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Abstract

Numerical modelling of reinforced concrete structures in the nonlinear field requires the adoption of sophisticated although robust
models. When it comes to bridges, to obtain an accurate numerical model uniaxial elements should not be employed due to
geometrical inconsistency. Two- or three-dimensional elements are more appropriate even though the explicit modelling of
concrete and steel bars can make the simulations too cumbersome for many practical applications. In this study, the Discrete Macro-
Element Model (DMEM), implemented in the software HiStrA, initially introduced for the nonlinear modelling of existing masonry
structures and also applied in the case of masonry arch bridges, is extended for modelling reinforced concrete structures. The
presence of rebars is explicitly accounted for by introducing their contribution in the interface elements. The original modelling
strategy is here applied to the Giovanni XXIII bridge in Ragusa (Italy), a road reinforced concrete supported deck arch bridge
located in the city centre. The structure is currently a case study identified within an accurate survey and permanent health
monitoring installation designed within the MonVia Project funded by the Italian Ministry of Economic Development. The results
reported in this paper are relative to numerical simulations where the mechanical parameters of the linear elastic model are
calibrated to match the experimental dynamic properties of the structure while the nonlinear parameters are consistent with those
reported in the original design of the bridge. Nonlinear static analyses are performed considering both operational and seismic load
configurations. The results could be used to define the threshold levels to be considered for the health monitoring of the bridge.
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1. Introduction

The simulation of the nonlinear response of existing reinforced concrete structures can be effectively performed with
uniaxial elements in the case of frame structures (Izzuddin et al. 2002), embedding the contribution of the rebars in
concentrated plastic hinges or considering spread plasticity approaches. In the case of massive structures, such as
bridges, two-dimensional elements (Li et al. 2018) are usually employed within the context of Finite Element (FE)
models; however, a detailed three-dimensional modelling that explicitly accounts for the rebars would lead to a
computational burden difficult to sustain in practical applications. The latter aspect is further accentuated in the case
of bridges due to the need to perform nonlinear analyses considering numerous load scenarios (e.g. seismic action,
operational load at different locations, scour effects and so on).

To overcome the computational limitations of the FEM strategies three-dimensional approaches maintaining
geometrical consistency and a low computational burden are needed. The need of simple although accurate strategies
is a key aspect in view of the large number of bridges that are part of the infrastructure assets of many countries.
Within the framework of simplified approaches, the Applied Element Model (AEM), which considers rigid units
connected by zero-thickness interfaces accommodating for nonlinear springs, is a robust strategy that employs three-
dimensional elements and can model large structures in the nonlinear field. In recent studies (Malomo et al. 2020,
Scattareggia et al. 2022), the AEM was upgraded by inserting additional springs at the interfaces corresponding to the
rebars, thus allowing to perform simulations of the nonlinear behaviour of reinforced concrete bridges. However, the
AEM is however characterised by a high computational burden due to the number of degrees of freedom involved in
a proper discretization. An alternative strategy to the AEM, characterised by a low computational cost, is the Discrete
Macro-Element Model (DMEM) (Caddemi et al. 2017, Chacara et al. 2019, Caddemi et al. 2019a), which was
originally conceived with regard to masonry structures (Calio 1. et al. 2005) and is based on modelling each portion
of the structure with an equivalent mechanical scheme (deformable and endowed with nonlinear behaviour) able to
interact with the adjacent elements by means of nonlinear interfaces. This approach was applied to a wide variety of
masonry structural typologies, e.g. infilled frame structures (Calio et al. 2008, Caddemi et al. 2013) or masonry arch
bridges (Caddemi et al. 2019b). This study extends the modelling capabilities of the DMEM to reinforced concrete
structures, by adopting convenient constitutive laws for the concrete and with an explicit rebars modelling. The
presented strategy is applied to the Papa Giovanni XXIII bridge, a supported deck reinforced concrete arch bridge
located in Ragusa (Sicily, Italy), that was recently investigated with an accurate survey and dynamically identified
with Operational Modal Analysis (OMA) techniques, since it has been chosen as pilot case study of the MonVia
Project, funded by the Italian Ministry of Economic Development (Patané et al. 2024). The implemented numerical
model, after a calibration in the linear field with the experimental measures, has been investigated in the nonlinear
field both considering horizonal load distributions representative of the seismic actions and vertical push-down
analyses considering different positions of the operational load along the axis of the bridge.

