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This paper presents findings from an analytical modeling effort undertaken to study the
dynamic response of track transitions along shared-track corridors. A recently developed
train-track-bridge model was used for this purpose. First, the model predictions are verified
using field instrumentation data as well as data from other published literatures.
Subsequently, the model is used to analyze the dynamic response of a typical bridge
approach under the passage of a high-speed passenger train as well as six different freight
trains comprising different freight car types. A speed sensitivity analysis of a freight train
comprising one specific freight car type is also carried out. Geometric configuration of different
freight trains is assessed as well as weight and speed of operation. Different track response
parameters, including vertical displacement and rail-tie reaction force, are considered to
highlight the differences in the track dynamic behavior under freight and passenger train
loading. Analyses in both time and frequency domains illustrate the difference in track
behavior under freight and passenger train loading. The significance of gap development
at the tie-ballast interface near track transitions has been emphasized by illustrating the effect
of tie gap on the dynamic track behavior. The paper concludes by emphasizing the
importance of special consideration to track dynamic behavior for shared-track corridors.

Keywords: railroad track dynamics, bridge approach, shared track rail corridor, train-track-bridge model, track
transitions

INTRODUCTION

A track transition zone is defined as a section of track which marks a location of discontinuity in
certain track characteristics. One common example is a bridge approach, where the track
“transitions” from being supported by the embankment, to being supported by the bridge
abutment. This sudden change in the track support conditions, and hence stiffness/modulus,
leads to significant difference in the track behavior as a train traverses across the transition
zone. Other examples include: tunnels, culverts, turnouts, frogs, etc. Due to the sudden change
in track characteristics and track behavior under loading, track transition zones often experience
expedited geometry deterioration as well as degradation in the structural health of the system. To
overcome this challenge railroad companies often must dedicate significant resources for regular
maintenance and resurfacing of track transitions.

Railroad bridge approaches can be subjected to millions of wheel load applications during their
service lives; discontinuities in certain track characteristics such as track stiffness can lead to
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amplified wheel loads under train passage. The “stiff” side of a
track transition, i.e., the bridge deck, undergoes lower
deformations under train loading when compared to the
“softer” approach where track substructure rests directly on an
embankment fill, or in-place subgrade. This differential transient
deflection can lead to differences in the rail profile, thus causing
impact loading as the train goes across the interface. Figure 1
presents that at track transitions where hanging ties are, tracks
sometimes experience impact loading conditions and nonlinear
track components. The problem of differential transient
movement and the resulting increased dynamic loading can
present a negative feedback loop scenario, which results in
cumulative deterioration of the track quality. The differential
transient movement ultimately leads to the development of the
“Bump at the End of the Bridge” problem (Woodward et al., 2007;
Luangboriboon et al., 2008; Banimahd et al., 2012; Hou et al.,
2021). According to the ASCE Infrastructure Report Card (2017),
in the United States railroad network alone, there are over
100,000 bridges, where track transition related problems can
be encountered. Accordingly, adequate monitoring and
maintenance of railroad bridge approaches is critical to
efficient performance of the United States railroad network.

Although detailed discussion of different factors governing poor
performance of track transitions is not the primary focus of this
manuscript, this aspect has been discussed in great details by the
following researchers: Li and Davis (2005), Tutumluer et al. (2012),
Mishra et al. (2014), Mishra et al. (2017), and Boler et al. (2018).
According to Nicks (2009), remedial measures aimed at mitigating
the bump problem at railway bridges can be divided into different
interrelated categories, such as: 1) reducing approach settlement, 2)
decreasing the track modulus on the bridge deck, 3) increasing the
modulus of the approach section, 4) reducing ballast wear and
movement, and 5) increasing track damping on the bridge deck.
Researchers have also suggested converting open-deck bridges to
ballast-deck ones (Hyslip et al., 2009), constructing approach slabs
(Sharpe et al., 2002), as well as applying chemical grouts
(Woodward et al., 2007; Hyslip et al., 2009) and stone blowing
(Chrismer 1990; McMichael and McNaughton 2003) as
alternatives to mitigate track transition problems.

