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Abstract

To assess the structural behaviour of masonry arch bridge and identify the occurrence of damage reliable numerical
models to perform accurate nonlinear structural analyses are needed. The innovative strategy known as Discrete
Macro-Element Model (DMEM) is here employed to simulate the performance of a masonry arch bridge before and
after a traditional structural retrofitting. The adopted numerical strategy assures a geometrically consistent model
characterized by a very low computational burden and reliable results. As case study, a masonry arch bridge located
in Maletto (Italy), belonging to the rail network, around Etna volcano, called Ferrovia CircumEtnea (FCE). The bridge
has been built in 19" century and was subjected to a structural retrofitting in 1984, because of a light settlement of the
central pier due to landslide. The bridge was reinforced with the introduction of a supplemental thin inner reinforced
concrete arch, at the intrados of the existing stone arches, externally confined by an external steel corrugated thick
plate also used as formworks. In this paper the HiStrA bridge software, where the DMEM is implemented, is used for
providing a structural assessment of the bridge in its original configuration and after the structural retrofitting. Both
push-down and push-over analyses are performed clearly showing the efficacy of the adopted traditional retrofitting
strategy.
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1. Introduction

Masonry arch bridges can be subjected to structural damage that can be induced by different sources, such as
degradation of the materials (Tecchio et al. 2022), scours (Ragni et al. 2019, Zampieri et al. 2017), settlements
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(Grillanda et al. 2022, Pappalardo 2024). The interpretation and the prediction of the reduction of structural
performance due to damage related to different causes as well as the improvement of structural performance due to
structural retrofitting measures require advanced numerical models capable to perform nonlinear static and/or dynamic
analyses aiming at an accurate assessment of the influence of damage and/or the effect of applied retrofitting strategies.
Refined Finite Element approaches (Tubaldi et al. 2020, Pepi et al. 2021) or Discrete Element Methods (Saygili and
Lemos, 2021) have been proposed in the scientific literature and sufficiently validated. An alternative and innovative
modelling strategy, specifically introduced for the numerical modelling of masonry structures (Caddemi et al. 2017,
Caddemi et al. 2019a), known in the literature as Discrete Macro-Element Model (DMEM) was recently extended and
applied for the simulation of the complex nonlinear static and dynamic behaviour of masonry arch bridges (Caddemi
etal. 2019b, ). The DMEM is based on the adoption of shear deformable three-dimensional macro-elements interacting
with each other by means of nonlinear zero-thickness interfaces. Its main advantages rely on the limited number of
degrees of freedom required by each element, on the adoption of simple but effective constitutive laws, based on a
direct fibre discretization, which make the approach reliable, robust and characterized by a simple interpretation of
the results. In addition, the low computational cost allows performing static and dynamic nonlinear analyses in
reasonable computer time even for very large models. The DMEM strategy is here applied for modelling a four span
railway masonry arch bridge located in Maletto (Italy) belonging to the Ferrovia CircumEtnea (FCE) company. The
bridge is a curved one with constant slope and was subjected to a structural retrofitting due to a diffused crack pattern
at the intrados of the arches evidenced during an inspection made in 1984, caused by settlements at the base of a
central pier (Rapicavoli et al 2023). In this paper the structural performance of the bridge in its original structural
configuration is compared with the retrofitted condition, this latter consisting in an arch and pier reinforcement through
the introduction of a supplemental thin inner reinforced concrete arch, at the intrados of the existing stone arches,
externally confined by an external steel corrugated thick plate also used as formworks.

2. The masonry arch bridge in Maletto
The case study is a masonry arch bridge, Fig. 1 built in the 19th century and located in the south of Italy, in the

municipality of Maletto (Catania-Sicily) at km 62 on the FCE rail network. It is a four-span bridge with 0.60 m thick
circular arches separated by three piers with an average span length of 7.30 m, rises ranging from 3.37 m to 4.05 m.

