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Analysis of the Spatial Behaviour of Masonry
Bridges Via Hierarchical FEM Modelling:

the Devil’s Bridge

L. Corbi, O. Corbi, F. Tropeano

Abstract— The contribution of the fill to the global
behavior of masonry vaulted bridges may be primarily
significant. Nevertheless, ordinary analyses conducted on
masonry bridges usually consider only the main structural
vaulted elements. The paper reports some results obtained
through a numerical simulation developed on a FEM model of
an ancient bridge, the Devil’s bridge on Sele river at Barrizzo,
in the Campania region. The study is aimed at showing how
the fill may be contributing with a significant static action ,
changing the real carrying capacity of the bridge as regards
applied loads. The study allows to highlight the spatial
behavior of the single components and of the overall structure
as well, in terms of stresses and deformed configurations under
the self- weight and the accidental loads.
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I. INTRODUCTION

he complex structure of ancient masonry bridges allow to

highlight the relevance of studying a number of features

[1]-[7], including the 3D behavior and the interaction
effects between structural and non-structural components. In
masonry constructions the No-Tension assumption is usually
adopted for suitably treating the material non-linearity [8]-
[32]. In the examined case, it appears very important to
deepen the action exerted by the fill with regards to loads that
are usually assumed to be sustained only by the vault.
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In the following, one reports some results from the
numerical investigation developed on the Devil’s bridge on
the Sele river at Barrizzo in the Campania Region, which is
characterized by one single vaulted span and is integrally
composed of masonry blocks. The geometrical shape is
sharply reproduced in the FEM modeling, both as regards the
external appearance and the internal organization of the
components. This also includes the reproduction in the model
of: the shape and spatial orientation of the blocks; the
presence of some inner lightning in the fill; the hierarchical
organization of the structural and non-structural components
in their spatial layout; the different masonry material and
mechanical properties at different points in the structure.

II. THE FEM MODELLING OF THE DEVIL’S BRIDGE

1I.1 Introduction to FEM analysis of Devil’s bridge

A FEM model has been developed for the Devil’s bridge in
Capaccio in order to analyze the overall behavior and to
interpret the contribute of the fill on the global response of the
structure. The fill that characterized this masonry vaulted
bridge is made of stone blocks with some internal curved
holes.

The adopted mesh has been studied in order to reproduce
as much as possible the bricks’ layout and general
arrangement within every single component, that is the
tympanum, the fill and the main vault. Moreover the materials
and their mechanical properties are respected. In the model
they are diversified according to the different structural and
not structural components in order to obtain the response of
the bridge as reliable as possible, in terms of stresses and
deformed configurations.



INTERNATIONAL JOURNAL OF MECHANICS
DOI: 10.46300/9104.2020.14.9

1.2 The FEM model

A number of analyses have been developed based on the
selected mesh in order to study the global behavior of the
structure. The analyses have been performed in both a 2D
and 3D environment, and developed on the vaulted span or on
the complete bridge. As mentioned in Sec. I, the specific
selected mesh is able, in the single cases, to reproduce the
real brick layout at any point of the construction. Moreover,
based on this choice, the structure, when studied in its
complete configuration, has been reproduced in its
hierarchical organization; in this case, in the adopted mesh,
one has sub-divided the structure in a number of sub-
structures coinciding with the structural and non-structural
components. These substructures are then reassembled
through the introduction of the mutual constraints between the
components in order to obtain the global response of the
bridge, but they may be also studied separately.

The mesh is then able to give a quite reliable
representation of the masonry tissue reproducing as much as
possible the real brick arrangement, and, in case of complete
structure, the overall hierarchical organization and reciprocal
relationships of the single components.

Figure 1: Detail of solid elements.

Solid elements are adopted in order to interpret the three-
dimensional stress state on any model of the bridge. The
elements are given a prismatic shape in order to follow the
real arrangement, with connecting joints. External constraints
are introduced as well. In order to simulate the lateral soil
constraint, the lateral joints are constrained by unilateral
horizontal supports, that limit the translational motion in the
horizontal direction.