The problem at railroad track transitions can become even
more critical when the track is used by trains with different
speeds, load magnitudes, and axle configurations. Shared
passenger and freight corridors, known as joint corridors or
mixed traffic lines, are becoming more common nowadays
and require more attention for maintaining rail network safety
and reliability. Lin and Saat. (2017) classified these corridors into
three categories: 1) shared track; 2) shared right of way, and 3)
shared corridor. Shared corridor refers to a track system with the
distance between adjacent track centers in the range of
7.62–60.96 m (25–200 ft). Shared track refers to a track system
where both track as well as infrastructure get shared between the
passenger and freight trains. Finally, shared right of way refers to
a system marked by sharing of the infrastructure only. Lin and
Saat (2017) recommended that shared track rail corridors must
provide an efficient use of existing infrastructure and smooth
transfer of freight and passengers. Joint corridors can face several
different types of operational challenges. For example, Caughron
et al. (2012) found that there is a higher frequency on trespasser-
train accidents at shared track rail corridors. Harrod (2009)
reported that conflicts between freight trains traveling at
different speeds are as common as conflicts between freight
and passenger train schedules.

In many countries, the demand for shared track rail corridor is
clearly on the increase. In Mexico, majority of the existing
railroad infrastructure is dedicated to freight transportation,
while passenger transit is mainly achieved on abandoned
tracks or corridors with additional capacity. Many Mexican
cities are facing land use and financial problems; Camacho
and Martin (2015) specified that there is a demand for
integrated transportation systems, and one of the solutions is
to apply mixed rail operation on the existing infrastructure.
Borndörfer et al. (2016) reported that track infrastructure is
shared substantially by freight and passenger trains in
Germany. In Turkey, sharing High Speed Train (HST)
infrastructure with both freight and passenger trains is
advised; it is believed to be practical and economically
efficient, especially for transporting small cargo and postal
mail using HSTs (Ertem and Özcan, 2016). Warg (2012)

FIGURE 1 | Degradation of track transition zone.
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indicated that there are requirements for increasing the
maximum speed of HST and adding more new regional stops
for flexibility in Sweden. Ramaraju (2013) stated that train speed
and capacity are critical problems in India because of challenges
associated with track sharing between passenger and freight
trains. With gradually increasing demand for a reliable
passenger rail network in the United States, several freight-
only rail lines are being upgraded for joint freight and
passenger train operation. As speed of operation for freight
trains is significantly lower than that for passenger trains, the
track infrastructure requires significant upgrades along joint
corridors.

In the United States, there is approximately 140,000 mileage of
track shared by passenger and freight trains (ASCE Infrastructure
Report Card 2017). The most important challenge of operating
shared track rail corridor trains at track transition zones is that
passenger trains traveling at relatively high speeds and heavy
freight trains running relatively at low speeds apply dynamic
loads with different characteristics on the same track structure.
According to Coelho et al. (2011) the extent of track structure
impacted by dynamic loads becomes larger as the train speed
increases at transition zones. Tutumluer et al. (2012) reported
that at bridge approaches along shared track rail corridors,
differential settlement is still the most common and important
problem, which could result in extreme dynamic loading
magnitudes and lead to tie deterioration, rail seat pad
deterioration and rail surface fatigue. Li (2013) pointed out
that the accident risk would be higher when freight trains
travel at a higher speed through locations like turnouts and
rail joints which would produce severe dynamic impacts on
trains and freight. Eliminating differential settlement would
result in less maintenance required and this would reduce the
associated maintenance costs and accident risks. This elimination
could further help plan passenger and freight train operation
schedules with no delays. Although many research efforts have
focused on issues related to track transition zones or shared track
rail corridor, studies of track transition zones on shared track rail
corridors are limited.

Numerous models have been developed by researchers over
the years to study dynamic track response under loading. For
example, Bian et al. (2018) developed a 2.5-D finite element
model to simulate the ground vibrations induced by High-Speed
Rail (HSR). Huang et al. (2014) developed a fully coupled 3-D
train track soil model including three-dimensional continuum
representation of the subgrade. Zhai et al. (2013) developed a
model to analyze train-track-bridge dynamic interactions,
accounting for the problem of continuity of the track system.
Varandas et al. (2011) proved that the existence of a group of
consecutive hanging crossties was the main cause for higher
displacements registered at transition zones. Wang and
Markine (2018) developed an iterative procedure combining
finite element model and an empirical settlement model of
ballast to analyze the effect of differential settlement on track
dynamic response at transition zones. Recently, Hou et al. (2021)
developed an analytical train-track-bridge model, which
considers the coupled effect of open track and bridge deck
together as well as the nature of track substructure being

discretely supported by ties. Although there have been
numerous studies on addressing the sudden stiffness change at
bridge approaches, there is an increasing need to address
problems such as unsupported hanging ties and differential
settlement. The validated model by Hou et al. (2021) can take
these aspects into consideration. The current study uses a newly
developed analytical train-track-bridge model to study the
dynamic behavior of railroad tracks along shared-track corridors.