Fig. 1. Railway Maletto masonry arch bridge: pictures (a) of 1984 and (b) 2014

The arches are composed by regular volcanic ashlars; the spandrels, whose thickness is equal to 0.40 m, and the
piers are made by rectangular shaped volcanic stones. In Fig. 2a some of the cracks at the haunches of the arch
evidenced during the inspection of 1984 are indicated with an arrow whilst in Fig. 2b some details of the original
drawings detailing the original foundations of the piers are reported.

The railway has a 1.1% slope and a constant radius of curvature equal to 97.3 m and belongs to a single-track non-
electrified non-standard railway line where the distance between the inner edges of the rails is 0.95 m, allowing a
maximum velocity of 35 km/h. In November 1984 a periodic inspection of the structure revealed a severe crack pattern
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at the arch haunches due to settlements of the central pier, whose cause was attributed to the poor characteristics of
the soil, and insufficient size of the foundations, Fig. 2b and Fig. 3.
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Fig. 2. (a) Some evidence of the crack pattern at the haunches of the arch evidenced during the inspection of 1984; (b) the details of the original
foundations before the retrofitting (original design drawings)

The geology of the area consists of Oligocene clay formations of the Varicolored Clays, which overlie the Numidian
Flysch Clays (Pappalardo et al. 2024). These formations have poor physical and mechanical characteristics, being
highly tectonized clays and thus prone to slow-moving landslides.

23

Fig. 3. Railway Maletto masonry arch bridge before the retrofitting (original design drawings)

Due to the findings of the inspection a structural reinforcement was designed and applied. The retrofitting solution
included the introduction of an arched concrete layer reinforcement, at the intrados of the vaults, externally confined
by a steel corrugated thick plate also used as formworks, Fig. 4. The new structure was founded on a reinforced
concrete enlargement of the existing masonry foundation.
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Fig. 4. Railway Maletto masonry arch bridge (the original drawing of the retrofitting strategy)

The bridge was further investigated in 2022 within a research project involving the University of Catania, as a
consultant, the FCE and the private company Systemia. The campaign of research activities also included a detailed
survey of the bridge with a Terrestrial Laser Scanning (TLS) and Unmanned Aerial Vehicle (UAV) techniques, and a
geological risk assessment (Garozzo et al. 2022, Pappalardo et al. 2024), Fig. 5. The numerical results here reported
are based on numerical models consistent to the real geometry of the bridge.

Fig. 5. 3D point cloud of Maletto Bridge (Garozzo et al. 2022).

3. Damage Scenario and Numerical modelling before and after the retrofitting

Based on the geometrical survey of the bridge, a numerical model of the structure was implemented in the advanced
software HiStrA Bridge (Calio et al. 2015), currently used also in practical engineering. The adopted model, whose
theoretical approach is described in references (Caddemi et al. 2017, Calio et al. 2010), is based on shear deformable
irregular spatial macro-elements interacting through nonlinear zero-thickness interfaces in which the membrane
element deformability is embedded. Each discrete macro-element is governed by seven degrees of freedom only,
associated to the six rigid body motion and a single additional degree of freedom associated to a shear deformability
of the element; no further degrees of freedom are needed being the kinematics of the interfaces ruled by the relative
displacements between the macro-elements. Four different materials have been identified in the original configuration
of the bridge corresponding to the fill, the zero-thickness friction interfaces connecting the fill to the other components
of the bridge, the stone volcanic arches and spandrel walls. In the retrofitted configuration three further materials have
been characterised corresponding to the concrete, to the rebars and to the steel layer of the corrugated plate. All the
adopted mechanical properties, estimated according to realistic values for the adopted material typologies, are
summarised in Table 1. The constitutive laws adopted for each structural element are specialized for the flexural, shear
and sliding behaviour. The arches and spandrel walls are characterized for the flexural behaviour by a parabolic
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constitutive law in compression and exponential softening in traction; the shear-sliding is ruled by a Mohr-Coulomb
criterion, whereas the shear diagonal behaviour is assumed elastic for the arches and elastic-plastic with Mohr-
Coulomb yielding domain for the spandrels. The fill is considered as elastic perfectly-plastic with almost zero tensile
strength and membrane behaviour lumped in the interfaces; an elastic-plastic constitutive law, associated with a
Turnsek-Cacovic yielding criteria, is adopted for the generalized shear diagonal behaviour, at the macro-scale. The
interaction of the fill with the arches and the spandrel walls are ruled by ad hoc interfaces with zero cohesion. The
internal reinforced arch has been modelled by considering two layers of macro-elements, geometrically consistent,
whose material parameters are reported in Table 1, assuming an elastic-plastic behaviour for the steel, and a parabolic
constitutive law in compression with exponential softening in traction for the concrete. The presence of the rebars has
been accounted for by means of conveniently calibrated additional links in the interfaces (Cannizzaro et al. 2024).

