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Abstract

Metal and steel truss bridges are essential for transportation networks worldwide
but are vulnerable to collapse due to deterioration and increasing traffic loads, par-
ticularly for ageing structures. Several bridge collapses, such as the Seongsu bridge
(South Korea, 1994), I-35 bridge (USA, 2007), and Chauras bridge (India, 2012),
have highlighted the need to develop accurate robustness assessment strategies
and efficient mitigation of collapse risks. This paper summarizes results of experi-
mental and computational studies for a steel riveted bridge with a truss-type struc-
ture. The experimental component presented involves unique tests to be performed
on a 21 m full-scale bridge span subjected to the failure of different elements under
laboratory conditions. The paper then presents a first approach to explore different
damage and failure scenarios for steel truss bridges, which will assist in defining
data collection strategies for optimised monitoring and developing data analysis
methods for real-time diagnosis of ageing bridges. With this, the paper contributes
to avoiding progressive collapses and presents a framework, developed as part of
an ongoing project, to identify vulnerable zones for prioritising monitoring systems
that anticipate failure propagation and prevent collapse. The framework is based on
a systematic analysis of past bridge failures and simulations of carefully designed

generic cases.
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1 Introduction

Transportation networks are critical to the functioning of
modern societies, and bridges are essential components of
these networks. However, ageing bridges are particularly
vulnerable due to their exposure to deterioration pro-
cesses over time and higher loads than those considered
when they were designed. Such vulnerability is evident
from the increasing number of accidents related to ageing
bridges, leading to significant losses for society. Progres-
sive collapse is a phenomenon that can cause such acci-
dents, as localised failures can propagate through the
structural system and trigger catastrophic collapse. This
type of collapse due to a localised structural failure has
resulted in a significant number of deaths, injuries, and
economic losses. Historical and recent examples include
bridges over the Birz river (Switzerland, 1891), the Que-
bec bridge (Canada, 1907), the I-35 bridge (USA, 2007),
or the Chauras bridge (India, 2012) [1-4]. Studies carried
out in the United States in an eleven-year period (1989-
2000) have shown that the dominant types of failed
bridges are steel beam/girder and steel truss bridges, ac-
counting for more than 50% of the collected bridge failures

in the US [5]. These findings highlight the significant oc-
currence and susceptibility of steel truss bridges, which
serves as motivation for investigating methods to prevent
their progressive collapse.

Common causes of collapse in steel bridges include natural
disasters, overloads, and design deficiencies. Local failures
may occur due to stress concentrations, weathering, and
water penetration, leading to a chain reaction that results
in the progressive collapse of the entire structure. Prevent-
ing and identifying local failures or damages in vulnerable
bridges is crucial and involves developing adequate in-
spection, analysis, maintenance, and monitoring strate-
gies. Local failures can occur due to multiple reasons or
sudden damage and produce significant structural changes
in areas other than where the damage occurs, which can
be identified through monitoring.

Structural health monitoring (SHM) strategies have been
developed to identify potential failures in ageing bridges
and to optimize maintenance activities. However, most
monitoring solutions available today require large expen-
sive sensor systems and significant computational re-
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sources, making their application on a large-scale chal-
lenging. This paper is framed within the Pont3 project
(www.pont3.es), a coordinated research initiative funded
by the Ministry of Science and Innovation of Spain and the
European Regional Development Fund under Grant Agree-
ment PID2021-1242360B. This project addresses the pre-
sented issue by developing a novel, holistic, and cost-ef-
fective approach to anticipate the failure propagation of
ageing bridges and avoid catastrophic collapses. This ap-
proach will involve identifying and prioritising local failures
or damages that can cause cascading effects, and devel-
oping cost-effective monitoring configurations to detect
them. The monitoring system will use ultra-efficient data
analysis procedures to update specifically designed risk in-
dicators in real-time for supporting decision-making pro-
cesses. The primary scientific and technical contribution of
Pont3 lies in the advancement of monitoring strategies and
methods, facilitating the large-scale application of bridge
monitoring solutions to enhance the safety and resilience
of bridges.

