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ARTICLE INFO ABSTRACT

Keywords: The dynamic response of railway bridges can be highly influenced by the effect of soil-structure interaction. This
Underpass occurs as the soil dissipates energy and modifies the flexibility of the bridge supports, which impacts the modal
Vibration parameters of the structure and its response to passing trains. In the case of partially-buried structures such as
Acceleration portal frames, this interaction mechanism is of particular relevance. However, simulating the soil effect is com-

Experimental measurements

lasted track plex, and may require an elevated computational effort. Under these conditions, obtaining accurate predictions
Ballasted trac!

of the bridge dynamic behaviour becomes challenging. For this reason, the interplay between the bridge and the
soil is usually disregarded. To address this limitation, a numerical approach devoted to implement soil-structure
interaction with reduced computational cost is presented in this contribution. The method is based on a substruc-
turing scheme, and considers two numerical models: (i) a full three-dimensional finite-element interaction model,
including the track, the bridge, and the surrounding soil, and (ii) a simplified version of it, in which the soil is
substituted by a series of linear spring-dampers. The first model is used to derive frequency-dependent dynamic
stiffness functions that describe the mechanical coupling between the bridge and the ground. Then, these func-
tions are used to calibrate the spring-damper elements representing the soil in the subsequent simplified model,
and the dynamic problem is solved by complex modal superposition. The suitability of the proposed methodology
is evaluated through its application to an existing portal frame railway bridge. The effect of other relevant aspects
on the bridge response such as the track irregularities and the contribution of the vehicle-bridge interaction is
also taken into account. The results highlight the potential of this approach to obtain satisfactory predictions of
the bridge performance in an efficient manner.

1. Introduction the backfill and the surrounding soil provide a notable capacity to dissi-
pate energy through material and radiation damping. Consequently, SSI
alters the bridge modal parameters, leading to higher damping ratios
[1-5] which usually mitigate vibration levels under moving train load-
ing, especially at resonance [2,6,7]. Therefore, neglecting SSI may be the
source of divergences between numerical and experimentally identified
bridge responses [2,8]. This could yield unrealistic results when assess-
ing the bridge performance under train passages, inaccurate estimations
of the train resonant speed [5,9], misinterpretations of the serviceabil-
ity limit state of vertical acceleration and, in the end, uneconomical and
inefficient structural designs [3].

As the demand for more sustainable transportation solutions keeps
growing, the capabilities of railway lines are being enhanced due to their
green potential. This has led to a sustained interest in predicting the dy-
namic behaviour of railway bridges to ensure structural safety, optimise
bridge design, and manage the structure operation throughout its ser-
vice life. In this regard, soil-structure interaction (SSI) is a fundamental
aspect that can have a notable influence on the dynamic response of
railway bridges. This is especially the case for portal frames, as they are
partially embedded in the ground, which results in a large portion of the
structure being in direct contact with the soil [1]. In this kind of system,
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Despite these implications, SSI is usually disregarded due to the
complexity that its simulation entails [2,4] and the absence of realis-
tic information regarding the soil properties. In the works where it is
included, two ways of tackling the problem are generally distinguished.
First, it can be addressed by solving the entire bridge-soil coupled sys-
tem, which is known as the direct method. However, addressing the
problem in a pure FE approach requires modelling a large portion of
the soil domain, which could be impractical due to the high associated
computational cost. To improve the efficiency of the calculations, tech-
niques that combine finite elements (FE) and boundary elements (BE) to
model the bridge-soil system are frequently employed [6,10,11]. Other
options to introduce the dissipative capacity of the soil are based on
implementing absorbing boundary conditions, such as, for example, in-
finite elements (IE) [3,12] or Perfectly Matched Layers (PML) [1,4].
Secondly, SSI can also be conducted in a more practical way for de-
sign purposes or parametric studies through a substructuring approach,
which consists of analysing the bridge—soil components as separate en-
tities. This permits the isolation and decoupling of the inertial effects
of the soil, which can be modelled as series of discrete spring-damper
elements representing SSI in simplified models [2,13]. Generally, these
spring-dampers are calibrated from mathematical expressions that take
into account the geotechnical properties of the soil-foundation system or
from dynamic stiffness (or impedance) functions obtained by numerical
or experimental techniques.

In the particular case of integral portal frame railway bridges, it is
well known that considering SSI is essential to reproduce their dynamic
response with accuracy. In recent years, several investigations have been
dedicated to this issue. Among them, Galvin and Dominguez [14] im-
plemented a three-dimensional (3D) FE-BE model to analyse the soil
motion and the structural response of a portal frame due to passing
trains. A decaying law was included to simulate soil damping. The re-
sults were accurate and highlighted the importance of simulating the
ballast layer in the numerical model. Béez et al. [7] proposed a simpli-
fied method to assess the dynamic response of portal frames based on a
substructured approach. The FE model was calibrated with experimental
data and predictions were precise. Similarly, Vega et al. [15] replicated
the response of a portal frame under operating conditions considering
two FE coupled models: one for the track superstructure and one for the
structure—embankment—soil system. The results were close to the exper-
imental response in the top slab of the bridge. Ulker-Kaustell et al. [16]
simulated SSI on a portal frame based on dynamic stiffness functions.
The results showed the importance of the soil damping contribution. The
authors also concluded that fixing the bridge foundations may lead to
underestimating the vertical acceleration at the bridge deck. Zangeneh
et al. [2] used a 3D FE model to evaluate the dynamic response of a por-
tal frame. They also proposed a simplified version in which the backfill
was simulated by means of linear spring-damper elements. The analyses
revealed that the presence of the surrounding soil increased the bridge
natural frequency and damping ratio of the vertical bending modes, re-
ducing the resonant response of the bridge. The authors concluded that
SSI had a great impact on the structure under study. Salcher et al. [3]
used two-dimensional (2D) models to study the influence of SSI on the
modal parameters of portal frames. The tests conducted showed a stiffen-
ing effect provoked by the soil, which led to an increase in the natural
frequency in the first mode involving lateral motion of the frame. A
damping increment, mainly affecting the vertical vibrations, was also
detected. Zangeneh et al. [1] presented an approach for properly iden-
tifying the modal properties of portal frames and filtering out spurious
modes of the soil. The procedure was first implemented on a simplified
basis and then the results were compared to those provided by a full
3D FE-PML model. Heiland et al. [8] conducted parametric research
on portal frame bridges considering: (i) a 2D FE model padded with
low-reflection boundaries; (ii) a 3D FE-BE model; and (iii) a 3D sub-
structured model founded on stiffness functions. The results showed the
importance of the ratio between the first bending frequency of the frame
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and the vertical rigid body mode of the soil-foundation system to ex-
plain the coupled dynamic soil-bridge behaviour. Heiland et al. [17]
studied the dynamic interaction between abutments and their influence
on the SSI of a portal frame. The authors proposed a conservative esti-
mation of the frequency range affected by this phenomenon. A 3D FE
model which simulated the soil with spring-damper elements was used.
The results were validated through experimental testing. Sandqvist and
Milicevic [18] investigated the influence of SSI on two medium range
portal frames using two 3D FE models with PML layers as absorbing
boundaries. The bridge response under dynamic excitation was calcu-
lated and compared in different situations considering and neglecting
SSI. A simplified version of the models was also implemented. The re-
sults revealed that SSI had a key contribution to the global damping of
the system and this circumstance could be accentuated in the case of
softer soils. Ikzer [19] analysed a short-span portal frame with 3D FE
models considering different boundary conditions. The results showed
that the simplified approach consisting of dynamic stiffness functions
was in good agreement with the outcomes of more complex approaches.
Finally, Dagdelen and Ruhani [20] evaluated the SSI on portal frames of
different span lengths considering several soil boundary conditions using
2D and 3D FE models. The authors concluded that simulating the backfill
was more important in short-span bridges, while for longer structures,
the inclusion of the subsoil had a greater impact.

