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Abstract

The robustness of bridge structures is critical to ensuring safety and service
continuity, particularly in aging infrastructure exposed to degradation and
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unexpected loads. Reinforced concrete (RC) half-joint bridges—widely built in
Italy between the 1950s and 1970s—exhibit specific vulnerabilities due to
inspection challenges, durability concerns, and susceptibility to progressive
collapse. Although increasingly studied, the literature lacks comprehensive
robustness assessments accounting for full nonlinear system behavior under
local damage. This study addresses this gap by developing a refined finite ele-
ment (FE) modeling approach to simulate the global response of RC half-joint
bridges following localized damage. The model includes material nonlinear-
ities throughout the structure and evaluates robustness indicators using a
notional removal strategy. The methodology is applied to the Annone viaduct,
which collapsed in 2016 in northern Italy. The case study serves to analyse fail-
ure mechanisms linked to Gerber saddles. Results demonstrate the effective-
ness of robustness indicators in capturing force redistribution and progressive
collapse in half-joint bridges. The study offers insights into beam-slab interac-
tion and shows how numerical models can support risk-based maintenance
and decision-making. The proposed framework enhances assessment strategies
for structurally critical bridges and supports future monitoring and mitigation
guidelines.
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1 | INTRODUCTION

traffic loads, and unforeseen extreme events, the need
for systematic and quantitative methods to assess struc-

The robustness of bridge structures is a fundamental
aspect of transportation infrastructure resilience,
directly influencing safety, durability, and overall net-
work reliability. As aging bridges face increasing chal-
lenges due to environmental degradation, growing

tural robustness has become more pressing. Despite
the extensive research conducted on robustness assess-
ment in building structures, its application to bridges
remains relatively underdeveloped. A review of dispro-
portionate collapse typologies for various bridge
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systems can be found in Starossek' and Derseh and
Mohammed.”

Existing studies on bridge robustness encompass both
qualitative and quantitative assessments, often supported
by case studies,”*° while strategies aimed at enhancing
robustness have been explored in prior works.'>*' Meth-
odologies for quantifying robustness are generally divided
into deterministic and probabilistic approaches, as sum-
marized in the JRC technical report.>*

From a deterministic perspective, several studies have
analyzed bridge robustness under different conditions.
Wisniewski et al.> investigated a four-span continuous
reinforced concrete (RC) bridge, while Cavaco et al.’
examined the impact of corrosion on two RC footbridges.
Moreira et al.>* focused on a masonry arch railway
bridge, and Caredda et al.'® assessed the robustness of a
steel truss bridge by simulating various damage scenar-
ios, including non-simultaneous structural element fail-
ures. Probabilistic approaches have also been explored:
Biondini and Frangopol** analyzed the life-cycle robust-
ness of an RC bridge pier with a box cross-section,
whereas Bjornsson and Thelandersson®’ investigated the
structural robustness of a multi-span post-tensioned RC
bridge subjected to train collision scenarios.

Over the past decade, several bridge collapses in Italy
have underscored the urgent need for reliable robustness
assessment methodologies, which can serve as valuable
tools for infrastructure authorities in prioritizing
maintenance and intervention strategies. Within this
framework, significant attention has been directed
toward half-joint bridges, a typology that has become par-
ticularly relevant due to its structural vulnerabilities.

Half-joints, also referred to as Gerber joints, represent
a structural solution widely adopted in Italy between the
1950s and 1970s. This design, introduced by German
engineer Heinrich Gerber (1832-1912), facilitates beam
construction with reduced-depth ends supported by cor-
responding cantilevering elements, creating an internal
hinge in concrete girders while maintaining a continuous
deck surface. A statistical analysis on the construction
typologies of prestressed reinforced concrete bridges in
Italy*® revealed that Gerber joints were present in 12% of
bridges built in the 1950s and 9.3% of those constructed
in the 1970s. However, their use significantly declined in
the 1960s, likely due to the increasing adoption of pre-
tensioned prestressing techniques. Furthermore, an inter-
nal report by Autostrade per 1Ttalia (ASPI) in 2022%’
identified that approximately 5% of the 1954 bridges with
spans exceeding 10 meters in their network feature rein-
forced concrete half-joints.

Despite their initial advantages in construction effi-
ciency, half-joint bridges are no longer favored in Italy
due to recurring durability issues, primarily related to

water leakage, concrete deterioration, and reinforcement
corrosion. Originally designed for railway applications—
where water accumulation was not a critical concern—
the L-shaped geometry of half-joints presents significant
challenges for inspection and maintenance. The inacces-
sibility of internal components complicates the early
detection of deterioration, increasing the risk of struc-
tural damage. As many of these bridges approach the end
of their service life, these concerns become increasingly
critical, necessitating focused research and improved
maintenance strategies. Recognizing these vulnerabil-
ities, the Italian Guidelines for the Classification, Assess-
ment, and Management of Bridges™ classify half-joints as
“critical elements,” highlighting their susceptibility to
degradation and their potential to significantly impact
overall bridge performance.

