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Abstract

Aging infrastructure, particularly half-joint reinforced concrete (RC) girder bridges, presents
significant vulnerabilities that can lead to progressive collapse under abnormal loading con-
ditions. This study investigates the structural robustness of such bridges, using the Annone
Overpass collapse as a case study to explore load redistribution patterns and failure mechanisms.
A 3D finite element model of the central span was developed in Abaqus, incorporating non-
linear material properties and bi-linear translational springs as supports for realistic structural
behavior. Simulated failure scenarios evaluated the structural response to support removal,
with robustness assessed through three deterministic indicators based on displacement, stored
energy, and ultimate load capacity. Findings reveal how inelastic strain accumulation and load
redistribution impact robustness, bringing lower robustness values compared to elastic models,
and show adaptive load-bearing behaviors emerging under selective support loss. This research
contributes a refined robustness assessment approach for aging infrastructure, underscoring its
importance in bridge design and maintenance.

Keywords: Structural robustness, finite element analysis, half-joint bridge, load redistribution,
progressive collapse, Annone Overpass.





Abstract in lingua italiana

Le infrastrutture invecchiate, in particolare i ponti a trave in cemento armato (RC) con giunti
parziali, presentano vulnerabilità significative che possono portare al collasso progressivo sotto
condizioni di carico anomale. Questo studio indaga la robustezza strutturale di tali ponti,
utilizzando il crollo del cavalcavia di Annone come caso di studio per esplorare i meccanismi
di ridistribuzione dei carichi e di cedimento. Un modello a elementi finiti 3D della campata
centrale è stato sviluppato in Abaqus, incorporando proprietà dei materiali non lineari e molle
traslazionali bilineari come supporti per rappresentare in modo realistico il comportamento
strutturale. Scenari di cedimento simulati hanno valutato la risposta strutturale alla rimozione
dei supporti, con la robustezza valutata attraverso tre indicatori deterministici basati su sposta-
mento, energia accumulata e capacità di carico ultima. I risultati rivelano come l’accumulo di
deformazioni inelastiche e la ridistribuzione dei carichi influenzino la robustezza, generando val-
ori inferiori rispetto ai modelli elastici, e mostrano comportamenti adattivi di carico che emer-
gono in risposta alla perdita selettiva di supporti. Questa ricerca contribuisce a un approccio
raffinato per la valutazione della robustezza delle infrastrutture invecchiate, evidenziando la
sua importanza nella progettazione e nella manutenzione dei ponti.

Parole chiave: Robustezza strutturale, analisi agli elementi finiti, ponte a giunti parziali,
ridistribuzione dei carichi, collasso progressivo, cavalcavia di Annone.
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Introduction

Introduction to infrastructure challenges

Countries with aging infrastructure, such as Italy, retain a rich history of civil and bridge

construction. Today, these nations face the challenge of preserving their cultural heritage while

maintaining structural safety. This e�ort demands even greater attention in the uprise of

unexpected catastrophic events, such as �res, �oods, and earthquakes. These challenges must

be a�ront with advanced tools and technological developments that are now available to experts

in the �eld.

Bridges play a critical role in transportation infrastructure, facilitating the movement of goods

and people. In regions where many of these structures were built decades ago for speci�c

load conditions, they now confront new requirements. Consequently, ensuring the safety and

adaptability of such critical infrastructure is of utmost importance to avoid tragic failures and

to maintain societal and economic stability.

Historical context and classi�cation

Throughout history, many construction methods and bridge typologies have evolved over time.

The primary types of bridges include beam (or girder) bridges, which are widely used due to

their simplicity and adaptability; arch bridges, known for their strength and aesthetic attrac-

tion, particularly in masonry construction; truss bridges, which use a framework of intercon-

nected triangles to e�ciently distribute loads; suspension bridges, capable of spanning long

distances using cables to carry tensile forces; and cable-stayed bridges, which rely on diagonal

cables connected directly to towers for support.

In the present research work, a speci�c type of bridge widely used in various locations, partic-

ularly in Europe and North America due to its structural e�ciency and cost-e�ectiveness [1,

2, 3, 4, 5] is undertook, a girder-type bridge. However, studies have shown that this type of

structures are prone to failure and requires closer examination and detailed assessment. They

are commonly known as half-joint or dapped-end bridges.



2 | Introduction

The half-joint bridge: vulnerabilities and case study focus

Half-joint bridges, commonly implemented in highway construction, have a particular suscep-

tibility to localized damage, which can sometimes lead to sudden and unexpected failures.

The 2016 collapse of the Annone Overpass underscored the vulnerabilities of aging bridge in-

frastructure under modern load demands, raising essential questions about the evaluation and

enhancement of key structural attributes, such as robustness.

The main objective of the present work is to evaluate the robustness of the Annone Over-

pass by means of the development of a 3D Finite Element (FE) model that allows robustness

quanti�cation in di�erent failure scenarios.

It is intended to asses the behavior of the bridge under progressive damage, quantifying the

redistribution of loads after the removal of key structural supports, looking at plastic strain

patterns, calculating robustness indicator corroborated by literature and comparing its perfor-

mance with previous studies. Attention is paid to a new robustness index applied to the bridge

under study.