This work is focused on the simulation and analysis of SSI effects in
railway bridges. To this aim, a numerical approach is proposed to im-
plement this interaction mechanism with reduced computational effort.
The method is based on the research by Galvin et al. [4], devoted to
solve the train-induced vibration problem in simple beam-type bridge
models while considering SSI. In this study, this approach is expanded
and adapted to be applied to more complex bridge configurations. The
procedure in question is substructured. This implies that the bridge-soil
system is analysed in a decoupled manner in relation to SSI. Based on
this premise, two 3D FE numerical models are implemented. The first
one represents a comprehensive idealisation of the full track-bridge—soil
integrated system, and is used to replicate SSI in a detailed manner. This
allows the derivation of dynamic stiffness (or impedance) functions at
the bridge-soil interface. These frequency-dependent functions repre-
sent the inertial behaviour of the soil, capturing its resistance to the
bridge motion and the energy exchange with the structure in the con-
tact area between both elements. Subsequently, a simplified version of
the previous model is implemented. In this variant, the soil domain is not
explicitly simulated, but is rather introduced as a series of linear spring-
damper elements that are calibrated from the stiffness and damping
properties of the previously calculated dynamic stiffness functions. With
this approach, SSI is incorporated into the simplified model without the
necessity of simulating the soil domain, which, due to its large size in
terms of degrees of freedom (DOFs), is the main factor contributing to
the increase in computational cost. Then, the bridge dynamic response
under operating conditions can be computed by means of complex modal
superposition (CMS), leading to relatively fast calculations.

In this manner, the main objective of this contribution is to present,
implement, and validate this approach to simulate SSI in an efficient
way. The methodology in question is applied to the case of an exist-
ing portal frame railway bridge in order to study its dynamic response
while considering SSI. In this sense, it is also intended to (i) identify its
modal parameters from experimental data, (ii) evaluate its performance
under operating conditions, and (iii) discuss the influence of other fac-
tors such as the track irregularities and the artificial increment of the
bridge damping to include the effect of the vehicle-bridge interaction
(VBI), as a set of complementary objectives of the work. These aspects
are also relevant, as, although portal frames are a well-established con-
structive solution, no special attention has been paid to their dynamic
study until recent times [15]. Consequently, there are issues yet to be
addressed in relation to the most appropriate analysis techniques to be
used in this regard. As previous research has pointed out, there is a lack
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Fig. 1. Images of the underpass under study: (a-b) the bridge, seen from the HS side, (c) a satellite image of the structure [22], and (d) a view of the bridge deck

next to the conventional track.

of straightforward modelling procedures to simulate SSI and avoid ex-
cessive time-consuming analyses [21]. Besides, literature incorporating
validation of numerical results against in-field data is rather limited [2],
especially when focused on evaluating the bridge dynamic behaviour.

For these reasons, the current investigation addresses important as-
pects in relation to SSI implementation and the bridge typology under
examination. Ultimately, a simplified method to simulate SSI could
bring further insight into the influence of this interaction mechanism
on the dynamic response of railway bridges. Besides, in relation to por-
tal frames, a full understanding of the effect of SSI could be useful, as
these bridges are the predominant type of underpass in modern railway
lines [2,3,7] and their usage is widespread. Therefore, predicting their
dynamic response with accuracy could be beneficial to assess the perfor-
mance of existing structures when facing new traffic requirements and
to avoid overly conservative predictions of the bridge response in the
design phase of new bridges that could lead to suboptimal and costly
solutions.

This paper is organised as follows. In Section 2, the bridge under
study is presented, and the identification of the modal parameters is
explained. In Section 3, the proposed numerical approach is described,
together with the main characteristics of the numerical models. Next,
the mathematical formulation of the SSI problem, including the track
irregularities and the bridge damping incorporated to implement VBI, is
detailed in Section 4. Subsequently, the results obtained are presented
and validated in Section 5. Lastly, the conclusions of this work are
summarised in Section 6.

2. Bridge under study
2.1. Structure description

The Camino de las Huertas underpass is a portal frame railway
bridge. It is situated on the Madrid-Sevilla high-speed (HS) line within
the Ciudad Real-Brazatortas section at kilometric point 31+ 200. The
structure spans 8 m in length and 22.1 m in width. Its cross section
consists of a reinforced concrete rectangular integral box. The bridge is
traversed by three tracks composed of UIC60 rails. Two of them provide
HS services and feature standard gauge with monoblock sleepers. The

remaining track is used to connect the cities of Ciudad Real and Badajoz
with trains circulating at conventional speed. This track features Iberian
gauge with twin-block sleepers. The constructive characteristics of this
portal frame are peculiar, as it is divided along its width by a narrow lon-
gitudinal joint located between the HS and the conventional tracks. This
results in two separate but weakly connected structures that, neverthe-
less, remain dynamically coupled in certain frequency ranges, as it will
be shown later on. Several views of the bridge are shown in Fig. 1(a-d).

2.2. Experimental programme

In-situ experimental measurements were conducted in September
2022 to identify the modal parameters and the dynamic response of the
bridge under operating conditions. The accelerometers were installed
on the inner walls of the portal frame. First, the concrete surface was
cleaned and sanded. Then, an accelerometer aluminium base featuring
an internal thread was bonded to the bridge slab using adhesive. Finally,
once the base was securely attached, the sensor was screwed into place,
completing the installation. The attached accelerometers can be seen in
Fig. 2, where two images of the setup during the experimental campaign
are shown. In Fig. 2(a), the longitudinal joint can be distinguished as a
dark line on the bridge slab in the location indicated by the arrows. In
Fig. 2(b), part of the adhesive used to glue the accelerometer base can
be distinguished around this element.

In total, 27 piezoelectric accelerometers with a nominal sensitivity
of 10 V/g were arranged as indicated in Fig. 3: 18 were attached to
the top slab (shown in red), 6 on the walls (shown in yellow) and 3 on
the bottom slab (shown in blue). Sensors on both slabs registered data
in the vertical direction, whilst those on the walls measured horizontal
motion. Based on this scheme, the dynamic response of the structure was
recorded under the passage of 27 trains and under ambient vibration.
The bridge dimensions are also depicted in Fig. 3, where the vertical
dashed line represents the location of the longitudinal joint.

2.3. Modal identification

The modal parameters of the bridge were identified by means of an
Operational Modal Analysis (OMA). To this aim, the measurements from
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Fig. 2. Bridge setup during the experimental campaign: (a) sensors on the slab, where the white arrows mark the position of the longitudinal joint, and (b) an
accelerometer installed at the bridge wall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Accelerometer layout and dimensions of the portal frame.

the structural response under ambient conditions combined with part
of the free vibrations of the bridge after passing trains were used as
input data. This facilitated the identification process and reduced the
complexity of the problem, as an initial test using just the data from
ambient vibration led to inconclusive results due to the low amplitudes
associated. The experimental recordings of the bridge under ambient
vibration had a duration of 3300 s, and were acquired at a sampling fre-
quency of 4096 Hz. The signal was decimated to 256 Hz and a high-pass
Chebyshev filter of 1 Hz was applied. On the other hand, segments of
the bridge free vibration after the train crossings were extracted from the
complete passage recordings and concatenated into a continuous signal
with a total duration of approximately 100 s, which was filtered with
a high-pass Chebyshev filter of 10 Hz. These measurements were also

acquired at a sampling frequency of 4096 Hz and decimated to 256 Hz.
As an example, the ambient vibration registered in accelerometer A5
is shown in Fig. 4(a and b), whereas the bridge free response after a
train passage is shown in Fig. 4(c and d). In these graphs, the root mean
square (RMS) acceleration is computed considering a time window of
1 s, as prescribed by ISO 2631 [23].

