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Highlights

The importance of properly modeling the infrastructure of a high-speed bridge is
shown

Some recommendations are given for a simplified foundation model

The maximum displacement can vary by 27.28% compared to an isolated deck
The layer depth studied has very little influence on the impact factor

The stiffness of the surrounding soil is very important in the complete model



Abstract

In this research, the importance of properly modeling the infrastructure of high-
speed railway bridges with deep foundations when using the finite element method (FEM)
is discussed. To do so, an isolated deck and several complete models with different
characteristics were compared. Parameters such as the length of the piles, the stiffness of
the supporting layers and the type of dynamic load (10 different trains) were explored.
This study started with the analysis of various parameters that determine the behavior of
deep foundations with piles in simplified models. Based on these findings, a complete
model was built. This research shows the importance of including not only the
surrounding terrain but also the main substructure (i.e., piers and abutments) in the model.
Recommendations on the amount of soil to include, its mechanical properties and the
length of the piles needed are also provided to ensure the reliability of results when
considering the soil-structure dynamic interaction. With this research, a contribution to
current knowledge is intended through a series of guidelines and tools to help structural

engineers in dynamic simulations through a theoretical case study.

Keywords: Dynamic analysis, high-speed trains, railway bridges, soil-structure
interaction, pile foundation, infrastructure, numerical simulations

1. Introduction

High-speed railways have requirements for bridges due to the dynamic loads
associated to train traffic. Considering this, the study of the dynamic behavior of railway
bridges has become a key factor in the design of such structures [1-5]. The stresses and
strains observed in a railway bridge due to train traffic can exceed the design limits (i.e.,
targets), particularly if the frequency of the applied loads matches the natural frequency
of the structure as a result of undesired resonance. This is why the natural frequency of

the structure should be tuned away from the frequency of the loads, as explained by Shen-



Haw (2003) [6]. This phenomenon can lead to the inoperability of the structure and, in

extreme cases, to its collapse.

The growth of the construction of high-speed railways has increased the concern
and awareness of traffic-induced vibrations among engineers and scientists [7,8]. This
has led to impose limits on maximum accelerations and deflections using different codes
and to prescribe an impact factor that is used to scale up the static loads in an effort to
capture the dynamic effects [9,10]. Dynamic simulations that are often conducted with
time-consuming finite element methods (FEM) have become essential for avoiding such
problems. Therefore, guidelines and tools to assist structural engineers in the process are

needed [11].

Hence, capturing the behavior of the structure in a realistic manner is very
important. In this regard, the development of computational methods has resulted in great
progress in terms of knowledge and accuracy of analysis [12—14]. Some models take into
account not only the motion of the loads on the bridge, but also changes in their
magnitudes due to the dynamic interaction between the structure and the train suspension

[15-17].

The dynamic loads used in this paper follow those proposed by the European
design code [9], which are based on the High-Speed Load Model (HSLM) and comprise
a series of fictitious trains proposed by ERRI D214 [8]. The loads are constant in
magnitude for a given axle and move along the structure following the train motion. These
load recommendations can also be found in other codes such as IAPF-07 [10]. It is not
possible to conduct an analysis including multibody behavior because each train is
composed of the car body, bogie, wheelset, primary and secondary suspension, axle box,

yaw damper, lateral damper, antirolling torsion bar, rotating arm, lateral stop and traction



rod [18,19]. This study focused on the envelope behavior of the potential traffic over the

bridge, as is usual in codes.

As discussed in Martinez De la Concha et al. [20], most models only include the
structure and disregard the supporting terrain by applying displacement boundary
conditions directly on the structure. The simple linear elastic beams or frame structure are
often used to simulate the vehicle-bridge dynamic response [21]. This simplification
reduces the computational cost but assumes that the soil has infinite stiffness, as pointed

out by Zangeneh et al. (2018) [22].

