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Subject review
lvana Milic, Ana Mandic Ilvankovic¢, Anton Syrkov, Dominik Skokandic

Bridge failures, forensic structural engineering and recommendations for
design of robust structures

A review of forensic structural engineering, which is a strategy that follows after
bridge failure, is presented in the paper. A detailed statistical analysis, and worldwide
systematisation of available bridge failure data for the 1966-2020 period, are given.
More than six hundred cases of partial or full collapse of bridges are analysed in detail,
and causes that have led to their failure are examined. Failure of each of these bridges
was in most cases not caused by a single factor, i.e. the main cause was most often just
a trigger in the cause-and-effect sequence of events that contributed to such failure.
Consequently, in addition to main causes, the influence of human factor, as a precondition
leading to failure, is considered in each of the analysed cases. Types of progressive collapse,
being a critical structural failure mechanism, are described in the second part of the paper,
with an emphasis on bridges. An overview of the theory of structural robustness is also
given. Design guidelines and approaches, aimed at preventing catastrophic failure and
creating more robust structures, are presented. Methods for achieving robustness in the
design of new bridges and in the strengthening of the existing ones are also described,
and practical real-life examples are provided.
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Pregledni rad
lvana Mili¢, Ana Mandi¢ Ivankovi¢, Anton Syrkov, Dominik Skokandic

Otkazivanje mostova, forenzicko inZenjerstvo i preporuke za projektiranje
robusnih konstrukcija

U radu je dan pregled forenzitkog inZenjerstva u gradevinarstvu, strategije koja slijedi
nakon otkazivanja mostova. Provedena je statisticka analiza i sistematizacija raspolozivih
podataka o otkazivanjima mostova u cijelom svijetu u vremenskom razdoblju od 1966.-
2020. godine. Detaljno je analizirano vise od 600 slucajeva djelomicnog ili potpunog rusenja
mostova te su analizirani uzroci koji su doveli do njihovog otkazivanja. Do otkazivanja
svakog od ovih mostova najcesce nije doslo uslijed samo jednog faktora, vec je glavni uzrok
je najcesce okidac u uzro¢noposljeditnom slijedu niza dogadaja koji su tome pridonijeli.
Sukladno tome, osim glavnih uzroka, za svaki od analiziranih slu¢ajeva naveden je i
utjecaj ljudskog faktora kao preduvjeta koji je doveo do otkazivanja. U drugom dijelu rada
opisani su tipovi progresivnog kolapsa kao kriticnog nacina otkazivanja konstrukcija, s
naglaskom na mostove, kao i pregled teorije robusnosti konstrukcija. Dane su smjernice i
pristupi projektiranju u cilju sprieavanja katastrofalnih otkazivanja i stvaranja robusnijih
konstrukcija. Opisani su nacini postizanja robusnosti kod projektiranja novih te ojacavanja
postojecih mostova, uz prakticne primjere iz prakse.

Klju€ne rijeci:

forenzicko inzenjerstvo, otkazivanje mostova, progresivni kolaps, robusnost, izvanredna djelovanja
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1. Introduction

Road and railway bridges are complex structural systems, and their
design and construction process require a high level of knowledge,
expertise, and experience. Procedures for bridge design, construction
and maintenance are defined in Croatia with a set of design codes and
guidelines, and their successful and proper application guarantees
durability and safety of bridges throughout their anticipated service
life. Due to their long service life and important role as a critical
part of transport infrastructure, and considering an increase in the
volume of traffic in the last decades, structural requirements have
continuously been increasing for both new and existing bridges.
For example, environmental requirements for the existing bridges
have been changing over their service life, the traffic is increasing
(by volume and vehicle weight) as a result of urbanization, and
overall transport needs of the society are constantly on the rise.
Despite the high level of expertise and experience of engineers,
continuous development of new knowledge, implementation of new
technologies and improvement of current design codes, we are still
witnessing bridge failure accidents with catastrophic consequences
in all parts of the world.

Due to their importance and long service, each bridge failure raises
many questions regarding technical and/or legal indicators, and
involves the issue of accountability for the damage caused. In these
situations, the answer is provided by forensic structural engineering,
which is an applied science focusing on the determination of causes
of structural failure.

This paper provides a review of the use of forensic engineering in civil
and structural engineering, and discusses main reasons for bridge
failures, along with the corresponding human factors, based on the
available bridge failure database. An overview of progressive collapse
of the existing and new structures is given in the second part of the
paper, where structural robustness issues are also discussed.

2. Forensic Engineering
2.1. Overview

Forensic engineering is a multidisciplinary scientific area with
applications in various technical fields. According to NAFE
(National Academy of Forensic Engineers), a USA association of
forensic engineers in all technical fields “Forensic Engineering
is the application of the art and science of engineering in the
matters which are in, or may possibly relate to, the jurisprudence
system, inclusive of alternative dispute resolution” [1]. The ASCE
(American Society of Civil Engineers) provides a broader definition:
“Forensic engineering is the application of engineering principles
to the investigation of failures or other performance problems.
Forensic engineering also involves testimony on the findings of
these investigations before a court of law” [2]. A similar definition
is provided in the [3]: “Forensic engineering can be classified as a
technical discipline or more precisely as one of the applied technical
sciences where the main focus is on investigating the causes, the
course and consequences of negative technical phenomena in
various fields.”

At the moment, there is no official society of forensic structural
engineers in Europe. However, the international association of
structural engineers IABSE (International Association for Bridges
and Structural Engineering) formed a working group in 2011,
called Forensic Structural Engineering, whose main objective is
the improvement and practical application of forensic structural
engineering. As a part of the working group activities, a survey
of practical application of forensic engineering was conducted in
several European countries and the USA [4]. Based on the survey
results, the working group report stated that in the majority
of included countries (except the UK and the USA) there are no
official associations of forensic structural engineers, and no legal
regulations for the investigation of structural failures. However, all
countries involved in the survey do have some form of unofficial
guidelines for forensic engineers. Furthermore, it was concluded
that the professional responsibility of engineers in charge of design,
construction and/or maintenance varies greatly from country to
country. It is important to note that this report [4] took into account
only handful of European countries and that the working group was
not able to access country based databases on bridge failures and
consequences.

Overall, forensic engineering can be described as an interdisciplinary
scientific field, dealing with the investigation of technical illegalities
and their legal aspects. Civil engineers work in ever-changing
environments and so their activities are burdened with a number
of unknown factors and uncertainties. Therefore, civil engineering is
subjected to impacts of various technical irregularities with severe
consequences, which is due to a complex process of design and
construction, long service life of gradually deteriorating structures,
need for alarge number of various experts in different design phases,
and variabilities that are an integral part of the overall process.
During the life cycle of structures, including the design and
construction process, there are a number of factors that influence
the structure itself that cannot be defined with absolute certainty.
Therefore, it can be concluded that the structure design process
should be based on reliability engineering, with current design
standards providing the basic technical framework. According to
[5]: “As long as structures and products are designed, built, and
manufactured by humans using imperfect materials and procedures,
failures will be experienced along with successes.”