Methodological approach: using FE analysis for evalua-

tion of structural robustness

To achieve these objectives, the Abaqus/Standard environment is used, focusing on the non-

linear behaviors of reinforced concrete (RC) components according to the guidelines of the Fib

Model Code 2010 [6] and Eurocode 2 [7]. The model is validated trough di�erent procedures,

one corresponds to the calculation of the moment resisting capacity of a beam using the same

approach of model with shell elements. Another validation is comparison against results from

previous studies on similar loading scenarios.

The FE model is used particularly for the simulation of localized half-joint failures, which

enables the quanti�cation of robustness indicators based on displacement, stored energy, and

load-bearing capacity.

Contributions and practical implications of the research

This research contributes to understanding how aging bridge structures respond to increased

loading and progressive damage, providing insights that can inform future design and mainte-

nance strategies for enhanced robustness. This work underscores the importance of advanced

modeling techniques in preserving public safety and infrastructure resilience.
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Organization of the thesis structure

This thesis is composed by a total of six chapters which systematically examine the robustness

of the Annone Overpass bridge under potential failure scenarios.

Chapter 1, Literature review, de�nes essential concepts related to structural collapse, focusing

on bridge-speci�c failure typologies and events that can precipitate collapse. It also reviews

design codes aimed at enhancing robustness, discusses robustness indicators, and examines a

detailed case study, the collapse of the Annone Overpass collapse.

Chapter 2, Case study, concentrates the attention on the central span of the bridge including the

detailing of the main structural components, the load con�guration that serves for robustness

evaluation and the properties of the springs components supporting the mid-span based on

information from previous studies. The chapter accommodates important parameters necessary

of the development of the �nite element model of the Annone Bridge developed in this study.

Chapter 3, Model development and validation for structural robustness evaluation, describes

the development and validation of the �nite element model, detailing the assumptions, material

properties, structural elements, boundary conditions, and loading scenarios needed to simulate

the behavior of the bridge under an exceptional loading event.

Chapter 4, Methodology for robustness evaluation, outlines the robustness assessment approach,

focusing on a sequence of failure scenario simulations. This chapter details the robustness indi-

cators used, including displacement, stored energy, and ultimate bearing capacity, reintroducing

them from chapter 1.

Chapter 5, Results, robustness Analysis, and discussion, presents and analyzes the results of the

�nite element simulations, focusing on load redistribution, accumulated plastic strain evolution,

and ultimate bearing capacity across di�erent failure scenarios.

Finally, Chapter 6, Conclusion and future developments, summarizes the �ndings, emphasizes

the contributions of this research to bridge engineering, and suggests directions for future studies

in bridge robustness and maintenance.
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1| Literature review

Since the tragic events of September 11, 2001, governments around the world have directed

substantial resources towards understanding collapse mechanisms in buildings. Initially, these

e�orts focused on safeguarding essential facilities, such as hospitals, schools, and military cen-

ters, against extreme events like earthquakes, �res, and �oods, with a signi�cant emphasis on

building resilience.

More recently, attention has shifted to other types of critical infrastructure, particularly major

bridges. Catastrophic events, such as the Morandi Bridge collapse in Genoa in 2018, have

intensi�ed this focus. These incidents, which resulted in signi�cant economic repercussions and

loss of life, underscored the urgent need for resilient infrastructure across multiple sectors and

inspired extensive research into failure mechanisms, especially those a�ecting bridges.

The demand for resilient infrastructure has driven a growing interest in understanding and

de�ning fundamental structural properties, particularly robustness. In structural engineering,

especially when assessing aging infrastructure originally designed with limited consideration

for resilience, robustness has emerged as a key property for ensuring structural safety and

serviceability.

In bridge engineering, robustness plays a crucial role in preventing progressive collapse and

mitigating unexpected stresses. Research and practical e�orts have therefore concentrated on

developing methods to ensure that bridges can maintain their stability in the face of unforeseen

disturbances. These challenges emphasize the ongoing need for research to improve the resilience

and robustness of both existing and future bridge systems.

Quantifying structural robustness e�ectively involves a combination of experimental veri�cation

and numerical modeling. FE models are essential tools for evaluating robustness indicators,

providing the necessary parameters to assess the behavior of structures under di�erent con-

ditions. Developing accurate and computationally e�cient FE models is thus a vital step in

advancing bridge robustness evaluation. This review aims to establish a theoretical foundation

for assessing the robustness of half-joint bridges using �nite element modeling.

The �rst section de�nes key concepts related to structural collapse, highlighting speci�c failure

typologies present in bridges. It also discusses the types of events that can cause collapse,

along with the rules for designing against collapse, as supported by well-established references
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on design codes for enhancing robustness. This section establishes how these concepts led to

the need for quantifying robustness. Additionally, relevant robustness indicators and methods

from leading authors are discussed and contextualized within bridge applications to complete

the theoretical framework for this review.

Following this conceptual background, the review presents a case study: the collapse of the

Annone Overpass. This section provides an overview of the history of the bridge, analyzes

prior studies on its collapse mechanisms and resistance, and reviews the robustness indicators

applied in these analyses, particularly through �nite element modeling approaches. Special

emphasis is placed on the development and application of both linear and non-linear �nite

element models in previous studies, which forms a central component of the current research.