To address these concerns, extensive research has
been conducted to better understand the structural
behavior of half-joints through both experimental and
numerical investigations. Laboratory testing has provided
valuable insights into the influence of reinforcement
detailing on performance, as documented in several
studies.”* Concurrently, nonlinear finite element
(FE) modeling has emerged as a powerful tool for analyz-
ing half-joints, both in controlled laboratory environ-
ments* and in existing bridge structures.*?® A
significant contribution by Flores Ferreira et al.>’ estab-
lished a benchmark study assessing the reliability of FE
models in predicting the structural response of reinforced
concrete half-joint beams, comparing numerical simula-
tions with experimental data. However, a comprehensive
evaluation of global bridge robustness under half-joint
failure remains limited.

Building upon prior work by Martinelli et al.,*® this
study aims to address a specific gap in the existing litera-
ture: the limited application of comprehensive nonlinear
modeling techniques for assessing the robustness of half-
joint RC bridges under local failure scenarios. While pre-
vious studies have primarily focused on the localized
nonlinearity of Gerber joints or employed simplified lin-
ear models, there is a lack of in-depth analyses that con-
sider the full nonlinear behavior of the entire structural
system.

To bridge this gap, the present research develops a
refined numerical modeling approach that captures the
global response of a half-joint bridge to local damage.
This methodology extends beyond prior models by incor-
porating material nonlinearities across all structural
components—not just at the half-joint—thereby enabling
a more accurate and realistic assessment of load redistri-
bution mechanisms and progressive collapse potential.
As a case study, the Annone viaduct is analyzed—an RC
half-joint bridge constructed in the 1960s in northern
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Italy, which catastrophically collapsed in 2016 under the
weight of a heavy truck, resulting in a fatal incident.
Investigations by di Prisco et al.*® revealed pre-existing
damage, material degradation, overloading, and design
deficiencies in the half-joints. This tragic event exem-
plifies the need for improved robustness assessments and
more effective maintenance protocols to mitigate similar
failures in aging bridge infrastructure.

The novelty of this work lies in the application of
deterministic robustness indicators, originally developed
for simple truss systems, to RC half-joint bridges, and in
demonstrating their effectiveness through a notional
removal approach tailored to this specific typology. In
doing so, the study provides new insights into the role of
Gerber saddles and beam-slab interaction in sustaining
structural integrity after local damage. The significance
of this research is twofold: it enhances the understanding
of robustness in a structurally vulnerable class of bridges,
and it contributes to the development of more reliable
assessment frameworks that can inform maintenance pri-
oritization and risk mitigation strategies.

This paper is structured as follows: Section 2 intro-
duces key robustness indicators from the existing litera-
ture, which are later employed in the analysis. Section 3
provides an overview of the case study bridge, detailing
its main geometric characteristics and the assumed load
configuration. Section 4 outlines a notional removal
approach for evaluating the structural robustness of half-
joint bridges. Section 5 describes the development of non-
linear finite element models. The results are analyzed
and critically discussed in Section 6. Finally, Section 7
summarizes the main conclusions and offers practical
recommendations.

2 | STRUCTURAL ROBUSTNESS
INDICATORS

Quantifying the robustness of buildings and bridges is cru-
cial for mitigating the risk of progressive collapse, estimat-
ing potential losses, and establishing acceptable safety
thresholds. Objective robustness measures enable informed
decision-making regarding structural safety and facilitate
the prioritization of maintenance and repair efforts for exist-
ing structures. Various indicators for robustness assessment,
encompassing deterministic, probabilistic, and risk-based
formulations, have been proposed in the literature. A com-
prehensive review of these measures is provided by Adam
et al.*’ and André et al.*> However, no universally accepted
metric has been established, posing challenges to the wide-
spread adoption of robustness indicators.

Deterministic methods assess structural performance
by comparing key parameters—such as stiffness and

Jibl—

strength—between the intact and damaged states. In
this study, deterministic indicators are intentionally
adopted for their simplicity, ease of implementation,
and accessibility to practicing engineers, without requir-
ing advanced expertise in probabilistic or risk-based
analysis. Although probability-based and reliability-
based indicators offer a more comprehensive framework
by accounting for uncertainties, and risk-based
approaches can include failure consequences when
properly quantified, these methods are inherently more
complex and demand input data and specialized knowl-
edge that is not always available in standard design
practice. The choice of deterministic indicators thus
reflects the objective of providing practical robustness
assessment tools that can be readily applied in typical
engineering workflows.

To evaluate the robustness of a half-joint bridge, the
Annone overpass, under various support removal scenar-
ios, three indices are employed. Two of these, p; and pg,
were introduced by Biondini and Restelli,*’ while the
third, the residual redundancy factor R;, is based on
ultimate bearing capacity following the approach of
Frangopol and Curley.*

The displacement-based robustness index p, is
defined as:

_HSO || (1)

fols

where p, represents the ratio of the Euclidean norm
(Il « ) of the displacement vector s in the intact state
(subscript “0”) to that in the damaged state (subscript
“1”). The energy-based robustness index pg, is given by:

~ 3

(2)

Po

where ® denotes the stored energy, capturing the varia-
tion between intact and damaged conditions. While ini-
tially formulated for linear systems, both p, and pg can
also be applied to nonlinear systems. Lastly, the index R3
quantifies robustness in terms of ultimate bearing capac-
ity (L), comparing the damaged and intact states:

Ry— Ldamaged (3)
Lintact

These robustness indices—py, pg, and R;—are depen-
dent on the specific loading conditions considered, making
them “threat-dependent” indicators. Their application, com-
parison, and discussion within the context of the case study
are presented in the following sections, examining notional
removal scenarios.