The reason for the investigation of structural failures can be
twofold. On the one hand, the investigation is focused on safety,
improvements in structural systems, and prevention of future
failures while, on the other hand, investigation results can be used
for establishing responsibilities for specific failure [6]. Although
guidelines for the conduct of forensic structural investigations are
not available in many countries [6], there are some countries in
which such strategies are properly defined, as given in [7-S].
Although the forensic investigation process of structural failure
is reversible when compared to the design process for new
structures, the forensic structural engineer is required to know
both current and past design standards, construction technology
and methodology, behaviour of structures, and must be able to
anticipate the situations and events that could potentially cause
structural failure. Design standards according to which a specific

718

GRADEVINAR 73 (2021) 7, 717-736



Bridge failures, forensic structural engineering and recommendations for design of robust structures Gradevinar 7/2021

structure was designed and built, provide a starting point for the
investigation, as they represent the minimum level of structural
reliability which the structure is required to fulfil [10]. In addition to
technical competencies, a successful forensic structural engineer
should possess certain communications and analytical skills, and
must be socially and professionally accountable. Furthermore, a
forensic structural engineer is required to have a “detective” mindset,
with an eye for details, and must be capable of thinking outside the
box. The competencies of a successful forensic structural engineer
are presented in Figure 1, although it should be noted that these
qualities are expected from all engineers included in the design,
construction and maintenance of structures.

*Morality
*Honesty

*Responsible
*Objective

Tehnical /
competencies 4

*Writing skills
*Oral skills

*Expert
*Analytical

Figure 1. Competencies of engineers

In cases when structural failure results in large losses in terms
of property value and/or human lives, the responsibility and
compensation for the losses are often determined through legal
means, in which cases forensic engineers act as expert witnesses.
In such situations, forensic engineer is required to be familiar with
legal aspects and procedures. It is important to note that a forensic
engineer cannot act as an expert witness before being formally
acknowledged and accepted by a competent court [11]. According
to the ASCE's Code of Ethics [12]: “Engineers should express
professional opinions truthfully and only when founded on adequate
knowledge and honest conviction” Legal practice in the USA (the
United States of America) does not require that the expert witness
opinion be absolutely certain, it only requires that the opinion is
based on a “reasonable degree of the engineer's certainty” [10].
Furthermore, in the USA engineers have to meet a “standard of
care’, defined as [10]: “not what an engineer should have done in
someone’s opinion, or what someone claims that he or she and/
or others would have done, nor is it what in someone’s opinion
an engineer would do now but, rather, what normally competent
engineers actually did do at the time under similar circumstances”’

2.2. Forensic engineering
Forensic engineers work in various environments and

circumstances, but the investigation process always follows
similar steps and procedures. It starts with the gathering of all

available pieces of information, their processing and analysis,
development of preliminary failure hypothesis, which is
followed by engineering analysis and validation of the defined
hypothesis. After the reasons leading to structural failure are
defined and validated, the second phase of the investigation is
the determination of legal, professional, and moral responsibility,
which often result in legal procedures. The flowchart of the
forensic structural investigation is presented in Figure 2.

Thefirst step after the structural failure occurs is to secure the failure
site and to establish crisis management. It is desirable to involve
the forensic structural engineer immediately in order to conduct
a preliminary visual inspection of the failure site. During the first
inspection, a detailed photo documentation of the structure has
to be made, and the corresponding damage has to be established.
Furthermore, the engineer also uses preliminary inspection for the
collection of samples of the built-in materials for subsequent testing.

Structural
failure

Visual inspection
of failure site

|

v

Gathering of Investogation
information planning
~about structure |
Data ‘_—]

analysis <

Development
of failure
hypothesis

v

End of investigation process
Responsibility (liability) claim

v

Legal procedures
Court process, arbitration, mediation,
plea bargain

Figure 2. Flowchart of forensic investigation of structural failure

In addition to photo documentation and collection of samples, it is
advisable to conduct preliminary interviews with all eyewitnesses to
structural failure as soon as possible. During the interview process
the interviewees would be asked if they possess any photos/videos
of the failure, if they are familiar with the condition of the structure
prior to failure, if they have spotted anything unusual, etc. Based
on the findings made during the visual inspection, the preliminary
assessment is made and a framework for further investigations is
established. The next step is to collect all available information on
the structure, including the original design documentation, reports
submitted by the construction company and supervising engineer,
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and all subsequent documentation in case a reconstruction work
was conducted during the service life of the structure. The important
part of the documentation are structural maintenance reports,
assessment reports, documentation on the built-in material testing,
if available. Furthermore, the design standards that were used at
the time of the design and construction of the structure should be
made available to the forensic engineer so that the responsibilities
of all stakeholders can be established. Finally, any information
on the extreme weather conditions, extreme loading events, or
extraordinary events (e.g, earthquakes) that occurred during the
service life of the structure should also be collected.

Investigation planning includes definition of the scope and extent
of investigations, creation of a competent investigating team,
and clear definition of objectives and compensations. The scope
of the investigation work varies based on the extent of failure
consequences in terms of loss of property and/or human lives.

The analysis of all gathered information is a viable part of the
investigation process. Therefore, the team of experts must take
into account all known circumstances of the structural failure and
combine them in a causal sequence. This step includes identification
and analysis of collected evidence, conduct of experimental testing
(in lab or in-situ), and static (and dynamic if required) calculations.
The results obtained by data analysis, experimental testing, and
calculations should lead to the definition of the hypothesis about
reasons for structural failure. During this process, it is crucial to
have as many interdisciplinary opinions as possible, and full use
should be made of analytical skills and critical thinking of the expert
team, which should all result in an objective conclusion. Once the
initial conclusion and hypothesis is defined, the entire investigation
procedure has to be reviewed in order to determine whether all
required facts have been taken into account. If any oversight or
mistake that could influence the causal sequence is noticed during
such review, then the investigation should start from the beginning.
On the other hand, if the review shows that the investigation has
been successful and objective, the hypothesis is validated and the
final report on structural failure is compiled. The report contains
the principal reason for the structural damage and the sequence of
events that resulted in structural failure.

Once the investigation is over, the responsibility for the failure can be
determined in the court process, in which case the forensic engineer
has the role of an expert witness. The objective of the court processis to
determine professional and legal responsibilities, appropriate penalty
for the responsible party, and the corresponding compensations for
damaged parties. As an alternative to the court process, other legal
procedures can be undertaken after forensic investigation, such as
mediation, arbitration, off-court settlement, etc[13].

The scope of the investigation should be defined so as to be as broad
as possible in order to take into account all potential reasons that
could result in structural failure. If the consequences of failure are not
too severe, the investigation may be less substantial, which would
largely depend on the extent of damage, material and financial
losses, and/or losses of human lives. Furthermore, the scope of the
investigation also depends on the funding and time period available
for all required investigations.

A forensic investigation can be conducted even in cases when
structural failure does not occur, or in case of partial failure of
structural elements, in order to determine the state of the structure.
Furthermore, the investigation in case of complete failure can result
in determining more than one cause of structural failure, which
is why it is important that the investigation team is composed of
interdisciplinary experts.