Limited material has been published regarding the influence of the soil-structure
interaction (SSI) on the behavior of high-speed railway bridges. There are even fewer
studies that also cover deep foundation models (i.e., with piles). An example is the study
by Takemiya (2007) [23], which explored the behavior of high-speed railway structures
and the surrounding terrain in Japan through the23 FEM. It concluded that including the
soil-structure interaction was crucial to properly capture the behavior of the structure.
Mahir Ulker-Kaustell had similar findings in his simplified analysis of a portal frame
railway bridge [24]. Not including the supporting soil in the model can decrease the
damping of the model, increasing the magnitude of displacements during resonance
[25,26]. The boundary element method (BEM) has a great application in the study of the
soil-structure interaction [27,28], allowing for more accurate analysis. It also eliminates
the need to define an external contour in the model and has been used for longer than the
FEM in this field [29]. Nevertheless, the FEM was chosen because it is widely used in

the study of these structures. The BEM is less common in practical applications.

No references to previous studies that explored the SSI as well as the influence
of the following parameters were found: (i) different soil stiffness; (ii) different soil depth

(i.e., different depths of piles); (iii) a speed sweep from 20 km/h to 420 km/h; and (iv)
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using 10 trains with different wheelbases and loads per axle. Following the formulation
used in a recent study [20], two analyses methods were used: direct integration analysis
of the complete model using the Newmark method in Abaqus (Abaqus/standard, version
6.14), and modal superposition analysis using SAP2000. For the direct integration
analysis of the complete model, an amplitude decay factor of y = 0.005 was used. Abaqus
6.14 and SAP2000 v14 software were used, as they are among the most commonly used

tools for this type of study. [30-33].

The main novelty from the previous research by Martinez-De la Concha et al. [20],
was the study of deep foundations. Regarding this particular issue, all the parameters to
build the model including the infrastructure were new. The aim of this theoretical study
with the FEM was to compare the results of the dynamic impact coefficient from a model
that does not include the infrastructure (e.g., surrounding soil, piers, abutment and pile
foundation) to a model that includes it. Parameters such as the length of the piles, the
stiffness of the supporting layers, and the type of dynamic load (i.e., 10 different trains)

were explored.

This study began with the analysis of various parameters that control the behavior
of deep foundations with piles in simplified models. Based on these findings, a complete
model was built. A contribution to current knowledge is intended through a series of
guidelines and tools to assist structural engineers in dynamic simulations, using a

theoretical case study.

2. Model description
2.1. Simplified foundation model

The objective of these analyses was to identify and tune the parameters that control
the behavior of a deep foundation model (i.e., piles and pile cap) to ensure reliable

converged results. Parameters such as finite element size and type, pulse duration, and



the amount of soil to be included were considered. For this study, several simplified
models were developed in which the influence of these parameters on the response was
analyzed. Based on the results, a complete model was subsequently built. In the first
simplified model, the response of a square pile cap (6.5 x 6.5 x 2.0 meters) was analyzed.
The pile cap was supported on 4 circular piles with a length of 15 m and a diameter of 1.5

m (Figure 1).
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Figure 1. Model of pile cap for the simplified foundation model

The model included a portion of soil around the piles whose dimensions and
characteristics were parameters to be studied. The piles and pile cap had the following
mechanical characteristics: elastic modulus E=30 GPa, Poisson coefficient v= 0.2 and a
specific concrete weight of y. = 25 kN/m?. Two soil layers were considered: a 7 m meter
deep superficial layer with softer properties (E = 3 MPa, v = 0.35 and a specific soil
weight of ys = 20 kN / m3); and a stiffer material layer underneath (E =30 MPa, v =0.35
and a specific soil weight of ys =20 kN / m3). A relatively low stiffness material was still

used, since the behavior of the system was intended to be analyzed on a deformable elastic



bed [34]. Five percent of the critical damping was used in the soil material definition

[34,35].

In the five faces defined by the soil boundary included, (every face unless top
face) normal displacements were constrained. There was no relative movement in the
concrete-soil interface. Instead, both meshes moved together like a continuous mesh. For

this foundation model, three sensitivity studies were carried out:

(1) finite element size;
(2) pulse duration; and

(3) volume of soil included in the model.

All model components were discretized using C3D4-type elements from the
Abaqus library, that is, first-order tetrahedral elements. The models were run using direct
integration in Abaqus/Explicit with the default values for numerical damping (i.e., a linear
bulk viscosity of 0.06 and a quadratic bulk viscosity of 1.2). Since the same level of
accuracy was not required in the entire modeled domain, local mesh refinements were
applied where higher accuracy was needed. It is important to consider the effects on wave

propagation when meshing the different models.

