρM ) and the adimensional ex-
tension reduction λi. As far as the latter parameter is concerned, two procedures can be
identified for the application of the introduced resistance model:

• procedure a) considering λi as unknown: it could be the case of lack of knowledge
of the corrosion extension;

• procedure b) considering λi as known: it could be the case of a complete character-
ization of the extension of the corrosion.

10.4 Approaches and procedures to estimate the model
parameters

From a practical point of view, the two procedures differ from each other with respect
to the set of simulations data that are used in their estimations. In fact, the procedure
for λi unknown takes into account all the set of the simulated λi values, while the other
procedure considers the exact value of the simulated λi.

Therefore, the achieved results in this work are in terms of ρGmin and η, which as-
sumes different expression according to the two approaches and the two procedures:

• deterministic approach:

1. values of η that is independent with respect to λi value (procedure for λi un-
known). It assumes constant values.

2. values of η that is dependent with respect to λi value (procedure for λi known).
It assumes polynomial expression as a function of λi.

• probabilistic approach:
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1. probability density functions of the model coefficient η that are independent
with respect to λi (procedure for λi unknown);

2. probability density functions of the model coefficient η that are dependent
with respect to λi (procedure for λi known);

3. design-oriented results based on the probability functions of the peak force of
corroded seven-wire strands. This is obtained considering both the types of
the probability density functions of the model coefficient η (λi unknown and
λi known)

Table 10.4 summarizes the two approaches and the two procedures for the application
of the proposed model.

Table 10.1: Summary of the results for the application of the introduced resistance model

Peak strength model (Eq.10.1)
Deterministic approach Probabilistic approach

F0 Calculated
ρM Calculated and/or estimated, i.e. experience, measurements
ρGmin Calculated by Eq.10.3
η λi is known λi is unknown λi is known λi is unknown

Polynomial expres-
sion as a function of
λi

Constant value PDF PDF as a function of
λi

10.5 Brittle material assumption: lower bound estima-
tion of the group coefficient

Assuming that the group coefficient has the minimum value in the brittle case, the
Darmawan-Stewart model is used to estimate analytically its lower bound. In this regard,
the estimation has been carried out considering the following points:

• considering a uniformly distributed corrosion in the wires of the strand whose am-
plitude is described by the parameter p. The corrosion in the wires has mean value
mρi;

• equalling the analytical peak force given by the Eq. 9.1 with that one given by the
Eq. 10.1;
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10.5. Brittle material assumption: lower bound estimation of the group coefficient

• solving of this new equation with respect to ρGmin that is the only unknown in the
equation.

In this section is reported the final expression of the ρGmin while the complete method-
ology adopted for its estimation is reported in Appendix B. However, it is considered ap-
propriate to provide some consideration about the final expression of the ρGmin reported
in Eq. 10.3. In this regard, Eq. 10.3 is obtained by considering the corrosion in the
wires uniformly distributed in the domain (mρ,i − p,mρ,i + p) and characterized by the
maximum variability (case of p = pmax).


ρGmin = (nw − imax + 1)

[
2pmax
nw − 1

(imax − 1) + (mρi − pmax)
]

1

mρinw
pmax > pmin

ρGmin =
(mρi − pmax)

mρi

pmax ≤ pmin

(10.3)
Detailed analytical developments and analytical expressions for the index that pro-

vides the maximum force imax, the minimum and maximum amplitudes pmin and pmax,
are reported in Appendix B. The expression of the lower bound estimation of the group
coefficient represents a general expression that can be applied to strands characterized by
different numbers of wires also characterized by different diameters (in the present case
mρi = ρM ).

Figure 10.1a shows the coefficient of variation of the corrosion in the wires as a func-
tion of the damage index. As it can be also seen the assumption of uniform distribution
of corrosion provides a plateau value for a damage index higher than 0.5 and with de-
creasing trend according to an increase in the number of the wires in the strand. Figure
10.1b reports the minimum group coefficient as a function of the coefficient of variation
of the corrosion in the wires showing that the higher the variability in the corrosion the
lesser the minimum group coefficient. This result confirms that high variability in the
corrosion might provide a further reduction of the peak force in the strand. In addition,
the minimum group coefficient tends to a plateau value equal to 0.5 for a higher value of
the number of wires. This aspect is clear from Figure 10.1c.
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Figure 10.1: Variability of the corrosion in the wires: (a) coefficient of variation of the
corrosion in the wires as a function of the damage index (b) ρGmin as a function of the
coefficient of variation of the corrosion in the wires and (c) ρGmin as a function of the
damage index

Therefore, according to these aspects, the following observations can be done: (i)
ρGmin decreases with increasing COV values, (ii) for large COV values, ρGmin assumes
a minimum value that depends on the number of wires in the strands, (iii) the minimum
value assumed by ρGmin decreases with increasing of the total number of wires, (iv) ρGmin
decreases with increasing damage index D, achieving a minimum value for D around 0.5.
This result confirms that high variability in the corrosion might provide a further reduction
of the peak force in the strand.

10.6 Statistical evaluation of the model coefficient and
the group coefficient

In order to estimate the model coefficient η, which describes all the effects on the
peak force of corroded strands that are not taken into account by ρGmin, i.e. ductility in
the wires (taking into account λi), not-uniformity of the corrosion domain, etc., several
Monte-Carlo simulations have been carried out. In fact, until now η is the only unknown
of Eq.10.1. The simulations were characterized by the following assumptions:

• the strands are constituted by seven wires;

• the parallel model described in section 9.2 was assumed for the corroded strands;
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10.6. Statistical evaluation of the model coefficient and the group coefficient

• the wires were constituted by elastic-perfectly plastic steel material with low ma-
terial ductility µε = 10 (strands are typically constituted by harmonic steel) since
considering either elastic-perfectly plastic or elastic-plastic with hardening steel
material is comparable in the study of their mechanical response through force-
displacement relationships (as shown in section 8.2);

• the reference length L0 = 1m;

• the reductions of the cross-section area in the wires were randomly generated in
order to have a damage index in the range (0,1);

• the adimensional corrosion lengths λi were generated in the range (0,0.1) and as-
sumed equal for all the wires in each generation of the corroded strands.

Figure 10.2 summarizes the theoretical path that has been applied to estimate the
model coefficient η, which corresponds to that one of the group coefficient ρG since ρG =

η · ρGmin.

Figure 10.2: Theoretical path applied for the estimation of the model coefficient η

Figure 10.3a shows the results of the simulations highlighting as the model coefficient
η tends to be less variable according to an increase of the adimensional corrosion length
λi and to reach a maximum value equal to 1/ρGmin (i.e. equal to 1/0.57 = 1.75 in case of
D = 0.5). In addition, it can be identified a fixed value of λi at which η shows a plateau
value equal to 1/ρGmin according to the damage index scenario. If this adimensional
corrosion length value is indicated with λi, in the cases characterized by λi > λi the
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Chapter 10. Peak strength resistance model

ductility of the wires is able to reach the maximum force and the model coefficient η can
be assumed equal to 1/ρGmin.

Figure 10.3: Results of the simulations: (a) 3d plot of the model coefficient η, (b) sta-
tistical distribution of the group coefficient as a function of D for all the λi values; (c)
statistical distribution of the group coefficient as a function of λi for all the D values

Figure 10.3b reports the statistical distribution of the group coefficient percentiles as a
function of the damage index for all the adimensional corrosion length λi values. From a
qualitative point of view, it shows that the group coefficient assumes values equal to 1 in
the limit case of no variability in the wires, which means the cases of D = 0 and D = 1.
In addition, Figure 10.3c, which reports the statistical distribution of the group coefficient
percentiles as a function of the adimensional corrosion length λi for all the damage index
scenarios, shows that the effects of the variability in the wires tend to be negligible when
the adimensional corrosion length λi increases.

As a result, it is clear that: (i) the effects of the variability of the corrosion in the
wires are higher for small values of λi, as also introduced in section 9.2, (ii) since higher
percentiles describe the configuration in which the strands have a higher ductility (they
reach ρG = 1 for a higher value of λi) they can be used for describing different ductility
contents in the strands and (iii) the statistic of the group coefficient tends to change with
an increase of the adimensional corrosion length λi. Clearly, all these aspects are worth
also for the model coefficient η, according to Eq. 10.1. In this regard, Figure 10.4 reports
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10.6. Statistical evaluation of the model coefficient and the group coefficient

the trends taken both by the standard deviation and by the coefficient of variation of the
model coefficient η, related to the case of D = 0.5.
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Figure 10.4: Trends of the standard deviation and the coefficient of variation of the model
coefficient η with the adimensional corrosion length λi

Looking in detail at the variation of the probability density function, Figure 10.5a
and Figure 10.5b report the relative frequency histogram of the model coefficient η cor-
responding to λi = 0.03 and λi = 0.07, respectively, 5th, 16th, 84th and 95th percentiles
calculated on their respective simulations and a fitting with the normal and the scaled beta
distributions. The beta probability density function is defined in the range [0,1], and then
its parameters have been determined by a scaling operation on the coefficient model η
values dividing them for max(η). Thus, the new beta probability density function can be
obtained by rescaling the identified function in order to obtain the integral of its probabil-
ity density function equal to 1.
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Figure 10.5: Statistical properties of the model coefficient η

Furthermore, Figure 10.5 shows that for small values of λi the statistic of the model
coefficient η is well-represent by the logNormal function. On the contrary, for values
of λi that tends to λi, negatively skewed distributions seem to be more appropriate. In
other words, the safety level evaluation of corroded seven-wire strands can be different
according to the statistic of η.

To better explain the two procedures, Figure 10.6 shows both the case of deterministic
and probabilistic approaches for the case of D = 0.5. In particular, Figure 10.6a shows
the results of the deterministic approach in which the percentiles of the model coefficient
assume constant values (λi is unknown and the simulations results of its entire set are
considered) and polynomial expressions (λi is known and the simulations results of their
fixed values are considered), respectively. Similarly, Figure 10.6b shows the results of
the probabilistic approach in terms of suggested probability density function fit for the
model coefficient η, corresponding to the entire set of λi (unknown), for λi = 0.03 and
for λi = 0.07.
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Figure 10.6: Procedures (a) for λi known and (b) for λi unknown in the case of D = 0.5

As far as the deterministic approach in Figure 10.6a is concerned, it is clear that con-
sidering the results without taking into account the exact value of λi can lead to an exces-
sive evaluation of the model coefficient η in the cases of brittle corroded strands (char-
acterized by low values of λi), which can provide an overestimation of the peak force.
Vice versa, for the cases of ductile corroded strands (characterized by high values of λi)
it suggests values for the model coefficient η that can provide an underestimation of the
peak force.

In detail, a summary of the simulation results for all the damage index scenarios and
for all the available λi values is reported in Appendix A, for both the approaches and
procedures.

10.7 Results of the analyses carried out

As described in the previous section, two approaches can be identified and each of
them can be applied with reference to two procedures: (i) for λi unknown and (ii) for λi
known.

10.7.1 Deterministic approach and strength reduction curves
proposal

In the deterministic approach all the functions that define the peak strength of corroded
seven-wire strands, given by Eq.10.1, can be assumed as deterministic variables. Thus,
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the following point can be recognized:

• the mean corrosion level is reasonably estimated⇒ ρM ;

• the peak force of the not-corroded strand is calculated⇒ F0;

• the minimum group coefficient is calculated by applying Eq.5.28⇒ ρGmin;

• the model coefficient can be calculated thanks to the functions obtained by the fit-
ting procedure of the Monte Carlo simulations results depending on the λi (un-
known or known). These functions for all the damage index values are reported in
Appendix A⇒ η.

In particular:

1. values of η that is independent with respect to λi value (procedure for λi un-
known). It assumes constant values.

2. values of η that is dependent with respect to λi value (procedure for λi known).
It assumes polynomial expression as a function of λi.

In this section is presented a proposal of strength reduction curves considering the
deterministic approach for the procedure of λi unknown (which means to consider all the
simulations results in terms of λi since they represent the worse situation). The strength
reduction curve represents an important engineering tool that provides the amount of
strength reduction in corroded strands due to the presence of corrosion. According to
the resistance model in Eq.10.1, the strength reduction Fp,p/F0 can be defined as follow:

Fp,p = F0 · ρM · ρG
Fp,p
F0

= ρM · ρG
Fp,p
F0

= (1−D)ρG

(10.4)

Therefore, the first step to represent the strength reduction curve is to evaluate the
group coefficient ρG for the entire damage index domain, as reported in Figure 10.7. In
particular, the figure also reports the 1st, 5th and 16th percentiles with their second-order
and sixth-order polynomial fit and the ρGmin analytical trend. As it can be seen, the fitting
with a sixth-order polynomial provides the best fit for all the percentiles. However, since
the group coefficient ρG cannot assume values bigger than 1, the case of the sixth-order
polynomial fit of the 16th percentile should be put equal to 1 for damage index in the
range of (0.9-1), where it assumes values slightly higher than 1. Thus, considering this
approximation, in the following, only the sixth-order polynomial fits are considered.
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Figure 10.7: Group coefficient as a function of the damage index

It is worth noting that the lower bound estimation of the group coefficient seems to be
higher for damage index up to 0.20, with respect to the prevision given by the 5th and 1st

percentiles.
This aspect is due to the fact that for strands characterized by a small amount of corro-

sion is much more difficult to have the maximum variability in the corrosion of the wires,
which is one of the hypotheses for the analytical estimation of the ρGmin. However, the
1st percentile represents a good approximation of the group coefficient for representing
seven-wire strands characterized by small values of λi (brittle strands). On the other
hand, the 5th and 16th percentiles can be used for estimating the behaviour of corroded
seven-wire strands characterized by a certain ductility level. The polynomial fittings are
characterized by the following expressions:


1st ⇒ ρG = 61.37D6 − 172.87D5 + 186.46D4 − 96.81D3 + 25.75D2 − 3.94D + 1 R2 = 0.99

5th ⇒ ρG = 15.76D6 − 47.92D5 + 58.55D4 − 36.03D3 + 12.24D2 − 2.60D + 1 R2 = 0.99

16th ⇒ ρG = −20.10D6 + 55.06D5 − 57.04D4 + 28.09D3 − 5.65D2 − 0.36D + 1 R2 = 1

(10.5)
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Figure 10.8 shows the strength reduction curves for corroded seven-wire strands by
applying Eq. 10.5. This is a fundamental result of this work that can be useful for the
assessment of the residual strength of corroded seven-wire strands taking into account
the geometry of the corrosion and the steel material properties. The Figure reports the
curves as directly evaluated from the Monte-Carlo simulations and from their identified
percentiles of Eq. 10.4. In addition, it also reports some analytical linear fittings, which
are based on experimental tensile tests, available in the literature.

The proposal strength reduction curves represent a lower bound estimation of the peak
strength reduction in corroded seven-wire strands measured during some experimental
campaigns. In fact, some of those corroded seven-wire strands could be characterised by
different amounts of ductility, which makes it possible that the reductions are lesser than
those described by the 16th percentile. As discussed before, the here proposed curves
represent the application of the deterministic approach considering all the sets of the adi-
mensional corrosion extension λi (λi unknown). This leads to an overestimation of the
reduction of the peak force (worse case), which could be the difference with the case of
the three models proposed by [40]. Further simulations considering the exact values of
the adimensional corrosion extension λi (λi known) are currently ongoing.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
p
/F

0

analytical 
Gmin

1th % from MC simulations

5th % from MC simulations

16th % from MC simulations

1th % sixth-order fit

5th %sixth-order fit

16th % second-order fit

linear reduction curve

Jeon et al. 2020 [3]

Jeon et al. 2019 - type 1 [40]

Jeon et al. 2019 - type 2 [40]

Jeon et al. 2019 - type 3 [40]

Lee et al. 2017 [43]

Figure 10.8: Strength reduction curves of corroded wire strands as a function of the dam-
age index
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Clearly, according to the results shown previously in the parametrical study of section
9.2, an increase of the ductility in the corroded wires corresponds to an increase in the
peak force in the strand that is observable also in the strength reduction curves. In fact,
the higher the percentile of the model coefficient η the lower the peak force reduction.

The proposal curves in Figure 10.8 present two important aspects: (i) they are defined
in the entire damage index domain, (ii) they respect two physical boundary conditions
respectively in D = 0 (where no damage occurs, then no reduction of the strength is man-
ifest) and D = 1 (where the damage is complete, then no strength capacity is possible).

The expressions of the strength reduction curves with reference to the 1st%, 5th% and
16th% can be obtained applying Eq.10.4 and Eq.10.5. Thus, they assume the following
expressions:



1st ⇒ Fp
F0

= (1−D) · [61.37D6 − 172.87D5 + 186.46D4 − 96.81D3 + 25.75D2 − 3.94D + 1]

R2 = 0.99

5th ⇒ Fp
F0

= (1−D) · [15.76D6 − 47.92D5 + 58.55D4 − 36.03D3 + 12.24D2 − 2.60D + 1]

R2 = 0.99

16th ⇒ Fp
F0

= (1−D) · [−20.10D6 + 55.06D5 − 57.04D4 + 28.09D3 − 5.65D2 − 0.36D + 1]

R2 = 1

(10.6)
In conclusion, the proposed strength reduction curves represent interesting engineer-

ing tools for the design and safety evaluations of corroded seven-wire strands. However,
their comparison with the results of experimental tensile tests on corroded seven-wire
strands will be the object of future work and studies.

10.7.2 Probabilistic approach

In the probabilistic approach the functions that define the peak strength of corroded
seven-wire strands (or some of them), given by Eq.10.1, can be assumed as random vari-
ables. The result of this approach is the description of the statistic of the introduced
parameter η. In particular, the achieved results of this work are presented in terms of
its probability functions and the consequent probability functions of the peak force of
corroded strands that allow to identify design-oriented parameters.

The resistance function of corroded strands, according to the resistance model, as-
sumes a formal aspect reported in Eq. 10.7.

R = R(A0, fy, η) = ρM · η · ρGmin · A0 · fy (10.7)
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Chapter 10. Peak strength resistance model

In this work, in order to determine the probability functions of the peak force given
by the resistance model defined by Eq. 10.7 four hypotheses have been done:

1. the resistance R is a function of deterministic and random variables;

2. the yield stress of the steel material fy, and the model coefficient η are considered
random variables;

3. the not-corroded area of the wires A0 (it is typically characterized by a small coeffi-
cient of variation, below 1%), the mean corrosion level ρM and the minimum group
function ρGmi are considered as deterministic variables;

4. the functions that define the resistance R can be assumed as independent variables.

