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Abstract. Integrating in-situ modal testing and numerical modelling based on experimental
evidence is a powerful strategy for studying the dynamic behavior of existing constructions and
making decisions about their retrofitting or monitoring. This paper applies this strategy to analyze
the seismic behavior of an unreinforced masonry arch bridge in Spain, investigating on two
different approaches to account for the backfill material. An extensive experimental campaign was
conducted to determine the bridge’s mechanical and dynamic properties. Operational modal
analysis, carried out using two accelerometer setups, was used to extract frequencies and modal
shapes through algorithms in both the time and frequency domains. Two finite-element models of
the bridge were built and identified: one that treats the backfill between the masonry wall faces as
a structural material and another that does not include the backfill, instead redistributing its mass
within the masonry density. The two models’ modal behavior and dynamic responses to a real
earthquake were then compared to evaluate the effect of different ways of accounting for backfill.

Keywords: ambient vibration tests, masonry arch bridges, modal identification, backfill role,
finite element model, non-linear dynamic analysis.

1. Introduction

Vibration-based identification of numerical models improves the reliability of the seismic
assessment of existing constructions. Operational modal analysis (OMA) is commonly used to
extract the structure’s modal properties [1], [2]. Theoretical basis and algorithms of extraction are
widely investigated in the literature, cf. e.g. [3], [4]. Integrating experimental modal findings with
the calibration of numerical models [5] is essential for seismic assessment through dynamic
analysis [6] and for damage detection in structural health monitoring [7-9].

Due to the complex nature of masonry as a heterogeneous, non-linear composite material,
modelling masonry constructions is not an easy task. Various approaches have been proposed,
including homogenized continuum macro-mechanical models [10], [11], discrete micro or
macro-elements [12], and multiscale models [13]. The finite element method (FEM) is a widely
used approach for studying the seismic behavior of masonry constructions, particularly for
non-linear dynamic analyses of complex structures [14]. The effectiveness of calibrating
numerical models of masonry structures based on experimental modal data has been demonstrated
in previous studies [6], [9], [11]. Another issue comes from the fact that masonry constructions
often contain cavities filled with backfill material, the structural role of which is still under
investigation [15].

Contributing to the debate, this paper presents the results of a study of a Spanish masonry arch
bridge. An extensive experimental campaign was conducted to determine the bridge’s mechanical
and dynamic parameters. Modal tests were carried out in OMA involving two accelerometer
setups acquiring signals from different positions and directions. The modal parameters were
extracted using time-domain and frequency-domain algorithms. To evaluate the impact of the
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backfill, two finite element models of the bridge were created: one that considers the backfill to
be a structural component, and another that treats it as additional mass only. The results of modal
identification and nonlinear dynamic analyses under a real earthquake are compared to investigate
how different modelling approaches may affect the seismic assessment of this type of structure.

2. The Xirles bridge

The Xirles bridge is a masonry arch road bridge that is still in use. It is located near the town
of Alicante in Spain, see Fig. 1(a-b). The bridge consists of three arches, each spanning 8 meters.
The height of the central arch at the keystone is 9.15 meters. Outer spandrels are made of ashlar
limestone blocks, as confirmed by X-ray fluorescence analyses. Backfill material is present
between the outer faces of the spandrels for a width of 4.50 m, see Fig. 1(c).

Limestone masonry
Backfill material

a) b) ¢)
Fig. 1. a) The Xirles bridge (Photo by Elisa Montis, Alicante, Spain, Apr 4, 2025);
b) location in the Spanish seismic map; c) materials and geometrical details.
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Fig. 2. a) The two setups; b) power spectral density diagram; c) ambient vibration test and equipment.
Photo by Elisa Montis, Alicante, Spain, Apr 4, 2025
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3. Ambient vibration tests on the bridge

OMA tests were conducted on the bridge in April 2025. Two setups comprising five locations
of the accelerometers on the deck, recording signals in 11 different directions, are considered, see
Figs. 2(a) and 2(b). The instrumentation layout consisted of 11 high-sensitivity uniaxial
accelerometers and a multichannel data acquisition unit (QUANTUMX MX1601B), see Fig. 2(c).
The mid-span left-side three-axial sensor (made of three accelerometers arranged to record signals
from three orthogonal directions) is kept fixed throughout all recording sessions to ensure phase
and amplitude consistency required for modal assembly. The remaining sensors, configured in
biaxial arrangements, were distributed across the lateral arches and piers to capture the global
modal shapes of the structure, including longitudinal, transversal, and torsional components.

The modal parameters were extracted using Artemis [16], by means of techniques in both the
frequency and time domains to ensure the reliability of the modal properties. The Curve-fit
Frequency Domain Decomposition technique was used in the frequency domain. The Stochastic
Subspace Identification Extended Unweighted Principal Component technique was adopted in the
time domain, as it allows for the estimation of statistical uncertainties associated with each
identified modal parameter. The accuracy of the modal extraction process was verified with the
Modal Assurance Criterion. Fig. 2(d) shows the frequency spectrum finally obtained. The
geometrical model of the bridge was implemented using both simplified representations and a
detailed 3D geometry. The first three experimental frequencies are reported in the first column of
Table 2, while the corresponding shapes are depicted in the first column of Fig. 4.