Next, the review delves into empirical research on the non-linear behavior of concrete, an

essential aspect of structural analysis in this context. Speci�cally, it covers the parameters

used for the concrete damage plasticity model (CDPM) in the Abaqus environment [8], which

are required for the FE model. Finally, the chapter concludes with a summary of major �ndings

and research gaps, providing a solid foundation for the subsequent Case Study section outlined

in this document.

1.1. Theoretical framework:

On collapse and structural robustness

As established by Adam et al. [9], the design of resilient buildings has become a necessity.

Resilience, commonly de�ned on a larger scale for urban infrastructure systems, refers to the

ability to absorb and recover from extreme events while maintaining operation and functionality.

In the context of building structures, resilience often depends on two key factors: recovery

capacity, which enables quick restoration or even improvement of pre-event performance levels,

and the ability of the structure to absorb extreme events, a characteristic known as robustness.

To fully understand a resilient behavior of a building, and by extension its robustness, it is

essential to study the various mechanisms that can lead to the collapse of the structure. A

building may experience multiple pathways to failure and, although there is no clear consensus

in the literature on these pathways, Starossek [10] identi�es six types of progressive collapse:

pancake, domino, zipper, section, instability, and mixed type collapses.

These types of collapse can be further grouped based on failure propagation: impact class (in-

cluding pancake and domino), redistribution class (encompassing zipper and section), dispro-

portionate collapse (related to instability), and the �nal collapse con�guration, which involves

a major part or the entirety of the structural system.

In the context of bridge engineering, Bontempi [11] focused on three primary types: pancake-
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type, domino-type, and zip-type collapses, which are illustrated in Fig. 1.1. These typologies

highlight the importance of understanding the unique characteristics of di�erent structures.

Although the Starossek classi�cation is general for all structures, bridges typically exhibit fewer

failure mechanisms than buildings, with three previously identi�ed being more relevant for this

special type of structures.
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Figure 1.1: Relevant types of structural collapse for bridges according to Bontempi: (a) Pancake

type collapse, (b) Domino type collapse, (c) Zipping like collapse.

To ensure the integrity and safety of structures during their service life, di�erent researchers have

analyzed various approaches. Adam et al. [9] also conducted comprehensive research on these

aspects, emphasizing the importance of maintaining safety conditions through a transparent

and rational approach to mitigate the consequences of progressive or disproportionate collapse.

A fundamental part of this approach is the quanti�cation of structural robustness, which is

crucial to reducing risk in the context of critical infrastructures.
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1.1.1. Structural robustness

The study by Adam et al. [9] highlights the critical role of identifying potential stress sources

in buildings, particularly those events that could lead to collapse. Robustness, as they de�ne

it, is an attribute of the entire structural system, in�uenced by the inherent qualities of the

system (such as strength, ductility, redundancy, and continuity) as well as by the speci�c

characteristics of exceptional loading scenarios, whether they are singular, multiple, dynamic,

impulsive, monotonic, or cyclic.

In this context, robustness is a structural attribute that becomes relevant primarily in response

to abnormal events; under typical conditions, the structure functions within its standard per-

formance range. Notably, robustness does not imply over-design; rather, it denotes the capacity

to mobilize additional resistance mechanisms when faced with extraordinary loads.

Adam et al. [9] these low-probability, high-consequence (LPHC) events into several categories,

which include extreme natural events (such as landslides, �oods, windstorms, and earthquakes),

extreme accidental events (such as explosions, impacts, and �res), malicious actions (e.g., ter-

rorist attacks), human errors in design, execution, usage, or maintenance, and deterioration

phenomena (such as steel corrosion and sulfate attack).

Additionally, Adam et al. [9] introduce a complementary framework known as the "swan"

categorization, which includes white, gray, and black swan events. White swan events are

identi�able and can be probabilistically modeled; gray swan events are expected but occur

with unknown likelihood; and black swan events are extreme and unimaginable due to a lack of

prior knowledge. For gray and black swan events, only threat-independent design or assessment

approaches are applicable. Due to their unpredictable and potentially catastrophic nature, gray

and black swan events necessitate a stronger emphasis on robustness.

Although there is still no consensus in the structural engineering �eld, robustness is generally

de�ned as the ability of a structure to avoid consequences disproportionate to the initiating

event. Following the Ronan Point collapse in London in 1968, building codes began incor-

porating provisions for structural robustness, ensuring that multi-story frame buildings could

redistribute and sustain gravity loads after the loss of one or more structural members.

In 2005, the Joint Committee on Structural Safety (JCSS) and the International Association of

Bridge and Structural Engineering (IABSE) recognized that existing codes did not su�ciently

ensure structural robustness. Although no universal rules for designing against progressive

collapse exist, the following three approaches are widely recognized in international codes:

1. Tying force prescriptive rules

2. Alternative load path (ALP) methods

3. Key element design methods
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A recent comprehensive review identi�ed a fourth group: risk-based methods. The tying force

and ALP methods address local failure, whereas the key element design method prevents local

failure of critical elements. Risk-based approaches involve comparing the type of extreme event,

its likelihood, and the severity of its consequences against the cost of protection and the assumed

potential losses. Starossek and IStructE [12, 13] also recognize 'isolation by segmentation', a

method useful in bridge structures, although not explicitly mentioned in codes.