In addition, the probability density function of the yield stress can be assumed as
logNormal with a mean value equal to 1700 MPa and a coefficient of variation equal
to 5%. Instead, the model coefficient η has a probability density function reported in
Appendix A, chosen according to the two procedures for λi unknown and for λi unknown.
The not-corroded strand area can be assumed, for instance, equal to 87.96mm2 (seven
wires with a diameter of 4mm) and the minimum group function ρGmin assumes values
given by Eq. 10.3 according with the mean corrosion level.

For the sake of clarity, the following notation is here introduced: (i) the resistance
function R = Y1; (ii) the random variable fy = X2 and (iii) the random variable η =

X3. Thus, after some analytical manipulations, the probability density and cumulative
distribution functions of the resistance of corroded seven-wire strands can be obtained by
the following integral expression.

fY1(y1) =

∫ 1/ρGmin

1

fX2

(
y1

y2 · A0 · ρM · ρGmin

)
· fX3(y2) · 1

y2 · A0 · ρM · ρGmin
· dy2

FY1(y1) =

∫
fY1(y1) · dy1

(10.8)

Figure 10.9 reports both the probability and cumulative density functions given by the
cases of λi unknown and λi known: λi = 0.03 and λi = 0.07, considering the scenario of
damage index D = 0.5.
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Figure 10.9: Probability functions of corroded seven-wire strands in the case of D = 0.5

As shown in Figure 10.9 the knowledge of the corrosion in terms of the adimensional
corrosion length λi leads to a better estimation of the resistance of corroded strands. Eval-
uating the resistance probability functions considering a fixed value of λi leads to a re-
duction of the collapse probability of corroded strands. In addition, as results clear from
Figure 10.9b, the higher the adimensional corrosion length λi the lower the collapse prob-
ability of corroded strands, according to λi effects discussed in section 9.2.

According to the Annex C of EN 1990 [54], a formulation to compute the design
value of a random variable, based on the type of distribution and the probability of failure
chosen for the design purposes can be applied. In the present case, the evaluations have
been performed considering a probability of having a more unfavourable value of 0.1%,
typically assumed when dealing with ultimate limit states, and corresponding to a target
reliability index β equal to 3.8. In fact, the design value of the considered state can be
evaluated assuming the FORM sensitivity factor equal to 0.8 (design resistances).

In this regard, useful results from the resistance probability functions, with reference
to A0 = 87.96mm2 and nw = 7, are summarized in Table 10.2, in terms of the resistance
characteristic value, which is evaluated as the cumulative probability equal to 5%, and the
resistance design value, which is evaluated as the cumulative probability equal to 0.1%.
In addition, Table 10.2 also reports the same results considering the resistance design
value evaluated as the probability equal to 1%, the corrosion characteristic coefficient and
the resistance safety factors. The subscripts k and d denote the characteristic and design
value of the random variable, respectively. The corrosion characteristic coefficient kcorr,
which might be higher than one due to the fact that the reduction of the strength is already
provided by ηk, ρM and ρG, is estimated from the simulations in order to be applied in
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Chapter 10. Peak strength resistance model

the design phases (to estimate the design value of the strength) according to the following
formula:

Rd = kcorr ·
fy,k · A0 · ηk · ρM · ρGmin

γ
(10.9)

Appendix A reports the estimated kcorr and γ values for all the damage index D and
the adimensional corrosion extension λi scenarios.

Table 10.2: Design-oriented results from the peak strength probability density function

Cumulative Curve λi unknown λi = 0.03 λi = 0.07

Resistance characteristic value Rk [kN] 38.30 53.45 62.85
Resistance design value Rd,0.1% evaluated to
CDF = 0.1 % [kN]

8.95 46.40 45.75

Resistance design value Rd,1% evaluated to
CDF = 1 % [kN]

21.55 49.99 55.58

Resistance safety factor γ = Rk/Rd,0.1% 4.30 1.16 1.37
Resistance safety factor γ = Rk/Rd,1% 1.78 1.07 1.13
Corrosion characteristic coefficient for the
strength parameters kcorr = Rk/(fy,k · A0 ·
ηk · ρM · ρGmin)

1.08 1.18 1.06

As it can be seen from the results in Table 10.2, in the case of D = 0.5 , the resistance
safety coefficients assume high different values according to the λi configuration. In fact,
when the adimensional extension of the corrosion λi is unknown the resistance safety
coefficient can assume values higher than three times the value that it assumes for the
cases of known. In other words, in order to have a safe level according to technical codes
(i.e. EN 1990 [54]) it is required a reduction of the resistance parameters of more than four
times. These results confirm that the knowledge of the geometry of the corrosion leads
to a more precise safety assessment of the resistance of corroded seven-wire strands. On
the other hand, the approach can be applied considering a higher value of the probability
of having more unfavourable cases, i.e. 1%, which, of course, leads to a lesser resistance
safety factor and might be a good compromise for the safety evaluation of corroded seven-
wire strands resistance. In this section, in order to explain the approach, just 3 cases of
λi have been presented, however, Appendix A reports the probability functions given by
Eqs. 10.8 and the design-oriented results, for the two procedures of λi unknown and λi
known, for all the values of the damage index.

In conclusion, the following outcomes can be drawn: (i) the lack of knowledge in
the geometry of the corrosion can strongly reduce the resistance of corroded seven-wire
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10.7. Results of the analyses carried out

strands and (ii) the probabilistic approach here presented allows evaluating the resistance
probability functions of corroded seven-wire strands and the calculation of safety factors
considering two procedures that take into account the cases of λi unknown and λi known.
This result may be useful both from a design and safety assessment point of view.
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Ultimate displacements and ductility

Sommario

Questo capitolo riporta i domini di spostamento ultimo per trefoli corrosi stimati
a partire dalle simulazioni Monte Carlo di tefoli corrosi descritte nel capitolo prece-
dente. Tali domini permettono di stimare lo spostamento utlimo di trefoli corrosi (e
quindi di valutare la duttilità disponibile) tenendo conto sia della geometria di corro-
sione che dei parametri costitutivi del materiale acciaio. I domini vengono espressi
in termini di diversi percentili e rappresentano degli utili strumenti ingengeristici sia
ai fini progettuali che di valutazioni di sicurezza.

Summary

This chapter reports ultimate displacement reduction curves for corroded strands
estimated from the Monte Carlo simulations of corroded strands described in the pre-
vious chapter. These curves allow to estimate the ultimate displacement of corroded
strands (and therefore to evaluate the available ductility) taking into account both
the corrosion geometry and the constitutive parameters of the steel material. They
are expressed in terms of different percentiles and represent useful engineering tools
both for design purposes and for safety assessments.

The reduction of the ultimate displacement of corroded seven-wire strands emerged
from the Monte Carlo simulations presented in section 10.6. As explained, the simulated
corroded seven-wire strands were characterized by the adimensional corrosion extension
λi in the range (0,0.1). In fact, the value λi = λi = 0.1, leads to enough ductility in the
wires that allows to reach the condition Fp,p = F0. In other words, the peak force of the
corroded strand is equal to the peak force of the not-corroded one.

Nevertheless, according to the results discussed in chapter 8 and chapter 9, a value of
λi lesser than 1 leads always to a brittle behaviour in wires and strands.

11.1 The complete reduction curves

Thus, in order to fully characterize the ultimate displacements of corroded strands,
the simulations should consider the variation of the adimensional corrosion extension λi
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11.2. The reduced reduction curves

in the range (0,1) as reported in Figure 11.1. The figure, in addition, reports the 1st%,
5th%, 16th% percentiles measured taking into account all the simulated λi (procedure for
λi unknown) and their fitting with second-order polynomial functions, which are reported
in Eq.11.1.
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Figure 11.1: Complete ultimate displacement reduction curves

As it can be seen from the figure, the curves have to assume a value equal to 1 in case
of D = 0, which means no corrosion in the strand (then no reductions of ductility), while
they assume an almost constant value until D = 0.5 then decreases with an increasing
of the damage index. These results confirm that the adimensional corrosion extension λi
has an important impact on the ultimate displacement of corroded strands that strongly
reduces their ductility capacity. In fact, looking at the percentiles, which represent the
ultimate displacements associated with small values of λi (localized corrosion), there is a
high reduction also for small values of the damage index.


1st ⇒ δu

δu0

= −0.121D2 + 0.018D + 0.116 R2 = 0.99 for D ≥ 0.01

5th ⇒ δu
δu0

= −0.121D2 + 0.021D + 0.153 R2 = 1 for D ≥ 0.01

16th ⇒ δu
δu0

= −0.106D2 + 0.017D + 0.252 R2 = 1 for D ≥ 0.01

(11.1)

11.2 The reduced reduction curves

In order to be consistent with the strength reduction curves (λi in the range (0,0.1)),
the ultimate displacement reduction curves have been redefined in the same range of λi
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Chapter 11. Ultimate displacements and ductility

(Figure 11.2). This slightly changes the lower percentiles since they are associated with
the lower values of λi. Eqs.11.2 reports the expressions of the second-order polynomial
fit of the percentiles associated with the reduced ultimate displacement reduction curves.
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Figure 11.2: Ultimate displacement reduction curves

As it can be seen from the curves in Figure11.2, the simulations were characterized by
few points leading to no reduction in the ultimate displacement. This is due to the random
generation of the corroded strands. In fact, in order to simulate a certain damage index, in
particular the small values, some wires could be not-corroded. This leads to an ultimate
displacement of the corroded strand equal to that of the not corroded wire (parallel system
model). However, this does not make big changes in the percentiles.


1st ⇒ δu

δu0

= −0.102D2 + 0.005D + 0.104 R2 = 0.99 for D ≥ 0.01

5th ⇒ δu
δu0

= −0.129D2 + 0.024D + 0.105 R2 = 0.99 for D ≥ 0.01

16th ⇒ δu
δu0

= −0.1412 + 0.038D + 0.114 R2 = 1 for D ≥ 0.01

(11.2)

The reduction curves represent an important engineering tool for the design and safety
evaluations of corroded seven-wire strands. They allow to estimate the ductility capac-
ity of corroded strands taking into account the geometry of the corrosion and the steel
material parameters.

In conclusion, until now, the reduction of the peak force and the ultimate displace-
ment of corroded seven-wire strands are described by their respective reduction curves as
functions of the damage index. The next chapter shows a possible their implementation
in the definition of a reduced sigma-epsilon relationship for the steel material in order to
take into account corrosion in the structural behaviour of post-tensioned beams.
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12

Corrosion effects on the structural
behaviour of prestressed concrete

elements

Sommario

In questo capitolo viene presentato un possibile approccio per valutare gli effetti
dovuti alla presenza di trefoli corrosi sulla capacità di elementi in calcestruzzo arma-
to precompresso. In particolare, tenendo conto di una legge costitutiva del materiale
acciaio ridotta a causa della corrosione, tali effetti possono essere valutati median-
te lo studio del conseguente diagramma momento-curvatura ridotto di una sezione
inflessa o mediante diagramma sforzo assiale-deformazione ridotto nel caso di un
elemento teso. La riduzione della legge costitutiva del materiale acciaio può essere
stimata a partire dai domini di resistenza e di spostamento ultimo per trefoli corrosi
ottenuti nei capitoli precedenti.

Summary

In this chapter a possible approach to evaluate the effects due to the presence of
corroded strands on the capacity of prestressed concrete elements is presented. In
particular, taking into account a constitutive law of the steel material reduced due to
corrosion, these effects can be evaluated by studying the resulting reduced moment-
curvature diagram of a given cross-section or by the reduced axial stress-strain di-
agram in the case of a tense element. The reduction of the constitutive law of the
steel material can be estimated starting from the strength and ultimate displacement
reduction curves for corroded strands obtained in the previous chapters.

12.1 The reduced sigma-epsilon relationship for the steel
material

In the previous chapters, the force-displacement relationships of corroded seven-wire
strands have been discussed and characterized. They take into account the geometry of
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12.1. The reduced sigma-epsilon relationship for the steel material

the corrosion, by means of the cross-section reduction and the adimensional corrosion
extension, and the steel material parameters that define its sigma-epsilon relationship.
The peak force measured from the force-displacement relationships of corroded seven-
wire strands has been described through a new resistance model introduced in Eq.10.1.
Thus, several Monte Carlo simulations of corroded strands allowed to fully characterize
the model parameters and the following proposal curves:

1. the strength reduction curves (see Figure 10.8) that describe the peak force reduc-
tion as a function of the damage index D;

2. the ultimate displacement reduction curves (see Figure 11.2) that describe the ulti-
mate displacement reduction (ductility reduction) as a function of the damage index
D.

From a practical point of view the reduction curves allow to estimate the strength and
the ductility of corroded strands, with different confidence levels, simply by the knowl-
edge of the cross-section reduction of the strands through the mean corrosion level ρM
(D = 1− ρM ).

In this chapter, a possible implementation of these results is presented. The idea is to
characterize the reduced sigma-epsilon constitutive law of the steel material in order to
take into account the effects of the corrosion in the bending moment-curvature diagram.
In fact, the equivalent sigma-epsilon constitutive law can be obtained starting from the
reduction of the peak strength:

Fp
F0

=
ρM · ρG · fy · A0

fy · A0

=
fy,p
fy

(12.1)

where fy,p represents the reduced yielding stress. Similarly, the reduction of the ulti-
mate displacement δu of corroded strands is related to the reduction of the ultimate stress
εu of the steel material:

δu
δu0

=
εu · L0

εu0 · L0

=
ε

εu0

(12.2)

where εu0 indicates the ultimate stress of the steel material with reference to the not-
corroded configuration.

Figure 12.1 reports the two reduction curves obtained and presented in the previous
chapters.

It is worth noting that the ultimate displacement curves represent those one corre-
sponding to the range of simulated λi in the range (0,0.1). In fact, this is consistent with
the strength curves assumptions. Figure 12.2 shows the reduced sigma-epsilon relation-
ship based on the values of the curves.

It is to be noted that the Young modulus of the steel has been considered not degraded
due to corrosion.
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(b) Ultimate displacement reduction curves

Figure 12.1: Reduction curves for corroded seven-wire strands

As a matter of fact, the reduction curves can be also used for cables that are consti-
tuted by several seven-wire strands, which is the typical configuration of post-tensioned
beams in bridges. In fact, their behaviour can be seen again as that one of a parallel
system between the strands. In other words, ρM represents the mean corrosion level of
the corroded cable. This assumption leads to the validity of the obtained strength and
ultimate displacement reduction curves obtained for single seven-wire strands even for
cables constituted by several seven-wire strands.

However, to be rigorous, the reduction curves should be obtained considering the
exact value of the number of wires in the cable, according to the procedure presented in
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12.2. The bending moment-curvature diagram
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Figure 12.2: Reduction of the sigma-epsilon relationship for the steel material

chapter 10, taking into account the exact value of the group coefficient ρG = η · ρGmin.
Nevertheless, the lower bound estimation of the group coefficient tends to a plateau value
equal to 0.5 for high values of the number of wires (see Figure 10.1). Thus, the differences
in terms of strength and ultimate displacement reduction curves are minimal.

12.2 The bending moment-curvature diagram

The next step to take into account the effects of corroded strands on the structural
behaviour of post-tensioned elements is to implement the reduced sigma-epsilon relation-
ship for the steel material in the evaluation of their capacity, for instance by means of
the bending moment-curvature diagram. In this regard, the following hypotheses have to
be considered in the calculation of the resistance bending moment as a function of the
curvature:

• plane sections remain plane (plane sections preservation);

• non-linear behaviour of the constitutive materials;

• perfect bonding between steel and concrete;

• tensile strength of concrete equal to zero.
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Chapter 12. Corrosion effects on the structural behaviour of prestressed concrete elements

From a practical point of view, the bending moment-curvature diagram for a given
cross-section can be obtained by imposing the curvature value (displacement control ap-
proach) and then performing the equilibrium between the concrete and steel stresses and
calculating the resulting bending moment. At each curvature level, the strains in the ma-
terials have been checked with reference to their sigma-epsilon relationships (the reduced
one in the case of corroded prestressing steel).

In order to give an idea of the possible way to proceed, let’s consider a post-tensioned
concrete beam with a rectangular cross-section characterized by a base B = 30 cm and
a height H = 60 cm without reinforced steel (Figure 12.3b). The prestressing force
is provided by 10 seven-wire strands (each seven-wire strand has a cross-section area
As = 87.96mm2).

The concrete is characterized by a characteristic cylinder compressive strength fck =

45 MPa, which means a design value fcd = 25.5 MPa [11], while the prestressing steel
has a design yielding stress fyd = 1700 MPa, Young modulus E = 210000 MPa and
material ductility µε = 10 (εud = 10 · εy = 10 · fyd/E = 8.1%). In fact, the Technical
code (paragraph 11.3.3.2 [11]) requires an ultimate design strain for prestressing steel
εud ≥ 0.9 · 3.5 = 3.15%. The sigma-epsilon relationships for the constitutive materials
are reported in Figure 12.3a.

Supposing a lack of injection along the duct containing the 10 seven-wire strands,
which leads to the presence of corrosion in the prestressing strand, for instance, due to a
cross-section reduction equal to 30% (which means a corrosion mean level ρM = 0.7 ⇒
D = 1 − ρM = 0.3) the reduced yielding stress and the reduced ultimate strain for the
steel material can be estimated through Eqs. 10.6 and 11.2, respectively. With reference
to the the 5th percentile the following reductions can be estimated:

• reduced yielding stress:
Fp
F0

|D=0.3 = 0.503 ⇒ fyp
fy

= 0.503 ⇒ fyp = 0.503 · fy =

855.1 MPa;

• reduced ultimate displacement:
δu
δu0

|D=0.3 = 0.101 ⇒ εu
εu0

= 0.101 ⇒ εu =

0.101 · εu0 = 0.101 · 8.1% = 0.818%.

Where for the yielding stress and the ultimate strain of the steel material have been
considered their design values: fy = fyd and εu = εud. In other words, the safety coeffi-
cient on the steel material has been assumed as unaffected by the corrosion.

