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1. Introduction
This research focuses on evaluating the struc-
tural robustness of dapped-end bridges using a
3D non-linear finite element (FE) model with
shell elements built in the Abaqus/Standard
environment. The 2016 collapse of the Annone
Overpass, a half-joint bridge, is used as case
study for robustness assessment.

This study provides insights into the impact of
non-linear material behavior on robustness, al-
lowing for a comparison with linear-elastic mod-
els from previous studies [1]. The findings em-
phasize how non-linear material properties influ-
ence the quantification of robustness under var-
ious failure scenarios.

2. Background
Aged infrastructure, such as half-joint bridges
commonly found in regions like Northern Italy,
exhibits significant vulnerabilities that can lead
to catastrophic failures. The collapse of the
Annone Overpass under the weight of a heavy
truck underscores these risks. Building on pre-
vious studies that analyzed the causes of this
failure [2], this research moves the focus towards
assessing the structural robustness of the An-

none Overpass. A 3D FE model is developed
to simulate the response of the bridge to pro-
gressive damage scenarios, examining load re-
distribution and strain patterns under various
support removal schemes. The findings provide
valuable insights into the resilience of half-joint
bridges under abnormal loads, offering guidance
for maintenance, retrofitting, and safety mea-
sures to mitigate similar failures in the future.

3. Methodology
This study employs three indices to evaluate the
robustness of the Annone Overpass under var-
ious support removal scenarios. Two of these
indices, ρs and ρϕ, are compared to the results
from prior research by Martinelli et al. [1], which
utilized linear-elastic material models for bridge
components. The third index, the residual re-
dundant factor R3, is based on the ultimate
bearing capacity and follows the approach ini-
tially proposed by Frangopol [3].

ρs =
∥s0∥
∥s1∥

(1)
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(2)
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R3 =
Ldamaged

Lintact
(3)

In these equations, ρs (Eq. 1) represents a
displacement-based robustness index. The in-
dex ρϕ (Eq. 2) is an energy-based indicator.
Both indices compare intact ”0” and damaged
”1” configurations . Lastly, R3 (Eq. 3) measures
robustness in terms of ultimate bearing capacity
of the bridge, comparing its damaged state with
its intact state.

4. Development of finite ele-
ment model

A 3D FE model of the central span of Annone
Overpass was created and validated, using
shell elements to simulate the behavior of the
bridge under extreme loading. This model
integrates S8R4 and S4R element types, chosen
to accurately capture the non-linear behavior.
A 3D view of the modeled central span is shown
in Fig. 1.

Figure 1: 3D view of central span, mesh of
beams and deck

4.1. Load scheme
The applied load scheme replicates load case
L5 from Martinelli et al. [1], representing the
weight of an 8-axle heavy truck similar to that
involved in the Annone Overpass collapse. This
load distribution is illustrated in Fig. 2.

Figure 2: Loads on bridge central-span accord-
ing to 8-axle heavy truck. Adapted from [1]

4.2. Boundary conditions
The boundary conditions of the central span are
defined by bi-linear translational springs posi-
tioned at the beam ends, simulating the behav-
ior of the half-joints under load redistribution.
This support configuration is shown in Fig. 3.

Figure 3: Central span supported by springs

This model enables the analysis of load redis-
tribution and strain accumulation under critical
support removal scenarios, therebwy supporting
robustness evaluation.

4.3. FE validation
The finite element model was validated using
a displacement-controlled test on a simply
supported beam without activating prestressing
forces. The test reached a peak load of 244
kN, corresponding to a bending moment of
1177 kN·m, approximately 10% higher than the
sectional estimate.

The applied mid-span displacement produced
the load-displacement curve shown in Fig. 4,
depicting the relationship between the applied
displacement and the total reactions. Fig. 5 il-
lustrates the moment capacity and the accumu-
lation of plastic strain. This validation confirms
the ability of the model to accurately capture
non-linear behavior and strain redistribution.
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Figure 4: Displacement-Load curve for concrete
beam under test
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Figure 5: Resistant moment and accumulated
plastic strain from test on PCB in Abaqus

5. Analysis and findings
5.1. Reaction redistribution in sup-

port scenarios
The finite element simulations enabled an
evaluation of reaction redistribution across
supports for each removal scenario, focusing
on the load configuration detailed in Section 4.1.