Drawing on more than three decades of experience in bridge engineering, Bontempi [11] discusses

design strategies aimed at enhancing structural robustness. He noted how lessons from past

failures have driven to develop new design solutions to prevent or mitigate similar issues. Two

key strategies are commonly employed in bridge design, these are:

1. Increasing Structural Continuity: This strategy involves enhancing the continuity of the

structure, although Bontempi emphasizes that there is no direct correlation between a

higher degree of static indeterminacy and increased robustness.

2. Compartmentalization: Although seemingly contradictory to the �rst strategy, compart-

mentalization involves dividing the structure into isolated sections. This approach ensures

that if one section fails, the collapse is con�ned and does not propagate to other parts

of the structure. Bontempi notes that compartmentalization in bridge structures can

be both spatial and temporal and cites historical examples such as the masonry railway

bridge connecting Venice to the mainland, built in 1846.

Furthermore, Bontempi advocates for extending the concept of robustness beyond just struc-

tural considerations to include the entire life cycle of a structure, from conception to use.

He argues that fundamental �aws in structural design cannot be corrected even by the most

advanced analyses and will eventually lead to collapse.

In assessing the robustness of a structure, Bontempi suggests that it is not necessary to precisely

identify the causes of potential failures; rather, understanding their magnitude is su�cient. This

aligns well with the threat-independent approach needed when designing for gray and black

swan events. The concept of structural robustness is crucial, as it helps distinguish between

a "good collapse", where the structure fails in a controlled, implosive manner, and a "bad

collapse," which can lead to uncontrolled and widespread failure. A coherent assessment of

structural robustness requires an analysis of the entire system, taking into account the various

non-linear behaviors that may emerge during collapse phases.

1.1.2. Quanti�cation of structural robustness

To assess safety against progressive collapse, estimate losses, and determine acceptable levels of

robustness, speci�c robustness measures are required. These measures must meet criteria such

as expressiveness, objectivity, simplicity, calculability, and generality. Given the uncertainties
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in abnormal loads and the non-linear structural response, probabilistic assessments and risk-

informed design are increasingly necessary.

Adam et al. [9] along with their previous contributions, they performed a deep research in pro-

gressive collapse and robustness of buildings, an accurate list of threat-dependent and thread-

independent measures of structural robustness is provided. In general a extensive study of

robustness indicators based on deterministic, probabilistic, and risk-based formulations is pre-

sented.

A more recent investigation done by Martinelli et al. [14] selectively highlights indicators

that are directly applicable to the structural challenges presented by half-joint bridges. These

indicators provide a foundation for the robustness assessment framework applied in the current

study.

Particular attention is paid to ratios in Eqs. 1.1 - 1.2. The authors work clearly expose that

although the indicators de�ned were initially formulated for linear systems, their application

can be extended to non-linear systems. They depend on the speci�c loading combination

considered, making them threat-dependent indices suited for predictable or white swan type

events. Subscripts '0' and '1' represent the intact and damaged state respectively. The �rst

indicator in Eq. 1.1, � s, considers the displacements experienced by the structure. Where� s is

de�ned as the ratio of the Euclidean scalar norm(k � k) of the displacement vector s.

� s =
ks0k
ks1k

(1.1)

The second indicator in Eq.1.2 quanti�es the changes in the total energy stored by the structure,

Where the symbol� represents the stored energy.

� � =
� 0

� 1
(1.2)

Another relevant contribution consider in this review for the quanti�cation of structural ro-

bustness is the one of Frangopol et al. [15]. They propose the residual redundant factor in Eq.

1.3 which takes into account the load bearing capacity of the damaged structure,Ldamaged, and

is compared with the capacity of the sound structure,L intact .

R3 =
Ldamaged

L intact
(1.3)

The three indicator describe can be used, as an example, to determine the robustness of a

bridge collapsed due to a heavy truck which is typically a white swan event, it is an expected

load scenario that can be anticipated and incorporated into structural design.
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1.2. Case study review: The Annone Overpass collapse

1.2.1. Background of the Annone Overpass

The Annone Overpass was a half-joint reinforced concrete bridge located in the Lombardy

region of Italy. Constructed during the mid-20th century, it was part of a larger expansion of

the infrastructure to support the growing transportation needs of the country. The half-joint

design, which was common during that period, was favored for its material e�ciency and its

ability to span large distances with relatively minimal structural components.

However, like many structures from that time period, the design did not fully anticipate the

long-term stresses and environmental degradation the bridge would face over the decades. It

was primarily focused on serviceability conditions, with limited consideration given to durability

issues and the long-term e�ects of environmental exposure.

The bridge was designed in accordance with the standards for loads of its time, speci�cally as

a second-category bridge under the provisions of Circular February 14, 1962, n.384. The latter

category describes bridges that were intended to carry lower loads, typically associated with

civil transportation, such as vans and farm equipment, rather than heavy military vehicles.

Half-joint or dapped-end bridges, such as the Annone Overpass, typically consist of multiple

spans, with the half-joints usually located in the central part, supported by two side spans

designed as cantilevers. Although this design was economical and e�cient, it introduced cer-

tain vulnerabilities, particularly in terms of reinforcement and water drainage. Older design

standards required insu�cient reinforcement and the L-shaped geometry of the half-joint made

inspections challenging, further complicating maintenance e�orts.

Another signi�cant issue with these types of bridges was the inadequate attention to drainage

systems, which was the case with the Annone Overpass. Originally designed for railway use,

these bridges did not anticipate the accumulation of water on the deck, which could lead to

severe degradation over time. In the case of the Annone Overpass, poor drainage probably

contributed to corrosion of the steel reinforcement and the deterioration of the concrete in the

half-joint area.