85U80|7 SUOWLWIOD @A ea1D 8|qed!|dde ayy Aq pausenob are ssjolie YO ‘SN JO Se|nl 10} AriqiT8ulUO A8]IM UO (SUORIPUCO-PUe-SWLRI/L0Y" A3 | 1M AfeIq 1 U1 UO//:SANY) SUORIPUOD PUe SWe 1 8y} 89S *[5202/0T/T0] Uo AriqiTauliuo A[1M ‘ONY 1IN 1Q ODINOTLITOd AQ 98€0. 00NS/Z00T 0T/I0p/W00" A3 1M ARe.d Ul juo//Sdny Wo. pepeojumod ‘0 ‘879, TS.T



MARTINELLI and COLOMBO

L fib

3 | CASESTUDY: ANNONE
VIADUCT

The Annone overpass, a precast concrete bridge con-
structed in the 1960s, serves as the case study for this
research. In 2016, the bridge collapsed due to shear fail-
ure at one of its Gerber joints while a heavy truck was
crossing. Located in the village of Annone, northern
Italy, the bridge featured a central suspended span
(or “drop-in”) flanked by two cantilever side spans, with
a total length of 56.10 m and a width of 7.4 m (Figure 1).
The side spans were supported by abutments and inter-
mediate walls, each incorporating a 2.80 m cantilever sec-
tion. The main beams of the central span were supported
by half-joints, with each joint comprising five Gerber sad-
dles. The central beams spanned 19.0 m. A horizontal
cross-section of both the central and side spans is shown
in Figure 1b. The bridge load-bearing system consisted of
five prestressed precast beams (PC beams), spaced at
1.35 m along the transverse axis, supporting a continuous
cast-in-situ RC slab (Figure 1c). The RC slab was clamped
at the abutments, while RC transversal beams—five in
the central span and four in the side spans—were cast
in situ, running perpendicular to the bridge's longitudinal
axis. For further details on the bridge geometry and rein-
forcement specifications, see di Prisco et al.*

The structure was originally classified as a second-
category bridge under Circular No. 384 of 14 February
1962," which distinguished between first- and second-
category bridges. First-category bridges permitted the
passage of “military loads,” requiring higher traffic loads
in the design calculations, whereas second-category brid-
ges were intended for lower-ranking roads and designed
for lighter traffic loads. Although the structure was
designed as a second-category bridge, road operators
were unaware of its classification and, as a result, excep-
tional loads were routinely allowed to cross the bridge.

The nominal loads applied to the central span, includ-
ing self-weight and a single live load configuration, are
detailed as follows. The total self-weight—including
safety barriers, pavement, curbs, beams, and the RC
slab—amounted to 1690 kN, exceeding the original
design assumption of 1521 kN. Figure 2 illustrates load
placements and naming conventions for the 10 half-joints
(R1-R10). The load configuration represents lane 1
subjected to an 8-axle heavy truck, which triggered the
failure of half-joint R1, ultimately causing the collapse.
The loads Pg, Pr, and Pg in Figure 2 correspond to con-
centrated forces exerted by the truck weight, transmitted
through its wheels. The total live load for this scenario
was 1055.6 kN, nearly twice the original design assump-
tion for a single travel lane. In the following simulations,
this load configuration is adopted, with the self-weight

held constant while the truck load is scaled using a load
multiplier («) applied uniformly to Pg, Pr, and Pg. A
value of a =1 represents the full application of the 1055.6
kN live load.

In a previous study,*® five different load configura-
tions were analyzed, including those based on the origi-
nal design code,* the current Italian code (NTC 2018),**
and the heavy truck load that triggered the bridge col-
lapse. Among these, the heavy truck configuration gener-
ally resulted in lower robustness indicator values and
was applied on a single lane, making it suitable for cap-
turing torsional and transverse bending effects. For these
reasons, the heavy truck configuration is adopted in the
present study.

4 | NOTIONAL REMOVAL
SCENARIOS

The design of structures to withstand unspecified hazards
can be addressed using a notional damage scenario
approach.*> This method involves two main strategies:
(i) notional deterioration scenarios, in which structural
properties are degraded and assessed for disproportionate
consequences, and (ii) notional removal scenarios, where
structural elements are removed to evaluate their impact,
potentially considering an alternative load path design.
Key components such as columns, panels/walls, or other
critical structural elements can be notionally removed to
assess robustness.