This paper introduces basic concepts important for the de-
velopment of such a project. In addition, it also presents
a first approach to study different damage and failure sce-
narios for steel truss bridges. This will help in the definition
of data collection strategies for optimised monitoring, as
well as in the development of data analysis methods for
real-time diagnosis of aging bridges. With this, the paper
can contribute to avoiding progressive collapses. The pa-
per will focus on one of the most common types of ageing
bridges, steel truss bridges. The structure of this docu-
ment starts with the summary of related previous work,
directly affecting the execution of this paper (Section 2).
Then, an introduction to general concepts is done, includ-
ing truss bridge typologies and damage and failure defini-
tions (Section 3). Section 4 presents a first attempt for the
definition of different damage and failure scenarios, clas-
sified into different categories. Later, Section 5 introduces
the case studies in use to define the vulnerable zones of
steel truss bridges, and finally Section 6 summarises the
conclusions of this paper.

2 Previous work

This section provides a comprehensive summary of previ-
ous studies conducted by the research team on the topic.
It offers an overview of key findings and insights gained
from earlier work.

Bertolesi et al. (2021) presented a work performing a fa-
tigue assessment of a steel riveted railway bridge [6]. The
study focused on investigating the fatigue behaviour of
two steel truss bridges that are part of the Spanish na-
tional railway network. The research involved an experi-
mental investigation, which included fatigue testing of a
full-scale bridge span (Figure 1) and an upper cross beam.
Focusing this summary on the first one, a cyclic load rang-
ing from 50 to 1300 kN was applied (0.2 Hz). The fatigue
test comprised 45,000 load cycles, equivalent to an addi-
tional 27 years of operational service of the bridge.

The testing utilized Linear Variable Displacement Trans-
ducers (LVDTs) and Strain Gauge (SG) sensors to capture
possible nucleation and propagation of fatigue cracks
within the bridge structure. The results of this fatigue test

were used to calibrate an elastic numerical model of the
entire structure, which was then utilized to estimate the
remaining fatigue life of one of the bridges. Additionally,
an analytical evaluation was conducted to determine the
bridges' remaining fatigue life, taking into account rolling
loads. Considering an appropriate behaviour under fatigue
loading up to a damage level of 7.2%, as well as future
traffic volume and characteristics and the S-N curves
methodology, the authors estimated that the structure
could endure approximately 320,000 additional cycles.

The study identified the cross beams as the most vulner-
able elements of the bridges, and fatigue failures were ex-
pected to arise in the next decade due to normal stresses.
Overall, the research represents an important step to-
wards understanding the fatigue responses of ageing riv-
eted steel bridges, utilizing a unique double experimental
investigation encompassing comprehensive laboratory
tests and numerical modelling techniques.

Then, Buitrago et al. (2021) published an article studying
the robustness of the same two bridges [7]. The study
conducted experiments on the robustness of riveted steel
bridges based on truss-type structures, and aimed to pro-
vide practical recommendations for detecting local failures
before they cause progressive structural collapse. The
study used a 21 m full-scale bridge span (Figure 1) tested
under laboratory conditions with an extensive monitoring
system, as well as a linear-static finite-element analysis to
examine other possible causes not included in the experi-
ment. The results showed the structural redundancy of
truss structures based on the joints' resistance to bending
moments and provided recommendations for identifying
early failures and avoiding progressive collapse. The study
also found that the structure had the ability to adapt to
the total failure of key elements, such as diagonals, thanks
to the effective activation of alternative load paths (ALPs),
changing its behaviour from that of a Pratt truss to Vieren-
deel or single-beam behaviour. The study provided practi-
cal recommendations for structural health monitoring, rec-
ommending different control parameters as well as types
and locations of sensors for both basic and extensive mon-
itoring systems. These recommendations were used to de-
sign monitoring systems for three real bridges which are
still providing real-time information on structural health at
present. One of these bridges was equipped with an am-
bitious monitoring system consisting of more than 400
Sensors.