The overpass tragically collapsed on 28 September 2016, after more than 50 years of service.

The immediate cause was identi�ed as an overloaded truck that crossed the bridge, but further

investigation revealed a more complex set of underlying problems [16, 17, 14]. The collapse

was the result of several contributing factors, including long-term degradation of concrete and

reinforcement steel due to corrosion. Furthermore, the maintenance and inspection protocols

in place were insu�cient to detect and address these issues in time, ultimately leading to

catastrophic failure.
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Detailed investigations into the existing structure, including assessments of the material con-

ditions and precise geometry of the as-built structure, were conducted by di Prisco et al. [16].

Their work provided critical insight into the state of the bridge before its collapse, highlighting

the de�ciencies in the original design and the e�ects of decades of wear and tear.

Inspections revealed the extent of material degradation and compromised structural integrity,

which played a crucial role in the collapse. These �ndings emphasize the importance of regular,

thorough inspections and the need for modernized maintenance practices, especially for aging

infrastructure designed to outdated standards.

1.2.2. Studies on the collapse mechanism

Multiple studies have examined the collapse mechanism of the Annone Overpass, focusing

on how the design of the bridge, construction methods, and condition at the time of failure

contributed to its catastrophic collapse.

Di Prisco et al. [17] conducted an in-depth structural analysis to identify the primary causes

of the collapse by comparing the original design with its actual, as-built condition. The �rst

major issue identi�ed was the inconsistency in the construction support systems between the

beams of the central span and the side spans. This discrepancy was particularly problematic

due to the shrinkage of the cast-in-place components relative to the precast beams, which had

smooth surfaces.

Furthermore, the absence of �lling material within the cavities of the half-joints prevented the

formation of a continuous section between the cast-in-place diaphragms and the precast beams.

This lack of continuity signi�cantly reduced the dowel action, thereby compromising the shear

capacity of the half-joints.

Additionally, di Prisco et al. [17] discovered that the original design calculations had under-

estimated the tangential stresses in the half-joint section. The assumption was that the shear

force transmitted from the central beam to the half-joint could be evenly distributed across

the full width of the diaphragms (measuring 5.72 meters). This incorrect assumption led to

the conclusion that shear reinforcement in the half-joints was unnecessary, a critical oversight

that contributed directly to the failure. The researchers illustrated these discrepancies through

detailed diagrams, showing the construction stages of the bridge and how these issues likely

developed over time.

A second issue uncovered by di Prisco et al. [17] related to the actual amount of reinforcement

in the half-joints. Their inspection revealed that the reinforcement present was greater than

what the original design had speci�ed. However, despite this increase, the arrangement and

e�ectiveness of the reinforcement were insu�cient to prevent shear failure in the critical regions.
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The collapse of the Annone Overpass was ultimately initiated by the failure of half-joint R1,

which caused a chain reaction leading to the failure of all remaining half-joints except for R5.

With the loss of these key supports, the entire central span collapsed to the ground, carrying the

heavy truck and its load. This sequence of failures is characteristic of a zipper-type collapse [14],

where an initial local failure propagates sequentially through connected structural components,

driven by the inability of the system to redistribute loads e�ectively after the initial failure.

Martinelli et al. [14] expanded on these �ndings by comparing the collapse of the Annone

Overpass with similar bridge failures involving RC half-joint designs. Martinelli emphasized

that bridges with half-joint designs are particularly vulnerable to zipper-type collapse because

these structures often lack su�cient redundancy, making it di�cult to redistribute loads after

a local failure.

The study highlighted signi�cant shortcomings in the inspection and maintenance practices

leading up to the collapse. The reliance on visual inspections alone was insu�cient to detect

critical issues such as internal corrosion and fatigue in the materials. Martinelli argued that the

use of more advanced, non-destructive testing methods, such as ultrasonic testing or ground-

penetrating radar, could have revealed the weakening of the structure before it reached a critical

point.

In summary, the collapse mechanism of the Annone Overpass was driven by a shear failure

in half-joint R1, which initiated a zipper-type collapse as the failure sequentially spread to

other half-joints. The studies by di Prisco et al. [17] and Martinelli et al. [14] highlight

the crucial need for accurate design calculations, appropriate reinforcement, and advanced

inspection techniques to prevent similar failures in aging infrastructure.

1.2.3. Studies on the robustness of the Annone Overpass

The robustness of the Annone Overpass has also been a focal point in several studies, par-

ticularly after its collapse. Researchers have sought to understand whether the design of the

bridge included su�cient recovery capacity and ability to absorb extreme events, with the aim

of understanding how to prevent such a failure and how these aspects could be improved in

future designs.

In di Prisco et al. [17] the robustness of the Annone Overpass was not the central focus of

the study, however, they pointed out that the collapse of the structure highlighted how the

conceptual design of the bridge with half-joints was unsatisfactory in terms of both structural

robustness and durability.

Their �ndings indicated that the original design did not adequately account for the potential

degradation of materials over time. The bridge lacked su�cient redundancy to redistribute

loads in the event of local failures, which contributed to the catastrophic nature of the collapse
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when the half-joint failed. The study concluded that modern bridge designs need to incor-

porate greater robustness, particularly in terms of material durability and load redistribution

capabilities.