Notional removal scenarios, commonly used to evalu-
ate building robustness (e.g., Rodriguez et al.,*® Martinelli
et al.*’), are applied to the bridge under study by sequen-
tially removing half-joints—specifically, the lower nib of
the side-span PC beams. Each scenario involves the
removal of one half-joint at a time, as illustrated in
Figure 3, with half-joint R3 taken as an example. This
approach is more conservative than the notional deterio-
ration scenario, as it eliminates entire structural elements
rather than merely reducing stiffness or load-bearing
capacity. The half-joint removal procedure adopted here
follows the methodology recently proposed by the same
authors in reference to a simplified finite element model
of the bridge.*® Since a key objective of this study is to
assess the influence of numerical model complexity on
robustness evaluation, some previous results will be
revisited in Section 6.

Half-joint collapses in bridges can result from various
factors, with inadequate maintenance being a primary
concern. Poor maintenance can lead to corrosion, rust,
and structural deterioration, weakening the joints over
time and increasing the risk of failure. Other contributing
factors include overloading, design or construction
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FIGURE 1 Design drawings of the bridge: (a) side view, (b) horizontal section, and (c) vertical cross-section (units: m; adapted from di
Prisco et al.*”).

defects, poor-quality materials, and operational errors. A approaches, assuming the removal of a half-joint while
combination of these issues was responsible for the col-  the rest of the bridge remains intact is a practical simplifi-
lapse of the Annone viaduct. In notional damage scenario cation adopted during the design phase.
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units: m; adapted from Martinelli et al.>®).
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FIGURE 3
loss scenario. Reprinted from Martinelli and Colombo.*®

Schematic representation of one generic half-joint

For each notional removal scenario, a nonlinear FE
analysis is carried out by gradually increasing the load
multiplier «, in order to evaluate the global response of
the structure under increasing load. The details of the
model are provided in Section 5. In this study, the ulti-
mate load multiplier «, is defined for each notional
removal scenario as the value of « at the final analysis
step before termination due to lack of convergence. It is
important to emphasize that the numerical analyses

Non-walkalble space South East

—_—

)

presented here are not intended to determine the bridge
ultimate bearing capacity. Instead, due to the notional
removal approach, the simulations begin from an already
damaged state (i.e., with a removed support) and are lim-
ited to evaluating the residual capacity resulting from
internal force redistribution.

5 | FINITE ELEMENT MODELS

The numerical models of the Annone overpass are cre-
ated and analyzed using ABAQUS/Standard.*® The geo-
metric and material characteristics of the FE models are
detailed in the following subsections.

51 | Geometrical modeling

Robustness quantification is performed using 3D non-
linear FE models, focusing on the central span of the
bridge while excluding the side spans. Geometric param-
eters are derived from the original design report and
structural drawings. A multi-scale approach is adopted
for the FE model: the central span, which consists of lon-
gitudinal and transverse beams as well as the RC slab, is
modeled using shell elements, while the supports of the
central span, namely the Gerber saddles of the side spans,
are represented by nonlinear translational springs, as
shown in Figure 4 and based on previous studies.**>*
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FIGURE 4 Primary structural components and boundary conditions of the FE bridge model.

Y
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FIGURE 5 3D view of the FE bridge model: (a) central span
beam grid and (b) central span deck slab supported by the
beam grid.

Figure 5a provides a 3D mesh view of the bridge
beam grid, excluding the RC top slab, while Figure 5b
illustrates the slab supported by the beam grid. The FE
model consists of 412,501 nodes and 163,505 elements,
combining different element types to balance com-
putational efficiency and accuracy across regions with
varying geometric and mechanical complexity. Specifi-
cally, 40,824 linear quadrilateral shell elements of type
S4R are used for the bridge deck, while the beam grid is
discretized with 121,483 quadratic quadrilateral shell ele-
ments of type S8R5 and 1198 quadratic triangular shell
elements of type STRI65. S4R elements are four-node lin-
ear shell elements with reduced integration and six
degrees of freedom (DOF) per node. They are well suited
for modeling large, relatively flat regions such as the
deck, where stress gradients are moderate, offering a

good compromise between accuracy and computational
cost. The beam grid—comprising longitudinal PC beams
and transverse RC beams—features more complex geom-
etry, stress concentrations, and discontinuities. Therefore,
it is modeled using S8R5 and STRI65 elements, which are
eight-node and six-node quadratic shell elements, respec-
tively, both with five DOF per node (three translational
and two in-plane rotational components). These elements
provide improved displacement and stress interpolation,
essential for capturing local flexural and shear behavior.
A finer mesh size of 40 mm is applied to the beam grid to
better resolve local effects, while a coarser 60 mm mesh
is used for the deck.

To ensure structural continuity, all components are
assembled assuming a perfect bond at the bridge joints,
including those between the RC slab and the PC beams,
the PC beams and the transverse RC beams, and the RC
slab and the transverse RC beams. This assumption
reflects the construction method of the overpass.

The concrete components of the bridge are modeled
using shell elements, with cross-sections subdivided into
layers. Each layer is assigned variable widths based on
the cross-sectional properties of the corresponding mem-
ber. The reinforcement in RC members is represented by
equivalent rebar layers, accounting for both transverse
and longitudinal reinforcement. This approach ensures
that the steel sectional area and effective rebar depth
accurately capture the structural behavior of each ele-
ment. Additionally, a perfect bond is assumed between
concrete and steel reinforcement to reflect the composite
action of the materials.