TRAIN-TRACK-BRIDGE ANALYTICAL
MODEL

Development of Discretely Supported
Train-Track-Bridge Model
A new train-track-bridge model was recently developed (Hou
et al., 2021) comprising the following key components: train,
track and open-deck bridge (see Figure 2). The train is assumed
to travel from the embankment side to the bridge (therefore,
entering the bridge from the embankment). For this study, any
track location that is not affected by the presence of the bridge, is
termed as “Open-Track Location (OTL)”. On the other hand, any
location on the track that is affected by the presence of the bridge
(any point that constitutes the transition zone) is termed as
“Near-Bridge Location (NBL)”. The working hypothesis during
the development of this model was that there will be a difference
in the track dynamic behavior between the OTL and the NBL.
Note that validation of this model was carried out using field
instrumentation data collected as part of a research project
undertaken at the University of Illinois that focused on
investigating different factors contributing to the problem of
differential movement at track transitions. Findings from the
above-mentioned research project have been presented in
multiple manuscript over the past decade (Mishra et al., 2012;
Tutumluer et al., 2012; Mishra et al., 2014; Mishra et al., 2016;
Tutumluer et al., 2016; Boler et al., 2018; Hou et al., 2021). In-line
with the field instrumentation effort, a point lying 18.3-m (60-ft.)
away from the bridge abutment was taken to present OTL,
whereas a point lying at a distance of 4.6 m (15 ft) from the
bridge abutment was taken as being representative of NBL.

The train moves from the OTL through the NBL to the bridge
deck at a constant speed of v. Track response is monitored at the
two above-mentioned representative locations (18.3 and 4.6 m
from the bridge abutment, respectively) to investigate how
different train operational parameters affect the dynamic track
response. Amtrak’s Acela Express passenger train operating along
the Northeast Corridor was chosen as the representative
passenger train in this study. An Acela Express train set
includes two locomotives at each end of the train and six
passenger-cars in the middle. Beside modeling of the Acela
Express passenger trains, six different configurations of freight
trains were also considered in this study, each comprising a
different type of freight car. To save time and computational
effort, the length of a typical freight train was reduced
significantly in the model; each freight train was assumed to
comprise two locomotives (one at each end) and six freight cars in
between.
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In the analytical model, the car body, bogies and wheel sets are
assumed to be non-deformable rigid bodies that only experience
vertical and pitch movements (Figure 2). Each passenger car,
freight car as well as locomotive with two-axle bogies (for passenger
trains) wasmodeled as a 10 degree-of-freedom system; locomotives
with three-axle bogies (for freight trains) were modeled as 12
degree-of-freedom systems. The rail was modeled as an infinite
Euler beam. At the OTL, the rail is discretely supported by three
layers of visco-elastic springs and dampers, representing rail pads,
ballast, and soil, and two layers of masses, representing the crossties
and ballast. The crossties and ballast have been represented in the
model as non-deformable rigid bodies; shear interaction between
the ballast particles is considered. Comparing to the open track
embankment side, ballast layer is not considered on bridge since
the field instrumented bridge is an open deck bridge, the crossties
directly sit on top of the rigid bridge deck. Therefore, on the bridge
deck, the rail is discretely supported by two layers of visco-elastic
springs and dampers, corresponding to the rail pad and the
crossties.

Detailed discussion of different model components has not
been presented in the current manuscript for the sake of brevity.
Interested readers are recommended to refer to Hou et al. (2021)
for such information.

One of the unique capabilities of the newly developed model
concerns its ability to model the presence of gaps at the tie-ballast
interface. As has been reported by researches in the past (Coelho
et al., 2011; Varandas et al., 2011), presence of a gap at the tie-
ballast interface creates a condition known as the “hanging tie
condition” and can significantly affect the dynamic response of
the track under train loading. The newly developed train-track-