To summarize forensic structural engineering, it can be described
as an interdisciplinary approach that is implemented to determine
a causal sequence that results in full or partial structural failure,
or simply to identify the state of the structure after an event that
was not taken into account during the design and construction
process (e.g., an earthquake). Furthermore, the results of forensic
investigation provide a basis for legal proceedings (if necessary) and
determination of professional and legal responsibilities.

3. Bridge failure
3.1. Introduction

Structural failure can be defined as [10]: "Nonconformance of the
structural system with design expectations” or “Unacceptable
difference between intended and actual building performance”
It is clear that these definitions take into account all structural
deficiencies, ranging from invisible cracks to catastrophic structural
failures. It is important to note that the extent of damage or failure
does not always correspond to the importance of the lessons that
can be learned from the analysis of such events.

Nevertheless, structural failures with catastrophic consequences are
the ones that the society remembers the most. One of such events,
which occurred due to human error in the design process, is the
1907 Quebec bridge failure that resulted in the death of 75 workers
involved at that moment in the construction of this bridge. The
investigations showed that the stresses in the bridge superstructure
were higher than the ones that were considered acceptable at the
time. It was established that the accident was due to the design
flaw because the span of the bridge was extended without revising
static calculations, and the self-weight of the structure exceeded its
resistance, resulting in structural failure [14].

Although bridge design and construction concepts have attained
high standards ever since the Quebec bridge collapse, structural
failures still occur worldwide, despite implementation of modern
technologies and innovations in the civil engineering practice.
More than a century after the Quebec bridge, in 2018, a pedestrian
overpass situated in Miami, USA, collapsed during construction.
As the bridge was being built over the highway without interfering
with the traffic underneath, the collapse resulted in six fatalities, all
of them in the vehicles passing under the bridge. Based on [15], the
investigation proved that the bridge failure was due to design flaws.
The Quebec and Miami bridge failures, although more than a century
apart, do have something in common. The investigations proved
that structural deficiencies were noticed on both bridges in the days
leading to collapse. In Quebec, the exceeded buckling and deflections
of the superstructure were visible [14] while in Miami, the cracks
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550 | For the1966 to 2020 period:

- 670 registerd cases of bridge failure
(12 cases per year on the average)
- 3070 fatalities (max. 245, average 56 per year)
- 4617 ozlijedenih (max. 513, average 84 per year)

500

450

400

350

300

250

200

150

100

50

= Number of collapses
=Number of fatalities
= Number of injured

1966. 1968. 1970. 1972. 1974. 1976. 1978. 1980. 1982. 1984. 1986. 1988. 1990. 1992. 1994. 1996. 1998. 2000. 2002. 2004. 2006. 2008. 2010. 2012. 2014. 2016. 2018. 2020.

Figure 3. Statistical analysis of IABSE bridge failure database presented in terms of annual bridge failures and their consequences for human

lives and health (based on the [18])

propagation [15] should have signalled the engineers to stop the
construction and investigate the reasons for such deficiencies before
the catastrophic event.

Another recent bridge failure that shocked the world is the Morandi
Bridge collapse in Genoa. The bridge was built and opened to traffic
in 1967. It was strengthened and reconstructed in the 1990s, when
the SHM (Structural Health Monitoring) system was installed,
which enabled continuous monitoring of bridge performance.
Despite this, during the thunderstorm that occurred in August
2018, one of the spans suddenly collapsed, resulting in over 40
fatalities [16]. The official cause for the Morandi bridge failure
has not as yet been (publicly) determined, but the preliminary and
unofficial reports suggest that the combination of design flaws,
questionable construction procedures, and negligence in bridge
maintenance, culminated in bridge collapse. On the other hand, it
has been shown that structural failure could also be triggered by
extreme weather conditions which occurred at the time of the
collapse [17].

Proper documentation and analysis of all types of structural
failure, such as those listed above, are highly significant because
the conclusions and lessons learned can be used by engineers in
order to reduce the number of failures in the future. The reasons
for failures can lie in the design, construction or maintenance and
operation phases of the bridge service life. Statistical analysis of
documented failures focusing on bridge type (e.g., typical critical
sections and situations) can help in identification of main causes
leading to bridge collapse. Based on these findings and appropriate
training of operators, bridge owners and maintenance engineers
would be able to react promptly, and prevent catastrophic events
like the one in Miami [15].

The analytical processing, categorization and statistical analyses of
data presented in this paper are based on 670 examples of bridge
failure worldwide, which occurred between 1966 and 2020. These
examples were collected in the scope of the IABSE task group
TG1.5. "Performance Based Design Founded on Lessons from
Bridge Failures” and were given to the authors for post-processing.

The available database provides list of bridges, their location, type,
year and service life stage in which the failure occurred, casualties’
data, and main causes of failure with the corresponding human
factor. These factors provide the basis for the systematization and
statistical analysis of main causes of bridge failure along with the
corresponding human factor. Each of the main causes is divided in
subcategories that are described and backed by real-life examples
(if the data is available), and the analysis is made to determine the
most common cause of bridge failure in each category (sections 3.2.
to 3.6.). The same principle is used for the analysis of human factor,
as given in Section 3.7, while the summary is presented in Section
3.8. Figure 4 presents the moment in bridge service life in which
the collapse occurred (during construction, during reconstruction,
during demolition, during operation: opened to traffic or closed to
traffic). The data on the total number of fatalities (3070) and injured
(4617) individuals are also available (Figure 3) [18].

Repair Bridge was officially
5% closed to traffic . ctruction
3% 21%

Demolition
0%

Operation without
interruption of traffic
71%

Figure 4. Bridge service life stages at the time of collapse

The country-based analysis of bridge failures is not presented to
avoid biased results, as the available database does not cover all
bridge failures that occurred worldwide in the given period. This
decision is validated with more recent research from India [19] and
China[20], which is not included in IABSE database as the data is not
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available to public. For example, [19] shows that over 2000 complete

or partial bridge failures occurred during last four decades in India

alone, while the paper[20] describing the failure of Zijin Bridge states

that in China 418 partial or complete bridge failures occurred in the

period between 2009 and 2019.

In the authors’ opinion, the inclusion of all available data

on bridge failures in the existing database, along with its

subsequent analysis, would be a first step toward establishing

the cause-and-effect connection between the country-based

design codes and the reliability of its bridges. Unfortunately,

such research is not possible at the moment as the bridge failure

records are not publicly available in a number of countries, and it

would also be beyond the scope of this paper.

The main causes of bridge failure can be classified into five main

groups:

- Insufficient expertise in the design and/or construction

- Excessive live load (overloading)

- Extreme events (floods, fires, earthquake etc.)

- Deterioration of built-in material (e.g., reinforced concrete)

- Extreme traffic events (ship colliding with bridge elements,
vehicle collision under the bridge, etc.)

These causes are described in more detail in sections 3.2 to 3.6.,
and their representation in the available database is presented
graphically in Figure 5.