4. Identification of numerical models

FEM models of the bridge were implemented in Abaqus [17], considering the masonry as a
homogeneous nonlinear material with different tensile and compressive behavior. The concrete
damage plasticity [18] was adopted as the constitutive model by assuming that the tensile strength
of the masonry is 1/30 of the compressive strength. Due to the complex geometries of arches and
piers, 10-node quadratic tetrahedral elements (C3D10) were chosen.

A first model, which treats the backfill as a structural material, was built and referred to as
FEM.1-id, see left Fig. 3. This approach assumes that the masonry and the backfill collaborate
structurally (in the model, they are linked by tie constraints along their contact surfaces). It is to
note that non-destructive tests were carried out on the bridge, which resulted in reference values
for the mechanical parameters of the masonry. No such tests were conducted on the backfill
material, however. Thus, literature values were initially considered for the backfill. A calibration
process, based on the identification of the first three frequencies and mode shapes, eventually led
to the masonry and backfill values of Young’s moduli (E,; and Ej), Poisson’s ratios (vy; and vg)
and mass density (py and pg) given in the first row of Table 1.

Table 1. Mechanical properties of the materials assumed in the models considered in the investigation

Model | Backfill |[E,, [MPa]| E [MPa] vy [-] vz [-] lou [ke/m’] pp [kg/m®]
FEM.1-id YES | 4030 180 025] 04 1900 1400
FEM.2 | NO 4030 - 025 - 2972 -
FEM.2-id NO 4750 - 025 - 2972 -

A second model, called FEM.2, was then built, which does not include the backfill but
redistributes its mass in the masonry density (see right Fig. 3). FEM.2 was assigned the same E),;
of FEM.1-id and an increased value of mass density p,, (to account for the backfill mass), see 2nd
row of Table 1. Since this model did not match the experimental frequencies, an identified model
FEM.2-id was then considered, in which a higher value of E;; was assumed (3rd row of Table 1).

Table 2 provides a comparison of the first three experimental and numerical frequencies of the
considered models. It should be noted that the model without backfill required a higher value for
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the masonry Young’s modulus than that adopted in FEM.1-id. The first three modal shapes of the
considered models are compared with the experimental shapes in Fig. 4. A good match between
numerical and experimental frequencies and shapes is found for the identified models.

Table 2. Experimental and numerical frequencies (Hz)
Freq. EXP | FEM.1-id FEM.2| FEM.2-id
Ist | 6.60 6.60 6.08 6.60
2nd| 9.41 11.15 9.86 10.70
3rd | 13.15 16.46 13.48 14.64
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Fig. 3. FEM models with and without backfill

EXPERIMENTAL FEM.1-id FEM.2 FEM.2-id
v p \>'/“ P / N < )J P " {!
1t mode (6.60 Hz) 1% mode (6.60 Hz) 1% mode (6.08 Hz) 1% mode (6.60 Hz)
214 mode (9.41 Hz) 214 mode (11.15 Hz) 214 mode (10.70 Hz)
V4 \/7 \j N l[ A I\ A I{
7 N I (]
3'dmode (13.15 Hz) 3" mode (16.46 Hz) 3" mode (13.48 Hz) 3" mode (14.64 Hz)

Fig. 4. Comparing experimental and numerical frequencies and mode shapes
5. Non-linear dynamic analyses under a spectrum-consistent earthquake

Non-linear dynamic analyses were carried out under an earthquake consistent with the Spanish
design response spectrum. It was obtained from the 2015 La Mancha earthquake (Magnitude 4.5,
ID EMSC-20150223 0000068). The two components of the earthquake are plotted in Fig. 5(a).
The out-of-plane top displacements at the midpoint of the central arch, relevant to FEM.1-id and
FEM.2-id, are plotted in Fig. 5(b). The diagrams show a very slight difference in the peak
displacement response of the two models. However, Fig. 6(a) shows that the damage pattern due
to tensile plastic strain is more widespread in FEM.2-id than in FEM.1-id. This is consistent with
the graph presented in Fig.6(b), which shows greater plastic energy dissipation in FEM.2-id. The
greater plastic involvement of FEM.2-id is due to the higher value of the elastic modulus, which
reduces the elastic range while maintaining the same tensile strength as FEM. 1-id.

6. Conclusions

An effective strategy for obtaining reliable structural assessments of existing constructions is
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to integrate the results of experimental modal tests with consistently calibrated numerical models.
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Fig. 5. a) Spectrum-consistent earthquake; b) out-of-plane top displacements of the two models
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This paper applies this strategy to study the seismic behavior of a Spanish masonry arch bridge,
by investigating different approaches to model the backfill between the masonry wall faces. OMA
tests were carried out, while time-domain and frequency-domain techniques were employed to
extract modal properties. Two finite element models were identified based on experimental
findings: one that considers the backfill as a structural material, and another that accounts only for
its inertial effect. Non-linear dynamic analyses under a spectrum-consistent earthquake were
performed with both models. The results show that the two models exhibit similar global behavior
in terms of modal shapes and displacements, although the model without backfill required a higher
value of masonry Young’s modulus. Because of this, it exhibits greater involvement in the plastic
range, resulting in more widespread damage due to tensile strain. As the two models represent the
extremes of possible assumptions (i.e. backfill as either structural material or structural mass), any
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other modelling scenario is included in this range (e.g. an interface between masonry and backfill).
The results show that modelling backfill as structural mass is a conservative approach that can be
adopted to predict displacement demand and damage pattern in the absence of experimental data
on the seismic behavior of the structure. Future studies will be devoted to comparing finite element
and discrete element approaches for the seismic assessment of masonry arch bridges with backfill.
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