In this manner, the OMA was conducted and the bridge modal prop-
erties were identified by means of the Enhanced Frequency Domain
Decomposition (EFDD) method [24]. The corresponding singular value
decomposition (SVD) graph is shown in Fig. 5.

The estimated modal parameters of the bridge are shown in Fig. 6,
where the dashed line indicates the joint location. The first and third
mode shapes are the fundamental bending modes of the HS and
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Fig. 5. SVD plot of the OMA conducted on the portal frame under study.

conventional speed sections, respectively. In these modes, the vertical
movement of the bridge deck in the longitudinal direction is character-
istic and tends to attenuate near the joint. In a similar way, the walls
and the bottom slab undergo a certain degree of convex warping that is
mostly limited within the corresponding bridge part. The second mode
is close in terms of frequency to the third one. However, in f,, a more
pronounced deformation is observed in the HS region, occurring at a sig-
nificant distance from the longitudinal joint and affecting both the deck
and the bridge walls. At higher frequencies, as the width of the portal
frame is significantly larger than its length, the structural displacement
describes transverse bending modes. Accordingly, modes of this type
such as f4, f¢, f7 and fg are more associated with the conventional
zone, whereas fy, f|o and f|; have a predominant movement in the HS
area. Other cases such as f, and f5 are examples of moderately coupled
modes in which the participation of both bridge sections is apparent.
These results describe the asymmetric dynamic nature of the structure,
in which decoupled modes coexist with others in which both sections

contribute to the overall structural behaviour. It should also be noted
that owing to the bridge extension, a certain degree of spatial aliasing
may be present on the estimated mode shapes due to the number of ac-
celerometers employed. This situation may be more accentuated in the
walls and the bottom slab and at higher frequencies. Better results are
obtained in the top slab, where more precision is achieved.

To obtain a realistic approximation of the modal damping, the
recordings of the bridge free vibration response after passing trains
were evaluated. This procedure was followed because the damping
assessment is highly dependent on the amplitude of the measured vibra-
tions [25]. Therefore, a more representative estimation was expected
after dynamic train loading, as this excitation could activate more
energy-dissipating mechanisms within the bridge-soil system. In this
way, based on the method described in Reference [26], the Random
Decrement Technique (RDT) [27] was first applied to process the
measured acceleration signal and obtain the corresponding impulse re-
sponse function (IRF), which describes the structure performance over
time. Subsequently, damping was calculated by fitting an exponential
decay to the IRF envelope. This approach was employed to conduct
a comprehensive analysis on data from all sensors available consider-
ing the totality of the registered train passages. Final damping values,
shown in Fig. 6 for each mode, were obtained after averaging the re-
sults and filtering out possible outliers to ensure the adequacy of the
solution. The results obtained reveal higher damping ratios in compar-
ison to those provided in Eurocode (EC) [28] for prestressed concrete
bridges, particularly for the lower modes.

3. Numerical approach

The procedure presented to simulate SSI with an admissible compu-
tational cost is based on a substructuring approach. For this purpose, two
numerical models are used to represent the portal frame under study. To
begin with, a full track-bridge—soil interaction model is implemented to
derive dynamic stiffness functions at the bridge-soil interface. This data
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(a) f1 = 22.41 Hz
G =784%

(b) f2 = 25.44 Hz
Co = 6.74%
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(c) fs = 26.80 Hz
Cs = 6.66 %

(d) fa = 36.23 Hz
Ca =449 %

(e) f5 = 44.27 Hz
(s =3.18%

(f) f¢ = 55.51 Hz
Co = 2.52 %

(g) fr = 60.76 Hz
(7 =2.02%

(h) fs = 66.88 Hz
Cs =233 %

(i) fo = 72.85 Hz
Co =236 %

(3) fio = 79.62 Hz
C10 = 1.92 %

(k) f11 = 85.21 Hz
¢11 = 1.67 %

Fig. 6. Estimated modal parameters of the portal frame.

feeds a simplified model, which is later integrated by complex modal
time-history analysis.

3.1. Track-bridge—soil full interaction model

First, a detailed 3D FE numerical model of the portal frame is im-
plemented in ANSYS (R) v.22.1 to provide an accurate representation
of the SSI problem. The model, shown in Fig. 7(a), comprises the
track, the bridge and the surrounding soil. Starting from the track,
the rails are meshed as Timoshenko beam elements with 6 DOFs per
node (BEAM188). The relative vertical displacement between the rails
and the sleepers is linked through the rail pads, which are included
as spring-damper elements (COMBIN14) with constant vertical stiff-
ness and viscous damping. The resultant vertical force is transmitted
by means of kinematic constraints distributed over the contact area be-
tween the rail pads and the sleepers, which are modelled with half of
their height embedded in the ballast layer. Both ballast and sleeper ma-
terials are considered elastic and isotropic and are meshed with solid
finite 3D elements (SOLID185). In the case of the twin-block sleepers,

the steel crossbar in between the blocks is meshed using BEAM188 el-
ements. The presence of other non-structural features such as handrails
are also included in the model as lumped masses (MASS21) uniformly
distributed along each side of the deck.

Below the track, the portal frame structure and the longitudinal joint
are represented with shell elements (SHELL181). On the other hand, the
soil domain (including the backfill) is meshed with SOLID185 elements.
To avoid spurious wave reflections and simulate the dissipative effect
of the terrain, the model boundaries are padded with three layers of
solid PML elements. This procedure allows for reducing the amount of
soil required to simulate SSI in a correct manner and the computational
cost needed for the calculations. Adequate soil and PML lengths are de-
rived from convergence studies as Ly; = 7.5m and Lpy;, = 0.5m (see
Fig. 7(b)), respectively, to ensure the adequacy of the results. The mesh
in the PML region is discretised to fit a sufficient number of elements
per wavelength (1 = 2zC,/w), where C is the propagation velocity of
the shear waves within the soil and w is the highest identified frequency
of the bridge [29]. In total, the model has 1,340,132 DOFs.
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(b)

Fig. 7. Details of the full track-bridge—soil interaction model: (a) image of the FE discretisation, and (b) soil and PML lengths.

The mechanical properties of the model are listed in Table 1. Among
the track components, the following parameters are provided. In the
rails, E, is the elastic modulus, I, corresponds to the moment of inertia
with respect to the y axis and m, is the linear mass. The stiffness and
damping associated with the rail pads are denoted as K, and C,,, respec-
tively. Monoblock and twin-block sleepers differ in terms of geometry.
Dimensions regarding their length, width and height are listed. The dis-
tance between consecutive sleepers is represented as D,,, and D, for
each sleeper type and is equal to 0.6 m in both cases. The height of the
ballast layer is denoted as 4, and is assumed constant and uniform over
the bridge deck. A value of i, = 72.8 cm is considered based on visual
inspection and in-situ measurements. Beneath the sleepers, the ballast
thickness equals h,—h,; /2, with h; being the height of the corresponding
sleeper type. In any case, the result is in accordance with the minimum
ballast thickness required by the IF3 Spanish standard [30].