The present article continues the work previously devel-
oped and serves as a basis for the Pont3 project. The idea
is to define failure scenarios and analyse the case studies
considering both threat dependent and threat independent
failure scenarios by leveraging the knowledge acquired
from the preceding research outlined herein.
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Figure 1. Laboratory testing of a full-scale 21-metre bridge span

3 General concepts
3.1 Typologies of truss bridges

Truss bridges stand as impressive examples of structural
engineering, showcasing the interconnectedness of slen-
der elements working harmoniously under axial loads. The
design philosophy behind these structures revolves around
optimizing load distribution. Truss bridges can be classified
based on their primary structural behaviour into three
general categories: truss beams, truss arches, and truss
cantilevers. Each of these categories has distinct subcate-
gories or types. Many structures consist of a combination
of these types and give rise to hybrid solutions. In this
section, the classification of truss bridges is discussed.

A. Truss beams

According to the overall primary structural system, they
can be classified as:

i. Simply supported truss

Usual configurations may be of constant or variable
depth. When the shape of the top chord is parabolic, this
type of truss is often named bow-string truss.

ii. Continuous truss

They often have a variable truss depth to optimise the
structural performance. Note that they can be through
bridges or upper-deck bridges.

iii. Gerber type truss (see C.i.).
B. Truss arches

i. Fixed supports

This is a rare category: although fixed supports were
used in cantilever construction, the fixity was usually re-
leased after the arch was closed.

ii. Hinged supports

Most truss arch bridges have hinged supports. The arch
may be of constant depth or variable depth. Note that
different positions of the deck are possible.

iii. Bowstring arch

Composed of an upper arch (often parabolic), and a deck
in tension with vertical (usually rigid) suspensions. The
overall scheme is the same as that of a simply supported
beam; no thrust is introduced in the abutments. Light
bracing members to improve the performance against

non-symmetric loads can be present. This kind of struc-
ture is sometimes difficult to categorise as arches or
beams of variable depth; they often have a hybrid be-
haviour.

C. Cantilever trusses

i. Gerber truss

They have a simple supported span resting on two can-
tilevering parts to achieve an overall statically determi-
nate scheme. This configuration is, in many cases, trans-
formed to a continuous one after finishing the
construction by adding additional members to block the
support of the simple span.

ii. Cantilever truss with a simply supported central span

It has several similarities with the Gerber-type scheme.
In this case, the cantilevering part is fixed to the foun-
dation.

iii. Cantilever truss without a simply supported central
span

This is an unusual type of bridge. It can be arguably clas-
sified as a three-hinged arch.

According to the arrangement of truss members, a wide-
spread alternative classification originated from the differ-
ent patents that were used in the 19% century. Nowadays,
the most usual types are as follows (note that there are
many other non-listed less-common arrangements):

— Howe truss: diagonal members are in compression un-
der self-weight. This is a less common arrangement in
steel bridges (compression is generally avoided in de-
sign).

—  Pratt truss: diagonal members are in traction under
self-weight.

— Warren truss: alternating compression-traction diago-
nal members.

—  Lattice truss (town truss): dense diagonal net in both
directions.

— Vierendeel truss: they lack diagonal members. Joints
are designed to resist local bending moments.

3.2 Damage and failure

Performing a correct risk assessment requires the identifi-
cation of all hazards that can cause undesirable events (in-
itial damages or failures) during the life cycle of a struc-
ture, in this case a bridge. There are several standardised
definitions referring to “hazard”, as shown in Table 1. In
Pont3, the definition proposed by ISO 2394:2015 (General
principles on reliability for structures) [8] is being fol-
lowed. The mentioned standard defines also different cat-
egories of hazard that should be considered when analys-
ing a structure. According to ISO 2394:2015, three
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different categories may be identified1: i) natural or gen-
eral human activities; ii) human-made actions (vandalism
and malicious attacks); and iii) errors and negligence.

The subsequent natural step should be to define ‘damage’
and ‘failure’, which are the consequences generated by a
hazard in a structure like a truss bridge. The project
DURATINET [9], funded by the European Union, presented
a classification of damage causes and processes. This was
supported also by a more recent study, the COST Action
TU1406, called “Quality specifications for roadway bridges,
standardization at a European level” [10]. In this Action,
the authors studied the different categorization of dam-
ages depending on the type of structure and also analysed
the relation of these damages with observations, damage
indicators, performance indicators and key performance
indicators, according to their nomenclature. As a conclu-
sion, it can be said that the “"damage causes” proposed by
these works are actually hazards (and categories of haz-
ard), as defined by ISO 2394:2015 [8].