To identify the requirements for element size, the smallest model (Model 1 on
Table 1) was meshed with three different element sizes — 30, 40 and 50 cm —, resulting in
models with 43,469, 21,535 and 12,772 degrees of freedom respectively. A uniform
pressure load was applied on the pile cap upper face. Its magnitude was time-dependent
following triangular amplitude. The response was analyzed against two different loads: a
short pulse of 1 MPa maximum pressure and a duration of 10 ms; and a long pulse of 20
kPa of peak pressure and a duration of 500 ms. In both cases, the magnitude of the pulse

was the same. The first one aimed to highlight the behavior during higher frequency



dynamic events while the second one assessed loads that better represent the typical

dynamic loads produced by train traffic. This statement follows Fryba (1996) [36].

To identify the amount of soil to include in the FEM model, it was necessary to
explore it to maintain result accuracy while keeping the computation cost down. Simpler
theoretical models, which can be solved analytically assuming isotropic and
homogeneous linear elastic properties, consider the soil as a homogeneous half-space.
Such is the case of studies conducted with the boundary element method (BEM) [37].

Hence, our models had the same conditions.

Pile cap width (6.5 m) was adopted as the characteristic length in the model. Five
models with different amounts of soil were analyzed. The size of the models was the
result of adding 6.5 m of soil around the pile cap and also 6.5 m of soil under the pile toe
line. Subsequent models were built by adding 6.5 m of soil in each direction to the
previous model. Additionally, a model with a very large portion of soil (i.e., the Limit
model) was analyzed to verify that the reflection of waves in the boundary did not
interfere with the simulation results meaningfully. To this end, the soil contours were
moved out far enough so that the P waves had no time to reflect and return in the simulated

time interval [22]. Table 1 presents the dimensions of the models described above.

Table 1. Simplified foundation model dimensions

Model name Dimensions (m) Soil under the
end pile
X Y Z

Model 1 19.5 19.5 23.5 6.5
Model 2 32.5 32.5 30 13
Model 3 45.5 45.5 36.5 19.5
Model 4 58.5 58.5 43 26
Limit model 162.5 162.5 95 78




2.2. Bridge models

To analyze the bridge structure, two models were built: one including
infrastructure and one excluding it. Those models were studied using a specific bridge
software package: SAP2000 v14. Both models were explored using both modal
superposition and direct integration. Sometimes the model includes elements such as the
abutments and/or piles, but it rarely includes the soil-structure interaction [38]. Bridges
are typically analyzed with models that only consider their deck[36] . The aim of our
models was to assess the impact of the previous simplification. This required assessing
the behavior of a simply supported isolated deck so that it could be compared with a

complete one, which included the infrastructure.

2.2.1. Isolated deck model

The deck of the bridge studied in this paper was identical to the one analyzed by
the authors in previous research [20]. Its main characteristics are described below. In this
model, we assumed displacement boundary conditions assuming infinitely stiff piers and
abutments [14]. Shell elements with both membrane and plate degrees of freedoms were
used. Flexural (i.e., plate) behavior considers rotational stiffness along the two axes in the
element plane as well the displacement in the normal direction (i.e., Kirchoff's
formulation) [32]. For the membrane behavior, we used an isoparametric formulation that
included the translational degrees of freedom in the element plane as well as the rotation
within it. Displacements in the element plane were considered using quadratic shape

functions, and out-of-plane displacements were considered with cubic functions.

The modeled bridge had 4 spans so that the model included the interaction
between spans accurately enough with an affordable computational cost. The bridge had
two 30-m-long spans in the middle and one 25-m-long span at either end. The deck cross

section was a 2.00-m-thick lightened slab with four 1.4-m-diameter circular lightening
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holes (Figure. 2). The slab was 14.00 m wide, which is standard for a double track line in

Spain [39].

110 m

MODEL LENGTH

CROSS SECTION

Figure. 2. Geometric description of the isolated deck model

The location of the nodes in the cross section is shown in Figure 3. The thickness
of the elements was adjusted to obtain a section with the same area (i.e., same mass) as
the real deck. A 1 m element size was used in the cross section and matched the element

size along the bridge, resulting in approximately square elements as shown in Figure 3.

QL

Figure. 3. Schematic view of the model cross section and mesh discretization of the
isolated deck
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Elements in the deck cross section were added on top of the abutments and piles
to model the diaphragms. To visualize this, the elements modeling the webs and the

bottom slab were concealed in Figure 4.