III. THE MODELLING OF DEVIL’S BRIDGE

II1.1 The substructures

The first analyses have concerned the main structural
member, that is to say the vaulted span of the bridge. In
subsequent analyses one has considered the complete
structure including all its components. In this case one has
considered a number of substructures in order to interpret the
global behavior of the bridge and also the structural
contribution of the fill onto the global response.
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In order to emphasize this latter feature, analyses have
been executed on both the two- dimensional and three-
dimensional system.

Moreover one has considered two cases, concerning the
arrangement of the fill. In one case one has considered the
real arrangement, which is characterized by internal curved
holes; in the other case one has considered the fill without the
curved holes.

The synthetic list of the main substructures identified in
the mesh is reported in Table 1, where the substructures 2 and
3 are alternatively selected in the model. In Table 2 one
reports the assemblies of substructures that are alternatively
selected for studying the single vault, and the two mentioned
cases.

Table 1: Substructures’ identification.

1. Arcade

2. Vault

3. Fill without internal holes
4. Fill with internal holes

5. Tympanum

Table 2: Substructures’ assemblies

1. Vault
2. Vault, tympanum and fill without lightening
3. Vault, tympanum and fill with lightening

The sub-structure of the vault in Fig. 2, is obtained by
assembling the substructures of the arches, and re-proposing
the same number of arches used in the real construction, both
in the longitudinal and transversal planes .

Figure 2: The vault substructure.
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In the transversal plane, the vault is characterized by five
arches, suitably connected between each other, which are
reproduced in their geometry and thickness in the model .

The assembly vault/tympanum/fill is modelled in two
hypothesis:

« fill with internal curve holes

« fill without internal curve holes

The two cases are depicted in Fig. 3 and 4, where the
frontal longitudinal views of the two models are reported. For
the realization of the mesh, all sub- elements are considered
both in the supporting components and in not supporting
components.

They are modelled considering the real spatial orientation
of the blocks. These are assembled into the sub-structures to
proceed to their assembly for the complete modeling of the
structure. In this way it was possible recognize the structural
behavior and function executed by every component.
Through the use of the specific mesh, the internal curved
holes into the fill are also accounted for. In order to meet this
requirement, in addition to the prismatic elements with eight
nodes, also pyramidal elements with five nodes have been
adopted.

The model is then built in such a way to view at the
structure as divided in sub- structures, and to, subsequently,
re-assemble those in order to get the global response of the
bridge.

Figure 3: Model of the bridge with vault/tympanum/lightened fill
assemblage.
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Figure 4: Model of the bridge with vault /tympanum/ un-lightened fill
assemblage.

This type of modeling was first adopted for 2D analyses
allowing to highlight the behavior of the structural and not-
structural components in terms of deformed configurations
and maximum and minimum principal stresses.

The response of the bridge is considered under the jointed
action of its own weight and of the accidental loads as
deducted by application of the Italian instructions NTC2008.
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The loads were selected and suitably placed after a
preliminary calculus realized for identifying the most
dangerous load condition for the structure.

1I1.2  Numerical investigation : 2D results

In the following one reports some of the results obtained
after developing the 2D analysis, in terms of stresses and
deformed configuration both for its own weight and the
accidental loads. The first results concern the only
substructure of the vault.

As concern the behavior of the vault under its own weight,
as shown in the deformed configuration reported in Fig. 5, the
maximum deflection is attained at the keystone, as expected.
Here the minimum compression is attained as shown in Fig.6,
where it attains an intensity higher than -2,34-10° kN/n*, as
it can be read from the relevant intensity scale to be
amplified by the factor 10°.

Figure 5: Deformed configuration of the main vault under the self-weight.

Figure 6: Minimum principal stresses in the main vault
(kN/m?, values to be amplified by the factor 10°).
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Figure 7: Maximum principal stresses in the main vault (kN/m?®).
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As it can be observed by Fig.7 where the maximum
principal stress intensities are reported, to be read in the
related colour-intensity scale, the wvault is practically
compressed everywhere, with some tensions developed at the
key-intrados and at the reins’ extrados.