A clear distinction must be made between the sup-
porting and supported Gerber saddles, as the construc-
tion details of these discontinuity regions (D-regions) can
differ significantly. The supporting saddle, located in the
lower part of the joint, is generally more exposed to water
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FIGURE 6 Side view of the PC beam with indications of linear and nonlinear material assignment (units: m).

and de-icing salt ingress through the joint from above,
making it more susceptible to degradation. In the case
under investigation, the supporting saddle was found to
be under-reinforced and structurally inadequate, whereas
the supported saddle exhibited a more appropriate rein-
forcement layout. Photographic evidence taken a few
hours prior to the collapse (see Figure 7 in di Prisco
et al.’”) shows clear signs of deterioration in the external
supporting saddle R1—most notably a shear crack—
while the supported saddle showed no visible signs of
damage. Accordingly, the supporting saddle is modeled
macroscopically and phenomenologically as a nonlinear
spring (Section 5.3), whereas the D-region of the sup-
ported saddle is assumed to behave in a linear-elastic
manner (Figure 6), also to mitigate convergence issues in
the end zones of the beams where the prestressing cables
terminate.

5.2 | Material modeling

52.1 | Concrete

The structural elements vary in material composition,
including different concrete classes and steel grades.
Their mechanical properties are defined according to fib
Model Code 2010* and EN 1992-1-1° for normal-weight
ordinary concrete and high-strength steel reinforcement.
The slab and transverse beams are cast-in-situ elements
made of C25 concrete, while the longitudinal PC beams
utilize C35 concrete, as determined by the experimental
campaign conducted by di Prisco et al.*

The elastic properties of C25 and C35 concrete,
derived from the fib Model Code 2010,* are listed in
Table 1. The inelastic behavior is modeled using the Con-
crete Damaged Plasticity (CDP) model.”>>* Since damage
effects are not considered in the numerical analyses, the
CDP model is applied as an elasto-plastic constitutive law
with a non-associated flow rule. The selected plasticity
parameters, detailed in Table 1, are based on values from

TABLE 1
modulus; v.: Poisson's ratio; p: density) and plasticity parameters of

Basic concrete material properties (E.: Young's

the CDP model (y: dilation angle; e: flow potential eccentricity;
Sro/feo: ratio of biaxial to uniaxial compressive strength; K:
Drucker-Prager surface modifier; £: viscosity parameter).

Parameter Value

E. (MPa) 31,476 (C25)-34,077 (C35)
ve (&) 0.2

p (kg/m>) 2400

w(°) 13

e(—) 0.1

Too/feo () 1.16

K(-) 0.7

(=) 1x107*

the literature,”® with a thorough justification provided
therein. To enhance numerical stability without signifi-
cantly altering the mechanical response, a visco-plastic
regularization of the constitutive equations is implemen-
ted. An increased value of the viscosity parameter
E—compared to that reported in Table 1—was adopted
for the analysis involving the removal of half-joint
R1(ie,E=1x1073).

In accidental design scenarios, such as those triggered
by unforeseen events—modeled in this study through
half-joint loss scenarios—characteristic strength values
are used. These values, listed in Table 2, define the com-
pressive and tensile constitutive laws of concrete. The
uniaxial compressive stress—strain relationship for both
C25 and C35 concrete classes follows the nonlinear curve
proposed by the fib Model Code 2010.*° Table 2 reports
the cylindrical compressive strength f, the strain at
peak stress €., and the plasticity parameter k.

For uniaxial tension, the mixed stress-strain and
stress-crack opening relationship consists of a pre-peak
linear segment followed by a post-peak bilinear descend-
ing branch. The tensile strength f. is determined
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TABLE 2
material parameters: cylindrical

Additional concrete

characteristic compressive strength Concrete grade

(fo)s strain at maximum compressive 25

stress (e ), ultimate strain of concrete C35

in compression (e im ), plasticity
number (k), and tensile strength (f ).

according to the fib Model Code 2010, with the necessary
mechanical parameters detailed in Table 2. To mitigate
mesh dependency, an automatic pseudo-regularization is
applied in tension, based solely on mode I fracture energy.

52.2 | Steel

In the numerical analyses, an elasto-J2 plastic material
model is assumed for both steel rebars and prestressing
tendons. The normal steel reinforcement used in the
cast-in-situ elements consists of FeB 44 k, with a charac-
teristic yield stress (fy,) of 431 MPa, derived from the
reported value of 4400 kg/cm? in di Prisco et al.** Based
on the typical properties of this steel grade, the ultimate
tensile strength is assumed to be 540 MPa. Following the
fib Model Code 2010,*° a bi-linear stress-strain curve
with hardening is adopted for normal reinforcement
steel. For the prestressing steel used in the precast PC
beams, a characteristic 0.1% proof strength (f,x) of
1600 MPa and an ultimate strength (f,) of 1765 MPa are
assumed. In accordance with the fib Model Code 2010,*
an idealized bi-linear strain-stress curve with hardening
is adopted. The elastic and inelastic material parameters
for both steel rebars and prestressing tendons used in the
numerical analyses are summarized in Table 3.