Abutment 1@

Abutment 2

Figure. 4. Diaphragm modeling detailed view

The masses corresponding to the permanent loads were distributed over the upper
slab. The permanent loads attributed to each element were as follows (kN/m): 94.84
(ballast); 6.70 (sleepers); 1.18 (rails); 5 (small wall); 3.78 (troughs); 9.59 (barrier rail) and

1.02 (railings).

The vertical displacement in all support points (Figure 3) was constrained. The
lateral motion was constrained in one support location per pier/abutment. Finally, the
longitudinal displacement was constrained in both support nodes only at one end of the
bridge (Abutment 1). The mechanical properties of the deck were as follows: elastic
modulus (E) 30 GPa; Poisson coefficient v=0.2 specific weight p=25 kN/m?*; and damping

£=3%.
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Universal dynamic A train loads, also known as High-Speed Load Model (HSLM)
loads, were applied. They consist of 10 trains with different wheelbases and loads per
axle in various configurations [8]. These are the dynamic loads recommended by the main
regulations for the design of new railway lines [9,10]. Following the standards [10], a 350
km/h design speed was considered and, consequently, a speed sweep was analyzed from

20 km/h to 420 km/h (i.e., 1.2 times the design speed) with a 10 km/h step.

The traffic load was distributed among the nodes under the railway in the cross
section. The applied force on each node was proportional to the surface of the sleeper
over it (Figure 5). It was assumed that the load propagates uniformly with a 1/4 slope
through the ballast and the sleeper distributes the load uniformly. This load application

procedure is described in the Spanish code for this type of structures [10].

,___}F_J_L_
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Figure 5. Load modeling in the cross section for the isolated deck model and complete
model

In the longitudinal direction, the load was distributed in a linear fashion among
two consecutive sections based on the distance between the load and the section at that
particular time. This resulted in a series of triangular history loads as the different axles

of the train traveled over a specific cross section of the bridge (Figure 6).

13



Figure 6. Longitudinal load distribution

The study focused on the central section of the bridge, specifically on the node of
the upper slab that is centered with the track where the time-history loads are applied.
This node captures the displacements of the track supports and ultimately of the trains
that travel on top of them. The maximum vertical displacement observed in this node

during the entire simulation was compared.

Dynamic amplification is captured by the impact factor (@), a commonly used
parameter [8,10] that normalizes the maximum deflection observed among all trains and
across all speeds with that of the UIC-71 train [9] statically. For this paper and following
the results of previous research [20], a different definition of the impact factor was used.
Instead of using the UIC-71 train, each train dynamic response was normalized with its

own static deflection.

2.2.2. Complete model of the railway bridge

In this section, the soil-structure interaction was introduced into models with deep
foundations. The model used in this section consisted of a deck that was identical to that
described in Section 2.2, both geometrically and regarding loads. That deck was
supported by 10-m-high abutments and 3 piers. The outboard piers were 20 m high while
the pier at the center of the bridge measured 25 m. The abutments were of the closed type
and consisted of a 1.00-m-thick and 10-m-high front wall with two lateral walls (i.e., wing

14



walls) that were also 1.00 m thick. The abutment foundations were pile caps (14.00 x 6.00
x 2.00 m) with 6 piles 1.50 m in diameter. The pile caps were flush with the wing walls
and protruded 2.00 m beyond the front walls. The pier foundations were 6.00 x 6.00 x
2.00 m pile caps with 4 piles 1.50 m in diameter. Figure 7 represents the structure

described above.

71 SOFT LAYER
FEXX HARD LAYER

Figure. 7. Longitudinal section of the complete model

The piers were modeled with 1.00 x 1.00 m shell elements similar to those used
on the deck. The pier cap was modeled with the same type of element and its mesh was
adjusted so that the nodes would coincide with the deck above. The foundations of the
piers were modeled with 1 m 8-node solid hexahedral elements based on the standard
isoparametric formulation. For the pier-footing connection, the two bottom layers of
nodes in the piers were rigidly coupled with three rows of nodes on the surface of the
footing. This implied that they all moved as a rigid body, which modeled the embedding
of the pier in the footing while allowing strains in the surrounding area. The abutments
were also discretized in a similar way, with shell elements in the walls and solid elements

in the foundations. Everything described above is shown in Figure 8.
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Figure. 8. Complete model discretization without soil