The COST Action TU1406 also provides a definition of dam-
age as a “process that has a detrimental effect on a bridge,
and that may act singly or in combination to generate
safety and serviceability problems” [10]. In the context of
bridges, damage may be caused by factors such as exces-
sive loads, corrosion, or natural disasters. On the other
hand, the ISO 13824:2020 standard defines failure as a
“state which does not meet the required performance ob-
jectives due to structural damage and/or loss of function”
[11]. Considering this definition, it seems obvious to relate
failure with damage and clearly differentiate both terms.
This definition distinguishes between failure and damage,
with damage being a necessary but not sufficient condition
for failure. In other words, damage to a structure does not
necessarily mean that the structure has failed, but a struc-
ture that has failed must have experienced some form of
damage. By considering this, it is possible to identify the
underlying causes of damage and take steps to prevent or
reduce the likelihood of failure. This can help to ensure the
safety and reliability of the structure over its entire life
cycle.

Hazards can cause specific constituents (elements) of a
structural system to reach a particular damage state or to
fail. It is important to distinguish between the failure itself
and the failure mode.

Table 2 shows standardised definitions for these two con-
cepts, which should be taken into consideration when
working in this project.

In this paper as well as in the Pont3 project, the aim is to
identify plausible initial constituent damage states or fail-
ures that have a high probability of resulting in high-con-
sequence system failure states (see Figure 2). It is im-
portant to understand the different possible failure modes
and their effects to be able to achieve this. However, the

1In some situations, it is possible for one hazard to be fol-
lowed by another, resulting in much more serious conse-

guences to a structural system. [8]
2 Hazard can be a risk source. [8]

starting point for studying possible propagation mecha-
nisms should be defining constituent damage states or in-
itial constituent failures. Having said that, a preliminary
list of relevant failure modes for steel elements that should
be considered when defining the initial constituent damage
states or failures of interest can be obtained by examining
the Ultimate Limit State (ULS) verifications that need to
be performed according to Eurocode 3 [12]. Some of these
are listed subsequently. In the next section (Section 4),
initial scenarios are proposed based on the information
provided here.

— Resistance of cross-sections to axial tension

- Resistance of cross-sections to axial compression

— Resistance of cross-sections to bending moments

— Resistance of cross-sections to shear

— Resistance of cross-sections to torsion

— Resistance of cross-sections to local transverse forces

— Resistance to flexural buckling (with and without axial
forces)

— Resistance to torsional buckling

— Resistance to lateral-torsional buckling

Table 1 Standardized definitions of hazard

Reference Definition
ISO Guide Source of potential harm?
73:2009

Potential source of undesirable con-
sequences.

ISO 13824:2020

IEC 31010:2019 Potential sogrce of danger, harm, or
other undesirable outcomes 34>
Unusual and severe threat, e.g. a
possible abnormal action or envi-
ronmental influence, insufficient
strength or stiffness, or excessive
detrimental deviation from intended
dimensions.

ISO 2394:2015

An occurrence which has the poten-
tial to cause deterioration, damage,
harm or loss.

fib Model Code
2010:2013

For the purpose of EN 1990 to EN
1999, an unusual and severe event,
e.g. an abnormal action or environ-
mental influence, insufficient
strength or resistance, or excessive
deviation from intended dimen-
sions.

EN 1990:2002

Table 2 Standardized definitions of failure and failure mode

Reference Definition

3 The term hazard in IEC 31010:2019 is referred to as threat.
[17]

4 A threat is a negative situation in which loss is likely and over
which one has relatively little control. [17]

5 A threat to one party may pose an opportunity to another.
[17]
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State which does not meet required
performance objectives due to
structural damage and/or loss of
function.

Failure

ISO 13824:2020
(Bases for design of
structures — Gen-
eral principles on
risk assessment of
systems involving
structures)

Note: Failure includes insufficient load-
bearing capacity or inadequate servicea-
bility of a structure or structural member,
or rupture or excessive deformation of
the ground in which the strengths of soil
or rock are significant in providing re-
sistance.