This analysis progresses through three load
stages: self-weight only (α = 0), heavy truck
load (α = 1), and an ultimate load state (α =
αultimate). Figure 6 shows the reaction distribu-
tion for α = 1. Unlike in [1], where only the re-
moval of R1 led to failure before reaching α = 1,
the present model identifies this condition for
both R1 and R2, emphasizing additional vulner-
abilities under the updated material model.
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Figure 6: Reaction Ri for different half-joint loss
cases. Heavy truck load. α =1

5.2. Displacement - Based robustness
indicator ρs

A direct comparison was made with the results
of [1]. For the indicator ρs, shown in Fig. 7,
lower values were observed across all joint loss
scenarios. This outcome aligns with the inclu-
sion of elasto-plastic materials in the model, re-
sulting in a more flexible structural response un-
der load redistribution. This behavior, typical
of non-linear materials, arises as yielding leads
to larger displacements. The reduced stiffness
and robustness observed are consistent with the
characteristics of systems incorporating realistic
non-linear material properties.

Figure 7: ρs vs Half-joint loss

5.3. Energy - Based robustness indi-
cator ρϕ

The comparison of the ρϕ indicator, reveals that
the removal of internal supports led to an in-
crease in energy dissipation. This behavior con-
trasts with the cases of external joint losses,
which show no significant difference from scenar-
ios with linear elastic materials. This difference
reflects the role of internal supports in achieving
a more homogeneous redistribution of actions
under load; when these central supports are re-
moved, the presence of non-linear materials en-
hances energy dissipation due to the greater re-
distribution capacity in a damaged but ductile
configuration.

Figure 8: ρϕ vs Half-joint loss
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5.4. Normalized load-Displacement
curves

The FEA also enabled the determination of the
normalized load-displacement curves shown in
Figure 9 for each support removal scenario, as
well as for the intact condition. Each curve, la-
beled from R1 to R5, represents the response
corresponding to the removal of the respective
half-joint, indicated alongside the figure.
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Figure 9: Displacement vs. normalized load
curves for different loss scenarios

A notable observation is the matter of the ul-
timate bearing capacity higher when R5 is re-
moved compared to the intact structure. This
is attributed to more efficient load redistribu-
tion, with the remaining supports sharing the
load more uniformly.

5.5. Robustness indicator R3

The robustness indicator, R3, When R5 is re-
moved even exceeds one, indicating that the
bridge achieves greater resilience under selec-
tive support loss than in the intact state. This
adaptive load redistribution enhances the over-
all robustness of the bridge and ability to absorb
higher loads, particularly when non-critical sup-
ports are lost.
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Figure 10: R3 vs. Half-joint loss

5.6. Plastic strain - PEEQT distribu-
tion

Another relevant outcome from the FEA is
the accumulated plastic strain maps (PEEQT),
which reveal areas of tensile strain concentra-
tion. These maps help identify critical zones
where inelastic deformation may lead to pro-
gressive damage, highlighting load redistribu-
tion patterns and potential reinforcement needs.

In the intact condition, at the ultimate load
state (α = 1.61), the plastic strain distribu-
tion, shown in Figs. 11 and 12, reveals signif-
icant inelastic strain concentrated in the slab,
while the transverse beams remain largely unaf-
fected. This behavior indicates that the trans-
verse stiffness is preserved, and the system re-
sponds in a ductile manner by localizing strain
in the slab. This suggests an effective load re-
distribution mechanism under intact conditions
without compromising the load-bearing capacity
of the beams.

Figure 11: Regions of tensile plasticity on slab-
Intact situation - α = 1.61

Figure 12: Regions of tensile plasticity on
beams- Intact situation - α = 1.61

In contrast, the removal of half-joint R1 (α =
0.60), as shown in Figs. 14 and 13, produces
widespread inelastic strain throughout the beam
grid. This includes significant plastic strain in
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the transversal beams and intersections, reflect-
ing the system-wide response to the absence of
this critical joint. The strain accumulation high-
lights the challenges in maintaining equilibrium
and underscores the critical role of R1 in sup-
porting load redistribution.