The robustness evaluation of the Annone Overpass conducted by Martinelli et al. [14] used a

notional removal approach to assess structural robustness. This method involved systematically

removing critical half-joint connections to simulate potential failure scenarios, as illustrated in

Figure 5.3. The study aimed to observe the redistribution of loads and assess the structure's

ability to prevent progressive collapse in the face of localized damage.

Figure 1.2: Schematic representation of one generic half-joint loss scenario. Reprinted from

Martinelli et al. [14]

Martinelli et al. [14] highlighted the crucial role of half-joints in maintaining bridge stability.

The removal scenarios revealed the limitations of the bridge in e�ectively redistributing loads,

demonstrating the vulnerabilities of the design under extreme conditions. Providing, addition-

ally, essential insights for reinforcing similar aging infrastructure to enhance robustness and

prevent future failures. In this study, the notional removal approach is also adopted.

1.2.4. Robustness indicators applied to the Annone Overpass

In the robustness assessment of the Annone Overpass, Martinelli et al. [14] employed multi-

ple robustness indicators to evaluate the structural response to progressive collapse scenarios.

Speci�cally, energy-based and displacement-based indicators were used to measure the perfor-

mance of the bridge under both linear and non-linear cases. These indicators helped quantify

the ability of the structure to withstand localized damage without leading to a disproportionate

collapse. The results are shown in Figure 1.3.
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In this study, the results obtained by Martinelli et al. [14] will be compared to new �ndings.

The �gures below display the displacement-based robustness indicator (� s) and energy-based

robustness indicator (� � ) for both linear and non-linear analyzes, as presented by Martinelli et

al. [14]. This comparison will provide insight into the performance di�erences and the impact

of adopting di�erent modeling strategies.

a) b)

c) d)

Figure 1.3: Robustness indicators for the Annone Overpass reported by Martinelli et al. [14].

(a) and (b) show displacement-based robustness indicators under linear and non-linear condi-

tions, respectively, while (c) and (d) depict energy-based indicators under similar conditions

1.3. Finite element models of the bridge

Several e�orts by the same authors that have studied the structural behavior of the Annone

Overpass and have performed the assessment of its safety at the time of collapse have led to

the construction of multiple FE models.

In di Prisco et al. [17], the reasons that led to the collapse of the structure are discussed

by means of linear elastic and non-linear FE models, mainly intended to �nd an explanation

behind the redistribution of actions between structural elements at the onset of the collapse

load and not to reproduce the collapse mode.

In detail, in the previously mentioned work, �ve three-dimensional (3D) FE models were de-

veloped, based on the complete and simpli�ed models shown in Figure 1.4, whose geometric

characteristics were derived from the design report and the corresponding structural drawings.
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The models were built and analyzed within the Abaqus / Standard environment [18]. The

key characteristics of each model are summarized in Table 1.1; for a detailed description, the

readers are directed to [17].

Figure 1.4: Complete FE model: (a) particular of the longitudinal and transversal beams and

(b) details of the boundary conditions. Simpli�ed FE model: (c) lateral span loading scheme

used for estimating the sti�ness (k) of half-joints (d) details of the boundary conditions and (e)

mesh view adapted from di Prisco et al. [17].

It is important to understand the purpose of the use of each FE model. In �rst place, the

model "num. 1" was used to calculate the actions applied on the bridge and on its half-joints.

neglecting the cross-section variation of the web in the end sections of the longitudinal beams.

Secondly, the model "num. 2A" was created only to conduct analyses on the bridge central span

supported by springs which sti�ness disregards the redistribution and sti�ening e�ect of the

transversal beams. while the model "num. 2B" was utilized to examine the e�ect of imposed

settlements applied to the gerber saddles on the distribution of the applied loads.

In third place, the models "num. 3A-3C" were used to estimate the ultimate capacity of the

bridge by meas of a macroscopic phenomenological model through the inclusion of a non-linear

translational spring replacing the linear spring adopted in the model num. 2A.
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Model ID Element Types Connections Features

num. 1 Shell (S4R), Beam

(B31)

Kinematic couplings;

torsional interaction

Complete 3D model, 6,753

nodes and 6,507. Linear

elastic in uncracked condition

without steel reinforcement

num. 2A Shell (S4R), Beam

(B31)

Kinematic couplings;

torsional interaction.

Elastic constraints

for side spans

Linear elastic materiañs +

simpli�ed central span model

without side spans.

Elastic translational

springs at beam ends

6.06E7 N/m sti�nes.

num. 2B Shell (S4R), Beam

(B31) . Elastic springs

Same as num. 2A num. 2A + imposed settle-

ment for R1

num. 3A Shell (S4R), Beam

(B31) . Non-linear

springs

Kinematic couplings;

torsional interaction.

Non-linear springs

for side spans

num. 2A with non-linear

springs. No corrosion.

num. 3B Shell (S4R), Beam

(B31) . Non-linear

springs

Same as num. 3A num. 3A with corrosion in

joint R1, low ductility.

num. 3C Shell (S4R), Beam

(B31) . Non-linear

springs

Same as num. 3A num. 3A with corrosion in

joint R1, high ductility.