Failure mode

EN 13306:2010
(Maintenance.
Maintenance termi-
nology)

Manner in which the inability of an
item to perform a required function

* kK

occurs.

*Note: The use of the term "fault mode"
is deprecated.

**Note: A failure mode may be defined by
the function lost or the state transition
that occurred.

Exposure events

Exposure

Hazards

‘ Vulnerability

N

Constituent damage state or
Initial constituent failure

‘ Robustness

Follow-up consequences

L NS

System failure state

Direct consequences

®

Figure 2 Schematic illustration of vulnerability and robustness
(adapted from [13])

4 Initial scenarios

Considering the concepts introduced in Section 2, the fol-
lowing situations that can lead to initial constituent failure
have been identified as being particularly relevant for steel
truss bridges:

— High compressive stress along the top chord

— High compressive stress along the bottom chord

— High compressive stress on diagonal members

— High tensile stress along diagonal members

— High compressive stress on vertical members

— High forces at specific joints

— High bending/shear in floor beams

—  Corrosion

— Repetitive or cyclic loads

—  Geometric imperfections on elements in compression

In addition, it is important to identify the most vulnerable
zones of the truss bridge, since those are likely to be the
first to suffer from failure. The COST Action TU1406 de-
fines vulnerable zones as “the segments and or elements
of a bridge structure in which damages have the largest

6 This interaction is often of an electrochemical nature.

impact on safety and serviceability. One vulnerable zone
may be related to several failure modes” [10]. Adapting
this definition to what was defined in Section 3.2, the vul-
nerable zones of a bridge will depend on the loading con-
ditions of the bridge (i.e., considering traffic loads, wind,
etc.).

Based on all the information presented, the following types
of initial constituent damage states and failures have been
defined. It is important to highlight that the focus is on the
state of the constituent rather than on the hazard or dam-
age process leading to that state.

Types of initial constituent damage states or failures
to study

A. Complete rupture of bar elements

This failure is characterised by the complete separation of
a bar element into at least two parts [14]. In this state, it
can be considered that the entire bar element no longer
contributes as part of the structural system to resist ac-
tions imposed on it.

There are many situations which can cause such failures.
For instance, if the imposed actions exceed the capacity of
structural elements as defined by several of the ULS veri-
fications included in EC3. It could be relevant to study the
propagation potential of such ruptures in transverse
beams that support the deck, in elements of the upper or
lower chord, and in any other bars of the steel truss. Some
relevant simultaneous component failures may also have
to be considered.

B. Partial loss of cross-section of beams or bar elements
at point location

This state can be considered as equivalent to a partial test-
ing (perpendicular) cut through the cross-section of a
beam or bar element at a local point along its length. A
specific percentage of cross-sectional area loss can be set
to ensure the damage state is well-defined. Such a state
can arise due to localised pitting corrosion. It can also rep-
resent an intermediate stage of a fatigue crack (prior to
total rupture) [15], attending to the ISO 10721-1:1997
definition of fatigue (damage by gradual crack propagation
in a structural part, caused by repeated stress fluctua-
tions) [16].

The same elements described as being relevant for study-
ing type A constituent failures (transverse beams, any
bars of the steel truss) are also relevant for the type B
constituent damage state.

C. Uniform loss of cross-section of beam or bar elements

The ISO 8044:1999 defines corrosion as a physicochemi-
cal interaction® between a metal and its environment that
results in changes in the properties of the metal, and which
may lead to significant impairment of the function of the
metal, the environment, or the technical system, of which
these form a part [15]. Following this definition, state “"C”
refers to a generalised and distributed loss of the cross-
sectional area of a beam or bar element and can occur due
to corrosion. Once again, a specific percentage of cross-
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sectional area loss can be set to ensure the damage state
is well-defined.

The same elements described as being relevant for study-
ing type A constituent failures (transverse beams, any
bars of the steel truss) are also relevant for the type C
constituent damage state.

D. Joint/connection failure

There can be many different types of connections between
different bars in a steel truss bridge and it could be rele-
vant to study the propagation potential of several of them.

This failure is characterised by the total or partial loss of
connection between two elements, thus preventing them
from working together at all or at least in a proper way.
Several of the hazards mentioned in Section 3.2 can lead
to such failures.