With regard to the portal frame properties, the elastic modulus of
the slab is obtained from the construction project of the structure [31].
Despite the importance of the longitudinal joint in the bridge modal be-
haviour (see Fig. 6), the calibration of this parameter presented a high
level of uncertainty, as the information available about it was very lim-
ited. For this reason, several modal analyses were carried out to adjust
the elastic modulus of the joint material E;. The final value listed in
Table 1 provides an adequate degree of coupling between the two bridge
sections and allows to reproduce the identified modal parameters of the
portal frame.

Lastly, the entire soil domain is conceived as a homogeneous elas-
tic half-space. The authors had access to geotechnical reports where
estimations of the soil density were provided [32]. Other documents con-
tained results from various Standard Penetration Tests (SPTs) conducted
around the bridge site before its construction, potentially indicating the
presence of a moderate to high stiff soil. However, the information was
insufficient to characterise key soil parameters such as C, with enough
precision. In light of this, this parameter was calibrated from a series
of preliminary modal analyses. To this aim, despite the soil properties
not being measured during the experimental campaign, the authors had
previously studied the soil strata of Jabal6n bridge, a structure located
20 km away from the portal frame, as reported in [25]. Based on this
and other references [1,15,33], a range of possible C, values was de-
termined. Then, the full track-bridge-soil interaction model was used
to perform several modal analyses applying variations to C, with the
objective of assessing whether the experimental bridge modes were pre-
dicted at the right frequencies. Satisfactory results in this regard were
obtained considering a shear wave propagation speed of C, = 350 m/s.
The updated value of C; falls within the scope of possibilities derived

from the geotechnical reports and with the observations in Jabalén
bridge [25].

3.2. Simplified track-bridge—soil interaction model

Next, a simplified version of the previous model is implemented. This
step involves the inertial decoupling of the surrounding soil from the
track—structure system and enables simulating SSI with optimal compu-
tation time. For this reason, only the track and the bridge are considered
and meshed as indicated in the previous section and shown in Fig. 8(a).
Conversely, the soil domain is substituted by a series of discrete linear
frequency-dependent spring-dampers. These elements are arranged over
65 points uniformly distributed over the soil-bridge interface at the ver-
tical walls and bottom slab of the portal frame. At each point, three
spring-dampers are attached: one perpendicular and two tangential to
the surface, following the three spatial directions (x, y, z) as shown in
Fig. 8(b). With regard to the boundary conditions, the nodes of the bot-
tom ballast area under the track extensions are considered clamped to
isolate SSI effects on the bridge. As a result of this decoupling proce-
dure, a reduced-order 3D FE model with 175,904 DOFs is obtained, a
substantial reduction in comparison to the full model.

3.3. Modal updating

The spring-dampers utilised in the simplified model are calibrated by
means of dynamic stiffness functions. The procedure described below
to calculate them is similar to those presented in References [18,19],
where this type of function is used to model the vertical interaction
of the bridge slab with the soil beneath it. However, in the cited
studies, a different approach is followed to model the wall-backfill
interaction (wherein additional non-linearities may emerge) based on
correlations that incorporate the geotechnical properties of the terrain
[2]. In the present work, the method proposed is employed for all the
spring-damper elements, independently of their location.

In this way, as schematised in Fig. 9, the soil-bridge dynamic be-
haviour is characterised by means of a harmonic analysis conducted
in the full interaction model. A vertical distributed force F,(w) is ap-
plied on both rails of track 2 covering the bridge span length. In the
same figure, the calculation points, represented as white squares, are
the positions where the spring-dampers will be attached in the upcom-
ing simplified model. For this reason, in each calculation point, three
dynamic stiffness functions are computed to define the properties of the
three associated spring-damper elements (one in each direction x, y and
z). These functions are computed as the quotient between the resultant
of the vertical force and the measured displacement in the corresponding
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Mechanical properties of the full track-bridge—soil interaction model. Note that (M-b) and (T-b) stand for

monoblock and twin-block.

Entity Part Property Notation Value Unit Reference
Track Rail UIC 60 Elastic modulus E, 2.10x 10" Pa [34]
Moment of inertia I, 303810 mt [34]
Linear mass m, 60.34 kg/m [34]
Rail pad Stiffness K, 1.00 x 10 N/m [35]
Damping c, 7.50 x 10* Ns/m [35]
Sleepers (M-b) Elastic modulus E,, 3.60 x 10'° Pa [36]
Poisson’s ratio Vom 0.2 -
Mass mg, 320 kg [36]
Length Lo 2.6 m [36]
Width w,, 03 m [36]
Height Ry 0.24 m [36]
Distance Dy, 0.6 m [36]
Sleepers (T-b) Elastic modulus E, 3.60 x 10'° Pa [36]
Poisson’s ratio Vg 0.2 -
Mass my, 200 kg [36]
Length Iy 2.5 m [36]
Width w, 029 m [36]
Height hy, 0.2 m [36]
Distance Dy, 0.6 m [36]
Cross bar elastic modulus E,, 2.10x 10" Pa [37]
Ballast Elastic modulus E, 1.10x 10 Pa [38]
Poisson’s ratio v 0.2 - [39]
Density P 1950 kg/m’ [38]
Height Ry 0.728 m [30]
Bridge Slab Elastic modulus E, 3.57x 10" Pa [31]
Poisson’s ratio Vy 0.2 -
Density P 2500 kg/m’ [40,41]
Longitudinal joint Elastic modulus E; 9522.50 Pa
Poisson’s ratio 2 0.2 -
Density » 2500 kg/m’
Handrail Linear mass my, 50 kg/m [40]
Soil Soil and backfill Elastic modulus E 573% 10° Pa
Poisson’s ratio A 0.2 -
Density P 1950 kg/m’ [32]
Shear wave speed C 350 m/s

(a)

(®)

Fig. 8. The simplified track-bridge-soil interaction model: (a) image of the model discretised in FE, and (b) schematic front view including the spring-dampers.

direction i: Z ;’i(w) = F{(w)/U;(w). Given that the load and the displace-
ment are out of phase due to the inertial and damping properties of the
soil, the results of this operation are complex. Subsequently, it is possi-
ble to obtain the properties of stiffness K;(w) = Re[Z fi,i(“’)] and viscous
damping C;(w) = Im[Z} (®)]/w to be implemented as spring-damper
elements in the simplified model [4].

The results obtained from this analysis are dependent on the fre-
quency. In this sense, Fig. 10(a—c) show the displacement at points P1
and P2 in x, y and z in absolute value for the frequency range between 1
and 100 Hz. These calculation points are located halfway up the bridge
wall, as shown in Fig. 9. The points are found on opposite sides of

the longitudinal joint, therefore belonging to different bridge sections.
The separation between them is of 5.5 m, approximately. Fig. 10(a—c)
show that maximum displacement peaks occur near the fundamental
frequency of the bridge (f, = 22.41 Hz, as indicated by the dashed line)
in the vertical (z) but also in the longitudinal (x) direction. This is in
accordance with the behaviour observed in the first experimental mode,
as it involves the convex warping of the vertical bridge walls. The re-
sponse in the transverse direction (y) is less significant in this case. Other
prominent peaks are related to higher structural modes. The displace-
ment amplitudes in the longitudinal and vertical directions are higher
at P2 when compared to P1. This occurs because P2 is situated in the
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Table 2
@ Mechanical properties of the bridge sections before and after calibration.

Fig. 9. Scheme of the harmonic analysis conducted to compute the dynamic
stiffness functions at the calculation points.

HS section, where the dynamic load is being applied. However, part of
this result is also attributable to the decoupling effect of the joint, that
hinders the energy transmission throughout the bridge slab.