Thus, the reduced sigma-epsilon for the prestressing steel assumes the values reported
in Figure 12.4.
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Figure 12.3: Sigma-epsilon relationships of the constitutive materials and cross-section
of the beam
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Following these results, the presence of corroded strands may change the behaviour
of a given cross-section in a post-tensioned beam. In fact, the reduction in both the cross-
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Chapter 12. Corrosion effects on the structural behaviour of prestressed concrete elements

section area of the prestessing steel strands and in the sigma-epsilon relationship for the
steel material can lead to the embrittlement of the cross-section that reaches the collapse
in correspondence to the cracking bending moment. This is due to the fact that the pre-
stressing forces fail and, after the cracking of the concrete, the beam is no more able to
support the external loads. Consequently, the strength and the ductility of the beam with
corroded strands is strongly reduced.

Moreover, the same idea can be also applied to prestressed elements subjected to axial
force only.
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Summary of the results obtained

In the previous chapters mechanical models for corroded wires and strands have been
presented introducing a new resistance model for corroded strands that considers the ef-
fects of the variability of the corrosion in the wires constituting the whole strands. It
takes into account both the geometry of the corrosion, which is described in longitudinal
and transversal extensions by means of the adimensional corrosion extension λi and the
adimensional reduction of the cross-section area ρi, and the steel material properties, in
terms of its sigma-epsilon laws.

By means of these mechanical models, the effects of corrosion on the force-displacement
response of both steel wires and strands have been investigated. The importance of the
single parameters constituting the corrosion (i.e. geometry and variability of the corro-
sion) and the steel material (ductility and hardening ratio) on the mechanical behaviour of
the corroded strands emerged from parametric studies. The following conclusions can be
drawn.

Regarding the single wire:

• The effect of the coupling of ρi and λi can provide a post-yielding response ex-
ploitation of the not-corroded part leading to higher maximum force and ultimate
displacement with respect to the ones of the corroded part, which can represent a
first approximation of the mechanical behaviour of a corroded wire.

• For high values of ρi, the post-yielding response exploitation appears clear also for
small values of hardening coefficient (i.e. r = 0.5%), but it depends on the λi and
µε values.

• For small values of ρi, the same effect takes place only for higher values of r and
λi. In other words, a particular coupling of ρi and λi might provide a post-yielding
response exploitation of the not-corroded part leading to an increasing of the per-
formance of the corroded wire.

Regarding the corroded seven-wire strand:

• The mechanical force-displacement response appears further depending on the cor-
rosion variability in the wires.
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Chapter 13. Summary of the results obtained

• The reductions in the maximum force and ultimate displacement are provided both
from the corrosion mean level and from the variability in the corrosion of the wires.

• For a fixed λi value, the higher the variability, the higher the reduction of the strand
maximum force.

• For a fixed λi value, the higher the variability, the lesser the reduction of the ultimate
displacement.

• The further reduction in the peak force due to the variability in the wires decreases
with an increasing of the adimensional corrosion extension λi.

• The further reduction in the ultimate displacement due to the variability in the wires
increases with an increasing of the adimensional corrosion extension λi.

• The hardening effect is limited for small material ductility (i.e. high strength steel
with µε = 10), whilst it leads to higher maximum force and higher ultimate dis-
placement for large material ductility (i.e. mild steel with µε = 100). In other
words, the behaviour of corroded seven-wire strands made up of high-strength steel
is well represented by an elastic perfectly plastic constitutive model.

• For elastic-perfectly plastic steel material with high values of material ductility µε,
the peak force depends only on the mean corrosion level ρM , in fact, the ductility
content in the wires is enough to achieve the yielding stress. This is valid also if, in
addition, high values of the adimensional corrosion length λi are considered

Finally, the parametric study here presented led the foundations for the development
of engineering tools for the estimation of the strength capacity of corroded seven-wire
strands based on the introduction of the new resistance model that takes into account the
variability of the corrosion in the wires, by means of the group coefficient. In this respect,
an analytical estimation of its lower bound is provided by using the Darmawan-Stewart
model, which considers brittle strands, while its characterization for ductile behaviour
is provided through several Monte-Carlo simulations. In addition, two approaches have
been introduced, whose main results are provided in tabulated form reported in Appendix
A, for the evaluation of the peak force of corroded seven-wire strands: the probabilistic
and the deterministic ones.

From the results obtained by the application of the probabilistic approach, it is emerged
that the safety coefficients of the resistance of corroded seven-wire strands assume highly
different values according to the λi configuration. In fact, when the adimensional exten-
sion of the corrosion λi is unknown the resistance safety coefficient can assume values
higher than three times the values that it assumes for the cases of λi known. These re-
sults confirm that the knowledge of the geometry of the corrosion leads to a more precise
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safety assessment of the resistance of corroded seven-wire strands. In other words, the
lack of knowledge of the geometry of the corrosion can strongly reduce the resistance of
corroded seven-wire strands.

Moreover, strength and ultimate displacements reduction curves proposals for cor-
roded seven-wire strands that take into account both the geometry of the corrosion and
the steel material parameter are provided. They can represent interesting tools in the de-
sign and safety assessment process of corroded strands. However, their comparison with
the results of experimental tensile tests on corroded seven-wire strands will be the object
of future work and further studies.

As a matter of fact, the new resistance model here introduced is able to represent the
variability often shown in experimental tensile tests of corroded seven-wire strands. It
is worth noting that the application of the approaches here proposed (deterministic and
probabilistic ones) is current ongoing also considering configuration in terms of different
geometry of the corrosion and different material constitutive laws.

The aforementioned Appendix A is organized for increasing values of the damage
index D. For each of them, it reports the following results:

• Deterministic approach: fitting results of different percentiles of the model coef-
ficient η for the procedure of λi unknown, in which it assumes constant values, and
for the procedure of λi known, in which it assumes polynomial expressions as a
function of λi.

• Probabilistic approach:

– results of the probability density function of the model coefficient η for the
procedure of λi unknown and for the procedure of λi known. Basically, it
assume LogNormal or Beta probability functions.

– design-base results based on the probability functions of the peak force of
corroded seven-wire strands for the procedure of λi unknown and for the pro-
cedure of λi known.

Here in the following it is reported an example of the tabular form results that are
reported in Appendix A for the case of D = 0.5.

The strength and the ultimate displacement reduction curves allowed to estimate a
reduced stress-strain relationship for the prestressing steel, in order to take into account
the effects of the corrosion in the strands on the structural behaviour of post-tensioned
elements. In fact, the reduced bending moment-curvature diagram that accounts for the
corrosion effects can be used to perform a safety assessment of existing bridges and could
be of support for possible identification of corrosion in monitoring activities. In fact, the
changing of curvature due to the corrosion could be a parameter to be monitored by SHM
systems.
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Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.64
16th 1.33
1th 1.02

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th -436.18 -27.25 12.73 1.13 0.08 1
16th -301.06 -15.10 12.05 1.00 0.1 1
1th -989.39 111.36 7.41 0.89 0.1 0.98

Probabilistic approach

• Procedure (a): λ is unknown

β(a = 2.48, b = 0.26)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.133, σ = 0.1152)

0.01 logN(µ = 0.235, σ = 0.1098)

0.02 logN(µ = 0.321, σ = 0.0977)

0.03 logN(µ = 0.386, σ = 0.0851)

0.04 logN(µ = 0.438, σ = 0.0730)

0.05 logN(µ = 0.479, σ = 0.0593)

0.06 β(a = 8.33, b = 0.40)

0.07 β(a = 10.36, b = 0.26)

0.08 β(a = 18.16, b = 0.19)

0.09 β(a = 65.69, b = 0.16)

0.10 -
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Table 13.4: Design-oriented results from the peak strength probability density function
for the case of D = 0.5

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 39.90 9.35 22.57 4.27 1.77 1.08
λi = 0.001 39.63 33.04 36.37 1.20 1.09 1.23
λi = 0.01 44.31 37.25 40.83 1.19 1.09 1.23
λi = 0.02 49.17 42.00 45.65 1.17 1.08 1.21
λi = 0.03 53.44 46.38 49.99 1.15 1.07 1.19
λi = 0.04 57.23 50.42 53.91 1.13 1.06 1.17
λi = 0.05 60.72 54.35 57.63 1.12 1.05 1.15
λi = 0.06 59.60 39.25 50.55 1.52 1.18 1.07
λi = 0.07 63.70 46.51 56.48 1.37 1.13 1.06
λi = 0.08 66.78 56.83 62.96 1.18 1.06 1.04
λi = 0.09 68.41 63.48 66.06 1.08 1.04 1.01
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Figure 13.1: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.5
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Part III

Seismic upgrading through deck
isolation
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Sommario

Questa parte riporta un esempio di isolamento sismico di un impalcato da ponte,
rispetto alle sottostrutture (pile e spalle), tramite isolatori elastomerici in gomma
(High Rubber Damping Bearing - HDRB). Vengono descritti il ponte caso studio e
la definizione degli input sismici. La modellazione del ponte caso è stata effettuata
sia tramite un modellazione agli elementi finiti, a molti gradi di libertà, sia mediante
mondelli minimi a pochi gradi di libertà, 4 nella direzione longitudinale e 5 in quella
trasversale.

Viene dettagliata una procedura semplificata per l’identificazione delle caratteri-
stiche di rigidezza degli isolatori, necessaria ad individuare il corretto dispositivo sul
presente sul mercato.

L’effetto delle diverse modellazioni del comportamento degli isolatori elastome-
rici è emersa da analisi time-history condotte con il modello agli elementi finiti del
ponte caso studio.

Gli effetti dovuti alla componente verticale del sisma sono stati studiati tramite
analisi time-history e con spettro di risposta, valutando inoltre l’efficacia nel consi-
derare tali effetti combinando le due tipologie di analisi o tramite analisi dinamiche
complete.

Gli effetti della variabilità del modulo di elasticità tangenziale della mescola,
costituente la gomma gli isolatori, sulla risposta strutturale del ponte isolato è emersa
da analisi time-history condotte mediante i modelli minimi del ponte caso studio.
Dallo studio della diversa variabilità dei parametri di risposta (spostamento degli
isolatori, in sommita delle pile e delle spalle) si sono definiti i valori di Upper &
lower bounds utili a fini progettuali.

Summary

This part reports an example of seismic upgrading through deck isolation, with
respect to the substructures (piles and abutments), by means of High Rubber Damp-
ing Bearings (HDRB).

The case-study bridge has been modelled through a finite element model, with
many degrees of freedom, and through minimal systems with few degrees of free-
dom, 4 in the longitudinal direction and 5 in the transversal one.

A simplified procedure is detailed for the identification of the horizontal stiffness
of the isolators necessary to identify the correct device on the market.

The effects of the different modelling of the behaviour of the isolators emerged
from time-history analyses conducted through the finite element model of the case-
study bridge.

The effects due to the vertical component of the seismic actions have been stud-
ied through time-history and response spectrum analyses, also evaluating the ef-
fectiveness of considering these effects by combining the two types of analyses or
through complete dynamic analyses.
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The effects the variability of the shear modulus of the rubber material of the
HDRB isolators on the structural behaviour of the isolated bridge emerged from
time-history analyses conducted through the minimal systems. The analyses of the
different variability in the response parameters (displacement of the isolators, at the
top of the piles and abutments) allowed to to define the values of Upper & lower
bounds useful for design purposes.
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14

Seismic upgrading solutions

14.1 Context and objectives

The dynamic and seismic behaviour of bridges is governed by the connection sys-
tem (“bearings layout”) between the superstructure (deck) and the substructures (piers
and abutments). Among all possible traditional and innovative solutions [55], [56] nowa-
days the seismic isolation [57],[58] of the bridge deck with respect to the substructures
is widely used for both the seismic design of new bridges and the seismic retrofit of ex-
isting ones. Even though in the last years the adoption of Curved Surface Sliders is fast
increasing [59], High Damping Rubber Bearings (HDRBs) still represent a viable choice
[60].

The analyses presented in this part are placed in the contest of the Network of the
University Laboratories of Seismic Engineering (Reluis) project. It is an inter-university
consortium that aims to co-ordinate the activities of the University Laboratories of Seis-
mic and Structural Engineering in the field of Seismic and Structural Engineering in ac-
cordance with the specific national and international research programs. In the contest
of the research activities regarding seismic isolation, several analyses on a case-study RC
bridge have been carried out. The main objectives were:

• definition of rapid design rules for the isolation system with elastomeric devices to
be adopted for the seismic upgrading of bridges, in order to give a useful tool for
an initial evaluation of the geometric and mechanical characteristics of the devices.

• Verification of the effectiveness of the combination between purely horizontal time/history
analyses (with accelerograms) and purely vertical linear dynamic analysis (carried
out with spectrum) with respect to the reference case with simultaneous actions (ac-
celerograms simultaneously applied both in the horizontal and vertical direction),
assuming the average values of the mechanical properties of the devices.

• Investigation of the effects, in terms of displacements, of the variability of the shear
modulus of the rubber material of HDRBs. Thus, to provide coefficients to be
applied to the displacement response parameters obtained using the mean value of
the shear modulus, including the Upper and Lower Bound coefficients, which are
useful for design purposes.
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14.1. Context and objectives

The results of the above-described objectives are reported in the chapters 16, 18 and
19, respectively.
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15

The case-study RC bridge

15.1 Description of the case-study RC bridge

The considered bridge is characterised by a continuous deck over four equal spans,
for a total length L = 180 m (Figure 15.1). The three piers are characterised by different
heights, equal to 8 m, 20 m and 10 m (Figure 15.2). The configuration is thus symmetric
with reference to the longitudinal direction, while it is slightly eccentric with reference to
the transversal direction. The RC caisson deck is 11.50 m wide and 0.50 m thick (Figure
15.3a), whilst the RC piers have a squared cellular cross-section with side length equal to
1.75 m and thickness equal to 0.30 m (Figure 15.3b). On the top of the piers there are RC
prismatic transversal elements with a rectangular cross-section of 2.00 m x 1.90 m and a
length of 6.40 m, which provide the support base for the isolators. There are two isolators
for each pier and for the two abutments, for a total number of ten isolators. Concrete class
is C40/50. The bridge is supposed to be located in L’Aquila, Italy. The weight of the RC
structural elements is 37723 kN, whilst the weight of the non structural elements (slope
screed and bituminous layers, such as waterproofing, binder and wear layer) is 10624 kN.
Consequently, the total dead load of the bridge is 48347 kN. The static loads acting on the
bride are reported in the following table.

Figure 15.1: 3D sketch of the case-study bridge

183



15.1. Description of the case-study RC bridge

Figure 15.2: Schematised longitudinal view of the case-study bridge

(a) Cross-section of the caisson

(b) Cross-section of the three
RC piers

Figure 15.3: Cross-sections of the caisson and the piers

The three piers are characterized by the following capacity curves, which are valid in
both the directions (the piers have a squared cross-section).
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(b) Pier 2 - 20m high
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(c) Pier 3 - 10m high

Figure 15.4: Capacity curves of the piers
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15.2. Seismic input

15.2 Seismic input

The pseudo-acceleration elastic response spectrum of the horizontal component of the
earthquake input corresponding to the site of L’Aquila (Italy), to a nominal life of 100
years, to a construction class IV (strategic bridge), to a reference period of the seismic
action of 200 years, to the seismic Collapse Limit State (earthquake return period equal
to 2475 years), and to a damping ratio equal to 5% is reported in Figure 15.5, according
to the seismic input definition provided by the Italian code [11]. The seismic actions have
been considered both in horizontal and vertical directions. Peak ground acceleration is
equal to 0.459g ans 0.419, respectively. The maximum (plateau) spectral acceleration is
equal to 1.103g and 0.879g respectively.
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Figure 15.5: Horizontal and vertical elastic spectra

Table 15.1 summarizes the dependent and independent spectral parameters adopted
for the definition of the elastic spectra.

Table 15.1: Spectral parameters for L’Aquila site

Dependent spectral
parameter

Horizontal independent
spectral parameter

Vertical independent spec-
tral parameter

ag = 0.419g Ss = 1.0966 Ss = 1.

Fo = 2.458 St = 1 St = 1
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T ∗c = 0.384s Cc = 1.451

Fv = 2.097 TB = 0.184s TB = 0.05s

TC = 0.544s TC = 0.15s

TD = 3.276s TD = 1s

where ag is the peak ground acceleration, Fo is the maximum value of the amplifica-
tion factor of the horizontal acceleration spectrum (while Fv is for the vertical one), T ∗c
is the reference value for determining the beginning of the period of the constant spectral
velocity branch of the acceleration spectrum, Ss is the stratigraphic amplification coeffi-
cient, St is the topographic amplification coefficient, TB is the lower limit of the period
of the constant spectral acceleration branch, TC is the upper limit of the period of the
constant spectral acceleration branch and TD is the value defining the beginning of the
constant displacement response range of the spectrum.

To perform time-history analyses seven natural earthquakes have been chosen in such
a way as to result compatible with the 5% damped elastic spectrum, i.e. the mean spec-
trum given by the seven spectra of the seismic records (grey lines in Figure 15.10) is
between 0.95 and 1.30 times (blue lines) the target spectrum (green line), in the period
range indicated by the code (red lines). Clearly, in order to achieve the compatibility re-
quired by the code scale factors on the seismic events can be applied. The earthquakes that
have been chosen respect the compatibility both in the horizontal and vertical directions
of the seismic input. Figure 15.6 and Figure 15.8 report the seven natural earthquakes in
the horizontal and vertical directions (together with their respective elastic spectrum) that
have been chosen, emphasizing the Peak Ground Acceleration (PGA).
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Figure 15.6: Horizontal accelerograms and their corresponding spectra
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Figure 15.8: Vertical accelerograms and their corresponding spectra
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Figure 15.10: Compatibility of the seven spectra in both the horizontal and vertical direc-
tion in the range that is of interest for the case-study bridge

15.3 Models of the isolated bridge

Different models are possible for the isolated bridge depending on the objective of
the analysis: (i) a Single-Degree-Of-Freedom (SDOF) idealisation, representing the deck
mass connected through the lateral stiffness of the isolation system to the substructures
(assumed as fixed); (ii) minimal systems, that describe the behaviour of the deck and the
piers by means of a reduced number of degrees of freedom [56]; (iii) Finite Element mod-
els, that describe the bridge behaviour by means of several nodes and beam and/or shell
elements. The first one is usually sufficient for the dimensioning of the isolation system.
The second one allows to perform time-history analyses with lower computational effort
than the third one. In the minimal systems, the masses that define the degrees of freedom
in the equations of motion are the mass of the deck and the masses of each half pier (the
remaining parts are assumed to be directly transferred to the ground base).