(a) (b
Fig. 6. (a) Exploded view of the bridge in the strengthened configuration. (b) Adopted locomotive ADe 21-25 associated to the operational loads.

Table 1. Mechanical parameters.

An example of a E G f. o G Gy c e To e w
column heading (MPa) (MPa)  (MPa)  (MPa) (N/mm) (N/mm) (MPa)  (-) (MPa)  (-)  (kN/m®)
Arches 1800 600 3.0 0.02 4.0 0.001 0.01 06 - - 22
Spandrel walls 1800 600 2.0 0.05 1.5 0.001 0.01 06 03 04 22

Fill 300 115 0.5 0.01 ° e - - 0.0005 - 18
Friction interfaces 300 115 1.0 0.01 o o 0.0 06 - - -
Concrete 9798 4083 11.76 1.057 19.6 0.028 - - - - 25
Steel bars 206000 85833 273.9 273.9 - - - - - - 78.5
Corrugated Steel 206000 85833 235.0 235.0 - - - - - - 78.5

where E = normal elastic modulus; G = shear elastic modulus; f. = compressive strength; f; = tensile strength; Gy = compressive fracture energy;
Gy, = tensile fracture energy; ¢ = sliding cohesion; . = sliding friction ratio; t,= diagonal shear strength; 1. = diagonal shear friction ratio; w = self-
weight.

The piers are founded on elastic soil foundation whose normal flexibility k, has been assumed equal to 12.75 kg/cm?
corresponding to a sandy clay soil. The operational load is considered according to the actual locomotive model



Davide Rapicavoli et al. / Procedia Structural Integrity 62 (2024) 476—483 481

currently in service in the FCE rail network, that is called ADe 21-25, The total weight of the vehicle is 310 kN and
the vertical load on each wheel axle is Q,; =38.75 kN, Fig. 6b.
In the unstrengthened condition push-down analyses have been performed considering five different abscissae
xi ={2.00, 12.39, 22.25, 32.32, 43.26 m} for the loading scheme. To investigate the effect of the settlement of the soil
on the nonlinear response of the unstrengthened bridge, some numerical analyses have been conducted in a previous
paper (Rapicavoli et al. 2023) applying different levels of vertical settlement enforced on the central pier considering
different configurations corresponding to no settlement (u=0.0 m) and five magnitudes of the vertical settlements
(u=0.01 m, u=0.025 m, u=0.04 m, u=0.08 m u=0.12 m). The details on the effects of settlements are reported in
referenced paper. For the strengthened condition no settlement has been considered assuming that the cracks in the
bridge have been fully repaired before applying the retrofitting.
Both push-down and push-over analyses have been performed. The reference gravity and the operational loads have
been magnified by coefficient equal to 1.35 and 1.45, respectively, according to the Italian regulation for providing
an assessment with respect to the ultimate limit state combinations (see tab. 5.2.V in NTC18 2018), not reported here
for the sake of brevity. More precisely, after the application of the reference loads, the operational load was magnified
till collapse and the corresponding load multiplier can be seen as a safety factor A of the bridge.