A peculiarity of the abutments was that the soil inside them, specifically that
contained between the wing walls and the back face of the front one, was included in the
model as a solid element and matched the abutment element size. Thus, the overall
stiffness and inertia of the system was better captured since it included the interaction
with the backfill soil. The complete model also included the soil around the abutment and
around the pile caps and piles. The model was extended with an additional 14 m of
discretized soil around the foundation for a global model width of 34 m since the pile
caps were 6 m wide (6 + 2 x 14). The soil depth of the soil included was 10 m greater
than the deepest pile (i.e., middle pier foundation). The volume of soil included in these

models was chosen in accordance with the results presented in Section 3.1.2.

Regarding soil stiffness, two different layers were considered: a soft layer, whose
thickness and stiffness were variables to be explored, and a hard layer underneath, which
extended 10 m below the deepest pile. The piles were always embedded 10 m within the
stiffer material, whose mechanical properties were constant through the study. The pile

caps are also embedded in the top layer and were 2 m high. Normal displacements were

16



constrained on the soil boundary faces. A summary of the models analyzed is presented

in Table 2 using Figure 9 to illustrate one of them.

Table 2. Complete model dimensions

Soft layer Hard layer Pile Modeled soil
depth (m) depth (m) foundation (m) Depth (m)

4 20 12 24

6 20 14 26

8 20 16 28

10 20 18 30

12 20 20 32

14 20 22 34

16 20 24 36

Hard layer

Figure. 9. Complete model discretization

Multiple analyses using different soil stiffness were performed to verify the
importance of including the soil substructure while modeling deep foundation structures
when considering their dynamic behavior. These stiffnesses were related to the wave

propagation velocity (Cs, Cp, C;) through the equations that govern the behavior of

17



homogeneous isotropic materials, whose derivation can be found in Yang & Hung (2209)
[40]. To estimate the stiffness of the terrain, the shear wave velocity (Cs) was used

following the values and criteria proposed by seismic regulations.

For the hard layer material (i.e., the bottom one), a shear wave velocity of 800 m/s
was used, corresponding to a material with a Young’s modulus of 3,500 MPa, which
remained unchanged throughout the studies. This corresponds to Type I ground (compact
rock) according to the NSCP-07 [41], Type A ground (rock or other rock-like geological
formation) in the Eurocode 8 [42] and Type B ground (i.e., rock) in the ASCE-7 [43]. For
the soft layer material, three different stiffness levels were analyzed for all the depths
listed in Table 2 (4, 6, 8, 10, 12, 14 and 16 m). Table 3 shows the mechanical properties
of the selected soft layer material options next to their description or classification

according to the different codes.

Table 3. Soft layer material properties and classifications

Cs (m/s) E (MPa) NCSP-07 EC-8 ASCE 7
IV Soft D Loose to medium E Soft Clay
100 55 . ) ) : )
cohesive soil cohesionless soil soil
300 500 I Average CDensesand D Stiff soil
compactness
575 1800 IT Fracture rock B Very dense sand ¢ Very'
dense soil
3. Results and discussions

3.1. Simplified foundation model

The dynamic behavior of the simplified foundation models, as influenced by various
parameters, was analyzed. Subsequently, complete models were constructed based on these

findings.

18



3.1.1. Finite element size

Before considering the influence of element size, the effect of the meshing
technique (i.e., pattern) on the results was analyzed. To this end, the displacement
response at the center of the bottom face of the pile cap—when subjected to a short pulse
(10 ms and 10 MPa)—was compared in the smallest foundation model variant (19.5 x
19.5 x 23.5) using two different mesh configurations. The first one — uniform mesh — had
elements of similar dimensions throughout the domain (50 cm); the second one — locally
refined mesh — had elements that increased in size in the soil when moving away from
the foundation, from 50 cm at the interface with the foundation to 250 c¢cm in the model

outer contour. Figure 10 shows a comparison of these two meshing alternatives.

ST
4‘#’

a) Uniform mesh b) Locally refined mesh

Figure 10. Meshing technique comparison: uniform mesh (a) and locally refined mesh

(b)

As shown in Figure 11, both meshing techniques yielded similar results.