15.3.1 Minimal systems

The minimal systems used for the evaluation of the seismic response of the bridge
along the two directions (u referring to longitudinal displacements and v referring to
transversal displacements) are schematized in Figure 15.11 and Figure 15.12, respec-
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tively.

• along the (symmetric) longitudinal direction, the minimal system is composed of
four degrees of freedom: the displacement of the deck (udeck) and the three dis-
placements of the top of the piers (upier1, upier2, upier3);

• along the (slightly eccentric) transversal direction, the minimal system is composed
of five degrees of freedom: the displacement of the deck (vdeck), the three displace-
ments of the top of the piers (vpier1, vpier2, vpier3), and the in-plane rotation of the
deck (φdeck).

The equations of motion of the minimal systems in the time domain, along the two
directions assume the expressions reported in Eqs.15.1 and 15.2, respectively.
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Figure 15.11: Schematization of the minimal system along the longitudinal direction

[M ] ¨{u}+ [C] ˙{u}+ [K]{u} = p(t)
mdeck 0 0 0

0 mpier1 0 0

0 0 mpier2 0

0 0 0 mpier3
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(15.1)

where the vectors ü, u̇, u and p(t) denote the horizontal acceleration of the DOFS
along the longitudinal direction, the horizontal velocity of the DOFS along the longitudi-
nal direction, the horizontal displacements of the DOFS along the longitudinal direction
and the external excitation along the longitudinal direction, respectively.
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Figure 15.12: Schematization of the minimal system along the transversal direction
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where the vectors v̈, v̇, v and p(t) denote the horizontal acceleration of the DOFS
along the transversal direction, the horizontal velocity of the DOFS along the transversal
direction, the horizontal displacements of the DOFS along the transversal direction and
the external excitation along the transversal direction, respectively. The vector Li rep-
resents the longitudinal distances between the isolators and the centre of the deck. The
rotational mass mrot has been evaluated as the sum of the rotational masses associated to
the portions of the mass deck that can be assumed transferred to each couple of isolators.
It can be evaluated according to the following formula:

mrot =
mdeck

8
· L2

1 + 2 · mdeck

8
· L2

2 + 2 · mdeck

8
· L2

3 +
mdeck

8
· L2

4 (15.3)

The systems of Eqs. 15.1 and 15.2 can be solved by means of the Newmark’s method
(box che lo descrive) adopting constant mean acceleration hypothesis between two con-
secutive steps of the method. In fact, this implies that the method is stable for any ∆t, no
matter how large, and the accuracy depends only on the size of the ∆t [61].

15.3.2 Finite element model

The finite element model has been created in Sap20001 and concerns frame (often
indicated simply as beam) elements for the structural elements, i.e. deck and piers, and
link elements for the isolator devices. In this regard, a frame element, which is mod-
elled as a straight line connecting two points, uses a three-dimensional beam formulation
that includes the effects of biaxial bending, torsion, axial deformation and biaxial shear
deformations. A link element is assumed to be composed of six separate “springs” one
for each of six deformational degrees of freedom (axial, shear, torsion, and pure bend-
ing) that are independent (the deformation in one degree of freedom does not affect the
behaviour of the others). For the High Damping Rubber Bearing devices, adopted in
this study, the springs representing the two shear deformations have plasticity properties
(see Figure 15.13) while the remaining four deformations have linear stiffness properties.
The plasticity model is based on the hysteretic behavior proposed by [62] and [63], and
recommended for base isolation analysis by [64].

Since the vertical dynamic behaviour (vertical modal shapes) strongly depends on the
deck configuration, its discretization is characterized by 45 beam elements for each span
(which means 1 m long beam elements). The piers have been modelled by one single
element, in fact, the horizontal behaviour of the bridge is separated respect to that of the
deck due to the introduction of the isolators. The identified isolator devices have been
modelled by means of link elements that describe their constitutive law in terms of force-
displacement relationship (the isolator have been identified with the simplified procedure

1CSI, “SAP2000 Integrated Software for Structural Analysis and Design”, Computers and Structures
Inc., Berkeley, California.
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that is described in the following section). In this regard, the typical experimental be-
haviour of HDRB devices is characterized by non-linear force-displacement behaviour
that shows reduced stiffness following the first higher one. However, this behaviour is
well represented by an equivalent bi-linear model (see Figure 15.13). Nevertheless, this
behaviour is often simplified with an equivalent linear one characterized by a stiffness
identified through a mean design displacement. However, in the fem analyses both the
constitutive laws of the isolator devices have been implemented. It should be noted that
the obtained numerical results are always affected by model (epistemic) uncertainties that
lead to unavoidable discrepancies between the theoretical predictions, either analytical or
numerical, and the actual response of the structure (especially in the case of non-linear
models [65]) which hence should be considered in design applications.
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Figure 15.13: Force-displacement relationship of the SI-N 1000/210

Figure 15.14 shows some view of the finite element model of the isolated bridge.

Figure 15.14: Finite element model of the isolated bridge
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15.3. Models of the isolated bridge

In the following are reported the first three modal shapes obtained from the model.
They are characterized by longitudinal (2.915Hz), transversal (2.836Hz) and torsional
(2.076Hz) deformed shapes, respectively. In addition they result to be completely uncou-
pled.

Figure 15.15: Deformed shape of the first mode 2.915Hz
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Figure 15.16: Deformed shape of the second mode 2.836Hz

Figure 15.17: Deformed shape of the third mode 2.076Hz
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16

Identification of HDRB isolators

16.1 The simplified procedure

The isolation system (to be placed between the deck and the substructures) has been
pre-identified according to a simplified procedure based on the SDOF idealization, in
which the degree of freedom is represented by the horizontal displacement of the deck.
The SDOF model consists of the mass of the deck (mdeck) concentrated at the deck level.
The stiffness (kiso,tot) and the damping coefficient (ciso,tot) are provided by the isolation
system, which is made of ten devices. Since they work in a parallel system, the values
of the stiffness and the damping coefficient of the equivalent SDOF model are given by
the sum of the stiffness values and the damping coefficient values of the ten isolators,
respectively.

The simplified procedure is based on the following hypotheses: (i) the deck is rigid
in both horizontal (longitudinal and transversal) directions, (ii) the piers are rigid in the
vertical (axial) direction, (iii) the target lateral deformation γiso of the isolator is imposed
to be equal to the height hiso of the isolator itself (i.e. shear deformation γiso = diso/hiso
equal to 100%, where diso is the displacement of the isolator), (iv) the shear modulus
of the rubber material that governs the lateral stiffness of the isolator is assumed in the
range 0.7-1.0 MPa (this corresponds to a normal rubber and to a damping ratio ξiso of the
isolation system around 10%), (v) the total damping coefficient provided by the isolation
system is evaluated as: ciso,tot = 2·mdesk ·ωiso ·ξiso (where ωiso is the fundamental circular
frequency of the isolated bridge and ξiso is the damping ratio), (vi) the isolators have radial
symmetry (i.e. the procedure keeps its validity along the two horizontal directions). The
procedure is summarized in the following steps:

1. Choice of the target period Tiso for the isolated bridge, typically in the range 2.5-3.5
s.

2. Evaluation of the spectral acceleration corresponding to the target period: Sa(Tiso).
Note that it has to be evaluated on the 10%-damped elastic spectrum since an iso-
lation system usually provides a damping ratio ξiso of around 10%.
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16.1. The simplified procedure

3. Evaluation of the spectral displacement:

Sd(Tiso) =
Sa(Tiso)

ω2
iso

= Sa(Tiso · (Tiso/2π)2 (16.1)

Then, assuming that γiso = diso/hiso = 100% leads to:

hiso = diso = Sd(Tiso) (16.2)

4. Choice of the diameter of the isolator in order to avoid instability phenomena. The
ratio between diameter Diso and height hiso should be larger than 2.0 [66],[59].
Therefore a typical relationship is:

Diso = 2.5 · hiso (16.3)

5. Calculation of the lateral stiffness of the isolator kiso according to the following
formula.

kiso =
mdeck · ω2

iso

niso
(16.4)

where niso is the total number of isolators.

6. check that the shear modulus G falls within the assumed range (0.7-1.0 MPa):

G =
4Kisoχvhiso
πD2

iso

(16.5)

where χv represents the shear shape factor. If the hypothesis is not satisfied, then G
is taken equal to 1.0 MPa and the diameter of the isolator is calculated as:

D = 2

√
Kisoχvhiso

πG(= 1MPa)
(16.6)

7. Check that the isolator shear displacement roughly respects the assumption γiso =

diso/hiso = 100% (made in Step 3).

8. Evaluation of the maximum vertical axial force on the isolators. They have to carry
out the function of support during the entire life of the bridge both in static condi-
tions, with reference to the Ultimate Limit State (ULS), and in seismic conditions,
with reference to the Collapse Limit State (CLS). The axial force can be evalu-
ated either according to tributary areas afferent to each isolator or by means of a
numerical model.
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Chapter 16. Identification of HDRB isolators

9. Check that the isolators satisfy the two conditions: in terms of target lateral stiffness
kiso (Steps 1-7) and in terms of axial force capacity (Step 8). If this latter is not not
satisfied, then the geometric characteristics of the isolators should be updated.

The procedure is summarized in Figure 16.1.

Figure 16.1: Flowchart of the simplified procedure for the identification of HDRBs isola-
tor

16.2 Identification of the isolators for the case-study bridge

The procedure has been applied to the case-study bridge. The following data have
been adopted: the horizontal elastic spectrum represented in Figure 15.5 reduced to ac-
count for a damping ratio of 10%, mdeck = 4717.4 t , Tiso = 3.25 s, niso = 10. The
following outcomes have been obtained: hiso ' 400 mm, Diso ' 1000 mm, kiso = 1.763

kN/mm, G = 1.00 MPa, ciso = 182.4 kN m/s. However, the isolator obtained following
Steps 1-7 does not satisfy the axial force capacity condition (Step 8). Therefore, the ge-
ometric charactersitics have been slightly changed to meet this condition (the height has
been reduced). The following final properties for each single isolator have been thus iden-
tified: hiso = 326 mm, Diso = 1000 mm, kiso = 2.99 kN/mm, G = 0.8 MPa, ciso = 202

kN m/s, leading to Tiso = 2.50 s for the SDOF idealisation, to Tiso = 2.78 s for the mini-
mal system along the longitudinal direction (roughly including the flexibility of the three
piers), and to Tiso = 2.92 s for the more refined FE model (also including the flexibility
of the deck and a better representation of the piers behaviour).
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16.2. Identification of the isolators for the case-study bridge

Table 16.1 reports the results of the procedure applied in longitudinal direction for a
target period of the isolated bridge in the range 2.5 s and 3.0 s. In addition, it also reports
the effective period of the bridge resulting from a modal analysis of the corresponding
minimal system, which has been calibrated by means of a modal analysis through the
finite element model, considering isolators characterized by the stiffness resulting from
the simplified procedure. In fact, in the simplified procedure the stiffness of the piers is
not considered. On the other hand, the minimal system with four degrees of freedom is
then more flexible and provides a higher first period of vibration.

Table 16.1: Output of the simplified procedure

Ttarget[s] Teffettive[s] kiso[kN/m] Diso[cm] G[MPa] hiso[cm]

2.50 2.82 2979.79 112.72 1 30.44
2.55 2.87 2864.08 111.61 1 31.05
2.60 2.92 2754.98 110.53 1 31.66
2.65 2.97 2652.00 109.48 1 32.27
2.70 3.02 2554.69 108.46 1 32.88
2.75 3.07 2462.63 107.47 1 33.49
2.80 3.12 2375.46 106.51 1 34.10
2.85 3.16 2292.85 105.57 1 34.70
2.90 3.21 2214.47 104.65 1 35.31
2.95 3.26 2140.04 103.76 1 35.92
3.00 3.31 2069.30 102.90 1 36.53
3.05 3.36 2002.01 102.05 1 37.14
3.10 3.41 1937.95 101.22 1 37.75
3.15 3.46 1876.91 100.42 1 38.36
3.20 3.51 1818.72 99.63 1 38.97
3.25 3.56 1763.19 98.94 1 39.58
3.30 3.61 1710.16 99.73 0.96 39.89
3.35 3.66 1659.49 99.73 0.93 39.89
3.40 3.70 1611.04 99.73 0.90 39.89
3.45 3.75 1564.69 99.73 0.88 39.89
3.50 3.80 1520.30 99.73 0.85 39.89

Therefore, according to the results of the procedure the choice of the isolator stiffness
kisdo associated to a certain target period, leads to a higher effective period due to the
presence of piers in the system. However, the goal of the procedure is to easily provide
a rapid idea of the stiffness that is required to the isolator devises in order to achieve a
certain period of vibration.

202



Chapter 16. Identification of HDRB isolators

As described above, in the steps of the simplified procedure, the maximum normal
stress acting on the elastomeric isolators must first be checked. This value, together with
the horizontal translation stiffness value required for the isolators allows to identify the
most suitable device among those available on the market. With referring to: static loads
G1 and G2, traffic loads Qtraffic, wind load Qwind, breaking load Qbrak and seismic load
E, the load combinations at the ultimate limit states assume the following expressions:

ULS1: γG1G1 + γG2G2 + γQtraffic
Qtraffic + ψ02γQwind

Qwind

ULS2: γG1G1 + γG2G2 + ψ01γQtraffic
Qtraffic + γQwind

Qwind

ULS3: γG1G1 + γG2G2 + ψ11γQtraffic
Qtraffic + ψ02γQwind

Qwind + ψ03γQbreak
Qbreak

ULS4: γG1G1 + γG2G2 + ψ01ψ11γQtraffic
Qtraffic + γQwind

Qwind + ψ03γQbreak
Qbreak

ULS5: γG1G1 + γG2G2 + ψ01ψ11γQtraffic
Qtraffic + ψ02γQwind

Qwind + γQbreak
Qbreak

CLSx: G1 +G2 + Ex

CLSy: G1 +G2 + Ey

(16.7)

where the safety coefficient γ and the combination coefficient ψ assume the values
reported in the technical code [11].

Table 16.2 reports the maximum axial force in the isolators corresponding to the com-
binations load.

Table 16.2: Maximum axial force in the isolators in ULS

Combintion Maximum axial force in the isolators [kN]
ULS1 11837.00
ULS2 11323.00
ULS3 11200.00
ULS4 10846.00
ULS5 10716.00
CLSx 6637.00
CLSy 8674.00

In addition, also the temperature effects on the horizontal displacements have to be
taken into account. The horizontal displacement due to the thermal deformation of the
deck considering ∆T = 30° is equal to 5.4 cm (α∆TL = 10−5 · 30° · 180m). This value
has to be added to the displacement demand due to the seismic loads.

A possible solution of a device that satisfies the two main requirements of verti-
cal bearing capacity and lateral stiffness is, for example, that represented by the SI-N
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16.2. Identification of the isolators for the case-study bridge

1000/210 isolator produced by the Italian company FIP MEC s.r.l.. For the present case
the axial loads in the isolators were predominant in the choice of their geometry. In fact,
due to the particular configuration of the isolators on the top piers (see Figure 15.3a),
which are characterized by two devices put in place with almost 5m of distance between
them, the transversal seismic loads generate high axial force in the two isolators. How-
ever, the procedure provides a starting point that could be iteratively changed in order to
satisfy all the structural requests.
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17

Evaluation of the effects of the
force-displacement constitutive law of

the isolators

17.1 The force-displacement constitutive law of the isola-
tors

As introduced before, the isolator devices have been introduced in the model by means
of two constitutive laws

• bi-linear force-displacement relationship;

• equivalent linear force-displacement relationship.

It is referred to those configurations as non-linear isolators (in the following expressed
as iso-NL) and linear isolators (in the following expressed as iso-L), respectively.

17.2 Analyses carried out

The effect due to the differences between the two constitutive laws, emerged from
time-history analyses with the seven accelerograms identified in section 15.2 along the
longitudinal and transversal directions. They have been carried out through the finite
element model of the case-study bridge considering modal-type solution and assuming a
damping ratio equal to 5% for all the modes.

17.3 Results obtained

The demand (in terms of displacement and force) was calculated in terms of “average
values of the 7 maximums” (measured during the 7 accelerograms) since the technical
codes [11] allows the use of the average values in the design phase for the case of a group
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17.3. Results obtained

of 7 accelerograms. The reported isolator displacements represent the displacement in the
isolator itself and corresponds to the relative displacement between the deck and top of
the piers (and between the deck and the abutment). In particular, along the longitudinal
direction, Figure 17.1 and Figure 17.2 show the displacements and the shear forces in the
isolators and of the top piers, respectively. Similarly, Figure 17.3 and Figure 17.4 show
analogues results along the transversal direction.

In conclusion, from the analyses emerged that the two constitutive laws for the isolator
are comparable. In addition, the isolators allow to strongly reduce the shear demand in
the structural elements with an increase of the displacement. However, the displacement
demand in the piers do not lead to plastic deformation, in fact, they are always lesser then
the corresponding yielding force for each pier (Figure 15.4).
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(a) Structural element displacements

(b) Isolators displacements

Figure 17.1: Horizontal displacement results from the longitudinal time-history analyses

(a) Structural element shear forces

(b) Isolators shear forces

Figure 17.2: Longitudinal shear results from the longitudinal time-history analyses

207



17.3. Results obtained

(a) Structural element displacements

(b) Isolators displacements

Figure 17.3: Horizontal displacement results from the transversal time-history analyses

(a) Structural element shear forces

(b) Isolators shear forces

Figure 17.4: Transversal shear results from the transversal time-history analyses
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Evaluation of the effects due to the
vertical component of the seismic input

18.1 Coupling between horizontal and vertical compo-
nents of the seismic action

Seismic actions are characterized by horizontal and vertical components. This chapter
presents a series of analyses conducted on the case-study bridge taking into account the
above-mentioned components with the following possible analyses:

• not-coupled analyses: seismic loads applied separately in the three directions and
then combined with specific rules;

• coupled analyses: seismic loads applied simultaneously in horizontal (longitudinal
or transversal) and vertical directions.