Unstrengthened configuration

Unstrengthened configuration

Strengthened configuration

(b

Fig. 7. Deformed configurations in the strengthened and unstrengthened conditions for positions (a) x, and (b) x; of the vertical operational load.

Fig. 7 reports the deformed configurations in the strengthened and unstrengthened conditions for two different
positions of the vertical load associated to the push-down analyses. Fig. 8 summarizes the results in terms of influence
line reporting the abscissa x; of the centre G of the operational load versus the vertical bearing capacity of the bridge
for all the analysed configurations, where the settlements effects in the unstrengthened configuration were also
included. It can be observed the significant increase of the ultimate load for all the positions of the operational loadings
that in the worse condition (corresponding to the position x») leads to an increase of almost 100% of the ultimate load
of the corresponding unstrengthened configuration. In absence of settlements the load multiplier of the bridge in its
original configuration ranges between 10.29 and 13.30, whereas for u=0.12 m it ranges between 5.56 and 12.44. The
results highlight how the slight slope of the bridge, generating a small asymmetry (the rise of the arches range from
3.38 m of the first arch to 4.03 m), has a direct effect on the load capacity of the bridge.

This also highlights the importance of considering an accurate geometry when implementing the three-dimensional
numerical modelling of the bridge. In the strengthened condition the load multiplier for the different loading positions,
without considering the potential effect of settlements, is about 100% higher than the corresponding values of the
unstrengthened condition as reported in Fig. 8.

The results of the mass proportional push-over analyses are reported in Errore. L'origine riferimento non ¢é stata
trovata.. Two analyses have been performed in a transversal direction, corresponding to the axis of symmetry of the
curved bridge, in the inward and outward versus as indicated in the figure. The inward pushover analysis shows a
better behaviour since the versus of the load distribution enhances the lateral resistance due to arch effect, Fig. 9. In
the outward versus, a reduction of about 20% of the lateral resistance can be observed for both the strengthened and
unstrengthened conditions with respect to the corresponding analyses with inward versus. The capacity curves are
expressed in terms of total horizontal action, normalized with respect to the total bridge weight, versus the
displacement of the top external point over the bridge along the axis of the symmetry.
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Fig. 8. Bearing capacity of the bridge versus the abscissa x of the centre of gravity of the operational load

The results clearly show that the applied traditional structural retrofitting provides a significant increase of the
ultimate resistance and a slight increase of ductility for transversal horizontal loadings.
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Fig. 9. Mass proportional push-over analyses along the (a,b) inward and (c,d) outward directions: (a,c) damage distributions in unstrengthened
and strengthened conditions and (b,d) capacity curves in unstrengthened and strengthened conditions, where u is the displacement of the control
point and A=V, / W is the base shear V, normalized by the self-weight ¥ of the bridge in the unstrengthened configuration (#=11741 kN).
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4. Conclusions

In this study, a nonlinear numerical strategy based on the Discrete Macro-Element Method (DMEM) has been
applied for the assessment, under operational and horizontal loads, of a four span railway masonry arch bridge before
and after a structural retrofitting consisting in the introduction of external steel corrugated plate confining a concrete
layer at the intrados of the existing arches. The reinforcement arch is founded on a new reinforced concrete foundation
representing an enlargement of the existing one. The Maletto railway bridge has been numerically investigated
considering its structural performance in the unstrengthened as well as strengthened conditions. Push-down and push-
over analyses have been performed to evaluate the role of the adopted structural retrofitting under operational loads
and horizontal actions. The push-down analyses allowed evaluating, for different positions of the operational loads,
the load bearing capacity of the bridge. The mass proportional push-over analyses have been performed in a transversal
direction corresponding to the axis of symmetry of the curved bridge showing a significantly improved behaviour
when the versus of the load distribution is applied inward since the bridge convexity enhances the lateral resistance.
The results showb that the applied traditional structural retrofitting provides a significant increase of the ultimate
resistance as well as ductility of the bridge for vertical as well as horizontal loadings.
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