Table 1.1: Summary of key features of FE models for Annone Overpass in di Prisco et al. [17]

In addition to the FE models developed by di Prisco et al. [17], the same authors took advantage

of one of the numerical models of the Annone Overpass in the search of providing a robustness

quanti�cation for half-joint bridges. In Martinelli et al. [14], the intact reference model used in

their study is denoted by num. 2 A', is nearly identical to the one described in di Prisco et al.

[17], with the only di�erence being a denser mesh featuring an average mesh side of 100 mm.

A brief description of the models used, key features and �ndings is presented in Table 1.2.
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Model Type Key Features Findings

3D Linear Elastic Dense mesh focusing on cen-

tral span; side spans modeled

as elastic constraints

Showed redistribution capabilities, high ro-

bustness, regardless of the removed half-joint

or the assumed loading con�guration.

3D Linear Elastic Inclusion of non-linear springs

representing half-joints

greater variability in � s and � � compared to

cases of linear elastic analyses.

Table 1.2: Summary of FE models for the Annone Overpass in Martinelli et al. [14]

Given the simpli�cation and limitation present in the �nite element models of the Annone

overpass in the previous reference studies [17]-[14], in this work a 3D non-linear �nite element

model developed for the robustness evaluation of the reference case of the half-joint bridge

will be presented. The reference bridge and its main characteristics relevant for the FE model

construction will also be described in the case study.

1.4. Empirical research:

Non-linear behavior of concrete

In order to build an accurate FE model and improve upon previous models of the Annone

Overpass, incorporating the non-linear mechanical properties of the materials used in the bridge

was essential. The main idea was to use a model that accurately represents the non-linear

behavior of concrete, crucial for assessing the robustness of the reference half-joint bridge. For

this purpose, the key parameters of the CDPM were adopted from validated literature sources,

speci�cally following Alfarah et al. [19]

The main parameters considered in the CDPM for the simulation are as follows:

ˆ Dilatancy angle (	 ): Determines the volumetric plastic strain behavior.

ˆ Second Stress Invariant Ratio on Tensile and Compressive Meridians (K c): De�nes the

yield surface characteristics.

ˆ Biaxial/Uniaxial Compressive Yield Strengths Ratio (f b0=f c0): Represents compressive

strength under di�erent loading scenarios.

ˆ Eccentricity of the Plastic Potential Surface (� ): In�uences the rate of material �ow under

stress.

ˆ Viscosity parameter (� ): Helps in achieving the convergence of numerical models during

the softening phase.

In Table 1.3 the values have been directly adopted from Alfarah et al. [19] which provides a solid

foundation for the implementation of CDPM in Abaqus. Although the current study maintains
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these parameters as �xed values, potential adjustments could be investigated in future research

to explore the sensitivity of bridge robustness under varying conditions.

Parameter Value

Dilation angle (	 ) 13 °

Second stress invariant ratio (K c) 0.7

Biaxial/uniaxial compressive yield strength ratio ( f b0=f c0) 1.16

Eccentricity of plastic potential surface (� ) 0.1

Viscosity parameter (� ) 1E-05

Table 1.3: Material parameters for plasticity model

1.5. Research gaps and future directions

Although signi�cant progress has been made in understanding the structural failure mechanisms

and robustness of aging infrastructure, several research gaps remain, particularly in the context

of half-joint bridge designs like the Annone Overpass. These gaps include:

1. Simpli�ed Material Representation : Previous studies used linear FEM with simpli-

�ed material modeling, missing key non-linear behaviors.

2. Lack of Empirical Data on non-linear Behavior and Degradation : Most models

do not fully capture non-linear responses or the e�ects of material degradation over time,

limiting the reliability of robustness assessments for aging bridges.

3. Retro�tting Strategies for Existing Half-Joint Bridges : There is a lack of uni-

versally established and tested retro�tting techniques speci�cally for half-joint bridges,

which are particularly vulnerable to failure under extreme loads.

4. Assessment of Life-Cycle Robustness Including Maintenance Interventions :

Current studies largely ignore how robustness evolves throughout the lifespan of a bridge,

especially in connection with maintenance and emergency interventions.

This thesis addresses some of the gaps (1 and 4) by developing an 3D non-linear model of the

Annone Overpass for a realistic representation of bridge behavior, and by adapting robustness

indicators for non-linear scenarios to better assess performance under damage conditions.

For future research, a sensitivity analysis of the parameters describing the CDPM can be

performed, comparing these with empirical data from critical components of the aging struc-

ture. Additionally, assessing robustness over the entire life cycle, including maintenance and

retro�tting, could help extend the lifespan of aging infrastructure.

The next chapter focuses on the Annone Overpass case study, applying insights from this review

to develop advanced FEM and assess robustness, aiming to improve similar half-joint bridges.
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Critical infrastructure, particularly bridges, remains a key area of modern structural engineering

research. In countries with extensive historical infrastructure, such as Italy, many bridges date

back several decades and were designed to meet speci�c load conditions that may no longer

align with contemporary demands. Today, these structures face evolving requirements shaped

by changes in tra�c volumes, increased vehicle loads, and environmental factors.

In many cases, the loads on these bridges have changed considerably, yet there is often an

assumption that they can continue to support these demands based on original design analyses.

Unfortunately, this has sometimes led to unintended collapses, underscoring the limitations of

initial design assumptions. This concern has intensi�ed interest in advanced structural analysis

techniques to better understand failure mechanisms and assess how aging structures might

behave under current load and failure scenarios.