bridge model is capable of simulating this behavior where certain
ties may not be in full contact with the ballast in an unloaded
situation. When a load is applied, the rail bends, thereby,
gradually bringing the tie into contact (depending on the
magnitude of the wheel load as well as the tie gap) with the
underlying ballast layer. This phenomenon is schematically
represented in Figure 3. Figure 3A shows a case where the tie
is in complete contact with the underlying ballast layer, and no
gap exists at the tie-ballast interface. Accordingly, the force vs.
displacement curve starts from the origin, and has a constant
slope. Figure 3B, on the other hand, represents a scenario where
the tie is not in complete contact with the ballast layer in the
absence of a load. When a load is applied to the rail, no reaction
force is immediately generated at the tie-ballast interface; part of
the load goes into closing of the gap. As a result, the reaction force
at the tie-ballast interface remains zero until the gap is completely
closed. Once the gap is closed, the reaction force develops at a
constant slope, just like it would in the case where no gap existed
at the tie-ballast interface. Figure 3C schematically illustrates the
entire scenario, as reproduced from Sussmann et al. (2001). The
new train-track-bridge model developed by Hou et al. (2021) can
successfully capture this behavior. In-line with findings from the
field instrumentation effort, the current study considers a case
where a gap of 1.5 mm exists under the tie at the NBL. The first
sixteen (16) ties at the end of the approach (lying at the
embankment-bridge interface) have been modeled in this
study with a gap of 1.5 mm at the tie-ballast interface.
Complete mathematical representation of the model has not
been provided in this manuscript for the sake of brevity, and
can be found elsewhere (Hou et al., 2021).

FIGURE 2 | Schematic of discretely supported train-track-bridge model (from Hou et al., 2021).
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Model Validation
Once the model development was complete, the first task
involved validating the model against field instrumentation
data, and/or other validated models. Results from the
validation effort have been presented in the current section.

Model Results of Passenger Train Passage
Model validation was carried out using field instrumentation data
from a recently completed research study at recent research effort
carried out at the University of Illinois in the United States. This
research study involved instrumentation of several bridge
approaches using Multi-Depth Deflectometers (MDDs) and
strain gauges to identify different factors contributing to the
problem of differential movement at bridge approaches. Three
of the instrumented bridge approaches were in Chester,

Pennsylvania, along Amtrak’s Northeast Corridor. At these
instrumentation locations, Amtrak’s Acela Express train has an
operating speed of approximately 177 km/h (110 mph). Field
instrumentation data collected from the Upland Street bridge
approach were used for the purpose of model verification and
calibration. Details regarding the instrumentation effort and
relevant findings have been presented elsewhere (Mishra et al.,
2012; Tutumluer et al., 2012; Mishra et al., 2014; Mishra et al.,
2016; Tutumluer et al., 2016; Boler et al., 2018; Hou et al., 2021).

Figure 4 presents schematics of an Acela Express passenger
train, showing the notations for car axle spacing and distance
between cars. As seen from the figure, the locomotives for
passenger trains were taken to comprise a total of four axles
(two bogies; two axles per bogie). However, the number of axles
on the locomotive was changed to six (two bogies: three axles per

FIGURE 3 | Schematic of force displacement behavior at the tie-ballast interfae: (A) No gap; (B) In the pressence of a gap; (C) Theoretical representation of the
behavior (reproduced from Sussmann et al., 2001).

FIGURE 4 | Schematic representation of the acela express train highlighting the axle spacings considered in this model: (A) Layout of the entire train; (B) Zoomed-In
view showing the axle spacings.
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bogie) while simulating the passage of freight trains. It should be
noted that in the United States, locomotives with 2-axle as well as
3-axle bogies are commonly used in freight train sets. Both
passenger as well as freight cars were modeled with four axles
each. The length of freight trains was significantly shortened for
the sake of computational efficiency (the train sets were taken to
comprise only six cars between the two locomotives).

The section of track modeled included a total of one thousand
(500 on the embankment; 500 on the bridge deck) crossites,
placed at a center-to-center spacing of 0.61 m (24 in.). The
model-calculated track responses include transient deflection
of different components, reaction forces, velocities, and
corresponding accelerations. To obtain realistic dynamic
responses from the model, vehicle and track parameters need
to be chosen with physical relevance. Model results were validated
comparing the transient deflections predicted from the model
with those recorded in the field.

The track and passenger train parameters used as model
inputs are listed in supplement data. Some track properties,
such as crosstie spacing and rail properties, were selected to
match the values from the instrumentation site (Upland Street
bridge approach near Chester, Pennsylvania, United States). The
other track properties, such as spring stiffness and ballast mass,
etc., were selected based on previously published studies (Cantero
et al., 2016; Cai et al., 2019). Parameters for the Amtrak Acela
Express were selected from a previously published research report
(Judge et al., 2018).