2. The modelling approach

The DMEM is a methodology initially developed for simulating the nonlinear response of masonry structures
(Calio L. et al. 2005, Calio I. et al. 2012). Each portion of the structure is modelled with a deformable macro-element
constituted by a hinged quadrilateral with a diagonal link, interacting with the adjacent elements through nonlinear
zero-thickness interfaces. Fig. 1 graphically describes the macro-element developments. More precisely, the original
configuration able to simulate the in-plane nonlinear response of masonry walls is depicted in Fig. 1a; the regular
spatial element able to account also for the out-of-plane behaviour is shown in Fig. 1b (Panto et al. 2016), the irregular
element employable to reproduce curved geometries such as arches and vaults is reported in Fig. 1¢ (Calio et al. 2010),
and finally, Fig. 1d refers to the element that interacts with adjacent ones through all its faces to model masonry arch
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bridges (Caddemi et al. 2019b). The DMEM is a computationally parsimonious approach; indeed, the first stage of
the method, modelling the in-plane behavior, employs a 4 degrees of freedom element, whereas the more advanced
steps adopt 7 degrees of freedom elements, namely six associated with the rigid body motion and an additional degree
of freedom for an in-plane shear deformability. Each interface is delegated to govern the flexural and sliding behaviors
between adjacent elements.

Fig. 1. Advances in the mechanical scheme adopted in the proposed macro-element approach: (a) plane element, (b) regular three-dimensional
element, (c) irregular 3D element, (d) irregular 3D element with interfaces on all faces (Caddemi et al. 2018).

The calibration of transversal and sliding behaviors of the interface is performed according to a fiber approach that
considers the geometric and mechanical characteristics of the two elements connected by the interface. Regarding the
flexural mechanism, the corresponding adopted constitutive law is elastic-plastic with nonlinear softening considering
different behaviors in tension and compression, whereas an elastic-plastic law with dependency on the normal action
(Mohr-Coulomb yielding domain) is assumed for the sliding. The diagonal nonlinear link is calibrated enforcing an
equivalence with the corresponding continuum according to an elastic-plastic behavior with yielding force dependent
on the confinement action (within a Mohr-Coulomb or a Turnsek and Cacovic criterion). A more detailed description
of the assumptions, calibration procedures, constitutive laws and cyclic rules can be found in Chéacara et al. 2018.

In this study, the DMEM strategy is extended to modelling reinforced concrete structures. To this purpose, each
discrete macro-element is entitled to be representative of a reinforced-concrete portion. However, the presence of
rebars located at specific positions prevents to assign a unique constitutive law to element. For the latter reason, the
interfaces are endowed with additional links, each corresponding to a steel bar, located at the intersection with the
interface surface, Fig. 2. Consistently with the steel mechanical behavior, each link is endowed with an elastic-plastic
behavior, as sketched in Fig. 2. The calibration of the link is based on the steel mechanical properties, namely Young’s
modulus E, yielding stress oy, hardening g, ultimate strain &, and ultimate stress o;; the geometry configuration of
the bar is also needed in terms of influence length /; associated with the equivalent link and cross section area 4. The
link properties in terms of stiffness £, yielding force F), hardening s, ultimate displacement u, and ultimate resistance
F, can be expressed according to the following formulas.

k=EA]/l
Ev =0, As
F:l = Gll AS
/’l = ﬂ s

ull = glt lS

(1

The presence of the additional links in the interfaces requires the integration over the surface to be enriched
considering further contributions corresponding to the steel bars. The influence of the rebars in the sliding at the
interface is neglected, being the shear governed at the macro-scale by calibrating the shear diagonal link and in the
interface by the longitudinal links along the interfaces. The properties of the diagonal link of each discrete macro-
element can be estimated considering its geometry, the mechanical properties of the concrete as well as the geometry
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configuration of the stirrups and the mechanical properties of the steel, according to one of the approaches of
recognized value available in the literature. Namely, the formulas proposed in the Italian Code (NTC 2018) are here
employed although have been omitted for sake of brevity. It is worth nothing that the additional links inserted to
account for the contribution of the steel bars do not increment the degrees of freedom of the element which is still

equal to 7.
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Fig. 2 Scheme to account for the steel reinforcement in the DMEM .
3. The “Papa Giovanni XXIII” bridge