Material

Extreme events deterioration
21% 15%

Insufficient
expertise
in design

and/or
construction
30%

Extreme
traffic events
14%

Overloading
20%

Figure 5. Main causes for the bridge collapse

3.2. Insufficient expertise in design and/or
construction

Insufficient expertise implies errors at the design and/
or construction stages, negligence during construction,
and insufficient knowledge of the engineer in charge. The
representation of these subcategories is given in Figure 6. At
the design stage, errors could occur during static and dynamic
calculations and verifications or in the detailing phase when,
for instance, reinforcement drawings are produced. Errors
can occur due to insufficient knowledge of current design
codes and so, for instance, traffic load effects are sometimes
not properly accounted for on critical bridge sections. At the
construction stage, errors can occur due to negligence and lack
of accountability during construction, but also due to unknown
risks or defects in the built-in materials. In the past, bridge

collapses with the highest number of fatalities occurred at the
construction stage as a large number of workers was usually
present at the construction site [21]. In addition, in former
times, bridge design would typically consist of stress diagrams
only, while the contractor and supervising engineer would be
in charge of the detailing and elaboration of the final design
[22]. Nowadays, design documents for complex structures
(including all medium and long span bridges) are revised [23] by
a third-party structural engineer, based on his experience and
expertise in the specific field of engineering [24], the aim being
to minimize design errors.

On the other hand, the duty of the engineer in charge of
construction site supervision is [25]: “To be familiar with
the design project, detailing and construction technology
used by the contractor in order to notice possible deviations
on the construction site” Furthermore, he oversees quality
control of built-in materials based on the values defined in
the design. Current codes regarding material characteristics,
including the related quality control checks, are much more
sophisticated when compared to practices applied in the early
twentieth century. In general, for the realization of a large
construction project, it is critical to ensure proper coordination
and communication between all interested parties (structural
engineer, contractor, and supervising engineer) so that all
potential problems and deviations that might occur at the
construction stage can successfully be solved. The on-site
supervising engineer should be familiar with the design process
while, on the other hand, the structural engineer needs to be
regularly updated about developments on the construction site,
so that possible defects can be reduced to minimum.

Negligence during
construction
29%

Design and
construction
defects
39%

Insufficient
knowledge
3%

Design defects

Construction defects 5%
24%

Figure 6. Subcategories of main cause of failure: Insufficient expertise

New technology for optimising the life cycle of structures
involves implementation of the BIM (Building Information
Modelling) approach. BIM is a multi-dimensional integrated
system that includes a project database that is available to all
included parties, in order to maximize the efficiency and quality
of the project, to reduce risks and deficiencies, and to optimize
the project management process [26-28].

3.3. Extreme events

During the design process, structural engineer takes into
account all environmental actions that are defined in the current

722

GRADEVINAR 73 (2021) 7,717-736



Bridge failures, forensic structural engineering and recommendations for design of robust structures Gradevinar 7/2021

design standard. Nevertheless, it is impossible to predict
extreme events that occur in extremely rare situations. These
events, such as earthquakes, floods, thunderstorms, tsunamis,
etc. can have devastating effects on structures, often resulting
in partial or complete bridge failure. A spike in bridge failures
due to extreme events is attributed to bridges being situated
at inaccessible locations, but also to more extreme weather
conditions [29]. Climate changes are increasing the frequency
of extreme events, which presents a challenge to the ageing
transport infrastructure worldwide [30]. A representation of
extreme events from the analysed database is given in Figure
7, where man-made hazards, such as vandalism and terrorism,
are also included. Detailed analysis and prediction of extreme
events (natural hazards) are not possible due to insufficient data,
as such events occur very rarely. Available records are used for
the development of characteristic values, which are multiplied
with partial safety factors, as defined in relevant Eurocode [31].

Explosion
Terorrism 3%
2%

Vandalsm Earthzﬂquake
4% 3%

Fire

Avalanche 1% Debris in water
3% 1%

Tsunami
1%

Landslide
3%

Wind effects
6%

Temperature |
effects
1%

Flood
72%

Figure 7. Extreme events as causes of bridge collapse

It is impossible to obtain an absolute structural reliability.
Thus, bridges are usually designed for the service life of 50
or 100 vyears, depending on bridge
type and characteristics. The collapse
of the Tacoma Narrows bridge in the
USA in 1940 is probably one of the
most famous and best-documented
bridge failures due to extreme events
(wind). A number of papers [32-34]
have been published on the subject and
the research interest does not wane. In
general, aerodynamic and static forces
induced by extreme wind effects present
an engineering challenge in the design
process for longer span bridges [21],
and the codified values are not always
applicable. For example, it is stated in
[35] that the 10-minute reference wind
speeds from current design codes [36]
are not applicable to long-span bridges
situated in the Croatian coastal region, as
they do not take into account the effects
of turbulence.

Earthquakes of higher magnitudes, being extreme events
that severely affect all types of structures, are extremely
rare, which results in discussions on precautionary measures
to be applied in the design process [37]. However, when they
occur, earthquakes can have catastrophic consequences in
terms of both property loss and casualties. The awareness of
the engineering community about earthquakes has improved
drastically during the 20" century, when appropriate design
codes were also introduced. During the earthquake, soil shifts
in both horizontal and vertical directions, which can result in
scouring under the bridge substructure, and eventually lead to
failure [21]. The probability of structural damage increases with
bridge age and depends on characteristics of the subsoil [38].
The earthquake structural engineering is constantly improving,
based on the experience and structural response recorded
after each significant earthquake [39]. An example of abutment
damage due to scouring after the 2020 Petrinja earthquake in
Croatiais presented in Figure 8. It is a bridge over the Maja River,
situated at the southwest entrance to Majske Poljane. The bridge
had been poorly maintained for years before the earthquake,
and the earthquake additionally separated stone blocks at the
abutment. The bridge was immediately closed to traffic but, as it
is located on an important route, where traffic greatly increased
after the earthquake, the intervention on the abutment had
to be made without delay. Temporary retrofitting with stone
blocks was conducted to protect the abutments from scour, and
also to provide additional horizontal soil pressure to stabilize
the abutment wall and wingwalls. After completion of these
activities, the bridge was re-opened to traffic. This example,
and situation is similar at other older bridges, unfortunately
proves that irregular and inappropriate maintenance results in
structural deterioration that significantly increases the risk of
structural failure when combined with extreme events.

Figure 8. Damage to bridge substructure after earthquake in Petrinja (left) and temporary
retrofitting in order to open the bridge to traffic (right)
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Scouring can also be caused by flood events [40] which are
becoming more frequent as a result of climate change. In fact,
floods are the main cause of structural failure by extreme
events (Figure 7). In particular, flooding causes damage to
bridge substructure, resulting in displacement of abutments
and piers and, if the water level is high enough, it can damage
or remove bridge bearings. In such cases, the superstructure of
the bridge is indirectly damaged due to displacements, which
can result in structural failure. Displacements of substructure
caused by scouring could also result in structural failure when
the bridge is subjected to usual traffic load, or to a non-critical
earthquake load [41]. Floods can also directly damage the bridge
superstructure if it is submerged during a flood event, which
results in damage depending on the time during which the
superstructure was under water. The Sava-Jakusevac railway
bridge in Croatia is an example of a partial bridge failure due to
scouring and erosion of subsoil. In 2009, it was closed to traffic
when high level of the river under the bridge caused scouring
and large displacement of one of the piers, which resulted in
extreme deflections of the steel superstructure [42].