The objectives of this study are to highlights (i) the effects of the vertical component
and (ii) the effectiveness of the rules adopted for taking into account the vertical compo-
nent itself by means of not-coupled analyses.

18.2 Analyses carried out

The effect of the vertical component of the seismic action emerged from two types of
analyses conducted through the finite element model of the case-study bridge:

• time-history analyses;

• response spectrum analyses.

The adopted accelerograms and sprectrum are those that have been identified in sec-
tion 15.2.
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According to the technical codes [67], [11] the results of time-history analyses can
be summarized by considering the mean value of the maximum (in absolute value) ef-
fects measured in each analysis. A summary of the analyses carried out and the adopted
nomenclature is reported in the following.

• not-coupled analyses. Time history analyses are indicated with nomenclature TH
followed by the number of the accelerogram (from 1 to 7 in horizontal (H) and
vertical directions (V)). Response spectrum analyses are indicated with nomencla-
ture Spectrum followed by the direction of the seismic action (horizontal (H) and
vertical (V) ones).

Table 18.1: Summary of not-coupled analyses in horizontal (H) and vertical direc-
tions (V)

n Type of analysis X direction Y direction Z direc-
tion

Results

TH-X

1 TH – H1 X × ×
2 TH – H2 X × ×
3 TH – H3 X × ×
4 TH – H4 X × ×
5 TH – H5 X × ×
6 TH – H6 X × ×
7 TH – H7 X × ×
8 Horizontal response

spectrum analysis
X × × Spectrum-

X

TH-Y

9 TH – H1 × X ×
10 TH – H2 × X ×
11 TH – H3 × X ×
12 TH – H4 × X ×
13 TH – H5 × X ×
14 TH – H6 × X ×
15 TH – H7 × X ×
16 Horizontal response

spectrum analysis
× X × Spectrum-

Y

TH-Z

17 TH – V1 × × X

18 TH – V2 × × X

19 TH – V3 × × X

20 TH – V4 × × X
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21 TH – V5 × × X

22 TH – V6 × × X

23 TH – V7 × × X

24 Vertical response spec-
trum analysis

× × X Spectrum-
Z

• Coupled analyses. The adopted nomenclature depends on the type of the analyses
that are considered in the coupling and it is reported in the following list.

– Full Time-History analyses: accerograms are applied in both horizontal and
vertical directions.

1. X Time-History + Z Time-History : Full TH-XZ
2. Y Time-History + Z Time-History : Full TH-YZ

Table 18.2: Summary of coupled time-history analyses in horizontal (H) and
vertical directions (V)

n Type of analysis X direction Y direction Z direction
1 TH - H1+V1 X × X

2 TH - H2+V2 X × X

3 TH - H3+V3 X × X

4 TH - H4+V4 X × X

5 TH - H5+V5 X × X

6 TH - H6+V6 X × X

7 TH - H7+V7 X × X

1 TH - H1+V1 × X X

2 TH - H2+V2 × X X

3 TH - H3+V3 × X X

4 TH - H4+V4 × X X

5 TH - H5+V5 × X X

6 TH - H6+V6 × X X

7 TH - H7+V7 × X X

– Time-History-Spectrum combination: in horizontal direction it is applied
the corresponding accelerogram, while in the vertical direction it is applied
the spectrum. The combinations of the effects have been done by applying:
(i) the Square Root of the Sum of the Square (SRSS) rule as reported by the
Eurocode 8 part 2 paragraph 4.2.1.4 [67], and (ii) the rule proposed by the
Italian technical code, paragraph 7.3.5 [11] that requires the combination of
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the effects with the application of the coefficients equal to 1 and 0.3.

1. X Time-History + Z Spectrum (Combination effects: SRSS): SRSS-XZ
2. X Time-History + Z Spectrum (Combination effects: 1-0.3): (1-0.3)-XZ
3. X Time-History + Z Spectrum (Combination effects: 0.3-1): (0.3-1)-XZ
4. Y Time-History + Z Spectrum (Combination effects: SRSS): SRSS-YZ
5. Y Time-History + Z Spectrum (Combination effects: 1-0.3): (1-0.3)-YZ
6. Y Time-History + Z Spectrum (Combination effects: 0.3-1): (0.3-1)-YZ

Table 18.3: Summary of coupled time-history analyses in horizontal direction (H)
and response spectrum analysis in vertical direction (V)

n Combination Mean of the 7
TH - X direc-
tion

Mean of the 7
TH - Y direc-
tion

Mean of the 7
TH - Z direc-
tion

Response spec-
trum Z direction

1 SRSS: X TH + Z SP X × × X

2 1-0.3: X TH + Z SP 1 × × 0.3
3 0.3-1: X TH + Z SP 0.3 × × 1
4 SRSS: Y TH + Z SP × X × X

5 1-0.3: Y TH + Z SP × 1 × 0.3
6 0.3-1: Y TH + Z SP × 0.3 × 1

18.3 Results obtained

The results are reported in terms of displacement and shear demands in the isolator
and in the piers, along the longitudinal and transversal directions. The reported isolator
displacements represent the displacement in the isolator itself and corresponds to the rel-
ative displacement between the deck and top of the piers (and between the deck and the
abutment).

For the not-coupled analyses along the longitudinal direction, Figure 18.1 and Figure
18.2 show the displacements and the shear forces of the top piers and in the isolators,
respectively. Similarly, Figure 18.3 and Figure 18.4 show analogues results along the
transversal direction. Figure 18.5 and Figure 18.6 report a comparison of the axial force
in the isolators along the two directions. It also takes into account the effects of the static
loads.

For the coupled analyses along the longitudinal direction, Figure 18.7 and Figure 18.8
show the displacements and the shear forces of the top piers and in the isolators, re-
spectively. Similarly, Figure 18.9 and Figure 18.10 show analogues results along the

212



Chapter 18. Evaluation of the effects due to the vertical component of the seismic input

transversal direction.
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18.3. Results obtained

Not-coupled analyses

(a) Structural element

(b) Isolators

Figure 18.1: Horizontal displacement results from the longitudinal not-coupled time-
history and response spectrum analyses

(a) Structural element

(b) Isolators

Figure 18.2: Longitudinal shear results from the longitudinal not-coupled time-history
and response spectrum analyses
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(a) Structural element

(b) Isolators

Figure 18.3: Horizontal displacement results from the transversal not-coupled time-
history and response spectrum analyses

(a) Structural

(b) Isolators

Figure 18.4: Longitudinal shear results from the transversal not-coupled time-history and
response spectrum analyses
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Figure 18.5: Comparison of the axial force in the isolators in the longitudinal not-coupled
analyses

Figure 18.6: Comparison of the axial force in the isolators in the transversal not-coupled
analyses

In conclusion, from the results it is clear that the behaviour of the bridge results to be
uncoupled (this was also clear from the modal analysis) and that the two types of analyses
(time-history and response spectrum) are comparable. In addition, due to the particular
configuration of the bridge along the transversal direction (two isolators for each pear
at a distance around 5m) the analyses along the transversal direction provoke high axial
force in the isolator. Even though this configuration should be avoided, the displacements
and the forces in the structural elements and in the isolators are in according with their
capacities. The displacement demand in the piers do not lead to plastic deformation since
their are always lesser then the yielding force for each pier (Figure 15.4).
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Chapter 18. Evaluation of the effects due to the vertical component of the seismic input

Coupled analyses

(a) Structural element

(b) Isolators

Figure 18.7: Horizontal displacement results from the longitudinal coupled analyses

(a) Structural element

(b) Isolators

Figure 18.8: Axial force results from the longitudinal coupled analyses
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18.3. Results obtained

(a) Structural element

(b) Isolators

Figure 18.9: Horizontal displacement results from the transversal coupled analyses

(a) Structural element

(b) Isolators

Figure 18.10: Axial force results from the transversal coupled analyses
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In conclusion, analogues consideration with respect to the non-coupled analyses can
be drawn. In addition, from the obtained results the two approaches provided by the
Eurocode 8 and by the Italian technical code, for taking into account of the spatiality of
the seismic events, are comparable.
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Evaluation of the effects due to the
variability in the material properties of

the rubber of the isolators

Design of HDRB isolation system is typically conducted by practitioners assuming
a deterministic value of the shear modulus of the rubber material of the HDRB devices
[59]. However, it is a random variable with a non-negligible coefficient of variation, that
can be reasonably described by a Gaussian distribution, as highlighted by the analysis of
the results of several experimental campaigns carried out for commercial orders at various
laboratories [66].

Minimal models are able to well represent the dynamic behaviour of the bridge both
in longitudinal and transversal direction. This aspect is relevant in performing parametric
analyses of the parameters that may be considered important in the dynamic behaviour
of the bridge. In fact, the minimal systems are constituted by few degrees of freedoms
and require low computational effort in the execution of dynamic analyses. In this regard,
the effects of the aleatory variability in the shear modulus G of the rubber material of
the HDRB isolators have been investigated by means of time-history dynamic analyses
carried out using the minimal systems detailed in section 15.3.1 and the seven seismic
records described in section 15.2.

19.1 Hypotheses on the isolator devices

The isolators identified in section 16.2 are constituted by rubber layers with mean
shear modulus G equal to 0.8 MPa and equivalent viscous damping ratio of around 10%.
Consequently, G is assumed as a random variable characterized by a normal distribution
with mean value equal to 0.8 MPa and coefficient of variation equal to 14.5% (as per the
results of experimental campaigns carried out for commercial orders at various laborato-
ries, see [66]). The following assumptions have been made:

• The shear modulus G is the parameter that mainly governs the mechanical be-
haviour of the isolator device.

221



19.2. Hypotheses on the minimal systems

• A linear relationship is assumed between the rubber shear modulus G and the hori-
zontal stiffness kiso of the isolator device:

G =

(
4 · χv · hiso
π ·D2

iso

)
kiso (19.1)

where the geometric parameters of the isolator have been considered as determin-
istic.

• The variability of the shear modulus has been taken into account by acting directly
on the mean horizontal stiffness of the isolator device (kiso,mean = 2.99kN/mm

corresponding to a mean shear modulus equal to 0.8 MPa) by means of an adimen-
sional factor g, for which a normal distribution has been assumed:

kiso = g · kiso,mean
g = N(µ = 1, σ = 14.5%)

(19.2)

• A number of 10000 realizations of the normal random variable corresponding to
multiplication factor g have been randomly generated and seven time-history simu-
lations have been carried out (with the seven seismic records) for each realisation.

• The damping coefficient of the isolator devices has been updated after each realisa-
tion adopting the equivalent SDOF model and assuming a damping ration equal to
ξiso = 10%:

ωiso =

√
niso · kiso
mdeck

ciso =
2 · ξiso · ωiso ·mdeck

niso

(19.3)

• The same damping coefficient ciso has been assumed in both longitudinal and transver-
sal directions.

19.2 Hypotheses on the minimal systems

The minimal models in the two direction have been calibrated on the basis of the
results of the modal analysis conducted on the complete FEM model of the bridge under
examination, which differs from the minimum models in considering a distributed mass
of the deck. Table 19.1 shows the comparison between the vibration periods obtained with
the minimum models and those obtained with the FEM model, both in the longitudinal
and transverse direction.

222



Chapter 19. Evaluation of the effects due to the variability in the material properties of the
rubber of the isolators

Table 19.1: Comparison between the modal analysis results of finite element model and
minimal models

longitudinal direction X transversal direction Y
Mode 4 DOFS minimal system FEM 5 DOFS minimal system FEM

1 2.781 2.915 2.656 2.836
2 0.650 0.655 2.176 2.076
3 0.323 0.324 0.168 0.169
4 0.263 0.266 0.546 0.542
5 / / 0.215 0.213

19.3 Analyses carried out

Figure 19.1 shows the histogram of the relative frequencies of the sample of the ran-
domly generated 10,000 realizations, which have mean value equal to 1 and coefficient of
variation equal to 14.4% (compared to the 14.5% target).

Figure 19.1: Histogram of the relative frequencies of the sample of the 10000 realizations
of g

Therefore, the following minimal systems corresponding to this set of samples of the
factor g can be defined: (i) 10000 minimal models with 4 DOFS in longitudinal direction,
and (ii) 10000 minimal models with 5 DOFS in transversal direction. Thus, for each of
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19.3. Analyses carried out

the 20000 models, 7 time-history analyses with natural accelerograms have been carried
out. To sum up, a total number of 140000 numerical simulations have been performed:

1. Group of analyses 1: 70000 analysis along the longitudinal direction, conducted
on 10000 minimal models with 4 DOFS assuming the 7 natural accelerograms as
input.

2. Group of analyses 2: 70000 analysis along the transversal direction, conducted on
10000 minimal models with 5 DOFS assuming the 7 natural accelerograms as input.

The results are expressed in terms of mean displacement of each degree of freedom
of the two minimal systems along the two directions. For each direction, it is evaluated
as the mean of the seven maximum values of the displacement obtained during the seven
accelerograms. With reference to the nomenclature introduced in Figure 15.11 and Figure
15.12, the attention has been paid on the following displacements:

• uisoAB = udeck and visoAB = vdeck are the displacements sustained by the isolators
on the abutments that coincide with the displacements of the deck with respect to
the abutment. They represent the displacement of the first degree of freedom of the
minimal systems (gdl1);

• uiso1 = udeck − upier1 and viso1 = vdeck − vpier1 are the longitudinal and transversal
displacements sustained by the isolators on pier 1 that coincide with the relative
displacements of the deck with respect to the top of pier 1. The displacement of the
top pier 1 represents the second degree of freedom of the minimal systems (gdl2);

• uiso2 = udeck − upier2 and viso2 = vdeck − vpier2 are the displacements sustained
by the isolators on pier 2. The displacement of the top pier 1 represents the third
degree of freedom of the minimal systems (gdl3);

• uiso3 = udeck − upier3 and viso3 = vdeck − vpier3 are the displacements sustained
by the isolators on pier 3. The displacement of the top pier 3 represents the fourth
degree of freedom of the minimal systems (gdl4);

Figure 19.2 reports a schematization of the degrees of freedom associated to the min-
imal systems in the longitudinal and transversal direction.
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Figure 19.2: Schematization of the degrees of freedom associated to the minimal systems

For each one of the above-mentioned displacements, a set of 10000 mean displace-
ment values (mean of the seven maximum values obtained for the seven accelerograms)
are obtained. Each set is considered as a sample of a random variable whose distribution
is unknown and has to be identified. A fitting has been then performed of the relative fre-
quency histogram of each set of 10000 values of the above-mentioned displacements with
the Probability Density Function that better represents the set itself. The best fitting has
been conducted by considering four well-known Probability Density Functions (PDFs):
(i) Normal, (ii) LogNormal, (iii) Weibull, (iv) Extreme Values and (v) Gamma [68].

19.4 Results of the analyses

19.4.1 Results along the longitudinal direction

Figure 19.3 reports the results of the simulations in longitudinal direction (X) of the
displacement of the structural elements (deck, and top of the piers). They are reported in
terms of relative frequency histograms of the displacements and their fitting with the five
theoretical density functions, in terms of probability and cumulative ones.
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19.4. Results of the analyses

(a) Frequency histogram and theoretical Probability Density Functions

(b) Corresponding Cumulative Density Functions

Figure 19.3: Simulation results in longitudinal direction in terms of structural element
displacements

Similarly, Figure 19.4 reports the results of the simulations in longitudinal direction
(X) of the displacement of the isolator devices. They are reported in terms of relative fre-
quency histograms of the displacements and their fitting with the five theoretical density
functions, in terms of probability and cumulative ones.
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Chapter 19. Evaluation of the effects due to the variability in the material properties of the
rubber of the isolators

(a) Frequency histogram and theoretical Probability Density Functions

(b) Corresponding Cumulative Density Functions

Figure 19.4: Simulation results in longitudinal direction in terms of isolators displace-
ments

It is worth noting that for each degree of freedoms (displacement of the deck and of the
top of the piers, and displacement of the isolator devices) the mean value obtained during
the simulations (10000), which take into account the variability of the shear modulus of
the rubber in the isolators, is the same of that one obtained considering the mean value of
the shear modulus (G = 0.8MPa and g = 1).

19.4.2 Results along the transversal direction

Figure 19.5 reports the results of the simulations in transversal direction (Y) of the
displacement of the structural elements (deck, and top of the piers). They are reported in
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19.4. Results of the analyses

terms of relative frequency histograms of the displacements and their fitting with the five
theoretical density functions, in terms of probability and cumulative ones.

(a) Frequency histograms and theoretical Probability Density Functions

(b) Corresponding Cumulative Density Functions

Figure 19.5: Simulation results in transversal direction in terms of structural element
displacements

Similarly, Figure 19.6 reports the results of the simulations in transversal direction
(Y) of the displacement of the isolator devices. They are reported in terms of relative fre-
quency histograms of the displacements and their fitting with the five theoretical density
functions, in terms of probability and cumulative ones.
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rubber of the isolators

(a) Frequency histograms and theoretical Probability Density Functions

(b) Corresponding Cumulative Density Functions

Figure 19.6: Simulation results in transversal direction in terms of isolators displacements

It is worth noting that for each degree of freedoms (displacement of the deck and of the
top of the piers, and displacement of the isolator devices) the mean value obtained during
the simulations (10000), which take into account the variability of the shear modulus of
the rubber in the isolators, is the same of that one obtained considering the mean value of
the shear modulus (G = 0.8MPa and g = 1).