The “Papa Giovanni XXIII” bridge in Ragusa was chosen as case study to test the potentialities of the devised
methodology. It is a supported deck road reinforced concrete arch bridge, designed by FerroBeton company in the
early sixties and completed in 1964. Fig. 3a reports an aerial view of the area where the bridge is located, whereas in
Fig. 3b an original photo, taken during the realization of the bridge, shows the construction of viaducts and the arches.
The role of this connection is strategic in the urban context of the city of Ragusa since it is part of an interesting
infrastructural system that connects two areas located at the two sides of the valley that passes through the town.
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(b

Fig. 3. (a) Aerial view of the valley and the bridges and (b) original picture of the construction site.

The infrastructure is made up of three sections, Fig. 4a: the 43.15 m long south viaduct, the 81.60 m long arch bridge
and the 39.45 m long north viaduct. The entire infrastructure is 174.1 m long, Fig. 4a.

North side viaduct

14.95 m

ABUTMENT 1
ABUTMENT 2

J
NORTH SIDE VIADUCT = 39.45 m ARCH BRIDGE =81.60 m SOUTH SIDE VIADUCT =43.15m (b)

Fig. 4. (a) View of the infrastructure and (b) scheme of the bridge with numbering of the alignments.

Fig. 5. Global view of (a) concrete piers and (b) arches.

The deck, a concrete two-way ribbed slab, is 14.2 m wide including two 1.2 m wide sidewalks. The deck slab is 1720
cm thick. The concrete ribs are 40 cm wide and 125+130 cm high. Each viaduct has an abutment, two pairs of piers
(alignments 1-2 and 13-14) and a further pair of piers that serve as abutment for the arch bridge corresponding to the
alignments 3 and 12, Fig. 4b. Sixteen further reinforced concrete slender piers arranged in pairs (alignments from 4 to
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11) support the deck of the arch bridge, Fig. Sa. Each pier has a 3.2 m x 0.28 m rectangular cross section, except for
those that are shared by the viaducts and the arch bridge, which present two lateral columns with 48 ¢cm x 30 cm
rectangular sections. The main resisting part of the central bridge is constituted by two concrete arches with variable
cross section, Fig.5b, that transfer the weight to the two sides of the valley. The cross section is 2.95 m x 1.40 m, at
their base, and 2.95 m x 0.80 m in the key part. The heights of each pair of piers are reported in Fig.4b, where the
longitudinal slope of the bridge of about 2.10 % is clearly recognizable.

4. Results and discussion

The bridge was subjected to an extensive campaign aimed at a deep knowledge of the structure, also retrieving the
available documentation that included the original design drawings and reports. An accurate geometric survey was
made as well as an OMA campaign was performed between the 20" and 21% September 2022 (Patané et al. 2024) to
identify the linear elastic dynamic behaviour of the bridge. Subsequently, a numerical model was created (Maltese
2023) in the software environment HiStrA (Calio et al. 2024) that implements the upgraded version of the DMEM to
simulate the nonlinear behaviour of reinforced concrete structures. The two viaducts and the arch bridge were included
in the same global modal since the experimentally measured modes evidenced how the three structures interact in
correspondence of the shared piers; the model required the introduction of 3246 element corresponding to 22722
degrees of freedom. The elastic properties of the concrete (Young’s modulus E. shear modulus G. and specific weight
we) were first calibrated on the base of the dynamic identification, that included three frequencies and the relevant
mode shapes. The first frequency (1.611 Hz) is associated with the first longitudinal flexural mode shapes mainly
involving the arch bridge, the mode related with the second frequency (1.719 Hz) is a flexural-torsional lateral one,
where the third frequency (2.339 Hz) corresponds to the second longitudinal flexural mode shape mainly involving
the arch bridge. After the calibration of the numerical model, the mechanical properties adopted for the concrete,
reported in Table 1, led to similar modal shapes, Fig. 6, characterised by numerical fundamental frequencies 1.53 Hz,
1.94 Hz, 2.88 Hz.