Figure 13: Regions of tensile plasticity on slab-
R1 Removal - α = 0.60

Figure 14: Regions of tensile plasticity on
beams- R1 removal - α = 0.60

For the case of half-joint R5 removal (α = 1.74),
shown in Figs. 15 and 15, the plastic strain is
predominantly localized in the slab, with mini-
mal impact on the beam grid. It confirms the ef-
fective redistribution of load among the remain-
ing supports, resulting in a higher ultimate load
capacity compared to the intact condition. This
demonstrates the ability of the system to adapt
and maintain performance even under the loss
of non-critical supports.

Figure 15: Regions of tensile plasticity on slab-
R5 removal - α = 1.74

Figure 16: Regions of tensile plasticity on
beams- R5 removal - α = 1.74

Further detailed strain distributions for addi-
tional scenarios are presented in the Results
chapter, providing a comprehensive analysis of
the structural behavior under varying support
loss conditions.

6. Conclusions
This thesis successfully developed a 3D FE
model of the Annone Overpass using shell
elements and provides a detailed robustness
assessment of a dapped-end RC bridge under
hypothetical failure scenarios. This study evalu-
ate the structural response to exceptional loads
by systematically removing critical half-joints
and analyzing load redistribution, capturing
the impact of non-linear material properties on
load-bearing behavior. Key findings include:

The incorporation of elasto-plastic material
properties significantly upgraded the realism of
the model, allowing for accurate representation
of inelastic behaviors, load redistribution, and
strain localization. This model proved essential
in understanding the robustness of the bridge,
especially when compared to previous linear-
elastic models that tended to overestimate
robustness by not capturing yielding, cracking,
and plastic deformation effects. The non-linear
model indicated more accurate deformation,
strain, and energy dissipation responses, better
reflecting the structural vulnerabilities of half-
joint bridges under progressive damage.

Using the robustness indicators ρs
(displacement-based) and ρϕ (energy-based),
the analysis demonstrated that while certain
half-joints, particularly R1 and R2, are critical
to the stability of the bridge, joints further
from the main load path (R4 and R5) allowed
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for more even load redistribution and mini-
mized strain accumulation. Importantly, the
robustness measure R3, based on ultimate
bearing capacity, also confirmed that non-
critical joint removal scenarios improved overall
load-bearing capacity, underscoring the impor-
tance of efficient load redistribution in resilience.

PEEQT analysis revealed that most strain lo-
calized within the slab rather than the beams,
reinforcing the role of the deck slab in load re-
distribution even with joint removal.

6.1. Research contributions and prac-
tical implications

This work adapts robustness evaluation method-
ologies, typically used for buildings, to assess
RC half-joint bridges, specifically addressing the
Annone Overpass collapse. By integrating non-
linear material behavior and examining load re-
distribution under joint removal, this study pro-
vides critical observation into progressive fail-
ure mechanisms of RC bridges. Practically, this
model serves as a predictive tool for engineers
in failure analysis, supporting maintenance and
retrofitting strategies for aging bridges.

6.2. Limitations and future work
The static loading focus of this research ex-
cluded dynamic effects such as seismic activity,
which are crucial for real-world analysis. Future
studies should incorporate dynamic loading
to improve model accuracy. Additionally,
integrating corrosion modeling would enhance
assessments of long-term durability. Refining
mesh sizes, including concrete-steel bond-slip
interactions, and expanding the methodology
to other bridge types would establish broader
robustness standards.

The model also simplified half-joints as elastic
elements, limiting the representation of their in-
elastic behavior under abnormal loading. Incor-
porating elasto-plastic properties for half-joints
and a damage parameter in the concrete damage
plasticity model (CDPM) would enable better
simulation of stiffness degradation and failure
progression, improving the realism of the struc-
tural response.

6.3. Concluding remarks
This research contributes to the understanding
of robustness in aging bridge structures par-
ticularly RC half-joint bridges, by providing a
validated FE model to predict potential failure
mechanisms. The findings confirm the neces-
sity of accounting for non-linear material behav-
ior in robustness evaluations, as demonstrated
by the load redistribution patterns and failure
mechanisms observed in this study. Addition-
ally, the outcomes of the robustness indicators
further validate the approach, offering quantita-
tive measures that highlight the structural vul-
nerabilities under progressive failure scenarios.
By assessing and prioritizing these vulnerabili-
ties, this work contributes to safer design and
maintenance approaches, ultimately enhancing
infrastructure resilience and public safety.
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