19.4.3 Upper & Lower bounds

The best fit has been evaluated by means of two statistical tests: (i) the Chi-Square test
and (ii) the Kolmogorov-Smirnov test [68]. In this respect, Table 19.2 reports the identi-
fied best PDFs for both the longitudinal direction (4 DOFs) and the transversal direction
(5 DOFs). On the basis of the results of the numerical simulations, also the percentile val-
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19.4. Results of the analyses

ues associated with selected percentages can be obtained. They can be either calculated
directly from the results of the simulations (see Table 19.3) or estimated through the best
fits of the relative frequency histograms (i.e., the identified PDFs) of the considered dis-
placement response parameter (see Table 19.4). Then, from the values of the percentiles,
it is possible to calculate the coefficients that allow to take into account the variability
of the rubber shear modulus on the structural response of the bridge. These coefficients
can be applied to the displacements of the isolators obtained considering the mean value
of the rubber shear modulus. In fact, as it can be seen from the results in the previous
sections, the coefficient of variation that characterizes the variability of the shear modulus
does not keep unaltered in the variability of the response parameters, i.e. of the displace-
ments of the deck, of the top of the piers, and of the isolator devices. Therefore, starting
from the theoretical probability functions for each response parameter these coefficients
can be calculated according to:

cx% =
δx%

δGmean
(19.4)

Where δx% indicates the percentile of the displacement response parameter character-
ized by a probability of non-exceedance equal to x%, and therefore by a probability of
being exceeded equal to (1 − x%), and δGmean is the corresponding response parameter
obtained considering the design mean value of the shear modulus Gmean. In this respect,
Table 19.5 reports the coefficient calculated by Eq. 19.4 for all the response parameters
in longitudinal and transversal directions.

Chi-Square test. The Chi-Square goodness-of-fit test allows to compare the ob-
served/simulated frequencies n1, n2, ..., nk of k values with the corresponding
theoretical frequencies e1, e2, ..., ek of k values calculated from the assumed the-
oretical distribution through the calculation of the ratio C. The goodness of this fit
is then obtained by comparing the C value with the critical value c1−α of the Chi-
squared distribution χ2

f at the cumulative probability of (1−α) (sinceC approaches
the χ2

f distribution with f = k − 1 degrees of freedom as n→∞).
α indicates the significance level at with the the theoretical distribution is assumed
acceptable.

C =
k∑
i=1

(ni − ei)2

ei
< c1−α

Values of c1−α are available in tabulated form.

230



Chapter 19. Evaluation of the effects due to the variability in the material properties of the
rubber of the isolators

Kolmogorov-Smirnov test. The Kolmogorov-Smirnov goodness-of-fit test allows
to compare the observed/simulated cumulative frequency Sn(x) with the assumed
theoretical Cumulative Density Function FX(x). The cumulative frequency func-
tion corresponding to the set of observed/simulated x1, x2, ..., xn values with size
n, is evaluated as follows:

Sn(x) = 0 for, x < x1

=
k

n
for xk ≤ x ≤ xk+1

= 1 for x ≥ xk

where k = 1, 2, ..., n and the set of data is rearranged in increasing order. The
goodness of this fit is then obtained by comparing the maximum difference be-
tween FX(x) and Sn(x), which represents a random variable, with its critical value
defined for significance level α at which the theoretical distribution is assumed
acceptable. The latter is available in tabulated form.
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19.4. Results of the analyses

Table 19.2: Parameters of the fitted statistical functions

Element PDF Parameter 1 Parameter 2 Mode [m] Mean [m]

L
on

gi
tu

di
na

ld
ir

ec
tio

n udeck Normal µ = 0.3858 σ = 0.0144 0.3858 0.3858
upier1 Weibull a = 0.0565 b = 15.2919 0.0562 0.0546
upier2 Extreme

values
µ = 0.2491 σ = 0.0036 0.2491 0.2470

upier3 Weibull a = 0.0844 b = 18.7585 0.0841 0.0820
uiso,AB Normal µ = 0.3858 σ = 0.0144 0.3858 0.3858
uiso1 Normal µ = 0.3371 σ = 0.0200 0.3371 0.3371
uiso2 LogNormal µ = −1.9528 σ = 0.1492 0.1387 0.1435
uiso3 Normal µ = 0.3141 σ = 0.0221 0.3141 0.3141

Tr
an

sv
er

sa
ld

ir
ec

tio
n

vdeck Normal µ = 0.3648 σ = 0.0167 0.3648 0.3648
vpier1 Weibull a = 0.0227 b = 14.4163 0.0226 0.0219
vpier2 Normal µ = 0.1651 σ = 0.0064 0.1651 0.1651
vpier3 Weibull a = 0.0350 b = 14.9356 0.0349 0.0338
∆vdeck,max Normal µ = 0.0053 σ = 6.68e− 4 0.0053 0.0053
viso,AB Normal µ = 0.3648 σ = 0.0167 0.3648 0.3648
viso1 Normal µ = 0.3465 σ = 0.0188 0.3465 0.3465
viso2 LogNormal µ = −1.5789 σ = 0.1120 0.2036 0.2075
viso3 LogNormal µ = −1.0933 σ = 0.0601 0.3339 0.3357
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Table 19.3: Percentiles directly calculated from the simulations

Displacement
Element 1% 5% 16% median

50%
84% 95% 99%

L
on

gi
tu

di
na

ld
ir

ec
tio

n udeck 0.3513 0.3608 0.3707 0.3863 0.4011 0.4080 0.4117
upier1 0.0432 0.0472 0.0505 0.0551 0.0586 0.0608 0.0630
upier2 0.2268 0.2349 0.2424 0.2488 0.2511 0.2517 0.2543
upier3 0.0684 0.0730 0.0769 0.0827 0.0871 0.0895 0.0917
uiso,AB 0.3513 0.3608 0.3707 0.3863 0.4011 0.4080 0.4117
uiso1 0.2919 0.3035 0.3163 0.3370 0.3582 0.3696 0.3777
uiso2 0.1021 0.1119 0.1221 0.1411 0.1650 0.1828 0.2004
uiso3 0.2669 0.2779 0.2911 0.3136 0.3373 0.3508 0.3617

Tr
an

sv
er

sa
ld

ir
ec

tio
n

vdeck 0.3318 0.3382 0.3469 0.3643 0.3828 0.3933 0.3994
vpier1 0.0177 0.0191 0.0202 0.0221 0.0237 0.0246 0.0255
vpier2 0.1462 0.1533 0.1598 0.1657 0.1703 0.1755 0.1800
vpier3 0.0271 0.0294 0.0314 0.0341 0.0363 0.0375 0.0395
∆vdeck,max 0.0039 0.0042 0.0046 0.0053 0.0060 0.0064 0.0067
viso,AB 0.3318 0.3382 0.3469 0.3643 0.3828 0.3933 0.3994
viso1 0.3090 0.3161 0.3262 0.3460 0.3664 0.3786 0.3864
viso2 0.1608 0.1729 0.1850 0.2045 0.2311 0.2506 0.2687
viso3 0.2967 0.3042 0.3140 0.3349 0.3574 0.3704 0.3790

233



19.4. Results of the analyses

Table 19.4: Percentiles calculated from fitted statistical functions

Displacement
Element PDF 1% 5% 16% median

50%
84% 95% 99%

L
on

gi
tu

di
na

ld
ir

ec
tio

n udeck Normal 0.3523 0.3621 0.3715 0.3858 0.4001 0.4094 0.4192
upier1 Weibull 0.0419 0.0466 0.0504 0.0552 0.0588 0.0607 0.0625
upier2 Extreme

values
0.2325 0.2384 0.2428 0.2478 0.2513 0.2531 0.2547

upier3 Weibull 0.0661 0.0721 0.0769 0.0828 0.0872 0.0895 0.0916
uiso,AB Normal 0.3523 0.3621 0.3715 0.3858 0.4001 0.4094 0.4192
uiso1 Normal 0.2906 0.3042 0.3172 0.3371 0.3570 0.3700 0.3836
uiso2 LogNormal 0.1003 0.1110 0.1224 0.1419 0.1646 0.1814 0.2008
uiso3 Normal 0.2627 0.2777 0.2921 0.3141 0.3361 0.3505 0.3656

Tr
an

sv
er

sa
ld

ir
ec

tio
n

vdeck Normal 0.3260 0.3381 0.3486 0.3648 0.3817 0.3931 0.4036
vpier1 Weibull 0.0166 0.0186 0.0202 0.0222 0.0237 0.0246 0.0253
vpier2 Normal 0.1502 0.1545 0.1587 0.1651 0.1715 0.1757 0.1801
vpier3 Weibull 0.0258 0.0288 0.0312 0.0342 0.0365 0.0377 0.0388
∆vdeck,max Normal 0.0038 0.0043 0.0047 0.0053 0.0060 0.0065 0.0069
viso,AB Normal 0.3260 0.3381 0.3486 0.3650 0.3817 0.3931 0.4036
viso1 Normal 0.3026 0.3155 0.3277 0.3465 0.3652 0.3755 0.3903
viso2 LogNormal 0.1589 0.1715 0.1845 0.2062 0.2305 0.2479 0.2676
viso3 LogNormal 0.2914 0.3036 0.3157 0.3351 0.3558 0.3699 0.3854
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Table 19.5: Coefficients to take into account the variability shear modulus of the rubber
isolator on the response parameter of the case-study bridge

Deck Pier 1 Pier 2 Pier 3
Increment of dis-
placement due to
torsional rotation

cx%

Abutment/
Isolator

Top
pier

Isolator
Top
pier

Isolator
Top
pier

Isolator Abutment/Isolator

L
on

gi
tu

di
na

ld
ir

ec
tio

n c1% 0.9132 0.7674 0.8621 0.9413 0.6990 0.8061 0.8364 -
c5% 0.9386 0.8535 0.9024 0.9652 0.7735 0.8793 0.8841 -
c16% 0.9629 0.9231 0.9410 0.9830 0.8530 0.9378 0.9300 -
c50% 1 1.0110 1 1.0032 0.9889 1.0098 1 -
c84% 1.0371 1.0769 1.059 1.0174 1.1470 1.0634 1.0700 -
c95% 1.0612 1.1117 1.0976 1.0247 1.2641 1.0915 1.1159 -
c99% 1.0866 1.1447 1.1379 1.0312 1.3993 1.1171 1.1640 -

Tr
an

sv
er

sa
ld

ir
ec

tio
n c1% 0.8936 0.7580 0.8733 0.9098 0.7658 0.7633 0.8680 0.7170

c5% 0.9268 0.8493 0.9105 0.9358 0.8265 0.8521 0.9044 0.8113
c16% 0.9556 0.9224 0.9457 0.9612 0.8892 0.9231 0.9404 0.8868
c50% 1 1.0137 1 1 0.9937 1.0118 0.9982 1
c84% 1.0463 1.0822 1.054 1.0388 1.1108 1.0799 1.0599 1.1321
c95% 1.0776 1.1233 1.0837 1.0642 1.1947 1.1154 1.1019 1.2264
c99% 1.1064 1.1553 1.1264 1.0909 1.2896 1.1479 1.148 1.3019

Starting from the values of these percentiles, for each structural element and for each
isolator, the multiplicative coefficients have been calculated which, once applied to the
result (δGmean) obtained assuming the mean design value of the rubber shear modulus,
allow to immediately obtain the Upper Bound (here selected as the 99% percentile) and
Lower Bound (1% percentile) values which take into account the variability of the rubber
shear modulus:

δUppuerBuund = cUB · δGmean = c99% · δGmean
δLowerBuund = cLB · δGmean = c1% · δGmean

(19.5)

Figure 19.7 and Figure 19.8 synthetically show the Upper and Lower bounds values
obtained for all the response parameters in the two directions.
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Figure 19.7: Upper and Lower bound values of the response parameters in longitudinal
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Inspection of Table 19.5 allows the following observations. Regarding the isolators
displacements:

• the Upper Bound coefficient increases as the flexibility of the underlying structural
element (pile/abutment) increases;

• the Lower Bound coefficient decreases (and therefore deviates more and more from
1) as the flexibility of the structural element (pile/abutment) increases;

Regarding the top piers displacements:

• the Upper Bound coefficient decreases as the flexibility of the pile increases, with
a trend qualitatively opposite to the coefficient for the displacement of the corre-
sponding isolator;

• the Lower Bound coefficient increases (and therefore gets closer and closer to 1)
as the flexibility of the pile increases, with a trend qualitatively opposite to the
coefficient for the displacement of the corresponding isolator.

It has been verified that, by applying a typical variability (cov = 14.5%) to the me-
chanical properties of the elastomeric isolators (specifically: to the shear modulus of the
rubber material), with linear dynamic analyses, a variability is obtained in the main dis-
placement response parameters (underestimates/overestimations with respect to the re-
sults obtainable assuming the design mean values) no higher than 20% with reference to
the 84th-percentile and no higher than 30% with reference to the 99th-percentile. This re-
sult is substantially in line with what is reported in the last sentence of paragraph 7.10.5.1
of the Italian code [11].

19.5 Concluding remarks of the chapter

In conclusion, a simplified procedure for the identification of HDRB isolators has
been presented and applied to a RC bridge. The effects of the variability in the mechan-
ical properties of the isolators (rubber shear modulus) on the structural behaviour of the
isolated bridge emerged from several time-history analyses carried out on minimal mod-
els. They are characterized by few degrees of freedom, four in the longitudinal direction
and five in the transversal one. The rubber shear modulus G is assumed as a random
variable characterized by a normal distribution with mean value equal to 0.8 MPa and co-
efficient of variation equal to 14.5%. From 10000 sets of numerical simulations (each one
carried out with seven natural accelerograms) which are representative of the realizations
of the random variable G, the best fitting of the probability functions of the mean values
of the displacements (for both isolators and piers) havs been performed. The analyses of
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the associated percentiles allow the definition of coefficients for taking into account the
variability of the rubber, i.e. Upper and Lower bounds values.
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Conclusions

Sommario

Questo capitolo conclusivo riporta una sintesi delle analisi condotte e presentate
in questa tesi, i principali risutati ottenuti e i possibili sviluppi futuri.

Il risultato fondamentale di questa tesi è il modello introdotto per la stima della
resistenza di trefoli corrosi. Tale modello, che tiene conto della geometria di corro-
sione e dei parametri meccanici del materiale acciaio costituente i trefoli, può essere
applicato secondo due approcci e secondo due procedure.

I parametri necessari a tali applicazioni, forniti in forma tabellare, sono stimati
tramite delle simulazioni numeriche attraverso i modelli meccanici che descrivono il
comportamento di fili e trefoli corrosi.

I domini di resistenza per trefoli corrosi rappresentano un importante risultato
dell’applicazione del modello introdotto, che si pone come utile strumento ingegne-
ristico per la stima della loro resistenza massima. Tale risultato, insieme ai domini
di spostamento ultimo proposto, che forniscono indirettamente la duttilità ridotta di
un trefolo corroso, consentono di stimare la legge costitutiva del materiale acciaio
ridotta per effetto della corrosione.

Quest’ultimo, consente di valutare gli effetti della corrosione nei trefoli sulla
risposta strutturale di travi post-tese attraverso il conseguente diagramma momento-
curvatura ridotto.

La descrizione probabilistica del modello di resistenza ha permesso di definire
i fattori di sicurezza per tenere conto della corrosione nelle verifiche di sicurezza di
trefoli corrosi.

Summary

This concluding chapter reports a synthesis of the analyses conducted and pre-
sented in this thesis, the main results obtained and possible future developments.

The main result of this thesis is the model introduced for the estimation of the
peak strength of corroded strands. This model, which takes into account the corro-
sion geometry and the mechanical parameters of the steel material constituting the
strands, can be applied according to two approaches and two procedures.

The parameters necessary for these applications, provided in tabular form, are
estimated by means of numerical simulations through the mechanical models that
describe the behaviour of corroded wires and strands.
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The important results of the application of the introduced model are the strength
reduction curves for corroded strands, which represent useful engineering tools for
estimating their maximum strength. These results, together with the proposed ulti-
mate displacement reduction curves, which provide indirectly the reduced ductility
of a corroded strand, allow to estimate the constitutive law of the steel material re-
duced by the effects of corrosion.

The latter allows to evaluate the effects of corrosion in the strands on the struc-
tural response of post-tensioned beams through the consequent reduced moment-
curvature diagram.

The probabilistic description of the resistance model allowed to define safety
factors to take into account corrosion in safety assessments of corroded strands.

20.1 Summary of the research

The thesis is composed of three parts.

Part I provides a general overview of the safety assessment of existing bridges.

Part II provides a series of studies and analyses that have been conducted in order to
evaluate the effects of localized corrosion in corroded seven-wire strands.

Chapter 8 presents the methodological approach which is based on the following as-
sumptions:

• the geometry of the corrosion has been modelled through two parameters that de-
scribe the transversal cross-section reduction and its longitudinal extension in cor-
roded wires and strands;

• the steel material has been modelled by means of elastic-perfectly plastic and bi-
linear stress-strain relationships.

Chapter 8 provides analytical formulations for the mechanical behaviour of corroded
single wires. A corroded wire is modelled as a series system between the corroded and
not-corroded parts that are identified according to the geometry of the corrosion. Given
the model, several parametric simulations have been conducted varying the parameters
that describe the geometry of the corrosion and the steel material.

Chapter 9 provides analytical formulations for the mechanical behaviour of corroded
strands. Two models have been presented: (i) the Darmawan-Stewart which is based
on the brittle behaviour of the wires, and (ii) the parallel model which is based on the
force-displacement relationships of the corroded wires. A parametric study has shown
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the effects of the variability of the corrosion in the wires on the peak strength of corroded
strands evaluated by means of the parallel model.

Chapter 10 presents the peak strength resistance model for corroded strands. The
model introduces a new coefficient, which is defined as the group coefficient ρG =

ρGmin · η, that takes into account the variability of the corrosion in the wires. This co-
efficient is described as made by two contributions representing: (i) the brittle behaviour
of the wires through ρGmin, and (ii) the ductile behaviour of the wires through the model
coefficient η. The lower bound estimation of the group coefficient ρGmin (brittle be-
haviour) has been achieved through the Darmawan-Stewart model, while the estimation
of the model coefficient η has been obtained through several Monte Carlo simulations
of corroded seven-wire strands. Finally, the application of the peak strength resistance
model in deterministic and probabilist approaches allowed to define resistance curves and
design-oriented results for corroded seven-wire strands.

Chapter 11 discusses the ductility through the the ultimate displacement reduction
curves for corroded seven-wire strands.

Chapter 12 describes the reduced sigma-epsilon relationships that can be obtained
starting from the strength reduction curves presented in Chapter 10 and the ultimate dis-
placement reduction curves presented in Chapter 11.

Chapter 13 summarizes the results obtained in part II.

Part III regards the seismic upgrading through deck isolation. It provides a series of
studies and analyses that have been conducted on a case-study RC bridge.