(@ (b) (©

Fig. 6. The (a) first (flexural), (b) second (flexural-torsional) and (c) third (flexural) numerical modal shapes.

The nonlinear mechanical properties of the concrete (compressive f. and tensile f; strengths as well as the relevant
fracture energies g. and g;), were then inferred by the available documentation for the resistance and by realistic values
for the fracture energies. The softening was considered linear in tension, whereas a parabolic law was assumed for the
compressive behaviour. The mechanical properties of the steel, reported in Table 2 (where the specific weight w, was
also added), were again inferred by the original design reports. An elastic-perfectly plastic behaviour was assumed for
the presented simulations. The sliding at the interfaces has been considered inhibited being the shear failure controlled
at the macro-scale by shear diagonal links.

Table 1. Mechanical properties of the concrete adopted in the numerical model.
E.(MPa) f.(MPa) g.(N/mm) f,(MPa) g (N/mm) G.(MPa) w.(kN/m’)
35220 31.75 26.30 2.05 0.11 21132 25

The numerical model was first analysed considering a horizontal mass proportional load distribution. As Fig. 7a
shows, the damage pattern at collapse mainly involves the vertical elements both with flexure at their base (especially
for slender piers), and with shear failure in the case of squat piers.
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Table 2. Mechanical properties of the steel adopted in the numerical model.
EMPa) o, (MPa) p(-)  &(-) ws (kN/m?’)
210000 34091 - 0.21 78.5

In terms of load displacement curve (monitored displacement located on the deck in correspondence of the midspan
of the bridge), the results are reported in Fig. 7b, showing a considerable displacement capacity and a good resistance
testified by the observed maximum base shear coefficient slightly lower than 0.5, although the bridge has been
designed without considering the earthquake actions.
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Fig. 7. Mass-proportional push-over analysis: (a) plastic strains distribution and damage visualization at collapse and (b) capacity curve.

Finally, the model has been analysed with push-down analyses. More precisely the operational load, evaluated
according to the Italian Code (NTC 2018), was positioned in correspondence of 31 different abscissae, namely each
alignment of the piers and at the midpoint of each span. For each position, the operational load was magnified until
the collapse of the bridge; thus, the corresponding load multiplier represents a safety factor (1). Fig. 8 synthetically
shows the safety factors for each location of the operational load along the axis of the bridge. High safety factors are
encountered when the operational load is applied on the viaducts’ piers (4>10). For all the other positions, lower safety
factors are obtained; in particular, the lowest safety factor (4,i,,=1.39) corresponds to the position of the operational
load at the midspan of the first span. When the operational load is applied on the arch bridge, the safety factor ranges
between 2 and 3 except when the operational load is applied on the alignments 4 and 11 which are associated to larger
safety factors. It is worth noting that the results are based on the material characteristics of the design project therefore
cannot be considered for a proper vulnerability assessment of the bridge. In addition, only the constitutive
nonlinearities were considered in the analyses and possible instability effects in the slender piers were neglected.
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Fig. 8 Normalised safety factor vs position of the operational load.
5. Conclusion

This study presents a novel methodology for studying reinforced concrete structures within the DMEM framework.
The proposed modelling strategy is a nontrivial extension of an approach originally conceived for masonry structures.
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The presence of the rebars is explicitly accounted for in the flexural behaviour by inserting additional links at the
interfaces in correspondence of the position of the rebars that are calibrated according to a procedure conveniently
devised, whereas the presence of stirrups is accounted for in the calibration of the shear behaviour of the element. The
proposed strategy allows to clearly identify the causes of crisis in a section and, thanks to its computational efficiency,
allows performing efficient nonlinear analyses on massive structures such as bridges. The methodology has been
applied on a reinforced concrete arch bridge, currently object of extensive studies within the MonVia project. The
implemented numerical model was subjected both to push-over analyses considering horizontal mass-proportional
load distributions and to push-down analyses magnifying the operational load at different positions. The latter analyses
allow identifying the worst load scenario for the structure.
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