The pre-stress action on the tendons embedded in the
precast beams is modeled by applying equivalent external
loads, as detailed by Toniolo and di Prisco.>* A prestres-
sing stress of 6, =981 MPa is assigned to the three ten-
don groups in the PC beams.

5.3 | Half-joint idealization

Previous studies*®?° have modeled the connection
between the mid-span of the bridge and the side spans
using uniaxial, compression-only nonlinear translational
springs at each half-joint. These springs, arranged in two
sets of five on either side of the mid-span (R1-R10 in
Figure 2), exhibit a multilinear load-displacement (P-§)
response influenced by cracking patterns and rigid body
motion. The nonlinear behavior follows the approach
detailed in di Prisco et al.,* with key principles summa-
rized below.

Jibl—

Compression .

S o (MPa) €a1 (%o) ectim (%0) k(=) S (MPa)

25 2.2 35 2.15 2.6

35 S 3.5 1.92 3.2
TABLE 3 Elastic and inelastic steel material parameters:

modulus of elasticity of reinforcing steel (Es), modulus of elasticity
of prestressing steel (E}), Poisson coefficient (vs), density (p),
characteristic yield strength of reinforcing steel (f),), tensile
strength of reinforcing steel (f,;.), characteristic 0.1% proof strength
of prestressing steel (fy,g 11), Characteristic strength of prestressing
steel (fpy ), characteristic strain at maximum force of reinforcing
steel (e,k), characteristic strain at maximum force of prestressing
steel (epuk)-

Value for Value for
Parameter steel rebar prestressing tendon
E; (MPa) 200,000 -
E, (MPa) - 195,000
vs (=) 0.3 0.3
p (kg/m>) 7850 7850
Sy (MPa) 431 -
fu (MPa) 540 .
fpo1x (MPa) - 1600
o (MPa) - 1765
eur (%) 7.5 -
epuk (%) - 3.5
P
Pl B
= A ‘
y : '
L e
o 5, 3, 5
FIGURE 7 Simplified nonlinear behavior for intact half-joints.

The total displacement (§) consists of two compo-
nents: the elastic deflection of the side-span PC beam and
the rigid body motion caused by cracking at the half-
joint. Half-joints that are not damaged are assumed to
have reinforcement without corrosion. The P-§ relation-
ship is defined by three critical parameters: the yielding
load (Py), the ultimate load (P,), and the ultimate dis-
placement (8,), as illustrated in Figure 7. The values of
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TABLE 4 Simplified nonlinear behavior for intact half-joints in
terms of load vs. displacement (points O, A, B, and C indicated in

Figure 7).
Point Displacement 5 (m) Load P (N)
(0] 0.000 0
A 5.886 x 10° 356,700
B 55.676 x 107> 578,500
C 57.000 x 10° 0

Py and P, are obtained using strut-and-tie models (cases
C and D) from di Prisco et al.,** while &, is determined
from the ultimate crack opening (w,), calculated based
on fib Model Code 2010* and fib Bulletin 63.>> A detailed
derivation of w, is available in di Prisco et al.** Once P,
is reached, the BC branch eliminates the contribution of
the spring. Table 4 summarizes the force-displacement
values for intact Gerber saddles.

6 | RESULTS AND DISCUSSION

The FE model described in Section 5 enabled the assess-
ment of p,, pg, and Rs, as defined in Equations 1 to 3.
Figure 8 presents the reaction forces in half-joints R1 to
R5, comparing the intact structure with various half-joint
loss scenarios outlined in Section 4. A horizontal dashed
line indicates the ultimate capacity of the half-joint (see
Section 5.3). As expected, a removed half-joint carries no
reaction force. Half-joint reactions are reported for a unit
load multiplier value unless the ultimate load multiplier
was lower than 1 (a, <1). Removal of the end-loaded
half-joint R1 results in a strong load eccentricity that
causes unloading of the opposite half-joint R5 (Figure 8).
To provide a comprehensive understanding of the
bridge overall behavior, Figure 9 depicts the load multi-
plier a versus the midspan vertical displacement of the
central PC beam for each support-removal scenario, as
well as for the intact condition. The ultimate load multi-
plier a, for each scenario is indicated in Figure 9 next to
the corresponding curve. While Martinelli et al.*®
reported an ultimate load multiplier of a;, =0.89 for the
removal of half-joint R1, the present FE model predicts a
lower value of a, =0.50. This difference indicates that
accounting for material nonlinearities not only in the
half-joints but throughout the entire structure allows for
consideration of structural ultimate conditions that may
arise not solely from half-joint failure. In the case of end
half-joint R1 removal, the analysis terminates before the
adjacent half-joint R2 reaches its ultimate capacity—
marking a departure from the behavior observed in the
simplified model.”® This outcome is attributed to

------- - intact (o« = 1.0)

half-joint loss R1 (« = 0.50)

------- & half-joint loss R2 (a = 0.92)
half-joint loss R3 (a = 1.0)
half-joint loss R4 (« = 1.0)

------- @ half-joint loss R5 (a = 1.0)

£
e
L A
1 2 3 4 5
half-joint # (-)
FIGURE 8 Reactions in half-joints R1-R5 for various half-joint

loss scenarios, including the intact situation.