Therefore, the foundation dynamic behavior appeared to be insensitive to the meshing

19



technique for this particular application. The mesh sizes and seeding techniques explored
did not have a meaningful impact on the response of interest. The results obtained were
effectively the same both for the uniform mesh model (Figure 10 a) and the locally refined
mesh (Figure 10 b). Therefore, the locally refined mesh was chosen to minimize

computational cost.

| | |
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Figure. 11. Results of the comparison of different mesh techniques in the simplified
foundation model

Using the locally refined mesh technique, three element sizes were tested in the
foundation, pile cap and piles: 30 cm, 40 cm and 50 cm, obtaining the following
maximum displacement results (Table 4). The seeding on the soil outer boundary was

kept at 250 cm across all models.

Table 4. Maximum displacement for different element sizes

Element size (cm) Maximum displacement (mm)
30 3.226
40 3.203
50 3.180

20



Similarly, for the locally refined models, the mesh refinement in the foundation,
which ranged between 30 and 50 cm, did not affect the measured response either (Table
4). Consequently, a refined mesh of 50 cm in the interface was selected for the following

studies with simplified foundations.

3.1.2. Influence of pulse duration and the amount of soil included

The response to a pulse of 10 ms (i.e., short pulse) was studied in the four models
where the pile cap was surrounded by one, two, three or four times its dimension in soil
(Table 1). In addition, a much larger model (162.5 x 162.5 x 95) was studied (Limit

model). The vertical motion at the center of the bottom face of the pile cap is represented

in Figure 12.

2
[ [
‘Vertical motion foundation model (short pulse) ‘
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-3 2
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Figure 12. Terrain size response comparison under a 10 ms pulse (short pulse)

A sudden settlement in the pile cap was observed immediately after the pulse, with
a peak value that was very similar across models and that occurred approximately at 30

ms. After this first settlement, there was a high frequency oscillation that could not be due

21



to the reflection of waves in the boundary since it occurred at the same time in all models.
If it were due to the boundary wave reflection, the oscillation would be delayed by the

increasing distance to the boundary.

In addition, the curves in Figure 12 diverged from the Limit model solution when
the wave front, which had reached the boundary and bounced back, returned to the pile
cap (93 ms, 177 ms, 261 ms, 345 ms). This high frequency oscillation that occurred at
around 60 ms was indeed associated with the longitudinal vibration that occurs in the
piles themselves. This can be proven by increasing the mass of the piles making the

phenomenon disappear (not shown in this research).

Figure 13 shows the maximum vertical displacement in the center of the footing
against the ratio between the total model mass and the foundation mass. The solution
converged with mass ratios over 600. This result was higher than the previous data
obtained in shallow foundation models [20], where good results were obtained with a
mass ratio in the order of 100. This showed a relevant difference between shallow

foundations and deep foundations for a short pulse.
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Figure 13. Maximum vertical displacements in the footing center for different total
mass to footing mass ratios (short pulse)

It 1s important to highlight that the excitation trains actually produce on the
foundations of structures has a lower frequency content than the one analyzed so far. For
this reason, the previous analysis was reproduced with a longer duration pulse — 500 ms
— and a lower pressure — 20 KPa. Figure 14 shows the results under this new loading

condition where more coincidences were observed.
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Vertical motion foundation model (long impulse)‘
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Figure. 14. Terrain size response comparison under a 500 ms pulse (long pulse)

Figure 15 shows the peak response against the ratio of the masses included in the
model for long pulse analysis. It was observed that the mass required to be included in
the model was significantly smaller than that required for short pulse analysis. In fact, the
difference in results between Model 2 (32.5 x 32.5 x 30 m) and Model 4 (162.5 x 162.5
x 95 m) was only 2.17%, with the second model mass being only 130 times the mass of
the foundation. Nevertheless, based on the aforementioned analysis, it was still necessary
to include more soil in the deep foundation models than it was in the shallow foundation
models, which only required a 20 total mass to foundation mass ratio under lower
frequency excitation [20]. For longer pulses, (i.e., those that characterize the loading on

high-speed railway bridge foundations), results were less sensitive to the amount of soil

included, requiring as little as 100 times the mass of the foundation (Figure 15).
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Figure 15. Maximum vertical displacements in the footing center for different total
mass to footing mass ratios (long pulse)