Figure 5A shows a comparison between the model-predicted
simulation results for the rail transient vertical displacement with
those measured in the field (location �OTL; field data collected in
January, 2015). Just like the field data, the model-predicted
displacement time history contains thirty-two (32) peaks,
corresponding to the thirty-two axles on an Acela Express
train. The higher peaks in the displacement time history
correspond to the two locomotives with significantly higher
axle loads compared to the passenger cars. Figure 5B shows a
similar comparison for the NBL. It should be noted that sixteen
(16) ties corresponding to the NBL were modeled with a gap of
1.5 mm at the tie-ballast interface. As seen from Figure 5B, the
peak transient rail displacements at the NBL are significantly
higher than those at the OTL. While the model results closely
match the peak magnitudes recorded in the field, there is a
difference between the field and model results when one
considers the points lying between two adjacent peaks. In
other words, the model does not adequately capture the
“rebound” behavior of the track between the passage of two
consecutive wheels. Nevertheless, since the current study
primarily focuses on the peak displacement magnitudes,
predictions from the newly developed train-track-bridge model
are deemed to be adequate.

Model Results of Freight Train Passage
As already mentioned, the primary objective of this study was to
investigate the effect of combined freight and passenger train
loading on track dynamic behavior at bridge approaches.
Accordingly, it was also important to verify the accuracy of
the model-predicted results by comparison with field data or
other validated numerical models. Unfortunately, no reliable field
data was available for model verification under freight train
loading. Accordingly, the researchers opted to verify the model
predictions against data reported in the literature.

Six different categories of freight cars, namely: box cars, tank
cars, flat cars, hopper cars, covered hopper cars, and gondola cars,
were selected for model simulation. All freight cars simulated in
this study were assumed to be fully loaded. The train sets were
assumed to comprise two locomotives (each with two bogies;
three axles per bogies) at either end. The total weight of one
locomotive was taken to be 2,134 kN (480 kips). As already
mentioned, the freight trains simulated in this study were
assumed to have a similar configuration to that of the Acela
express trains (shown in Figure 4A). The primary difference was
that the freight locomotives comprised three axles per bogie. For
modeling purposes, the car geometry (in terms of axle spacing,
wheel load, etc.) was varied to match the freight car type being

FIGURE 5 | Comparisons between field-measured and model-
predicted transient displacements under the passage of an Acela Express
passenger train at two different locations: (A) OTL (B) NBL (from Hou et al.,
2021).
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simulated. To eliminate boundary effects associated with the of
train entering and leaving the track section, the model was
defined to span over a total of one thousand (1,000) ties. Five
hundred (500) of the ties were on the embankment, whereas the
remaining 500 were on the bridge deck.

Axle configurations and other relevant parameters for the
locomotives as well as different freight car types were obtained

through one of the major freight railroad companies in the
United States (BNSF Equipment, 2020 Webpage, accessed;
BNSF Locomotives, 2020 Webpage, accessed). A list of all the
car parameters used in the model has not been included in the
main body of the paper for the sake of brevity (the list is provided
as supplement data). Suspension system parameters for the
vehicles were selected from previously published literature
(Martino, 2011; Lou et al., 2012; Zeng et al., 2016; Bosso et al.,
2018; Chen and Fang, 2019).

Table 1 lists the parameters used in the model for each freight
train passage, including speed of operation, and total weight of an
individual freight car. All the freight cars were assumed to be fully
loaded. As seen from Table 1, both 263-kip (1,169.9-kN) and
286-kip (1,272.2-kN) car types were considered during the
modeling effort. Also, operational speeds for the different train
sets were taken based on common freight train speed in the
United States. According to the FRA (2013), the average freight
train speed up to 60 mph can realize the revenue potential
identified. Figure 6 shows the model-predicted displacement
time histories under the passage of a freight train comprising
gondola cars only (speed of operation � 80.5 km/h). As seen from
the figure, the transient rail displacements at the NBL are
significantly higher than those at the OTL. Part of this can be
attributed to the presence of the gap (gap magnitude � 1.5 mm) at
the NBL tie-ballast interface. Interestingly, no significant
difference between the peak transient displacements under
locomotive or freight car loading was observed (the vertical
displacement time histories are of almost equal height within a
subplot). This can be attributed to similar loads per axle. For
example, the static load of a freight locomotive is 2,134 kN
(480 kips). With a 6-axle configuration, this results in
355.7 kN (80 kips) per axle, or 177.8 kN (40 kips) for wheel.
On the other hand, a fully loaded freight car weighing
1,272.2 kN (286 kips) has a 4-axle configuration, thus resulting
in 318.1 kN (71.5 kips) per axle (159 kN or 35.75 kips per wheel).
Accordingly, there is only about 19 kN difference between the
wheel loads for a freight locomotive and a fully loaded hopper car.
This, combined with the dynamics of car body movement, may
have resulted in the difference between the peak transient rail
deflections being not significant.