E. Differential settlement of support

This state is characterised by an asymmetrical settlement
of one (or more) supports of the steel truss. This can im-
pose abnormal stresses for which truss elements were not
designed for.

Different plausible configurations of supports can be se-
lected to define relevant scenarios to be studied for any
case. This should also include the magnitude of displace-
ments that can occur at each support location.

5 Case study

To develop and test the methodology for identifying vul-
nerable zones and define damage and failure scenarios, a
Pratt truss bridge was chosen as a case study. Specifically,
the Quisi bridge placed in Valencia (Spain) was selected
(Figure 3). The main reasons for this selection are that
Pratt-type bridges are the most common truss bridges in
Spain, and because this bridge is being currently moni-
tored in real time by some authors with more than 250
sensors. It is approximately 170 m long and composed by
6 spans, whose lengths vary from 21 to 42 m, resting on
two lateral abutments and five steel truss columns of dif-
ferent heights. The two central spans form a continuous
hyperstatic beam, while the others were constructed as
isostatic elements [6].

Figure 3. Real case study. Quisi bridge (Valencia, Spain). General view

The truss of the Quisi bridge is intricately designed with a
combination of different profiles for each type of element.
Each of these types is carefully configured with specific
profiles to meet the required load-bearing characteristics.
For instance, diagonals may have various profiles with
slight variations in measurements but maintaining the
same shape to optimize their structural performance. Sim-
ilarly, other elements such as struts feature distinct pro-
files tailored to their specific roles within the truss system.
The utilization of different profiles enhances the truss's
overall strength, stability, and load-carrying capacity, al-
lowing it to efficiently distribute forces and stresses
throughout the bridge structure. Error! Not a valid
bookmark self-reference. presents a selection of the
most relevant profiles employed in the construction of the
Quisi bridge's truss. These profiles exhibit variations in di-
mensions, such as cross-sectional dimensions, lengths,
and geometries, depending on the specific element type
and its location within the truss assembly.

Table 3. Structural details of some critical elements
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To create models of the Quisi bridge, the software
SAP2000 was chosen. This software is commonly used in
the field of civil engineering for structural analysis and de-
sign. For the purpose of this article, only the hyperstatic
spans were analysed, so that the stiffness of the structure
is considered. The 3D model of the bridge was developed
taking into account the geometry and material properties
of the different structural members (Figure 4).

Using this model, a series of analyses were conducted to
identify the most vulnerable zones of the bridge (Figure
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5). Specifically, the stresses and strains experienced by
the different members of the truss were analysed under
various loading conditions, considering only traffic loads
and the own weight of the bridge.

Having identified these vulnerable zones, this information
will be used to develop initial damage and failure scenar-
ios. For example, the effects of the failure of a gusset plate
could be simulated, or the failure of a diagonal member in
the centre of the span. In a later step, these scenarios will
be analysed to develop specific monitoring strategies to
detect the damage states before they lead to the progres-
sive collapse of the bridge.

Figure 4. 3D model of a 21 m span of Quisi bridge. Analyses conducted
with both hyperstatic spans of the bridge to consider the stiffness of
the structure

Figure 5. Most tensioned elements in the model. Load combination:
traffic load (train) and dead load

6 Conclusion

Truss bridges are one of the most common types of
bridges used in modern infrastructure. Damage and failure
in these structures can result from various hazards, includ-
ing natural disasters, human-made actions, and errors or
negligence. To ensure the safety and reliability of a truss
bridge throughout its entire life cycle, it is necessary to
identify the underlying causes of damage and take steps
to prevent or reduce the likelihood of failure.

This article helps to identify plausible initial constituent
damage states or failures that have a high probability of
resulting in high-consequence system failure states. This
is achieved by understanding the different possible failure
modes and their effects on the structure.

Overall, the analysis of the Quisi bridge using SAP2000
and the subsequent identification of vulnerable zones
highlight the importance of understanding the vulnerabili-
ties of aging steel truss bridges. By identifying these vul-
nerabilities and developing appropriate monitoring and

maintenance strategies, it is possible to prevent future col-
lapses and ensure the safety of infrastructure.
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