Further analyses have shown that the fill contribute to the
static action, cooperating with the main vault. In Fig. 9 one
shows the deformed configuration of the whole structure with
the lightened fill, as in the real structure, under the self-weight
of the structure. The maximum deflection is attained at the
keystone, in the central section of the fill.

Comparing the above- mentioned system to the one with
the un-lightened fill in Fig.10, one may immediately notice a
decrease in the deformation caused by the absence of the
inner holes in the fill. The maximum deflection attained at the
keystone is smaller than the one attained in the lightened fill,
confirming the cooperation of the fill to the overall static
function.

As concern to the results about intensities of stresses in
the lightened case in Fig.11, they appear of the same order of
those obtained in the 2D system with fill without holes in
Fig.12. However, a different distribution of stresses is shown
caused by the presence of empties.

The results described in Fig.9-12 concern the response of
the structure in the 2D environment as an effect of the
application of the only self-weight, allowing to clearly
emphasizing the influence relevant to the holes’ presence in
the stress spread in the inner of the bridge and its
deformation.

Volume 14, 2020
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Figure 11: Spread of minimum principal stresses in the structure
with inner holes (kN'm?, values to be amplified by the factor 10°).

Figure 22: Spread of minimum principal stresses in the structure
without inner holes.

Figure 9: Deformed configuration of the 2D assembled system
with inner holes.
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Figure 10: Deformed configuration of the 2D assembled system
without inner holes.
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Figure 13: Deformed configuration of the 2D assembled system with holes

under the coupled action of the self-weight and the accidental loads.

Figure 14: Deformed configuration of the 2D assembled system without
holes under the coupled action of the self-weight and accidental loads.
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Figure 15: Spread of minimum principal stresses in the structure with inner
holes under the coupled action of the self-weight and the accidental loads
(kN/m?, values to be amplified by the factor 10°) .
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Figure 163: Spread of minimum principal stresses in the structure without
inner holes, under the coupled action of the self-weight and the accidental
loads (kNm?, values to be amplified by the factor 10°) .

111.3 Numerical investigation: 3D results

In the following phase, 3D analyses have been performed
by the suitable spatial re-assembling of all the bridge’s
components in its 7,00 m thickness, as shown in Fig.17 for
some sub-structures. The analyses are repeated on the 3D
model whose mesh is shown in Fig.18, under the structure
own weight and the accidental loads, positioned according to
the preliminary limit analysis.

LAY
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Figure 17: Spatial re-assembling of the bridge’s sub-structures.
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The elements in the mesh are given a prismatic or
pyramidal shape according to their position, and arranged in
way to follow the real spatial orientation of the stone blocks.

In the spatial model the loads are positioned according to
their real spatial distribution as regards the self-weight, and
on the first and second lane according to the instructions, as
regards the accidental loads. The global effects on the
structural response are then studied in terms of stresses and
deformed configuration.

As an example one reports in Fig. 19 and 20 the deformed
configurations under the jointed action of the fixed and
variable loads for the un-lightened and lightened structure.

IV. CONCLUSIONS

In conclusion, in the paper one has focused on the analysis
of the 2D and 3D static response of an historical masonry
bridge under fixed and variable loads. The effects of the
contribution of the single structural components to the overall
behaviour are emphasized by following the hierarchical re-
assemblage of the components that may be studied separately
from each other or in conjunction with the other ones to
highlight a number of features. This objective is pursued
through the selection of a number of sub-structures that are
able to reproduce the real operation of the construction. In
particular the study case, concerning an ancient bridge on the
Sele river, is characterized by a fill with some internal
lightening obtained through the realization of some cavities
with circular section. Numerical analyses are developed in
the 2D and 3D environment on the model where the fill is
sharply reproduced with its inner holes or it is considered
without the inner lightning, and the observation of the spread
of stresses and of the deformed configurations is done,
highlighting the main features of the behaviour of the
structure.

Figure 18: The FEM 3D model of the Devil’s bridge.
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Figure 19: Deformed configuration of the 3D assembled system with

internal holes under the coupled action of the self-weight and the
accidental loads.

Figure 20: Deformed configuration of the 3D assembled system without
internal holes under the coupled action of the self-weight and the
accidental loads.
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