Before the any further analysis can be conducted on the effects
of different car configurations on the track dynamic behavior, it is
important to first study the effect of train speed on the model-
predicted dynamic response. This was carried out by comparing
the model-predicted track response parameters under the passage
of a freight train (gondola cars only) with the speed varying
between 64.4 km/h (40 mph) and 96.6 km/h (60 mph). Results

TABLE 1 | Parameters of freight trains passage.

Speed (km/h/mph) Freight Car Weight (kN/kips) Wheel Load (kN/kips)

Box car 80.5/50 1, 169.9/263 146.2/32.875
Tank car 72.4/45 1, 169.9/263 146.2/32.875
Flat car 80.5/50 1, 272.2/286 159.0/35.75
Hopper 64.4/40 1, 272.2/286 159.0/35.75
Covered hopper 96.6/60 1, 272.2/286 159.0/35.75
Gondola 80.5/50 1, 169.9/263 146.2/32.875

FIGURE 6 | Model-predicted transient rail displacement time histories
under the passage of a freight train comprising Gondola cars only (speed of
operation � 80.5 km/h): (A) OTL; (B) NBL.
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from these comparisons have been plotted in Figure 7. As seen
from the figure, there is a significant difference in the transient
rail displacements between the NBL and OTL. However, as the
speed is increased from 64.4 km/h (40 mph) to 96.6 km/h
(60 mph), no significant difference in the transient rail
displacements is observed. This clearly establishes that in this
study train speed does not affect transient rail displacement
significantly. This observation is likely to change as the train
speed approaches the track critical speed.

Table 2 lists the peak displacements corresponding to the
passage of each freight train, and shows that a freight train
comprising Hopper cars corresponded to the maximum peak
transient rail displacement. Table 2 also shows the normalized
peak transient displacement values per kN of wheel load. This
normalization has been performed to account for the fact that
different freight car types were assigned different weights during
the model simulations. Several different trends can be observed
from Table 2. For example, comparing the cases of a train with
Hopper Cars vs. Covered, Hopper cars, it can be seen that the
only difference in the input parameters concerns the operating
speed (64.4 kmph for the Hopper Car; 96.6 kmph for the Covered
Hopper Car). Even though the speed of operation varies
significantly, the peak transient displacement hardly changes
between the two cases (1.67 x 10−2 mm/kN vs. 1.66 x
10−2 mm/kN). This is in agreement with the data shown in

Figure 7. Additionally, for freight cars with the same total
weight as well as speed of operation (Box Car, and Gondola
Car in Table 2), the normalized peak deflection still shows some
variation (1.52 x 10−2 mm/kN vs. 1.45 x 10−2 mm/kN). The only
model parameters that are different between these runs concern
the geometric configuration of the train axles (axle spacings, etc.).
Accordingly, this data clearly establishes that the peak transient
rail displacement values depend not only on the wheel load
magnitudes, but also on the geometric configuration of the car.

As already mentioned, no reliable first-hand field data was
available to verify the model predictions for freight trains.
Accordingly, the researchers relied on peak transient rail
displacement values published in the literature to check the
accuracy of the model-predicted values. Figure 8 presents a
comparison between the transient rail displacement values under
freight trains from the current study and those published in the
literature.Table 3 lists the train operational characteristics reported by
different studies in the literature along with the corresponding peak
transient rail displacements. Someof the studies considered tie support
conditions by incorporating gaps at the tie-ballast interface. For
example, Shi et al. (2013) studied considered at 4-mm gap at the
tie-ballast interface during their analysis. Zakeri et al. (2020) also
considered fully supported as well as unsupported (gap � 0.8mm) ties
in their analysis. Several of the other studies reported findings from
field instrumentation data. Comparing the peak transient rail
displacements predicted by the current train-track-bridge model to
those in the literature, the values are similar. This clearly establishes the
current train-track-bridge model developed by Hou et al. (2021) as a
viable analysis tool for studying track dynamic response under
different types of train loading.