Derived from the calculated harmonic displacement, the correspond-
ing stiffness and damping curves are shown in Fig. 10(d-f) and (g-i),
respectively. In both calculation points, prominent peaks occur in high
frequency ranges. Nevertheless, P1 presents a more oscillating trend

|_Calculation points Parameter Bridge section Nominal Updated Variation Unit
Ballast density Conventional 1950 1560 -20 % kg/m?
High-speed 2340 +20 %
Slab elastic modulus ~ Conventional 35.71 30.35 -15% GPa
High-speed 26.07 -27 %

with multiple spikes in |K,| and |K,| in the interval between 40 and
100 Hz. In comparison, nearing the fundamental mode of the bridge,
differences between P1 and P2 are less important and the values attain
certain stability. In view of this, the properties of stiffness and damping
are finally tuned to the fundamental frequency of the bridge to reduce
the variability among the parameters under calculation.

An additional calibration step is carried out to complete the pro-
cess. The authors found that in order to replicate the asymmetric modal
behaviour detected in Section 2.3, it was necessary to differentiate
the mechanical properties of both bridge sections. In this way, the
adjustment is performed on the ballast density and on the elastic mod-
ulus of the slab. The updated parameters are listed in Table 2. After
this calibration, the properties of the spring-dampers are accordingly
recalculated. The variation with respect to the previous values was ac-
ceptable. Besides, it was also observed that the final results involving
the bridge response due to train passages were not sensitive to small
variations of the spring-damper properties such as the ones considered
in this step, leading to stable results.

With this configuration, a complex modal analysis is conducted
employing the simplified model. The resultant modal parameters are

—10 —10
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3 x10710
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Fig. 10. Results of the harmonic analysis conducted to characterise SSI in the full track-bridge-soil interaction model at P1 and P2: (a—c) displacement in each

direction, (d-f) stiffness, and (g—i) viscous damping.
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Table 3
Experimental-numerical comparison of the bridge modal parameters.
Modes 9 and 10 do not have any numerical counterpart.

Mode £ [Hz) fmm [He) e; [%] MAC
£ 22.41 22.23 -0.8 0.611
£ 25.44 25.59 0.6 0.483
£ 26.80 26.93 0.5 0.740
fi 36.22 34.05 -6.0 0.694
s 44.27 37.38 -156 0.769
fe 55.51 63.57 14.5 0.811
f1 60.76 60.94 0.3 0.878
fs 66.88 65.25 24 0.881
fo 72.85 - - -

fio 79.62 - - -

fun 85.21 72.50 -149 0.832

compared to their experimental counterparts in Table 3, where the first
column indicates the mode under comparison. The second and third
columns list the empirical and the numerical damped frequencies, re-
spectively, and the fourth one indicates the difference between these two
values in percentage. In the fifth column, the modal assurance criterion
(MAC) is calculated considering the accelerometers underneath the top
slab (A1-A18) and is used to assess the similarity between pairs. Then,
Fig. 11 provides a comparison of the mode shapes. Experimental ones
are depicted in black, whereas numerical ones are shown in gray. The
representation corresponds to the real part of the complex eigenvector.

Resulting from this procedure, all the experimental modes have
been satisfactorily predicted employing the numerical model, except for
modes 9 and 10 (see Fig. 6). As can be seen, a reasonably good agree-
ment is achieved in terms of frequencies in the majority of the modes.
The highest divergence in absolute value is observed in f5 with a value of
15.6 %. Nonetheless, a difference lower than 3 % is achieved in 5 modes:
f1> f2, f3, f7 and fg, being less than 1 % in the first four cases. The
MAC values also indicate a satisfactory degree of correlation, especially
among the highest modes.

4. Formulation of the SSI moving load dynamic problem

This section addresses the solution of the SSI problem, which is
approached as follows. First, a modal analysis is performed on the simpli-
fied interaction model and the mode shapes are retrieved from ANSYS
(R) v.22.1. Due to the presence of the spring-dampers, the results ob-
tained are complex. Non-oscillatory modes with real eigenvalues are
discarded. Subsequently, complex modes and natural frequencies are
exported to MATLAB (R) v.2024 a to solve the SSI problem by means
of CMS. Then, the bridge response under passing trains is computed
[42]. To proceed in this manner, an intermediate normalisation step is
necessary to operate with the mode shapes retrieved from ANSYS.

Thus, in the first part of this section, the formulation of the SSI
problem is presented. In the second part, the changes conducted in the
normalisation of the mode shapes are explained. On the other hand, the
excitation mechanisms used to simulate train induced vibrations are de-
tailed in the third part of the section. Finally, the fourth part delves into
the additional amount of structural damping considered to account for
VBIL

4.1. Problem formulation

The equilibrium equation of the bridge FE model, comprising N
DOFs, with initial conditions of displacement u(0) = u, and velocity
u(0) = u, is:

Mii(t) + Ca(r) + Ku(t) = F(?) 1)

where M, C and K represent the mass, damping and stiffness matrices
of the problem. The effect induced by the spring-dampers at the do-
main contour makes the global damping of the system non-proportional,
which implies that (M~ !CQ)(M™'K)#(M~'K)(M~'C) and results in com-
plex modes. In this context, the position of each DOF is defined by

10
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amplitude and phase angle. Thus, a set of 2 N equations is required
to evaluate the solution of the N DOF of the structure. In this sense,
Eq. (1) can be rewritten as a system of 2 N equations:

C Mj |a@) K 0 u@®)| _ |F@®)

M 0] [ﬁm] * [0 —M] [ﬁm] - [ 0 ] @
which can be expressed as a first order differential matrix equation:
Ay®+By(® =P 3

where A and B are two real and symmetric matrices of dimensions 2N
X2N and y is the state vector:

e M L _ [k o _[Fo BLO)

S A i A I S R
In the free vibration case, Eq. (3) yields:

Ay +By (=0 (5)

In this system of linear equations, the non trivial solution can be
obtained as y(r) = ¥;e’’, where s; is the j-th of 2N eigenvalues and ¥,
is the corresponding eigenvector:

_| %
¥ = L/é’j]

Then, natural frequencies, damped natural frequencies and modal
dampings can be calculated from the eigenvalues as w; = [s;], @,;; =
[Im[s;]] and ¢; = —Re[s;1/[s;|, respectively. Following, in the forced
vibration case, the solution to Eq. (3) can be expressed as:

©

2N
NMOEDI 0! )
Jj=1

If orthogonality conditions ‘I’I.TA‘I’,( = 0 and ‘I’I.TB‘I‘,( = 0 are satis-
fied for any pair of modes j # k (where superscript T indicates matrix
transpose) and the eigenvectors are normalised to the A matrix (i.e.,
‘l‘jTA‘l‘ ;= 1), Eq. (3) results into a set of 2N uncoupled equations [42]:

zj(t)+ajzj(t) =Pj(t) ®

where p;(t) = ‘I’jTP(t) and «; is later defined in Eq. (14). This is a non-stiff
differential equation that can be solved numerically. In the present work,
the solution to this equation is computed by means of a Runge-Kutta
(4,5) explicit algorithm [43,44]. Then, CMS is used to calculate the
bridge displacement as indicated in the equation below. This expression
takes into account that the eigenvalues and eigenvectors in the analysis
under consideration are pairs of complex conjugates.