As a response, the concept of robustness has gained prominence as a critical safety parameter

for assessing and reinforcing aging bridges. Engineers are emphasizing robustness analysis

to evaluate the capacity of a structure to withstand localized damage without experiencing

progressive collapse. Lessons from past structural failures, including catastrophic collapses

that have become focal points of research, have highlighted robustness as essential to structural

resilience. A notable example is the collapse of the Annone Overpass, which serves as the

reference structure for this study.

E�cient and accurate FE models have become essential tools in civil and bridge engineering for

evaluating critical parameters in robustness assessment. For the Annone Overpass, both linear

and nonlinear FE models have been explored in previous studies, with practical simpli�cations

discussed in the literature.

In this study, a 3D �nite element model of the Annone Bridge was developed using shell elements

to assess its robustness. The case study chapter provides an overview of the bridge, focusing

on the mid-span, consistent with prior studies [17, 14], along with a detailed breakdown of its

components.

Following this description, the load scenario for robustness evaluation is presented. The chap-

ter concludes with an explanation of a key component of the model, based on initial studies

regarding the collapse mechanism of the bridge [17], which is the non-linear translational spring.
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2.1. Bridge description

From a structural point of view, the bridge is composed of three main parts, a central span

supported by two side spans acting as cantilevers. It follows the typical structural con�guration

of dapped-end bridges shown in Figure 2.1.

Figure 2.1: Typical half-joint geometry. Reprinted from Desnerck et al. [20].

The focus of this study is the central span of the Annone Overpass, similarly to previous works

examined in the review of the literature, a more detailed description of the complete bridge has

been provided by di Prisco et al. [16]. In Figure 2.2, a graphical representation of the bridge is

presented before and after the occurrence of the collapse.

(a)

(b)

Figure 2.2: Central span of Annone Overpass: (a) Render of intact condition; (b) Collapse

condition. Reprinted from Il Giorno [21].
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It should be speci�ed that modeling only the central span of the Annone Bridge stems from the

collapse mechanism and the criticality of the half-joints. In di Prisco et al. [17] this simpli�ed

model was employed for analyzing the e�ects of imposed settlements and loads on the half-

joints. This approach enabled a precise analysis and direct application of boundary conditions

while still capturing the essential response behaviors of the critical region.

The central span is composed of �ve precast I-shaped beams connected by three transverse

cast-in-situ concrete beams that act as sti�eners, located in the middle part of the longitudinal

sides, as identi�ed in the plan view shown in Figure 2.3. This arrangement of beams supports

a concrete deck slab.

Figure 2.3: Original plant view drawing of mid-span.

The purpose of this study was not to determine the speci�c causes of the collapse, as previous

studies have addressed these factors [16], [17], but rather to accurately model the behavior

of the structure using non-linear material descriptions under speci�ed loads and to evaluate

its structural robustness. As in Martinelli et al. [14], corrosion e�ects in the reinforcement

were not modeled, as this study assumes intact conditions to focus on load redistribution and

failure mechanisms. Including corrosion would require a detailed degradation analysis, which

is outside the primary scope of this robustness evaluation.

2.1.1. Precast reinforced beams (PCB)

Each longitudinal beam in the mid-span has an I-shaped cross-section that remains uniform up

to 7.6 meters from the central part, where it gradually increases to match the dimensions of the

half-joint section. This variation in cross section was not accounted for in previous models [17,

14], a simpli�cation avoided in the present study. Regarding the reinforcement con�guration,

Fig. 2.4 illustrates three groups of prestressing tendons embedded within the PCB.
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Figure 2.4: Cross section of PCB at a) and b)

In the lateral view shown in Fig.2.5, it can be observed that two of the three groups of tendons

remain horizontally oriented along the entire beam, while the middle group is inclined at an

angle of 6.5°, according to the drawings. The transversal reinforcement remains equally spaced

for the whole span.

In previous studies [17, 14], the prestressing force was considered to have a �nal value of 981

MPa after accounting for losses, a value also adopted in this work. Relying on the experimental

campaigns for the material characterization [16], the PCB is composed by concrete class C35/45

and prestressing steel of 1600 MPa yielding limit, labeled as "H.S. steel type" in the following

sections.

Figure 2.5: Lateral view of PCB - Reinforcement Arrangement.

2.1.2. Cast-in-situ beams (CB)

The cast-in-situ beams feature a simple rectangular concrete cross-section with a standard re-

inforcement layout consisting of two layers of rebars plus stirrups. For consistency, the top
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layer of rebars were be considered part of the slab in subsequent sections, as indicated in the

original drawing in Fig. 2.6. The characterized materials include typical concrete class C25/30

and standard reinforcing steel with yield strength of 431 MPa, labeled as "R.S. steel type" in

the following sections.

Figure 2.6: Original drawing of cross section of cast-in-situ beam

2.1.3. Deck slab

As can shown in Fig. 2.7 the deck slab also has a regular rectangular cross section. The re-

inforcement consists of two layers of rebars oriented parallel to the pre-cast beams, and two

perpendicular layers, with di�erent rebar spacing in each direction. The materials are the same

as those used for the cast-in-situ beams: concrete of class C25/30 and reinforcing steel with a

yield strength of 431 MPa.

Figure 2.7: Original drawing of deck slab cross section
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