SIMULATION OF FREIGHT AND
PASSENGER TRAIN PASSAGEON SHARED
TRACK RAIL CORRIDORS
Once the model predictions were verified for both passenger as
well as freight train sets, the next step involved comparing the
track dynamic response parameters under the passage of
passenger and freight trains. The primary objective here was
to study how the passage of different train types will affect track
behavior along a shared track corridor. As bridge approaches
continue to present significant challenges with respect to track
quality andmaintenance scheduling for passenger as well as fright
tracks, it is critical to study how the behavior of track transitions
such as bridge approaches would be affected due to joint

FIGURE 7 | Box plots showing the effect of train speed on transient rail
displacement for a freight train set comprising gondola cars.

TABLE 2 | Peak rail displacement comparison between freight trains at OTL.

Speed (Km/h) Wheel load (kN) Peak transient displacement (mm) Normalized (mm/kN)

Hopper 64.4 146.2 2.448 1.67E-02
Tank car 72.4 146.2 2.288 1.56E-02
Flat car 80.5 159.0 2.416 1.52E-02
Box car 80.5 159.0 2.3 1.45E-02
Gondola 80.5 159.0 2.306 1.45E-02
Covered hopper 96.6 146.2 2.434 1.66E-02
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application of passenger and freight train loading. Data from
different model runs have been analyzed in this section, and
relevant inferences have been drawn. Note: positive and negative
responses shown in the following figures represent downward and
upward movements, respectively.

Rail Vertical Displacement Analysis
Figure 9 shows box plots of the peak transient rail displacements
predicted by the model under the passage of different freight train sets
as listed in Table 2. The box plots clearly illustrate that freight trains
with heavier loads result in larger peak transient rail displacements at
both the OTL as well as the NBL. It should be noted that all freight
train sets were modeled with the same locomotive type. The only
differences were in the car weights (box cars, tank cars, and gondolas
were modeled in the 263-kip variant) and the speed of operation. It
was already established through Figure 7 that train speed does not
have a significant effect on the peak transient rail displacement.
Accordingly, any difference observed in the box plots in Figure 9
can be attributed to differences in the car weights and/or in the
geometric configuration of the axles. The peak rail displacements

recorded for the Acela Express were significantly lower than those
under the freight train, both at the NBL and theOTL. Therefore, from
the perspective of transient track displacement, shared track corridors
are likely to experience significantly higher displacements under the
heavier freight train loading.

Analysis of Reaction Forces at the Rail-Tie
Interface
The problem of track geometry at transition zones such as bridge
approaches can gradually get worse due to compounding effects.
Gaps that form undeneath at the tie-ballast interface, not only
results in greater transient displacements, but also can lead to
amplified dynamic loads. Reasearchers in the past have
established that unsupported ties can result in significantly
amplified rail-tie reaction forces (Zhu, 2011). In the current
study, the sixteen ties at the NBL were modled with a gap of
1.5 mm at the tie-ballast interface. Accordingly, the next step was to
compare the peak forces at the rail-tie interface under the passage of
different train sets. The results have been plotted in Figure 10. It is

FIGURE 8 | Comparison of rail vertical displacements with freight trains passage predicted by model and obtained from other studies.

TABLE 3 | Freight trains speed and axle load in different studies.

Max rail vertical displacement (mm) Speed (mph/km/h) Axle load (lbs./kN) Location

Hou et al. (2021) model results 2.45 40/64.4 71,500/318.05 OTL
Hou et al. (2021) model results 3.658 60/96.6 71,500/318.05 NBL
Bowness et al. (2007) 1.7 30/48.3 46,297/205.94 OTL
Shi et al. (2013) 2.7 87/140 56, 202/250 NBL
Wheeler et al. (2016) 1.6 29/46.7 Empty cars OTL
Gallou et al. (2020) 1.26 20/32.2 36, 644/163 OTL
Zakeri et al. (2020) 1.77 Not mentioned 48,833/217.22 OTL
Zakeri et al. (2020) 2.006 Not mentioned 48,833/217.22 NBL
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important to note that the time step selected during analysis can
have a significant effect on the model results. Selecting a time step
that is too big can lead to unrealistic results. On the other hand,
selecting a time step that is too small, can lead to a significant
increase in the required computational effort. For the current

manuscript, the authors have attempted to run the model at time
steps of 0.001 and 0.0001 s. When using a time step of 0.001 s, the
model run time on a standard desktop computer (3.6 GHz processor
and 32 GB RAM) equals 4–5 h. However, when the time step of
reduced to 0.0001 s, the model time increases significantly. For the

FIGURE 9 | Comparison of peak rail vertical displacement with passenger train passage and freight trains passage on shared track rail corridor.