3.2. Bridge model
3.2.1. Isolated deck

The objective of this analysis was to evaluate the impact factor with traditional
boundary conditions. These results were used as a benchmark to be compared against
results of models where the soil substructure was included in order to understand its
influence on the impact factor. Importantly, the impact factor definition used in this paper
does not follow that specified in some standards such as the IAPF [10]. In those standards,
the normalizing static load produces higher deformations and consequently lower impact
factors. Figure 16 represents the recorded maximum displacement of the depicted node

in Section 2.2.1 in 10 km/h speed increments for every HSLM train history load.
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Figure. 16. Maximum vertical displacements in the isolated deck model (100 modes)

Modal superposition was used to obtain these results. The first 100 modes were
used and captured 90.24% of the mass participation ratio associated to the vertical degrees
of freedom. Results did not show any appreciable response amplification until 270 km/h
were reached in the A1 train. This matched the bridge first resonance speed for Al trains:
272.23 km/h. The resonance speed was obtained by multiplying the mode frequency by
the distance between bogies of a particular train [44]. This same behavior also occurred
with the other trains at higher speeds. In particular, the A10 train doubled its static
response at 410 km/h. Proenga et al. (2011) explored the effect of the type of track on the
dynamic behavior of a high-speed railway bridge with 4 spans, also obtaining the

maximum displacement for the A10 train.

Additionally, it was also shown previously [20] that these types of structures are

well represented using the first few modes with the superposition method. More
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specifically, only a 0.228% difference was measured when comparing the superposition
solution to that of a fully integrated model with the Newmark method (Impact factor -

modal superposition = 2.011 vs. Impact factor - direct integration = 2.016).

3.2.2. Complete model of the railway bridge

Modal superposition should be used when considering the computational cost
associated with performing an analysis in a model that includes piers, abutments, soil,
and deep foundations using direct integration methods is unreasonable due to the number

of analyses that need to be performed (i.e., multiple trains at multiple speeds).

3.2.2.1. Analysis with the number of modes included in the modal
superposition

A sensitivity analysis of the number of modes included in the modal superposition
was performed considering 100, 200, 300, 400 and 500 modes. As the number of modes
increased, the recorded maximum deflections also rose. Nevertheless, all the responses

grew approximately proportionally across trains and speeds.

Figure 17 shows maximum displacement results obtained in models in which a 10
m soft layer of soil (Cs = 100 m/s) rests over a harder terrain (Cs = 750 m/s) for the Al
and A10 trains in the HSLM [9,10]. Maximum displacements for all the trains covered in
the HSLM were computed but only A1 and A10 are represented for better readability of
the results. As shown in Figure 17, the worst train-speed combination (A10 at 410 km/h)
appeared to be independent of the number of modes included in the superposition
analysis. The A10 train always exhibited a resonance at 410 km/h with a peak value that
exceeded the maximum displacement for the A1 train and any other train in the HSLM at

any speed, regardless of the number of modes included.
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Figure 17. Maximum vertical displacements in the complete model (100-mode and 50-
mode solutions for A1 and A10 trains)

The maximum displacement increased with the number of modes included in the
modal superposition solution without any sign of convergence, as observed in Figure 17.
Consequently, the worst train-speed combination was rerun using direct integration to
obtain accurate results. Given the results presented, it was decided to run the analysis
sweeps in speeds and trains using modal superposition with 500 modes followed by a
direct integration analysis of the worst-case model: the one with the train-speed

combination that produced the highest displacements.

3.2.2.2.  Soil stiffness sensitivity analysis

Figure 18 summarizes, for the train-speed combinations that produced the greatest
displacements, the maximum vertical displacement for different soft layer material

properties and depths. The maximum displacement for the isolated deck is also included
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for comparison. Please note that these are results obtained using direct integration in the

worst cases identified through modal superposition.
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Figure 18. Maximum vertical displacements for different soft layer material stiffness
and depth

When considering the effects of the soft layer material stiffness and depth (Figure
18) on the maximum displacement results, the response appeared to be insensitive to the
depth of this superficial softer material layer but not to its stiffness. For the range of depths
of soft material analyzed — 4 to 16 m — there was not a meaningful variation in the
maximum displacement for a given layer stiffness, with all the results within 4% for each
stiffness. However, the stiffness of this superficial layer played an important role in the
final results, with higher maximum deflections when higher stiffness properties were

used. This was the opposite of the effect on the static solution.