N

u(t) = Y} 2Relgh;z; (1]

Jj=1

&)

4.2. Mode shapes normalisation

To proceed with the calculations as indicated in the previous section,
it is necessary to address the normalisation of the mode shapes computed
with ANSYS. In this case, the modes are obtained via complex modal
analysis and normalised by default to the mass matrix M. As the mode
shapes are exported to MATLAB to solve the moving load problem, they
need to be normalised to the A matrix. To this aim, a scaling parameter
allowing this operation to be performed is derived. Initially, the mode
shapes are normalised to the mass matrix. In the subsequent formulation,
this is indicated by the M superscript. Thus, they fulfil that ‘I‘J.T’M A‘I‘;"’ #
1. Taking into account Egs. (4) and (6), and if the previous condition is
further developed, this can be expressed as:

¢,

gT-MapM —
R 1

.M o
T lc M| ¢ ,
] [M 0] [sj(;Jj] =¢;- MC¢5~V[ +2m;s;  (10)
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where m ;

orthogonality conditions, modes satisfy ‘I’IT’M A‘I’,’(‘”’ = 0 for any mode j #
k, from which it can be derived that ¢ " Co} = —(s; + s)¢p] ' Mg}
Considering that the eigenvalues appear as pairs of complex conjugates
(s¢ = $;), and taking into account that w; = |s;| and {; = —Re[s;1/[s;],
the precedent expression can be rewritten accordingly:

stands for the modal mass. On the other hand, because of

¢ MCh) =2m G0, an

Eq. (11) is used to approximate the term ¢JT’M C¢;‘4 in Eq. (10) by

assuming that ¢1.T’M Cd;jM ~ ¢1.T’M C¢j"’ . In this way, noting that the modal
mass is equal to 1 due to the normalisation to the mass matrix, Eq. (10)
results into:

WIMAYY = 2m; ;4 2mys; = 2wl +5) = 6 (12)

where §; is the scaling parameter that allows to adapt the normalisation
of the mode shapes from M to A:

_\pwM
¥; =¥ /\/5_1

In a similar way, the modes comply with ‘I’IT'M B‘P,’(” = 0 because of

orthogonality conditions. This leads to ¢JT’M Kd;;w ~ ¢IT’M K¢§” ~ w}z. con-
sidering the previous approach. Then, further developing the expression
‘PJ.TB‘I’ = q while scaling as indicated in Eq. (13) allows to calculate

the parameter a;:

(13)

(@} —57)
04 = T (14)
which can be used in Eq. (8) to solve the dynamic problem. Eventually,
all the bridge modes are normalised according to this procedure and

0.
0

(g) Mode 7

(h) Mode 8
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used to compute the solution as per Eq. (9), accounting for the modal
contributions included in Table 3.

4.3. Quasi-static and dynamic loads

In this work, train induced vibrations are considered to be caused
by three excitation mechanisms: a quasi-static contribution, a paramet-
ric excitation and a dynamic loading. The quasi-static contribution is
modelled as a series of moving forces travelling at a constant speed
and is related to the train axle load. In this approach, the inertial ef-
fects of the vehicle are neglected. On the other hand, the parametric
excitation is induced by the moving loads circulating along rails dis-
cretely supported at each sleeper. Lastly, the dynamic loading includes
the effect of track irregularities, which are modelled based on a sta-
tionary Gaussian random process characterised by its one-sided power
spectral density (PSD) function S(x,). Following the spectral represen-
tation theorem, samples of the unevenness profile r(x) are generated
as a superposition of harmonic functions with aleatory phase angles
[45,46]:

(15)

Np
r(x) = 2 V2 S(k,,)Axx cos(k,,x — @,)
n=1

where N, is the number of points where the unevenness is calculated,
Kk, is the sampling wavenumber, Ak, is the wavenumber step and ¢,
are the random phase angles uniformly distributed in the interval [0,
2x]. The artificial track irregularity profile is calculated from the PSD

function below, in accordance with ISO 8608 standard [47]:

S(k,) = S(ky) ( :—"> (16)

x0

(i) Mode 11

Fig. 11. Comparison of the experimental (black) and numerical (gray) mode shapes. Modes 9 and 10 have not any numerical counterpart. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Data about the train crossings simulated in the dynamic analyses.
Train Track Ride Scheme Vv [km/h] d [m] P [kN]
$599 1 CR-B L-CL 135.0 25.2 131
$100 2 M-S L8 CL 235.4 18.70 156
5102 - Duplex 2 M-S L-12 C-L//L-12 C-L 238.4 13.14 165
S$114 - Duplex 3 S-M L-2 C-L//L-2 C-L 236.5 25.90 153
$103 3 S-M L8 CL 228.3 24.78 144
with k,q = lrad/m. The exponent is set to w = 3.5, as commonly accepted Table 5
for current HS lines [6]. The sampling wavenumber k. is defined in steps Frequencies of the passenger coaches.
of Ak, = n/Vrad/m in the interval between the bogie passing frequency Train S599 $100 S102 S114 S103 Unit
of each train divided by its travelling speed (f,,/V -2z = 2z /d, where d is
he characteristic dist f the train) and the ratio bet the highest fun 0.79 1.15 1.07 0.78 0.79 Hz
the characteristic istance of the train) and the ratio between the highes I 5.32 553 497 512 5.60 Hz
frequency of the bridge and the train velocity (f;,-2z/V). With respect to
S(ky), a range between 1 x 107 and 5 x 10~7 m? of PSD reference values
for the rail unevenness is considered [48]. The lower bound describes Table 6
a minor degree of irregularity and is applicable to rails in a good state Additional damping ratios to be considered for each train passage.
of conservation. On the contrary, the upper bound involves a rougher Train $599 5100 S102 S114 S103 Unit
unevenness of rails maintained in worse conditions. A value of S(x,() =
1 x 107 m? is adopted for the HS tracks. In the conventional track b 184 184 184 184 L84 %
x m P o [racks. ¢ conven > AlgADA 0.36 0.42 0.24 0.31 0.93 %
a slightly higher degree of deterioration is considered with S(x,,) = Crot 2.20 2.26 2.08 2.15 2.77 %

4 x 1078 m>. This value is used for two main reasons: first, assuming a
different level of maintenance compared to the HS line; and second, in
accordance to more demanding traffic conditions in terms of loading,
that include the circulation of heavy freight trains, which is generally
excluded from the HS lines in the Spanish network [49]. In this regard,
Fig. 12 shows the theoretical PSD function derived from Eq. (16) for
tracks 1, 2, and 3.

Next, the irregularity profile is used to approximate the vehicle-track
interaction force F,, as a result of the track unevenness, as shown in Eq.
17): 2
Fyu(x,0) =m,, - d';(zx)

+ Z;,Z(a)) - r(x) a7
where m,, is the vehicle unsprung mass and Z ;,z(w) is the track vertical
dynamic stiffness. This parameter is estimated from a harmonic analysis
performed using the full track-bridge-soil interaction model. It consid-
ers two identical concentrated forces, F,,(w) and F,,(w), at midspan.
Each load acts on one rail of the track. Then, the rail displacements in
the points where the forces are being applied are obtained as U, (w) and
U, (w). Finally, the track dynamic stiffness is computed:

)

In a first approach, it is considered that the value of Z/,  at midspan
is representative for the totality of the track length. In an analogous

le(a)) + FZZ((U)

Bz 18
U (@) + U (@) 18

z =1 (

10° ‘

—Track 1
Tracks 2,3

10"
10!

10° 10!

Wavenumber [rad/m]

Fig. 12. Theoretical PSD functions associated to the irregularity profile of each
track.
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way to the calibration of the spring-dampers (see Section 3.3), Z;,Z is

admitted constant and equal to the value achieved at f,.