2
intact
loss R1
151 loss R2
loss R3
— loss R4
< 1 loss R5
3
o = 0.50
0.5}
0 ! ! ! ; ; ;
0 5 10 15 20 25 30 35
Smidspan (mm)
FIGURE 9 Load multiplier « vs. midspan displacement Smidspan

for different half-joint loss scenarios.

the bearing capacity of the top RC slab, characterized by
transverse unit moments that are very close to its maxi-
mum capacity over half-joint R2 (see Figure 10b).

Next, the reaction forces in half-joints R1 to R5 fol-
lowing the loss of half-joint R2 are shown in Figure 8.
These forces reveal that the adjacent half-joint R1 reaches
its ultimate bearing capacity (Fxu). However, numerical
convergence issues arise before the structure can support
the full 8-axle truck load, with the load multiplier «
remaining below 1 (a, =0.92). The premature termina-
tion of these analyses underscores the crucial role of the
end-loaded half-joint R1—and, to a lesser extent, R2—in
structural load distribution.

Load multiplier (a) versus midspan deflection curves
for the remaining saddle removal cases (R3, R4, and R5)
are shown in Figure 9, revealing a progressively increas-
ing ultimate load multiplier of 1.19, 1.50, and 1.60.
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sagging moment
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CEB-FIP

hogging moment

rs (D)

sagging moment

hogging moment

SM, SM2

+4.500e+04
+3.750e+04
+3.000e+04 2
+2.250e+04
+1.500e+04
+7.500e+03
+0.000e+00
-7.500e+03
-1.500e+04
—-2.250e+04
-3.000e+04
-3.750e+04
-4.500e+04

FIGURE 10 Transverse bending moment per unit length (SM2) at the end of the analysis for (a) the intact scenario and (b-f) half-joint

loss scenarios R1-R5 (units: Nm; removed half-joint shown in bold red).

Additionally, Figure 10 illustrates the transverse bending
moment (labeled as SM2 in the figure) at the end of the
analysis for both the intact scenario and the half-joint
loss scenarios (R1-R5), with the removed half-joints
shown in bold red. This figure highlights the crucial role

of the top slab in redistributing loads following the
removal of a Gerber saddle.

In the cases of the intact half-joint, removal of half-
joint R2, and removal of half-joint R4, the ultimate load
multiplier (a,) is reached when the end-loaded half-joint
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R1 attains its maximum load-bearing capacity. In the
case of removing the central half-joint R3, the assumed
ultimate condition is governed by transverse bending fail-
ure (sagging moment) of the top slab between Gerber
half-joints R2 and R4 (Figure 10d). In the case of remov-
ing the end half-joint R5 (the farthest from the load), the a,
value corresponds to transverse bending failure (hogging
moment) in the slab above half-joint R4 (Figure 10f). In
this latter case, the distribution of moments in the trans-
verse direction of the top slab is very similar to the intact
situation (compare Figure 10a,f), which also explains the
very similar ultimate load multipliers.

Due to the premature loss of numerical convergence
before reaching the full truck load (@ =1), particularly in
the R1 half-joint removal scenario, robustness is evalu-
ated based on the lowest load level observed in the
numerical analyses. This approach ensures a consistent
comparison across all half-joint removal cases. Figures 11
and 12 present displacement- and energy-based indica-
tors at 50% of the truck load (¢ =0.5), which corresponds
in intensity to the design-phase load applied to a single
lane.*

The index p,, calculated using Equation (1), is based
on the midspan vertical displacement of the central PC
beam, considered representative of the overall bridge
behavior. For the purpose of evaluating robustness indi-
cators, the choice between adopting the midspan dis-
placement of the central beam or the outer beams has a
negligible influence. In contrast, using the displacement
at the half-joint may lead to lower values of the robust-
ness indicator p;, as shown in Martinelli et al.>®; however,
this latter choice is not representative of the global behav-
ior of the bridge. The results align with the general trend
observed in Martinelli et al.*® using a simplified non-
linear FE model. However, the robustness indicators in
this study are lower due to the inclusion of nonlinear
material properties, which enhance energy dissipation

1 4 T
° [ ]
08¢ 1
—~ 06 1
~ [ J
Q</>
0.4r 1
[
02+t ® current study ]
previous model - Ref.38
0 1 1 1 1 1
1 2 3 4 5
half-joint loss # (-)
FIGURE 11 Robustness index p, for different half-joint loss
scenarios.

[
L4 [ ]
0.8 1
3 0.6 ° N
&
S 04} ° 1
0.2t ® current study ]
previous model - Ref.38
0 1 1 1 1 1
1 2 3 4 5
half-joint loss # (-)
FIGURE 12 Robustness index pq, for different half-joint loss
scenarios.
1 ; ®
[ J
0.8 1
[ ]
~ 06¢ ° 1
vﬂ
© 04 1
[ ]
0.2¢ 1
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1 2 3 4 5
half-joint loss # (-)
FIGURE 13 Robustness index R; for different half-joint loss

scenarios.

and allow for greater displacements, resulting in a more
flexible structural response. As expected, the removal of
the end half-joint R1 in the loaded lane represents the
most unfavorable condition. Figures 11 and 12 show sim-
ilar values and trends for the p, and pg4 indicators, con-
verging toward conditions of lower robustness and
increased susceptibility to progressive collapse.