Bridge collapses caused by fire were quite frequent in the past
when bridges were made of wood, but nowadays they are very
rare. Steel bridges are subjected to fire damage as elevated
temperatures cause a reduction in stiffness and extreme
displacements [43], but only if the material reaches a critical
temperature of 723 °C. An example of a steel bridge damaged by
fire is given in [44]. Quick reaction of fire department prevented
failure of this steel bridge. Reinforced and prestressed concrete
bridges (and structures in general) are more resistant to fire,
due to thermal properties of concrete and protection it offers to
the reinforcing steel [45].

In addition to extreme events caused by natural hazards, bridges
are also vulnerable to man-generated hazards, including
terrorism, explosions, vandalism, and wars. These extreme
events are generally not covered by design codes, although HRN
EN 1991-1-7 [46] provides guidelines for structural design as
related to explosions.

3.4. Overloading

According to the current design code for traffic loads imposed on
bridges, new bridges should be able to withstand characteristic
traffic load values for the reference period of 1000 vears (5 %
probability of exceedance in 50 years). However, the majority of
bridges in the EU and USA have been built more than fifty years
ago, and were designed according to older codes [47], which
were not as conservative as the new ones [48].

Bridge failures due to overloading are in general caused by live
(traffic) load (over 99 %) but can also be triggered, albeit very
rarely, by self-weight, as presented in Figure 9.

Rapid traffic growth (both in volume and weight) has been
registered over the last 50 years and is due to fast urbanization
andanincreasing demand for transport of both goods and people
[49]. According to [50], the percentage of urban areas increased

from 30 % to 50 % during the 1950-2018 period. Furthermore,
it is predicted in [51] that the number of vehicles will increase
from one billion in 2010 to two billion in 2030. At the same
time, to reduce the total number of vehicles, governments are
discussing an increase in the maximum allowed vehicle weight
[52], which would affect older bridges that are already in critical
condition.

Itis obvious that older existing bridges are at the limit of the initial
load bearing capacity for which they were designed according
to old codes and traffic models. Considering these changes in
circumstances on the roads and highways worldwide, some
older bridges will inevitably collapse due to overloading.

Overloading due to
self-weight
1%

Overloading due to
live loads
99%

Figure 9. Bridge failures caused by overloading

According to [40], there are two main reasons for bridge failure
due to overloading. The increased weight and the higher
frequency of use of heavy vehicles, which exceeds the traffic
load models used in the design and construction, resulting in
immediate failure. Furthermore, the increased use of heavy
vehicles rapidly increases the extent of damage caused by
fatigue, most notably on steel and composite bridges [40, 53].
Therefore, the modelling of traffic load effects for the existing
bridges should be conducted using more advanced analysis
methods, compared to those used for new bridges [49].

3.5. Structural deterioration

Structures in general, including bridges, are not eternal but are
designed and built for a certain period of time, defined as service
life. Furthermore, in order to last for a defined period of time,
structures require regular maintenance and operation. Building
materials used for the construction of bridges are subjected
to various environmental and external effects, resulting in
their deterioration. Current design standard defines structural
reliability (which includes safety, serviceability and durability) of
new structures as the level of reliability at which deteriorations
during the design service life will not affect structural integrity
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more than expected, taking into account environmental effects
and regular maintenance [31, 54]. Material deterioration
that can result in bridge collapse includes corrosion, fatigue,
deterioration of reinforced concrete, deterioration of bricks,
concrete shrinkage, and creep, rotting of wood, fragility, and
freezing and thawing cycles. Individual effects that can lead to
bridge collapse are presented in Figure 10.

Wood rotting
8%

Fragility
1%

Corrosion
Reinforced concrete 2%
deterioration

36%

Brick deterioration
2 Concrete shrinkage
and creep

1%

Freezing and
thawing cycles Fatgue
1% %

Figure 10. Bridge failures caused by material deterioration
Material deterioration is caused by environmental effects and

climate changes, such as temperature variations, increase in
rainfall and relative humidity, higher concentrations of carbon

Figure 11. Deterioration of reinforced concrete due to corrosion at Bukovo Viaduct in Croatia

| RSN 3

Figure 12. Deterioration of reinforced concrete due to corrosion at bridges in Zagreb, Croatia

dioxide [55], etc. It is therefore important to take into account
environmental effects at the design stage, as natural processes
such as corrosion of steel, rotting of wood, etc. reduce service
life of materials and of the structure itself [56]. Corrosion of
both structural and reinforcing steel is one of the main causes
of structural deficiency of structures in general, and bridges in
particular [57-59].

Examples of reinforced concrete deterioration due to corrosion
of reinforcing steel are presented in figures 11 and 12. Figure
11 shows the level of deterioration of the Bukovo Viaduct
built in the early 1980s, which is currently undergoing a
major reconstruction. Bridges in the city of Zagreb have also
been affected by deterioration (Figure 12), and have been
reconstructed over the last couple of years, but the current
extent of deterioration would not have been reached if they had
been properly maintained in the past.

Real-life examples prove that insufficient maintenance of
bridges lead to severe deterioration, which is an issue that
is faced by many existing bridges worldwide. Some bridge
collapses could have been avoided if regular maintenance,
inspection, and assessment procedures had been conducted.
Furthermore, investigations proved that some previous bridge
collapses caused by various reasons could have been avoided
if the inspection and assessment had been conducted more
thoroughly. After the bridge is built and opened to traffic,
its operator has the responsibility to
maintain a defined level of maintenance
and inspection in order for the bridge
to reach (and even operate beyond) its
design service life. If inspections show
that some parts have deteriorated to
the level at which they are likely to affect
bridge reliability, they should be replaced,
and if traffic conditions on the bridge
change during its service life, the re-
assessment and possibly strengthening
should be conducted.