Chapter 15 describes the case-study bridge and its modelling by means of a finite
element model and through the minimal systems. They describe the dynamic behaviour
of the bridge in the longitudinal and transversal directions by means of a few degrees of
freedom, four and five respectively.

Chapter 16 provides a simplified procedure for the identification of the high rubber
bearing isolator devices (HDRBs) and their application to the case-study bridge.

Chapter 17 reports the results of dynamic analyses carried out for the evaluation of
effects due to the force-displacement constitutive law of the isolators. Two laws have
been considered: (i) bi-linear, and (ii) equivalent linear.

Chapter 18 reports the results of analyses carried out for the evaluation of the effects
of the vertical component of the seismic input and the effectiveness of the rules for taking
into account their effects through combination loads.

Chapter 19 reports the dynamic analyses carried out for the evaluation of the effects
due to the variability in the shear modulus of the rubber of the isolators. These effects
emerged from the analyses through the minimal systems of the case-study bridge. In
addition, they allowed to calculate, for each response parameter, i.e. the displacements of
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the deck, of the top of the piers, and of the isolator devices, the percentile values associated
with selected percentages. Then, from the values of the percentiles, the coefficients that
allow to take into account the variability of the rubber shear modulus on the structural
response of the bridge have been calculated. These coefficients can be applied to the
displacements of the isolators obtained considering the mean value of the rubber shear
modulus since the coefficient of variation that characterizes the variability of the shear
modulus does not keep unaltered in the variability of the response parameters. These
coefficients include the Upper & Lower bound values, the 99% percentiles and the 1%
percentile respectively.

20.2 Summary of the results obtained

The intense analyses conducted on the modelling of corroded wire and strands dis-
cussed in part II of this thesis highlighted the effects of the geometrical parameters (the
cross-section reduction ρi and the adimensional corrosion extension λi) of the corrosion
and of the steel material ones (ductility µε and the hardening coefficient r) on the struc-
tural behaviour of corroded wires and strands.

In this regard, Chapter 8 reports the analytical mechanical model for corroded wires
and a parametric study that has been conducted varying the parameters that describe the
geometry of the corrosion and the steel material.

From the study emerged that:

• The effect of the coupling of ρi and λi can provide a post-yielding response ex-
ploitation of the not-corroded part leading to higher maximum force and ultimate
displacement with respect to the ones of the corroded part, which can represent a
first approximation of the mechanical behaviour of a corroded wire.

• For high values of ρi, the post-yielding response exploitation appears clear also for
small values of hardening coefficient (i.e. r = 0.5%), but it depends on the λi and
µε values.

• For small values of ρi, the same effect takes place only for higher values of r and
λi. In other words, a particular coupling of ρi and λi might provide a post-yielding
response exploitation of the not-corroded part leading to an increase in the perfor-
mance of the corroded wire.

The results of the parametric study on corroded seven-wire strands presented in Chap-
ter 9 highlighted the effects of the variability of the corrosion in the wires on the structural
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behaviour of the strands. From this study, which has been conducted by varying the pa-
rameters that describe the geometry of the corrosion and the steel material, emerged that:

• The mechanical force-displacement response appears further depending on the cor-
rosion variability in the wires.

• The reductions in the maximum force and ultimate displacement are provided both
from the corrosion mean level and from the variability in the corrosion of the wires.

• For a fixed λi value, the higher the variability, the higher the reduction of the strand
maximum force. This important aspect is currently under study and will be the
object of future works.

• The further reduction in the peak force due to the variability in the wires decreases
with an increasing of the adimensional corrosion extension λi.

• The hardening effect is limited for small material ductility (i.e. high strength steel
with µε = 10), whilst it leads to higher maximum force and higher ultimate dis-
placement for large material ductility (i.e. mild steel with µε = 100). In other
words, the behaviour of corroded seven-wire strands made up of high-strength steel
is well represented by an elastic perfectly plastic constitutive model.

• For elastic-perfectly plastic steel material with high values of material ductility µε,
the peak force depends only on the mean corrosion level ρM , in fact, the ductility
content in the wires is enough to achieve the yielding stress. This is valid also if, in
addition, high values of the adimensional corrosion length λi are considered

Consequently, Chapter 10 presents the peak strength resistance model for corroded
strands introducing the group coefficient that takes into account the variability of the
corrosion in the wires on the strength of corroded strands. Its lower bound estimation led
to the following results:

• it assumes a minimum value that depends on the number of wires in the strands;

• it increases with an increasing of the variability of the corrosion in the wires;

• it has the minimum value, which means a maximum reduction of the peak force for
a damage index equal to 0.5.

The model coefficient η has been estimated through Monte Carlo simulations of cor-
roded strands following two procedures: for λi unknown and for λi known. The following
results have been achieved:

• for the deterministic approach, which can be used for a direct estimation of the
strength of corroded seven-wire strands by directly applying the Eq.10.1:
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– the mean corrosion level is reasonably estimated⇒ ρM ;

– the peak force of the not-corroded strand is calculated⇒ F0;

– the minimum group coefficient is calculated by applying Eq.10.3⇒ ρGmin;

– the model coefficient can be calculated thanks to its expressions that have
been obtained by the fitting procedure of the Monte Carlo simulations results.
These functions for all the damage index values are reported in Appendix A
⇒ η;

• for the probabilistic approach, which can be used for providing a statistical repre-
sentation of the peak force:

– the mean corrosion level ρM can be assumed as deterministic variable;

– the peak force F0 of the not-corroded strand is equal to A0 · fy. The cross-
section area A0 of the not corroded strand can be assumed as a deterministic
variable while the yielding stress of the steel material fy is a random variable;

– the minimum group coefficient ρGmin can be assumed as deterministic vari-
able;

– the model coefficient η can be assumed as random variable. Its probability
density functions have been obtained by the fitting procedure of the Monte
Carlo simulations results. These functions for all the damage index values are
reported in Appendix A.

All the results have been obtained with reference to a specific values for the cross-
section of the strands (7 wires with 4 mm diameter) and for the steel material (steel stress
and material ductility). However, the same approaches can be applied to other configura-
tions of strands and materials.

Similarly, Chapter 11 presents ultimate displacement reduction curves estimated through
the Monte Carlo simulations of corroded seven-wire strands. The strength and the ulti-
mate displacement reduction curves allowed to estimate reduced sigma-epsilon relation-
ships for the steel material that can be applied to evaluate the effect of corroded strands on
the mechanical behaviour of post-tensioned beams, for instance by means the consequent
reduced bending moment-curvature diagram.

As a part of the findings, Appendix A reports the expressions of the model coefficient
η to be used in the application of the resistance model with two approaches and the two
procedures, for all the damage index values.

Appendix B reports the mathematical demonstration for obtaining the analytical esti-
mation of the lower bound of the group coefficient.

Appendix C reports the mathematical demonstration for obtaining the analytical ex-
pression for the elastic stiffness, yielding displacement, ultimate displacement and the
ductility of a corroded wire.
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Appendix D reports the mathematical demonstration for obtaining the integral ex-
pression of the probability and cumulative density function of the strength of corroded
seven-wire strands.

20.3 Future developements

In this thesis, the problem of corrosion in wires and strands has been faced through
simplified analytical models. Analogous results have been achieved in terms of strength
and ductility of the corroded strands namely:

• modelling of the variability of the corrosion in the wires, that partially explain the
dispersion that emerged in some experimental tests on corroded strands available in
the literature;

• estimation of the capacity of corroded seven-wire strands in terms of strength and
ultimate displacements;

• estimation of the safety factors associated with corroded seven-wire strands.

• estimation of the reduction of the flexural capacity of the post-tensioned beam
through the reduced bending moment-curvature diagram.

All these results could play a role in the current management of post-tension bridges
built in the 60/70s that today present problems of corrosion in the strands.

Clearly, this thesis represents a first step towards the complex solution for understand-
ing the structural behaviour of corroded wires and strands. In this regard, the following
activities could be implemented:

1. experimental validation of the results obtained by means of tensile test on corroded
wires and strands;

2. numerical validation of the results obtained by means of sophisticated finite element
models on corroded wires and strands;

3. updating of the presented models in terms of stress-strain relationships for the steel
material;

4. identifying possible corrosion phenomena in post-tensioned beams through the vari-
ation of the bending moment-curvature diagram. This could be also implemented
in monitoring systems.
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Appendix
A

Summary of the results for deterministic and probabilistic
approaches for fixed values of the damage index

This appendix reports the results of the fitting operations, of the Monte-Carlo sim-
ulations, applied with reference to the two procedures (λ unknown and λ known) and
the two approaches (deterministic and probabilistic) presented in Chapter 10. The deter-
ministic approach requires the expression of η and can be directly applied by Eq. 10.1,
while the probabilistic one requires the expression of its statistic (here reported in terms
of probability density function) according to Eq. 10.7.

In addition, the probabilistic approach is reported in terms of probability functions for
for the resistance R of corroded strands (according to Eq. 10.8). According to the results
shown in Chapter 10, η is defined in the range [0, 1/ρGmin].

The following results have been achieved for seven-wire strands (nw = 7).
As explained in section 10.7.2, in order to determine the probability functions of the

resistance model defined by Eq. 10.7 four hypotheses have been done:

1. the resistance R is a function of deterministic and random variables;

2. the yield stress of the steel material fy, and the model coefficient η are considered
random variables;

3. the not-corroded area of the wires A0 (it is typically characterized by a small coeffi-
cient of variation, below 1%), the mean corrosion level ρM and the minimum group
function ρGmin are considered as deterministic variables;

4. the functions that define the resistance R can be assumed as independent variables.

In addition, the probability density function of the yield stress can be assumed as
logNormal with a mean value equal to 1700 MPa and a coefficient of variation equal to
5%. Instead, the model coefficient η has a probability density function identified after
the fitting of the Monte Carlo simulation results (and here reported for different λi values
and different damage index scenarios), chosen according to the two procedures for λi
unknown and for λi known.

The not-corroded strand area has been assumed equal to 87.96mm2 (seven wires with
a diameter of 4mm) and the minimum group function ρGmi assumes values given by Eq.
10.3 according with the mean corrosion level (which means D).
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.1 Damage index D = 0.01

A.1.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.01
16th 1.01
1th 0.958

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 1 -1078.65 17.26 0.94 0.008 0.74
16th 1 -1087.57 17.40 0.94 0.008 0.56
1th 1 -1091.70 17.47 0.94 0.008 0.43

A.1.2 Probabilistic approach

For this level of damage index it was not possible to fit the statistic of η.
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.2 Damage index D = 0.10

A.2.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.07
16th 1.04
1th 0.891

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 26.22 -37.25 5.02 0.94 0.073 0.79
16th -650.29 50.5 3.02 0.89 0.073 0.87
1th -682.06 44.00 4.48 0.83 0.073 0.89

A.2.2 Probabilistic approach

• Procedure (a): λ is unknown

For this level of damage index it was not possible to fit the statistic of η.

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = −0.035, σ = 0.0858)

0.01 β(a = 14.71, b = 1.37)

0.02 β(a = 48.27, b = 4.24)

0.03 logN(µ = 0.054, σ = 0.0222)

0.04 logN(µ = 0.071, σ = 0.0253)

0.05 β(a = 7.83, b = 0.24)

0.06 β(a = 8.38, b = 0.17)

0.07 -
0.08 -
0.09 -
0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.6: Design-oriented results from the peak strength probability density function for
the case of D = 0.1

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi = 0.001 98.01 84.91 91.60 1.15 1.07 1.19
λi = 0.01 100.38 75.86 89.32 1.32 1.13 1.07
λi = 0.02 110.44 97.90 104.67 1.13 1.06 1.05
λi = 0.03 115.29 106.52 111.07 1.08 1.04 1.07
λi = 0.04 116.92 107.82 112.54 1.08 1.04 1.08
λi = 0.05 110.84 72.72 94.23 1.52 1.18 1.07
λi = 0.06 113.99 78.00 98.77 1.46 1.15 1.07
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(a) Resistance probability density functions
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Figure A.1: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.1
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.3 Damage index D = 0.20

A.3.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.28
16th 1.15
1th 0.95

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 121.72 -55.67 7.48 1.02 0.1 0.98
16th -141.85 -10.61 6.38 0.94 0.1 0.99
1th -331.14 19.13 6.11 0.86 0.1 0.99

A.3.2 Probabilistic approach

• Procedure (a): λ is unknown

For this level of damage index it was not possible to fit the statistic of η.

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.036, σ = 0.0951)

0.01 β(a = 24.33, b = 4.58)

0.02 β(a = 35.80, b = 5.80)

0.03 logN(µ = 0.172, σ = 0.0467)

0.04 logN(µ = 0.205, σ = 0.0453)

0.05 β(a = 14.46, b = 0.76)

0.06 β(a = 13.44, b = 0.41)

0.07 -
0.08 -
0.09 -
0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.10: Design-oriented results from the peak strength probability density function
for the case of D = 0.2

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi = 0.001 77.83 66.61 72.32 1.17 1.08 1.21
λi = 0.01 82.40 66.29 74.94 1.24 1.10 1.07
λi = 0.02 89.18 75.72 82.96 1.18 1.08 1.06
λi = 0.03 94.99 85.93 90.6 1.11 1.05 1.13
λi = 0.04 98.45 89.29 94.02 1.10 1.05 1.12
λi = 0.05 98.21 75.80 88.41 1.30 1.11 1.06
λi = 0.06 102.130 79.24 92.49 1.29 1.10 1.06
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(b) Resistance cumulative density functions

Figure A.2: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.2

260



Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.4 Damage index D = 0.30

A.4.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.53
16th 1.31
1th 1.05

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 6.51 -48.85 9.58 1.16 0.1 1
16th -226.52 -15.29 9.85 1.03 0.1 0.99
1th -719.85 76.54 6.29 0.96 0.1 0.98

A.4.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 3.38, b = 0.322)

• Procedure (b): λ is known

λ Probability function OF η

0.001 logN(µ = 0.154, σ = 0.1007)

0.01 logN(µ = 0.224, σ = 0.0847)

0.02 logN(µ = 0.286, σ = 0.0716)

0.03 logN(µ = 0.335, σ = 0.0667)

0.04 logN(µ = 0.378, σ = 0.0575)

0.05 logN(µ = 0.414, σ = 0.0449)

0.06 logN(µ = 0.443, σ = 0.0322)

0.07 β(a = 14.64, b = 0.38)

0.08 β(a = 22.15, b = 0.25)

0.09 β(a = 65.63, b = 0.19)

0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.14: Design-oriented results from the peak strength probability density function
for the case of D = 0.3

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 63.61 22.06 41.90 2.88 1.52 1.08
λi = 0.001 62.11 52.82 57.54 1.18 1.08 1.21
λi = 0.01 68.21 59.22 63.82 1.15 1.07 1.19
λi = 0.02 73.68 64.88 69.39 1.14 1.06 1.17
λi = 0.03 77.97 69.09 73.65 1.13 1.06 1.16
λi = 0.04 82.44 73.88 78.29 1.12 1.05 1.15
λi = 0.05 86.75 78.76 82.89 1.10 1.05 1.12
λi = 0.06 90.38 82.95 86.80 1.09 1.04 1.09
λi = 0.07 90.56 72.08 82.92 1.26 1.09 1.06
λi = 0.08 93.83 81.96 89.12 1.14 1.05 1.04
λi = 0.09 95.74 88.83 92.44 1.08 1.04 1.01
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(b) Resistance cumulative density functions

Figure A.3: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.3
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.5 Damage index D = 0.40

A.5.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.62
16th 1.33
1th 1.08

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 7.68 -59.38 11.65 1.17 0.1 1
16th -423.69 15.08 9.69 1.05 0.1 1
1th -953.50 109.64 6.68 0.94 0.1 0.98

A.5.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 3.00, b = 0.33)

• Procedure (b): λ is known

λ Probability function of η
0.01 logN(µ = 0.165, σ = 0.1007)

0.01 logN(µ = 0.248, σ = 0.0919)

0.02 logN(µ = 0.321, σ = 0.0868)

0.03 logN(µ = 0.381, σ = 0.0788)

0.04 logN(µ = 0.431, σ = 0.0653)

0.05 logN(µ = 0.472, σ = 0.0518)

0.06 logN(µ = 0.503, σ = 0.0397)

0.07 β(a = 13.07, b = 0.40)

0.08 β(a = 18.95, b = 0.25)

0.09 β(a = 57.64, b = 0.20)

0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.18: Design-oriented results from the peak strength probability density function
for the case of D = 0.4

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 50.73 15.23 31.53 3.33 1.61 1.08
λi = 0.001 50.14 42.60 46.43 1.18 1.08 1.21
λi = 0.01 55.17 47.35 51.33 1.17 1.07 1.20
λi = 0.02 59.83 51.74 55.87 1.16 1.07 1.20
λi = 0.03 64.38 56.30 60.44 1.14 1.07 1.18
λi = 0.04 68.92 61.25 65.19 1.13 1.06 1.16
λi = 0.05 72.94 65.76 69.46 1.11 1.05 1.14
λi = 0.06 76.31 69.61 73.07 1.10 1.04 1.11
λi = 0.07 76.55 59.03 69.17 1.30 1.11 1.06
λi = 0.08 79.90 68.03 75.26 1.17 1.06 1.04
λi = 0.09 81.94 75.94 79.09 1.08 1.04 1.02
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(a) Resistance probability density functions
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Figure A.4: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.4
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.6 Damage index D = 0.50

A.6.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.64
16th 1.33
1th 1.02

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th -436.18 -27.25 12.73 1.13 0.08 1
16th -301.06 -15.10 12.05 1.00 0.1 1
1th -989.39 111.36 7.41 0.89 0.1 0.98

A.6.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 2.48, b = 0.26)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.133, σ = 0.1152)

0.01 logN(µ = 0.235, σ = 0.1098)

0.02 logN(µ = 0.321, σ = 0.0977)

0.03 logN(µ = 0.386, σ = 0.0851)

0.04 logN(µ = 0.438, σ = 0.0730)

0.05 logN(µ = 0.479, σ = 0.0593)

0.06 β(a = 8.33, b = 0.40)

0.07 β(a = 10.36, b = 0.26)

0.08 β(a = 18.16, b = 0.19)