4.4. Additional damping

In the current setup, VBI effects are not considered. In this situation,
where the vehicle is not explicitly simulated, the energy dissipated in
its suspension systems is disregarded, potentially resulting in an over-
estimation of the bridge response [35,50]. To obtain a more realistic
prediction of the structural performance, the VBI benefit may be ap-
proximated if an additional amount of damping ¢, is introduced in the
system. In this work, this quantity is determined as follows:
Ctot = €p + ACEADA (19)
where ¢, is the structural damping of the bridge and A{g,p, is the sup-
plementary damping ratio proposed by Yau et al. [51] referred to as the
Equivalent Additional Damping Approach (EADA). The first term of the
precedent expression is obtained based on the EC [28] criterion for pre-
stressed concrete bridges and, as shown in Eq. (20), depends solely on
the span length L. The reason for not using the experimental damping
for this purpose instead is because it was estimated with the bridge—soil
system acting as a whole. In contrast, the simplified model adopts a de-
coupled approach, in which part of this damping effect is being already
introduced by the spring-dampers in a direct way. Therefore, in terms of
energy absorption, adopting the experimental damping (which is quite
high in the lowest modes) as the total bridge contribution could result
in an excessively non-conservative assumption.
{,=1+0.0720- L) (20)

On the other hand, A{gsp, incorporates three ratios associated with
the train-bridge modal properties that play an important role in the
reduction of the bridge dynamic response due to the presence of the
vehicle [50,52,53], as indicated in Eq. (21):

ry+ 28,0

(=13 =20 —

AlgapA = H1T

where r, is the ratio between the fundamental vertical frequency of the
passenger coaches and the first bending frequency of the bridge, u, is
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Fig. 13. Axles scheme of the trains CAF S599, Alstom S100, Talgo S102, Alstom S114 and Siemens S103.
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Fig. 14. Elements of the multi-body carriage model.
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Fig. 15. Vertical mode shapes of the passenger coaches.

the corresponding vehicle-bridge modal mass ratio and &, is the ef-
fective suspension damping ratio. Eventually, ¢, is introduced in the
system through each eigenvalue (s;) under consideration, leading to the

subsequent modified eigenvalues s;, as indicated in Eq. (22). Then, the
dynamic load problem is solved as previously explained.

Sja = (& + Co)ls; | + Im[s i (22)

5. Validation

In this section, the simplified model is used to predict the bridge dy-
namic response under operating conditions, and the results are validated
with the experimental measurements. The data recorded in this regard
correspond to the Renfe commercial passenger trains of the series S599,
$100, S102, S114 and S103. Table 4 includes the subsequent information
about these passages: train type, track number, travelling direction (CR:
Ciudad Real, B: Badajoz, M: Madrid, S: Sevilla), coaches arrangement
(L: locomotive, C: carriage), circulating speed V, characteristic distance
d and mean axle load of the passenger coaches P,.

Only one recording was available from a train travelling on track
1. This corresponds to the S599, a conventional train consisting of a
central carriage and two external power cars. The distance between non-
consecutive bogies of the middle car and a power car is d = 252 m. It
also represents the single recording of a train travelling at conventional
speed (V = 135 km/h). The rest of the trains circulated on tracks 2 and
3 and offered HS services. Among them, the S100 is an articulated train
with eight carriages and two locomotives. The distance between shared
bogies in the central carriages is d = 18.7 m. The S102 is a regular train
and circulated with two power cars and twelve carriages in its duplex
configuration. The distance between shared axles is d = 13.14 m. Next,
the S114 is a conventional train composed of two integrated driver—pas-
senger cars at both ends and two central coaches. This train presents
a characteristic length of d = 259 m and ran in duplex configura-
tion. Lastly, the conventional train S103 presents eight coaches and two
integrated driver—passenger cars. The characteristic length between non-
consecutive bogies in the central coaches is d = 24.775 m. Fig. 13 shows
images of the trains and their scheme of axles. More information about
these trains can be found in References [25,54].
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5.1. Estimation of the additional damping

As mentioned in previous Section 4.4, an additional amount of
damping ¢, is introduced to represent the effect of VBI in the sys-
tem. Following Eq. (20), the structural damping according to EC [28]
is calculated as {, = 1.84 % in the case of the portal frame under
study. Then, the equivalent damping A{gaps[51] is computed as per
Eq. (21). To obtain the modal properties of the trains, a 2D multi-
body half-coach model is implemented using the FE method. This model
includes the mass and inertia of the car body (m,, I.,) and the bo-
gies (my, I,,); as well as the stiffness and damping of the primary
(kp, cp) and secondary suspensions (kg, ¢,). As shown in Fig. 14, the
model has a total of 6 DOFs that correspond to the vertical displace-
ment of the car body z,, the two bogies (z,,, z,,) and the rotation
about the transverse axis of these same elements (6, and 0,,, 6,,, re-
spectively). The suspension systems are represented as sets of parallel
linear elastic spring-dampers. The model is calibrated with the proper-
ties of a central carriage of the train in question. The values provided in
Reference [55] are adopted for the trains considered in the moving load
problem.

After a performing a modal analysis, the vertical mode shapes of the
vehicle shown in Fig. 15 are obtained. The first one is more associated
to the properties of the secondary suspensions and comprises the up-
right displacement of the car body. Instead, the second one involves the
movement of the bogies, as it depends on the characteristics of the pri-
mary suspensions. These mode shapes are identified for all the trains
considered with the frequencies listed in Table 5.

The corresponding properties of the second vehicle mode f,, are used
to calculate the equivalent damping A{gsps. The basis for this is ex-
plained as it implies that the interaction between the bridge and the
train is more significant when compared to f,;, resulting into a greater
equivalent damping ratio. However, given that A{g,p, serves a smaller
complementary role in relation to the bridge damping ¢, the previous
assumption still ensures that the approach remains within conservative
bounds. Then, following Eq. (19), the total additional damping ¢, is
obtained. Table 6 lists the results of all the trains.

5.2. Response under operating conditions

In what follows, the bridge dynamic response under passing trains
is calculated and compared to experimental data. Both responses are
filtered by applying Chebyshev filters with high-pass and low-pass fre-
quencies of 1 and 30 Hz, respectively. The experimental acceleration is
extracted from different sensors, selected based on the specific track the
train is operating on: A4 in the case of the train running on track 1,
A10 if it circulated on track 2, and A15 if track 3 was the case. First,
time-history and RMS acceleration responses of every train passage are
shown in Fig. 16. In this set of graphs, the experimental trace is depicted
in black. The case including the quasi-static contribution is represented
in blue and denoted as Q, whereas the one corresponding to the dynamic
excitation in the form of rail irregularities is shown in red and denoted
as L. On the other hand, the numerical response incorporating the quasi-
static and the dynamic excitations (Q +1) is depicted in magenta. Lastly,
the case including the previous excitations and the additional damping
(Q+I+¢,,) is shown in light magenta.

As can be observed in Fig. 16, it is evident that the sole contribution
of the quasi-static response is insufficient to capture the full dynamic be-
haviour of the bridge. This result is noticeable in both the time-histories
and the RMS acceleration responses. Conversely, the case considering
just the dynamic excitation exceeds the experimental results, even more
when combined with the quasi-static contribution. This illustrates the
importance of simulating this excitation mechanism, as previous re-
search has identified track irregularities as a key factor contributing to

14

Structures 82 (2025) 110600

increment the bridge response, mainly in terms of acceleration [56-58].
Apart from that, as clearly shown in the RMS plots, the additional damp-
ing is useful to adjust the previous outcome, dissipating further energy
from the system and lowering the overall vibration intensity of the struc-
ture. This leads to a more accurate prediction when this effect is taken
into account. These results are consistent across all the trains considered,
obtaining more divergences in train S599, which circulated in track 1 in
the conventional section.