3.6. Extreme traffic events

Extreme traffic events that can result
in bridge collapse are all types of traffic
accidents on and under the bridge,
including vehicle collisions on the bridge,
vehicle collisionswithbridge substructure
under the bridge, ship collisions with
substructure or superstructure, etc.
These accidents occur due to non
respect of overhead clearance, collision
with bridge superstructure caused by
excessive height of vehicles or cargo,
derailment of trains at the bridge or
before the bridge, and rail displacement.
Accidents also occur due the skidding of
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vehicle on bridges because of ice on the roadway or inadequate
driving speed, resulting in collision with parts of the bridge or
other vehicles. Furthermore, for bridges spanning rivers and
waterways, these accidents occur when a ship collides with
bridge pier, abutment, arch, or superstructure. Although ships
pass under the bridge at a relatively low speed compared to
trains and road vehicles, they can cause significant damage due
to their weight, which can even result in bridge collapse [40].
Classification of extreme traffic events as main causes of bridge
collapse is presented in Figure 13. An increase is in these cases
attributed to traffic volume and weight increase registered over
the last decades, which has resulted in a number of cases of
ships colliding with bridge piers [29]. Current design codes [46]
provide guidelines for extreme events design, including vehicle,
train and ship collisions with bridge elements. Characteristic
values are defined based on the consequences of collision,
approximate volume, weight, and type of traffic, and all
precautionary measures taken (elastic fence on the bridge,
barriers in the waterway around piers, etc.). Design code HRN
EN 1991-2 [48] defines the design of an extreme event as:
"Loads due to road vehicles should be taken into account with
regard to extreme design situations, involving vehicle collision with
bridge piers or decks, vehicle collision with kerbs, parapets and
structural components, and presence of heavy wheels or vehicles
on footways!
Based on previous experience and lessons learned, certain
precautionary measures are now taken into account in the
design of new bridges, such as implementation of design
solutions without central columns/piers on roadways and,
when columns/piers can not be avoided, they should be much
more robust. ON railways, the gaps between the rails and piers
has been increased, and piers are designed for a much greater
impact load. On the existing bridges, piers can be strengthened
with FRP or steel sheeting so that they can withstand greater
collision force.

Train collision Vehicle collision

3% with pier
3%

Ship collision
33% Vehicle
collision
under bridge
Vehicle on fire 56%
under or on
bridge
4%

Vehicle collision
on bridge
1%

Figure 13. Bridge failures caused by extreme traffic events
3.7. Human factors in bridge failures

Although forensic investigation of bridge failure events shows
that technical aspects are of crucial significance for avoiding
premature collapse of bridges, human factors are also in many
cases responsible for the collapse. Forensic engineer Neal

FitzSimons described the human factors as [60]: “four horsemen
of the engineering apocalypse: ignorance, incompetence,
negligence and greed".

Human errors can be either accidental or intentional. Managing
human factors in all stages of bridge design, construction
and operation is a key element for ensuring long service
life of bridges. Even though the codes and guidelines are
continuously improving, human errors are still present, and
their consequences can be catastrophic. During the structural
reliability assessment, the focus should be on human factor, as
a complex and unpredictable parameter. At that, it should be
emphasized that the reliability of structures does not depend
on a single decision only, as it can be influenced by a number
of uncertainties. The main reason for collapse is given in the
bridge failure database analysed in this paper. However, human
factor is also provided as an additional reason for collapse, i.e.
it is indicated what action should have been taken to prevent
the collapse/failure. Thus, human factors have been taken into
account in this analysis, as shown in Figure 14.

Insufficient knowledge Errors during bridge
1% testing and

inspection

Managerisla and 4%

operational errors

during bridge

operation and

maintenance
5%

Bridge user errors
27%

Error in definition
of imposed
accidental loads
and extreme events
5%
Maintenance
Design, construction errors
and supervision 18%

errors
30%

Figure 14. Human factors as additional causes of bridge failure
3.8. Discussion

It can generally be stated that bridge collapse events are not
caused by asingleisolated factor. The reason that finally triggers
the collapse is in most cases preceded by causal sequence of
events leading to structural failure. Main reasons for collapse
can be classified into five main categories as follows: design and
construction defects (30 %); extreme events (21 %); overloading
(20 %), material deterioration (15 %), and extreme traffic events
(14 %) (Figure 5).

The most common individual reasons are presented in Figure
15, as design and/or construction defects (design defects;
construction defects; design and construction defects) (20 %);
overloading due to live load (20 %); flood (15 %); negligence
during construction (9 %); vehicle collision under bridge (8 %);
corrosion (6 %); reinforced concrete deterioration (5 %); and ship
collision (5 %). These causes are responsible for 88 % of bridge
failures from the analysed data.

Figure 14 shows that human factors are an important parameter
in bridge failure events. The most common human factors are
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Figure 15. Most common individual causes of bridge collapse

errors in the design, construction, and supervision activities. It is
interesting to analyse the human factor at the stages of bridge
construction and operation (Figures 16 and 17). During the bridge
construction process, errors made by engineers in charge account
for the majority of bridge collapses with 96 % (Figure 16), while
during the bridge operation and service life, the most common
human factors involve bridge users with 36 % (Figure 17).

96%
100%

75%
50%

25%
3%

Bridge users
errors

1%
P

Insufficient knowledge

0%
Design, construction
and supervisin errors

Figure 16. Human factors causing bridge collapse at construction
stage
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The number of bridge failures would be decreased significantly
through implementation of a more efficient bridge management
system (BMS), development of clear and detailed guidelines on
the type and frequency of bridge inspections, and by providing
for engagement of competent and duly qualified engineers.
Proper identification of deteriorated structural elements and
significant damage is necessary throughout the service life of
the bridge. Past experience and analysis of database in this
paper clearly shows thatinadequate operation and maintenance
of bridges could result in a significant increase in final cost in the
case the failure/collapse actually occurs, as presented in [47].

4. Guidelines for avoiding progressive collapse
and achieving robust structures

4.1. Introduction

Design of new structures, as defined in current codes [31],
is based on reliability engineering and implementation of a
semi-probabilistic approach where uncertainties are taken
into account with partial safety factors for both load effect and
structural resistance. On the other hand, these codes are overly
conservative for the assessment of existing structures, bridges

7%

7%

6%

1%

—
0% Bridge Maintenance Errors during Design, Management Errorsin Insufficient
user errors bridge construction and and operational definition of knowledge

errors inspection and supervision errors during imposed

testing errors bridge operation accidental

and loads and

Figure 17. Human factors causing bridge collapse at operation stage

maintenance extreme
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in particular, and significantly better results are obtained when
the full probabilistic approach is used, as presented in [47, 49, 61].
In the design process for new structures, it is important to take
into account, based on the level of importance of a particular
structure, all possible failure mechanisms and external load
effects that can occur during the designed service life of
the structure. In this way, attempts are made in the design
process to avoid structural damage that is disproportionate
to the actual cause of the damage, and that could lead to full
collapse of the structure [62]. Such an event is described as
“"progressive collapse” in which local structural damage results
in gradual failure of the entire structure [63, 64]. In order to
prevent progressive collapse, the structure and its structural
elements must be able to absorb the damage inflicted on
individual elements during and after an extreme event. The
remaining capacity of the structure is most frequently referred
to as its resistance (bearing capacity), but may also refer to its
deformability, ductility, stability, weight, mass and stiffness, as
any of these properties canin a particular case prove critical [65].
This property of the structure is defined by a single term as its
robustness, and it comprises a number of parameters that need
to be taken into account during the design or strengthening of
a structure [62]. A short overview of structural robustness and
progressive collapse and their causality is given in this section.