0.09 β(a = 65.69, b = 0.16)

0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.22: Design-oriented results from the peak strength probability density function
for the case of D = 0.5

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 39.90 9.35 22.57 4.27 1.77 1.08
λi = 0.001 39.63 33.04 36.37 1.20 1.09 1.23
λi = 0.01 44.31 37.25 40.83 1.19 1.09 1.23
λi = 0.02 49.17 42.00 45.65 1.17 1.08 1.21
λi = 0.03 53.44 46.38 49.99 1.15 1.07 1.19
λi = 0.04 57.23 50.42 53.91 1.13 1.06 1.17
λi = 0.05 60.72 54.35 57.63 1.12 1.05 1.15
λi = 0.06 59.60 39.25 50.55 1.52 1.18 1.07
λi = 0.07 63.70 46.51 56.48 1.37 1.13 1.06
λi = 0.08 66.78 56.83 62.96 1.18 1.06 1.04
λi = 0.09 68.41 63.48 66.06 1.08 1.04 1.01
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(a) Resistance probability density functions
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Figure A.5: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.5
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.7 Damage index D = 0.60

A.7.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.69
16th 1.35
1th 1.02

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 688.55 -201.51 19.65 1.11 0.1 1
16th 96.33 -95.86 16.28 0.98 0.1 1
1th -897.96 89.80 8.98 0.85 0.1 0.99

A.7.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 2.25, b = 0.20)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.120, σ = 0.1172)

0.01 logN(µ = 0.243, σ = 0.1116)

0.02 logN(µ = 0.341, σ = 0.1017)

0.03 logN(µ = 0.413, σ = 0.0883)

0.04 β(a = 7.44, b = 0.67)

0.05 β(a = 7.03, b = 0.36)

0.06 β(a = 8.56, b = 0.22)

0.07 β(a = 13.97, b = 0.16)

0.08 β(a = 34.49, b = 0.14)

0.09 β(a = 170.22, b = 0.16)

0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.26: Design-oriented results from the peak strength probability density function
for the case of D = 0.6

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 31.98 6.51 17.19 4.91 1.86 1.08
λi = 0.001 31.24 26.00 28.65 1.20 1.09 1.24
λi = 0.01 35.66 29.91 32.82 1.19 1.09 1.23
λi = 0.02 39.94 33.98 37.01 1.18 1.08 1.21
λi = 0.03 43.83 37.96 40.95 1.15 1.07 1.19
λi = 0.04 43.00 26.07 35.12 1.65 1.22 1.07
λi = 0.05 46.48 28.40 38.29 1.64 1.21 1.07
λi = 0.06 50.17 34.32 43.39 1.46 1.16 1.07
λi = 0.07 52.94 42.80 49.04 1.24 1.08 1.05
λi = 0.08 54.40 49.82 52.35 1.09 1.04 1.02
λi = 0.09 54.92 51.08 53.07 1.08 1.03 1.01
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Figure A.6: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.6
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.8 Damage index D = 0.70

A.8.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.75
16th 1.42
1th 1.03

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th -1743.79 -82.28 21.31 1.11 0.05 1
16th -1761.62 25.23 17.80 0.97 0.063 0.99
1th -476.45 -2.71 14.26 0.83 0.098 1

A.8.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 2.33, b = 0.16)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.119, σ = 0.1223)

0.01 logN(µ = 0.275, σ = 0.1148)

0.02 logN(µ = 0.386, σ = 0.0992)

0.03 logN(µ = 0.462, σ = 0.0785)

0.04 β(a = 6.93, b = 0.32)

0.05 β(a = 9.66, b = 0.18

0.06 β(a = 20.75, b = 0.14)

0.07 β(a = 62.00, b = 0.14)

0.08 β(a = 238.90, b = 0.17)

0.09 -
0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.30: Design-oriented results from the peak strength probability density function
for the case of D = 0.7

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 25.77 5.67 14.36 4.54 1.79 1.08
λi = 0.001 23.26 19.24 21.27 1.21 1.09 1.24
λi = 0.01 27.51 23.01 25.29 1.20 1.09 1.23
λi = 0.02 31.53 26.96 29.29 1.17 1.08 1.21
λi = 0.03 35.05 30.76 32.96 1.14 1.06 1.18
λi = 0.04 35.24 21.51 29.05 1.64 1.21 1.07
λi = 0.05 38.50 27.77 34.05 1.39 1.13 1.06
λi = 0.06 40.39 35.31 38.42 1.14 1.05 1.04
λi = 0.07 41.04 38.07 39.62 1.08 1.04 1.01
λi = 0.08 41.21 38.33 39.82 1.08 1.03 1.00
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Figure A.7: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.7
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.9 Damage index D = 0.80

A.9.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.75
16th 1.53
1th 1.06

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th -5109.00 -200.54 31.35 1.12 0.034 1
16th -7150.18 164.01 24.06 0.98 0.042 0.99
1th -4055.36 214.24 17.07 0.83 0.05 0.98

A.9.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 2.91, b = 0.14)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.128, σ = 0.1331)

0.01 logN(µ = 0.335, σ = 0.1078)

0.02 β(a = 7.31, b = 0.72)

0.03 β(a = 7.75, b = 0.26)

0.04 β(a = 18.52, b = 0.15)

0.05 β(a = 92.11, b = 0.16)

0.06 β(a = 722.02, b = 0.21)

0.07 -
0.08 -
0.09 -
0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.34: Design-oriented results from the peak strength probability density function
for the case of D = 0.8

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 19.73 6.10 12.60 3.23 1.57 1.08
λi = 0.001 15.61 12.90 14.27 1.21 1.09 1.24
λi = 0.01 19.70 16.65 18.20 1.18 1.08 1.22
λi = 0.02 21.08 12.61 17.11 1.67 1.23 1.07
λi = 0.03 24.47 15.94 20.73 1.54 1.18 1.07
λi = 0.04 26.80 22.98 25.35 1.17 1.06 1.04
λi = 0.05 27.41 25.47 26.48 1.08 1.04 1.01
λi = 0.06 27.50 25.59 26.58 1.07 1.03 1.00
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Figure A.8: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.8
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.10 Damage index D = 0.90

A.10.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.75
16th 1.73
1th 1.11

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 1.00 -2228.15 80.21 1.03 0.018 1
16th 1.00 -1523.25 70.07 0.94 0.023 0.98
1th -2674.02e1 688.54 34.04 0.82 0.031 0.99

A.10.2 Probabilistic approach

• Procedure (a): λ is unknown

β(a = 5.12, b = 0.13)

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.137, σ = 0.1223)

0.01 β(a = 8.35, b = 0.90)

0.02 β(a = 18.12, b = 0.18)

0.03 β(a = 559.98, b = 0.23)

0.04 -
0.05 -
0.06 -
0.07 -
0.08 -
0.09 -
0.10 -
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.38: Design-oriented results from the peak strength probability density function
for the case of D = 0.9

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi unknown 11.84 6.29 9.32 1.88 1.27 1.07
λi = 0.001 7.89 6.53 7.22 1.21 1.09 1.24
λi = 0.01 10.55 6.65 8.73 1.59 1.21 1.07
λi = 0.02 13.38 11.40 12.62 1.17 1.06 1.04
λi = 0.03 13.76 12.80 13.29 1.08 1.03 1.00
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Figure A.9: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.9
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Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

A.11 Damage index D = 0.99

A.11.1 Deterministic approach

• Procedure (a): λ is unknown⇒ η = C

Percentile C
50th 1.75
16th 1.75
1th 1.58

• Procedure (b): λ is known⇒ η(λ) = C1λ
3 + C2λ

2 + C3λ+ C4 for λ ≤ λlim

Percentile C1 C2 C3 C4 λlim R2

50th 1.00 -7287.70e1 436.26 1.09 0.003 0.99
16th 1.00 -4769.21e1 381.54 0.99 0.004 0.98
1th 1.00 -6891.36e1 558.51 0.633 0.004 0.92

A.11.2 Probabilistic approach

• Procedure (a): λ is unknown

For this level of damage index it was not possible to fit the statistic of η.

• Procedure (b): λ is known

λ Probability function of η
0.001 logN(µ = 0.369, σ = 0.0928)

0.01 -
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0.05 -
0.06 -
0.07 -
0.08 -
0.09 -
0.10 -

275



Appendix A. Summary of the results for deterministic and probabilistic approaches for fixed
values of the damage index

Table A.42: Design-oriented results from the peak strength probability density function
for the case of D = 0.99

Cumulative
Curve

Resistance
character-
istic value
Rk [kN]

Resistance
design
value
Rd,0.1%

evaluated
to CDF =
0.1 % [kN]

Resistance
design
value
Rd,1% eval-
uated to
CDF = 1
% [kN]

Resistance
safety
factor γ =

Rk/Rd,0.1%

Resistance
safety
factor γ =

Rk/Rd,1%

Corrosion
characteristic
coefficient
kcorr =

Rk/(fy,k · A0 ·
ηk ·ρM ·ρGmin)

λi = 0.001 1.05 0.90 0.97 1.16 1.08 1.21
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Figure A.10: Probability functions of corroded seven-wire strands for different values of
λi and D = 0.99
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Appendix
B

Demonstration of Eq. 10.3

In order to find an analytical formulation for the lower bound estimation of the group
coefficient the following hypotheses have been done:

1. the adimensional reduction of cross-section area ρi is uniformly distributed in the
domain (mρi − p,mρi + p) which is described by Eq. B.1;

ρi =
2p

nw − 1
(i− 1) + (mρi − p) (B.1)

Where p and mρi represent the domain amplitude and the mean of the corrosion in
the strand, respectively.

2. the adimensional reduction of cross-section area ρi in each wire of the strand is
given by Eq. B.1;

3. the peak force is given by the Darmawan-Stewart model;

4. the relationship between the peak force, the adimensional reduction of cross-section
area and the group function is given by Eq. 10.1.

Figure B.1 shows the trend taken by the adimensional reduction of cross-section areas
ρi , according to Eq. B.1. As it can be seen from the figure, the maximum domain that is
assumable by ρi (which means by the p value) depends on the mean of the corrosion mρi .
In other words, the maximum domain amplitude is given when p assumes the following
value.

pmax = min(mρi , 1−mρi) (B.2)

The peak force in a corroded strand, according to the Darmawan-Stewart model in Eq.
9.1 and the expression for the adimensional reduction of cross-section area in Eq. B.1, is
given by Eq. B.3. This is obtained by substituting Eq. B.1 in Eq. 9.1.

Fp,DS = max(Fp,i)

Fp,i = (nw − i+ 1)

[
2p

nw − 1
(i− 1)(mρi − p)

]
· F0,i

(B.3)
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Appendix B. Demonstration of Eq. 10.3

Figure B.1: Trend of the uniform reduction of cross-section area in the wires

Setting equal to zero the derivate of Eq. B.3 with respect to the i variable, which
represents the generic wire in the strand, the expression of the index that gives the peak
force in the corroded strand can be obtained as reported in Eq. B.4.imax = round

(
1 +

nw
2
− (mρi − p)(nw − 1)

4p

)
, for p > pmin

imax = 1, for p ≤ pmin

(B.4)

Where round() indicates the function for the nearest integer value and pmin is the min-
imum value that can be assumed by p, in fact, for p→ 0, which means uniform corrosion
in the entire domain, the peak force is equal in all the corroded wires. Expression for pmin
is reported in Eq. B.5.

pmin = mρi

nw − 1

3nw − 1
(B.5)

Then, by inserting Eq. B.4 in Eq. B.3 the expression of maximum force can be
obtained as reported in Eq. B.6.

Fp,DS = (nw − imax + 1)

[
2p

nw − 1
(i− 1)(mρi − p)

]
F0,i, for p > pmin

Fp,DS = nw(mρi − p)F0,i, for p ≤ pmin

(B.6)

The lower bound of the group coefficient, according to Eq. 10.1 and Eq. B.6, assumes
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Appendix B. Demonstration of Eq. 10.3

the following expressions:


ρGmin = (nw − imax + 1)

[
2pmax
nw − 1

(imax − 1) + (mρi − p)
]

1

mρinw

∣∣∣∣
p=pmax

p > pmin

ρGmin =
(mρi − p)
mρi

∣∣∣∣
p=pmax

p ≤ pmin

(B.7)

⇓


ρGmin = (nw − imax + 1)

[
2pmax
nw − 1

(imax − 1) + (mρi − pmax)
]

1

mρinw
pmax > pmin

ρGmin =
(mρi − pmax)

mρi

pmax ≤ pmin

(B.8)
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Appendix
C

Demonstration of Eqs.: 8.1, 8.3, 8.4, 8.5

A corroded wire is modelled as series system between the corroded and not corroded
parts that can be identified according the geometry of the corrosion in Figure 7.2. If we

consider the presence of one corroded part (represented by the parameter ρi =
Ai

A0i

and

λi =
Lc
L0

) the system can be expressed by two springs representing the corroded part

(length Lc) and the not-corroded one (length L0 − Lc), as follows:

K1 K2 F

L0

L0 − Lc Lc

The displacement of a series system subjected to a force is the sum of the displace-
ments in each spring. Then the elastic stiffness of the system Ki can be obtained by
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Appendix C. Demonstration of Eqs.: 8.1, 8.3, 8.4, 8.5

applying the yielding force Fy:

Ki =
Fyi
δyi

=

δyi = δy,1 + δy,2 =

=
Fyi
K1

+
Fyi
K2

=

=
Fyi · (L0 − Lc)

E · A0i

+
Fyi · Lc

E · ρi · A0i

⇒ Ki =
Fyi
uyi

=
1

L0 − Lc
E · A0i

+
Lc

E · ρi · A0i

=

=
E · ρi · A0i

ρi(L0 − Lc) + Lc
=

=
E · A0i

L0

 ρi
ρi · (L0 − Lc)

L0

+
Lc
L0

 =

=
E · A0i

L0

 1

(L0 − Lc)
L0

+
λi
ρi

 =
E · A0i

L0

 1

1− λi +
λi
ρi



Ki =
E · A0i

L0

 1

1 + λ

(
1

ρi
− 1

)


(C.1)

Then the yielding displacement of the system is:

δyi =
Fyi
Ki

(C.2)

The ultimate displacement can be obtained considering that the plastic deformation
occurs in the corroded part only (elasto-perfectly plastic steel material):

δui = δyi + ∆u =

= δyi + (εu − εy) · Lc
(C.3)
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Appendix C. Demonstration of Eqs.: 8.1, 8.3, 8.4, 8.5

The ductility can then be expressed as:

µδui =
δui
δyi

=

=
δyi + (εu − εy) · Lc

δyi
=

= 1 +
(εu − εy) · Lc

Fyi · L0

E · A0i

·
(

1 + λi ·
(

1

ρi
− 1

))

µδui = 1 +
(εu − εy)

εy
·

 λi

1 + λi ·
(

1

ρi
− 1

)


(C.4)
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Appendix
D

Demostration of Eq. 10.8

According to the resistance model, the peak force of corroded seven-wire strand can
be written as:

Fp,p = F0 · ρM · ρG = A0 · fy · ρM · ρGmin · η (D.1)

The objective is to estimate the functions that describes the statistic, in terms of prob-
ability and cumulative density functions, of the peak force Fp,p.

Assuming as deterministic variables the cross-section area of the not-corroded seven-
wire strandsA0, the mean corrosion level ρM and the lower bound of the group coefficient
ρGmin, the statistic of the peak force is:

R(Fp,p) = A0 · ρM · ρGmin · g(fy, η) (D.2)

where R and g are the functions that describe the statistic of the random variables in
the model, the peak force and the yielding stress fy and model coefficient η, respectively.

Assuming that the random variables are independent:

R = Y1 = A0 · ρM · ρGmin ·X2 ·X3 (D.3)

Where, for sake of clarity, it is done a change of notation for which fy = X2 and
η = X3.

• X2 can be assumed as represent by a logNormal probability density function with
a certain mean value and coefficient of variation. In the present case they assume
values equal to 1700 MPa and 5%, respectively;

• X3 assumes the probability density functions estimated through the Monte Carlo
simulations (probability approach) of corroded strands according to the damage in-
dex level D and the knowledge of the corrosion in terms of adimensional corrosion
extension: λi unknown and λi known. All the results are reported in Appendix A.

Thus, the following equality can be written:

fY1(y1) · dy1 = A0 · ρM · ρGmin · fX2,X3(x2, x3)dx2 · dx3 =

= A0 · ρM · ρGmin · fX2(x2) · fX3(x3) · |Jx,y| · dy2 · dy3

(D.4)
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Appendix D. Demostration of Eq. 10.8

where |Jx,y| is the determinant of the Jacobian matrix of the transformation: dx2 ·
dx3 = |Jx,y| · dy2 · dy3.

The Jacobian Matrix can be obtained starting from Eq. D.3 and the change of variable
x3 = y2:

x2 =
y1

A0 · ρM · ρGmin · x3

x3 = y2

⇒ Jx,y =

[
∂x2
∂y1

∂x2
∂y3

∂x3
∂y1

∂x3
∂y3

]

Jx,y =

 1

A0 · ρM · ρGmin · y3

y1

A0 · ρM · ρGmin · x2
3

0 1

⇒ |Jx,y| = 1

A0 · ρM · ρGmin · y3

(D.5)

Thus, Eq. D.4, taking into account that dx2 =
dy1

A0 · ρM · ρGmin · y2

and dx3 = dy2,

can be written as:

fY1(y1) · dy1 = fX2

(
y1

A0 · ρM · ρGmin

)
· fX3(y2) · dy1

A0 · ρM · ρGmin · y2

· dy2 (D.6)

That leads to:

fY1(y1) =
1

A0 · ρM · ρGmin

∫
y2

fX2

(
1

A0 · ρM · ρGmin

)
· fX3(y2) · dy2 (D.7)

Since the model coefficient η is defined in the range (1,1/ρGmin), the probability den-
sity function of the resistance can be obtained by the following integral formula:

fY1(y1) =
1

A0 · ρM · ρGmin

∫ 1/ρGmin

1

fX2

(
1

A0 · ρM · ρGmin

)
· fX3(y2) · dy2 (D.8)

Consequently, the cumulative density function of the resistance can be obtained by the
integral its probability density function:

FY1(y1) =

∫
fY1(y1) · dy1 (D.9)
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