The train-speed combinations that produced the greatest displacements were 380,

390 and 410 km/h for A10 and A2 trains according to the HSLM classification used
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(Figure 18) [8]. The lack of trend in the speeds and type of train that produced the worst
responses highlights the importance of exploring all types of trains used in the research
and a wide range of speeds. Figure 19 shows, for the train-speed combinations that
produced the greatest displacements, the maximum impact factor (®) for different soft
layer material properties and depths. The impact factor for the isolated deck is also

included for comparison.
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Figure 19. Maximum impact factor for different soft layer material stiffness and depth

When the results were analyzed in terms of the impact factor (Figure 19), which
assesses dynamic amplification, the following was observed: response amplification
depended very little on the soft layer depth but increased with its stiffness. This helps to
understand why maximum displacement grows with soil stiffness. Even though a stiffer

superficial layer slightly decreased the static deflection, the effect of stiffness on the
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impact factor coefficient was so important that it dominated the resulting dynamic

maximum deflections.

When comparing these results with the benchmark — results of the isolated deck model
— the maximum displacements of the isolated deck were even lower than the softer soft
layer models. The impact factor coefficient lies somewhere between the different stiffness
levels used for the soft layer. In other words, the isolated deck did not follow the trend
defined by the stiffness of the soft layer material. To understand this, please note that, for
an infinitely stiff soft layer material, the model analyzed would still include deformable
piers and abutments. This conclusion could also be reached using stiffer soil models, but
those models would not be realistic because they would not require deep foundations.
This highlights the importance of including not only the surrounding terrain but also the

main infrastructure (i.e., piers and abutments) in the model.

4. Conclusions

The aim of the manuscript was to compare the results of the dynamic impact
coefficient of a model without any infrastructure (i.e., isolated deck) with those of a model
that included infrastructure (i.e., complete model). The research was conducted using the
finite element method. First, the effect of model parameters (i.e., element size, pulse
duration and volume of soil included in the model) was studied in a simplified foundation

model.

Based on the results, some complete models were built with different variables: soil
stiffness and depth, depth of the piles and a speed sweep from 20 km/h to 420 km/h, using
10 trains with different wheelbases and loads per axle. The following conclusions can be

drawn from the simplified foundation models:
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In this study, mesh sizes and seeding techniques did not have a meaningful impact
on the response. Results showed convergence with a finite element size of 50 cm,
regardless of the type of mesh used.

For a short pulse, associated to higher frequency events, significant differences
were observed in the maximum displacements with the amount of soil included.
In this case, a mass ratio of about 600 is recommended between total model mass
and foundation mass.

For longer pulses, such as those that characterize the loading on high-speed
railway bridge foundations, results were less sensitive to the amount of soil
included. A total mass/foundation mass ratio of 100 was enough.

We found a relevant difference between shallow foundations and deep

foundations.

In addition, the following conclusions can be drawn from the bridge models:

1.

There were no differences (regarding the impact factor) between using modal
superposition or direct integration for an isolated deck (Impact factor — modal
superposition = 2.011 vs. Impact factor — direct integration = 2.016)

The sensitivity analysis to the number of modes included in the modal
superposition for the complete model indicated that, as the number of modes
increased, the recorded maximum deflections also rose.

To be more efficient (i.e., reduce computational cost), it is recommended to run
the analysis sweeps in speeds and trains using modal superposition with 500
modes followed by a direct integration analysis of the worst case model (which
produces the highest displacements).

The maximum displacement results were insensitive to the depth of the superficial

softer material considered in the complete model.
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5. The changes in the maximum displacement with the stiffness of the superficial
layer played an important role in the final results. With the highest stiffness for
this superficial layer (E=1800 MPa), the maximum displacement was 27.28%
higher than in the isolated deck.

6. The dynamic response amplification (i.e., impact factor) depended very little on
the soft layer depth but increased with its stiffness.

7. The isolated deck did not follow the trend defined by the stiffness of the soft
material. To understand this, please note how, with an infinitely stiff soft layer
material, the analyzed model would still include deformable piers and abutments.

8. The previous conclusion highlights the importance of including not only the
surrounding terrain but also the main substructure (i.e., piers and abutments) in

the model.
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