4.2. Progressive collapse

The concept of progressive collapse has been used by
structural engineers ever since the collapse of the Ronan
Point apartment building in London. Only two months after
it was completed in 1968, the gas explosion on the 18 floor
blew out the outer load-bearing walls and caused the collapse
of the entire corner of the building on all 22 floors, resulting
in 17 fatalities and more wounded. The consequences were
deemed unacceptable for such damage, terming the phrase
and concept of progressive collapse [62]. Another significant
structural failure related to progressive collapse is the failure
of the World Trade Center (WTC) towers in New York after the
devastating terrorist attack in 2001. After the WTC collapse,
the research on robustness and progressive collapse has
gained greater momentum, and has been based on highly
advanced computer-aided methods.

The basic concept of progressive collapse is that the local
structural damage initiates a chain reaction which results in
partial or complete structural failure, making the consequences
unacceptably severe when compared to initial damage [66—
68]. If there is a disproportion between initial damage and the
resulting structural failure, it is described as disproportionate
collapse. However, progressive collapse can lead to
disproportionate collapse, but the disproportionate collapse is
not necessarily a progressive one. Nevertheless, it is common
that the disproportionate collapse occurs progressively [69].
Starrosek [70] defined six basic types of progressive collapse:
pancake-type; zipper type; domino type; section type; instability
type, and mixed type. Pancake type occurred during the collapse

of WTC towers and is characterized by the initial failure of a
vertical load-bearing element (column, wall), which results in
the fall of structural components in vertical direction, and in
failure of other vertical loading elements beneath due to impact
load.

The zipper type collapse occurs when one of the load-bearing

elements fails and the subsequent load is transferred to

the adjacent load-bearing element which cannot absorb
the additional load, causing the chain reaction resulting
in structural collapse. This type is typical for cable-stayed
bridges when the failure of one cable result in complete
collapse. An example of zipper type collapse is presented in

Figure 18.

- The domino collapse is initiated by the overturning of one
element, which collides with the adjacent element and starts
the chain reaction similar to that of domino blocks.

- The section type of progressive collapse occurs when a part
of the element cross-section cracks due to bending moment
(beam) or axial force (column) and the remaining part of the
cross-section is unable to absorb additional stress, resulting
in cross-sectional failure.

- The instability type collapse is triggered when a part of
stabilization (e.g., wind braces) fails, resulting in creation of
an instability mechanism leading to structural failure.

- The mixed type is the progressive collapse in which a
combination of five main types occurs simultaneously.

Main characteristics of the zipper and section types are the
re-distribution of additional loads to remaining load-bearing
elements which are unable to absorb it, while in the case
of domino or pancake collapses, the transformation of the
potential energy to kinetic energy of the damaged element
results in complete or partial failure. Some famous bridge
failures due to progressive collapses are the Tacoma Narrows
Bridge (zipper type) [71] and the Honggi beam bridge (domino
type) [72, 731. A typical zipper collapse of a cable-stayed bridge
is presented in Figure 18, while the domino collapse of a beam
bridge is shown in Figure 19.

An innovative qualitative or quantitative method enabling
structural engineers in charge of bridge design or assessment
to notice the defects that could result in progressive collapse,
is called the fault tree. The development of the fault tree
flowchart starts with bridge failure and is elaborated further by
identifying the bridge elements which, if damaged, could lead
to progressive collapse. Furthermore, each of these elements
is further segmented into events that could result in its partial
or complete failure [74]. An example of the fault tree flowchart
for substructure of a reinforced concrete beam bridge during its
operation is presented in Figure 20.

4.3. Structural robustness
Robustness as a concept and structural property emerged

at the same time as the progressive collapse and has been
described and defined since then by a number of authors
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[62, 64]. However, as there is no empirical or mathematical design codes provides a method to calculate robustness, i.e.
method to define robustness as a physical parameter, there is only guidelines and measures to be implemented in the design
no unified definition. Therefore, none of the available national process are provided.

Figure 18. Zipper type progressive collapse of cable-stayed bridge
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Baker et al. [62] proposed a method for the quantification of R TR R (1)
Dir 1 Ind 1

robustness. According to this method, a system is considered
robust if indirect risks (R _) do not contribute significantly to
the total system risk. They defined the Index of robustness (/. ,)
which measures the fraction of the total system risk resulting

from direct consequences (R, ):

The values of the index of robustness shown in Equation (1)
range from 1 (absolutely robust structures — all consequences of
structural damage are direct) to O for structures where majority
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of consequences are indirect (disproportionate consequences

and extent of damage).

Other authors also proposed mathematical models for the

assessment of robustness. These models can be classified as

deterministic, probabilistic and models based on risk analysis

[75]. Knoll and Vogel [65] define robustness as: “A property

of the systems that enables them to survive unforeseen or

unusual circumstances”. Duncan et al. [76] define it as: “The
ability of a system to maintain function even with changes in
internal structure or external environment". A majority of current
design codes do not define robustness explicitly but request the

structures to be designed as robust. For example, HRN EN 1990

[31] states that: "A structure shall be designed and executed in such

away that it will not be damaged by events such as explosion; impact,

and consequences of human errors to an extent disproportionate to
the original cause!" The JCSS Probabilistic Model Code [77] states:

“A structure shall not be damaged by events like fire explosions or

consequences of human errors, deterioration effects etc. to an extent

disproportionate to the severeness of the triggering event” HRN EN

1991-1-7 [46] defines the robustness criterium as: “Designing a

building such that neither the whole building nor a significant part

of it will collapse if localised failure were sustained, is an acceptable
strategy. Adopting this strategy should provide a building with
sufficient robustness to survive a reasonable range of undefined
accidental actions” and " Measures should be taken to mitigate the risk
of accidental actions and these measures should include structural
measures in which structural members, and selecting materials, are
designed to have sufficient ductility capable of absorbing significant
strain energy without rupture. Or preventative measures with which
the extreme event is prevented from occurring or its probability and
magnitude are reduced." A similar strategy is proposed in [69] with
structural measures (additional load-bearing reserves) or non-
structural measures (prevention and reduction of probability
that the extreme event will occur). Structural measures are
divided into the direct and indirect design for robustness. The
direct design aims to explicitly ensure resistance to collapse by
verifying whether the structure meets specified performance
objectives when subjected to specified hazard scenarios. On the
other hand, the indirect design aims to increase the resistance
to collapse of a structure implicitly by incorporating consensus-
approved design features; this is done without consideration of
hazard scenarios and without demonstrating, through structural
analyses or other means, that performance objectives have been

met [69].

Starossek [78] defines different strategies for the prevention of

progressive collapse:

- high safety against local failure (local resistance of critical
elements)

- design for load case “Local Failure” (alternative redistribution
of loads, isolation by compartmentalization, redundancy)

- design based on current codes. Codes take into account local
failures, e.g. stability check of the elements, but in addition to
checking all local elements to failure, the system also needs
to be checked in the case when a local failure occurs.