The evaluation of the robustness indicator R; requires
determining the bridge ultimate load capacity under vari-
ous support-loss scenarios, including the intact condition.
After reaching a=1 for both the intact model and the
cases involving the removal of half-joints R3, R4 and R5,
the load is further increased to identify the maximum
load-bearing capacity in each configuration. These values
are then used in Equation (3) to compute R;. Figure 13
presents the robustness index Rj3, largely confirming the
trends observed in Figures 11 and 12, particularly regard-
ing the most critical scenario.

It is important to note that, in this study, the ultimate
bearing capacity—required for the calculation of
R;—corresponds to the final analysis step before termina-
tion due to non-convergence. In finite element models,
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failure to converge does not necessarily indicate the
attainment of an ultimate limit state (let alone the col-
lapse load of the structure); rather, it may be associated
with local instabilities. In the present case, the ultimate
load multiplier, «,, is either associated with the attain-
ment of the ultimate capacity in a half-joint (in the cases
of the intact scenario, and the loss of half-joints R2 and
R4), or with a value very close to this capacity, but
accompanied by failure of the top slab due to transverse
bending (in the cases of the loss of half-joints R1, R3,
and R5).

Consistent with the findings of Martinelli et al.*®
using a simplified nonlinear model, reaching the load-
bearing capacity in a second half-joint invariably results
in the loss of numerical convergence, likely leading to
structural collapse. The ultimate capacity when half-joint
R5 is removed is comparable to that of the intact struc-
ture (Figure 9). This result is due to efficient load redistri-
bution, where the remaining supports share the load
almost uniformly, which explains the R; value close to
one in Figure 13.

7 | CONCLUSIONS

This study investigates the structural robustness of rein-
forced concrete (RC) girder bridges with half-joints, using
the Annone viaduct as a case study. The overpass, a pre-
cast concrete structure built in the 1960s, features three
spans, two joints, and five Gerber saddles per joint. It col-
lapses catastrophically in 2016 following the passage of a
heavy truck. Robustness is assessed using a notional
removal approach, where the removal of each individ-
ual half-joint is analyzed separately to assess its impact
on the overall structural response. A nonlinear finite
element (FE) model is developed, including full mate-
rial nonlinearities to better capture both global and
local failure mechanisms. Three deterministic robust-
ness indicators are employed—displacement-based (p,),
energy-based (pg), and capacity-based (R;)—adapting
approaches traditionally developed for buildings to the
context of RC bridges with Gerber saddles.

This research corroborates the findings of previous
studies,*® confirming that in the case of the half-joint RC
girder bridge under investigation—featuring a rigid deck
integrated with longitudinal and transverse beams—the
primary resistance mechanism following the loss of a
half-joint relies on the flexural-transverse and torsional
stiffness of the beam grid and top slab, enabling effective
load redistribution to adjacent half-joints. Additionally,
the five Gerber saddles at each joint of the central sus-
pended span play a crucial role in this redistribution pro-
cess. While the failure of a single Gerber saddle does not

JibL

necessarily lead to overall collapse, the ultimate failure of
a second Gerber saddle inevitably triggers the collapse
of the entire central span.

The results demonstrate the critical role of half-joint
R1, located at the extremity of the loaded lane, in main-
taining structural stability. Its removal results in the most
severe structural response, characterized by a high trans-
verse moment in the top slab near the adjacent half-joint
R2 and a significant redistribution of internal forces. In
contrast, the removal of other half-joints has a lesser
impact on overall bridge stability, with load multipliers
increasing gradually as Gerber saddles are removed pro-
gressively farther from the loaded lane. These findings
highlight the high sensitivity of half-joint bridges to local
failures and underscore the importance of early detection
and maintenance of these critical components.

In all removal scenarios, the three robustness indica-
tors yield consistent trends, though their absolute values
are lower than those reported in prior studies using sim-
plified models. This suggests that modeling material non-
linearities leads to more conservative (and possibly more
realistic) estimates of structural robustness.

Although the findings are based on a single case
study, the methodology illustrates how robustness indica-
tors can be meaningfully applied to half-joint bridges.
The results support the idea that traditional robustness
estimates—based on linear elastic models or other simpli-
fied approaches—may overpredict the reserve capacity of
half-joint bridges, potentially underestimating their vul-
nerability to progressive collapse.

Care must be taken when using robustness indicators
based on ultimate capacity, particularly when calculated
using finite element models, as local instabilities may
lead to premature numerical convergence failure, which
does not necessarily reflect the true ultimate bearing
capacity of the bridge.

From a practical perspective, this study underscores
the urgent need for proactive maintenance strategies for
aging half-joint bridges. Regular inspections, early detec-
tion of corrosion and cracking, and targeted strengthen-
ing interventions significantly enhance their robustness.
Furthermore, the findings suggest that current design
guidelines for robustness assessment should be refined to
better account for the influence of nonlinear behavior on
structural performance.
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