Subsequently, the computed bridge response is examined in the fre-
quency domain using the Fast Fourier Transform (FFT), the PSD, and
one-third octave bands in the first, second, and third columns of Fig. 17,
respectively. In this regard, from a broader point of view, the results ob-
tained are in accordance with previous observations, highlighting that
the contribution of the dynamic excitation is fundamental to achieve
a good approximation to the experimental measurements. In a differ-
ent vein, focusing on the analysis of the frequency content based on
the FFT, the results present small peaks at lower frequencies, that are
related to the characteristic distance of the train and subsequent har-
monics. Then, the most prominent peaks occur near the structural modes
of the bridge f,—f; (i.e, between 22.4 and 26.8 Hz). The effect of the
additional damping is more pronounced in these resonant peaks, reduc-
ing the amplitude of the response. Following, the PSD plots show that
the vibrating energy of the bridge is mostly concentrated at frequencies
higher than 20H z, presenting various minor peaks below this thresh-
old. As probably due to the decoupling of the two bridge sections, the
PSD plot of train S599 in Fig. 17(b) shows a negligible contribution of
the fundamental mode of the HS section (f; = 22.4 Hz). Similarly, for
trains running on track 2 in the HS section (see Fig. 17(e, h)), the re-
sponse exhibits little contribution from the fundamental mode of the
conventional zone (f; = 26.8 Hz). Nevertheless, the response of the
passages from track 3 (see Fig. 17(k,n))) depicts a higher participa-
tion of this mode, which may also be influenced by the proximity of
f>» = 254 Hz, a mode involving the longitudinal bending of the two
bridge sections. In relation to the one-third octave band spectrum, these
plots are computed according to the German standard DIN 45672-2
[59] on a reference period during which the response is considered sta-
tionary. The results in this regard show that the bridge behaviour is
dominated by high-frequency bands (i.e., > 16 Hz), where the contri-
bution of the dynamic excitation is higher, and the bridge frequencies
appear.

If the results are evaluated depending on the train type, it is ob-
served that greater divergences are found in the train S599, which
circulated on track 1 (see Fig. 17(a—c)). This may be attributable to
a higher uncertainty about the track conditions (in relation to the de-
gree of unevenness) favoured by a lack of data of more trains running
on this track to perform further investigations in this regard. It is also
important to note that the irregularity profile is estimated based on a
numerical approach. Thus, despite the results in the other tracks suggest-
ing a good approximation, the real profile may differ from the projected
one. Another factor affecting the predicted acceleration in track 1 may
be related to the size of the conventional section and the proximity to
the longitudinal joint. From that perspective, given that this section has
a reduced area if compared to the HS zone, the relative influence of
the joint could be more significant. Therefore, the modal behaviour of
this part of the bridge could be subjected to more variability, leading to
more deviations in the predicted response. On the contrary, the results
from track 2 and, especially, from track 3, provide good predictions of
the experimental results. The small deviations detected among the train
passages on track 2 (see Fig. 17(d-i)) may be prompted by the prox-
imity to the longitudinal joint, as these divergences attenuate in the
trains from track 3 (see Fig. 17(j-0)), which is the farthest from this
element.
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Fig. 16. Comparison of the experimental and numerical responses: time-history and RMS acceleration of each train passage.
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6. Conclusions

In this contribution, a procedure to efficiently simulate the effect
of SSI on railway bridges is proposed. In order to assess its suitabil-
ity, the procedure is applied to the case of an existing portal frame
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Fig. 17. Comparison of the experimental and computed responses: FFT, PSD, and one-third octave bands.

railway bridge. In this regard, a complete study is provided, starting
from the acquisition of experimental data and the identification of its
modal parameters. Then, a full track-bridge-soil interaction model in-
cluding an explicit idealisation of the soil domain is implemented to
simulate SSI in a detailed manner and obtain dynamic stiffness functions
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representing the coupled bridge-soil behaviour. Then, a simplified ver-
sion of this model is implemented, but in this case, the soil is substituted
by a series of linear spring-damper elements, that are calibrated based
on the properties of stiffness and damping derived from the previous
dynamic functions. Subsequently, the moving load problem is addressed
and solved by means of CMS. To obtain a more realistic prediction of the
bridge response under passing trains, track irregularities are included in
the analyses. Moreover, as the vehicle is not explicitly simulated, the
bridge damping is increased to account for the effect of VBI by means of
the EADA method. Finally, the performance of the portal frame under
operating conditions is calculated with the primary aim of validating
the proposed approach, and, additionally, evaluating the dynamic re-
sponse of the bridge and the main factors affecting it. In this way, the
conclusions of the work can be summarised as follows:

« The proposed numerical approach has been satisfactorily imple-
mented and validated in the case of a portal frame railway bridge
using 3D FE formulations. By incorporating a reduced-order model
with dynamic stiffness functions representing the SSI effect, the dy-
namic moving load problem is solved efficiently without incurring
excessive computational cost. In general, the results obtained repli-
cate the experimental bridge response with an acceptable degree of
accuracy. For this reason, this approach could be useful to simulate
SSI in other portal frames or semi-buried structures, as well as in
different bridge configurations. Besides, the approach to adapt the
normalisation of the mode shapes in an approximated manner could
be of utility for other cases.

In relation to the particular case study, given that this bridge is
divided into two coupled structures by a longitudinal joint, the ini-
tial process of acquisition of experimental data and the posterior
modal identification were key to understand its complex modal be-
haviour and to adapt the numerical model to the real conditions of
the structure. In relation to this, it was fundamental to differentiate
the mechanical properties of the conventional and the HS sections.
From the experimental-numerical comparison of the bridge under
operating conditions, it can be derived that taking into account the
dynamic excitation is essential to achieve a good approximation of
the experimental response. In this regard, the analysis of the results
reveals that the bridge response is mainly influenced by frequencies
higher than 15 Hz, where the track irregularities have the most no-
ticeable impact and the first three bridge modes appear. Comparing
the results train by train, more divergences between the experi-
mental and the numerical responses are found in the case of those
circulating on track 1, and better results are achieved in tracks 2 and
3. In this context, differences between trains running on different
tracks point to an apparent disparity increment in the cases where
the influence of the joint is likely higher. This is particularly evident
in track 1, where its proximity to this element, combined with its
location within the conventional section, may increase the impact of
the joint on the modal behaviour of this part of the bridge, adding
complexity and making it more complicated to predict. Similarly,
regarding trains running on track 2, it is probable that the small de-
viations detected in frequencies far from structural modes may be
boosted by the proximity of this track to the joint, as these diver-
gences attenuate in the trains from track 3, which is the farthest
from this element. Still, the predictions are reasonably accurate in
both cases.

Overall, the attenuating effect introduced by means of the additional
damping with the EADA method has been practical to provide a
more accurate prediction of the bridge response under operating
conditions. The impact of this phenomenon is more pronounced at
resonance, making it a suitable approach for simulating the influence
of VBI when using moving-load models.

In brief, this investigation explores the application of a substructur-
ing approach to model SSI on railway bridges, aiming to reduce the
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typically high computational cost associated with simulating this in-
teraction mechanism. The results show that this procedure could be of
utility to assess the performance of existing structures and for designing
new bridges. Future works could implement additional refinements on
the proposed approach, such as, for example, explicitly introducing VBI
effects to avoid overestimating the bridge response or a more detailed
definition of the soil strata. Overall, this work contributes to improving
the predictive capabilities on railway bridge dynamics while consider-
ing SSI, thereby enhancing safer, more sustainable, and cost-effective
infrastructure.
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