Therefore, the system is verified additionally to the load
case "Local Failure” (ii) where redistribution of forces is
conducted when one of the elements is removed, in which
cases global structural system absorbs redistributed loads
through mobilization of flexural resistance, axial resistance,
or torsional resistance, by activating plastic capacity etc. The
Isolation by Compartmentalization (ii) is a design method in
which local failure is contained on a part of the structural
system by isolating it from the main global load-bearing
system. For example, if one of the girders on the bridge
collapses, the system remains stable if the others can absorb
the redistributed load [78].

It should not be presumed that the structure is robust by
itself, i.e.it needs to be designed, constructed and maintained
as such, if we wish to reduce possible risks to minimum
during the designed service life. For example, dynamic
load effects and stresses in a structural element are more
critical for brittle material, while a more ductile material can
absorb additional kinetic energy and redistributed load [70].
Design approach (i) for increased local resistance of elements
demands an increase in element continuity and strength,
while isolation by compartmentalization can be achieved
with a decrease of continuity and increase in strength [78].
Knoll and Vogel [65] give an overview of robustness
elements that can be taken into account in the design of
robust structures. Some of them are strength; structural
integrity and solidarization; second line of defence; multiple load
paths or redundancy; ductility versus brittle failure; sacrificial
and protective devices; stiffness considerations; benefits of
strain hardening, etc. The strength of structural elements
higher than the minimum required in the design codes is
often the most feasible strategy to achieve robustness of
a structural system. An example of the bridge structural
element strengthening can be found on the Pag arch bridge
in Croatia, where old slender RC piers were strengthened by
applying a new layer of concrete and by encasing the pier in
steel sheeting, as presented in Figure 21 [79]. This type of
reconstruction is an example of strength increase aimed at
gaining greater robustness.

Ductility of material versus brittle failure, presented in Figure
22, is an important element for achieving other robustness
elements (e.g. second line of defence, redundancy) [65].
On the other hand, brittle failure occurs due to material
characteristics, local impairments, weak joints, fatigue, or
instability due to slenderness.

Redundancy and alternative load distribution paths can be
achieved when the structure is designed with multiple load-
bearing elements, as in the case of spatial steel trusses. The
second line of defence is a preventative method to reduce
the probability of extreme events, e.g. elastic railing on
and/or under the bridge which will absorb the initial vehicle
impact and, if its critical strength is achieved, it will deform
by forming a plastic joint, preventing vehicle impact to a
structural element of the bridge. In most cases, deformation
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Figure 21. Strengthening of existing RC piers on Pag Arch Bridge in Croatia - cross section (left)

and strengthening process (right) - (reproduced from [77]

of material is inversely proportional to stiffness, and one
should keep in mind that an increase in ductility of a structure
does nor reduce its stiffness. In steel elements, the strength
increases with deformation, which is described as strain
hardening and is common to lower steel classes. However, it
needs to be considered with care for higher steel classes as
their compression strength is only by 10 to 15 % greater than
the yield stress.
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Figure 22. Brittle versus ductile behaviour of material
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Structural integrity and solidarization are
important for structural systems where
individual load-bearing elements are
not connected, and the risk of collapse
is present when one of the elements
is displaced with regard to others.
An example of achieving robustness
through structural integrity on girder
bridges is either through establishment
of full continuity (in longitudinal direction
— Figure 23, left) or partial continuity
with continuous RC slab (Figure 23,
right). Another example of robustness
elements on similar bridges are
seismic retainers placed on each side
of bridge bearings, in order to prevent
displacement in the case of an earthquake event. When these
retainers are placed, the risk of bridge girder slipping from the
bearing block is reduced to minimum, as presented on Figure 24
[80]. Additional approach to achieving robustness in case of an
earthquake is by isolating the bridge foundations, as presented
in[811].

Sacrificial and protective devices are used as measures for
achieving robustness in the case of extreme events. For
example, on bridges that are susceptible to ship impact,
separate construction elements are placed in front of piers
in order to protect them against direct impact. This solution
is more feasible when compared to designing bridge piers
for withstanding direct impact. Knoll and Vogel also describe
some robustness elements to be implemented at the stage
of operation of existing structures [65], such as monitoring of
structural defects (cracking, delamination, corrosion, excessive
vibration, deflection), active interventions, quality control of
the construction, operation and maintenance process, and
implementation of both passive and active devices (sensors) for
constant monitoring.

Some of the above listed elements for achieving robustness,
such as full continuity required for alternative load redistribution,
are described as questionable in [78], because in some cases

Continuous reinforced
concrete slab

Transverse beams

Bridge gird
al ridge girders

b) Bridge girders

Figure 23. Structural integrity on girder bridges: (a) full continuity (continuous grillage bridge), and (b) partial continuity (simply supported

grillage)
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Figure 24, Girder bridge bearings without (left) and with (right) seismic retainers to prevent horizontal displacement (reproduced from [80]

they can prevent progressive collapse, while in other cases they
can in fact initiate such collapse. These claims are justified by
the fact that the propagation of progressive collapse requires
continuity of the load-bearing elements although, in the case
of the Ronan Point apartment building, the collapse was caused
by the lack of continuity of reinforced concrete floor slabs. In
the case of existing bridges, it is possible to remove expansion
joints and bearings and create a monolithic structure, which is
described as an integral bridge. This strategy is often used to
reduce the ever increasing maintenance costs for bearings and
expansion joints, and is justified for smaller bridges that are not
subjected to large displacements, resulting in a more robust
bridge structural system [82].

During the design process in which robustness is achieved
through implementation of some of the strategies described
in this section, it is important to take into account mutual
interaction of these strategies, and optimization of the global
structural system. These robustness elements are not mutually
exclusive and, in fact, their combination is crucial for achieving
adequate robustness. Therefore, during the design process,
each structure should be considered as a unique system, and an
optimum solution for achieving robustness should be selected
based on engineering knowledge and expertise.

5. Conclusions

Despite considerable level of knowledge and experience, and
design codes and guidelines that are applied during bridge
design and construction, engineering mistakes are always
possible, and extreme events may occur during the life span of

bridges, which can all lead to structural failure. Furthermore,

practical examples prove that inappropriate maintenance is

often a problem in existing bridges which are in such cases
subjected to unrestrained deterioration, increasing the risk of
partial or complete collapse.

The aim of this paper is to

- present a comprehensive review of importance of forensic
structural engineering during investigation of bridge failure
events,

- offer a review and analysis of available data of bridge
collapses worldwide in order to determine the frequency and
influence of specific critical causes of collapse and, finally, to

- use the analysed data to present guidelines and
recommendations (along with practical examples) for the
design and maintenance of robust bridges, focusing on
avoidance of progressive collapse.

Based on systematization of available bridge collapse data, it
is clear that human factor has a major role in structural failure,
meaning that a responsible approach to this issue and its
subsequent resolution, could result in avoidance of potential
catastrophic failures in the future.

Documentation of all bridge collapses with clearly determined
causal connections, putting this documentation at the disposal
of engineers and researchers worldwide, learning from past
mistakes, improvement of design codes, and use of proper
engineering approaches in practical implementation of such
codes, should be animperative objective in order to avoid similar
mistakes in the complex process of bridge design, construction,
and maintenance.
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