FIGURE 10 | Comparison of maximum rail-tie reaction forces with freight trains and passenger trains passage on shared track rail corridor.
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sake of comparison, the authors used a Supercomputer available at
Oklahoma State University (https://hpcc.okstate.edu/pete-
supercomputer.html). Even with the use of the supercomputer,
the model run time was 30 + hours. Obviously, it was not
possible to perform each run of the model at such a small
timestep. Therefore, results from the run at 0.001 s have been
retained for this publication. Comparing with results obtained at
a timestep of 0.0001 s, the authors concluded that the time step of 0.
001 s is adequate for the sake of the current comparisons.

As seen from the figure, the maximum rail-tie reaction forces
corresponding to the Open-Track Location (OTL) were significantly
lower than those at the Near-Bridge Location (NBL). Moreover, no
significant difference in the reaction forces were observed between
different freight train types. A closer look at the individual bars
would indicate that the flat car, hopper and covered hopper train
sets, which are loaded with heavier cargo, induce slightly larger
reaction forces at the rail-tie interface. The load magnitudes were
significantly higher at theNBL for all train types. Finally, the reaction
forces corresonding to the passage of an Acela Express train were
significatnly lower than those corresponding to freigth trains. Once
again, this clearly demonstrates that the heaver wheel loads
corresponding to the freight trains play a more significant role in
governing the reaction forces at the rail-tie interface, compared to the
higher speed of operation for an Acela Express train.

To get a better picture about the wheel load amplifications
resulting from the tie gap at the NBL, a Dynamic Load
Amplification Factor (DLAF) was calculated from the loads at
the rail-tie interface. The DLAF is defined as below:

DLAF � Rail − Tie Interface Load at the NBL
Rail − Tie Interface Load at the OTL

where

DLAF : Dynamic Load Amplification Factor

The DLAF values corresponding to different train sets have been
plotted in Figure 11. It can be seen that the Acela Express train,
with its significantly higher operating speed (177 km/h or
110 mph) experiences the higher DLAF values. A train set
with covered hopper cars, operating at 96.6 km/h (second
highest speed considered in this simulation effort) as the
second highest DLAF values. Another interesting observation
can be made by looking at the DLAF values for the Acela Express
train. The wheel loads corresponding to the locomotive are
significantly greater than those for the passenger cars.
However, the DLAF values for the Acela Express locomotive
are significantly lower than those for the passenger cars.
Therefore, in this case, the DLAF is larger for lighter wheel
loads. As the train sets considered in this modeling effort
often had different weight-speed-axle spacing configurations, it
is difficult to isolate the effects of individual factors without a
detailed sensitivity study. Such as sensitivity study is beyond the
scope of the current manuscript, and results from such
comparisons will be included in future manuscripts.

Analysis of Tie Accelerations in Frequency
Domain
To get a thorough understanding of the dynamic behavior of
different track components, it is common practice to perform
frequency-domain analysis. As already discussed in this
manuscript, the primary difference between the peak transient
rail displacements under freight and passenger train loading was
due to wheel load magnitude. However, frequency-domain
analysis of the track response parameters can give a better
picture of the frequency magnitudes that contribute towards
vibration of the track components. Figure 12 presents the tie
acceleration values in frequency domain, under the passage of an
Acela Express (Figure 12A) and a freight train comprising
gondola cars (Figure 12B). Note: tie acceleration numbers
have been taken for the frequency domain analysis as it is the
vibration of ties at railroad bridge approaches that leads to
excessive movement of the ballast layer, and results in the
development of gaps at the tie-ballast interface. The frequency
values have been plotted along the x axis, whereas the y axis shows
the power as Mean Square Amplitude (MSA). The height of the
curve at a particular frequency value indicates the contribution of
that frequency towards the overall vibration spectrum. Note that
only values lower than 20 Hz have been presented here based on
justification provided by Boler et al. (2018).

From Figure 12A, it can clearly be seen that the dominant
vibration frequencies under the Acela Express train were
approximately: 11, 13, 15, and 17 Hz. These values remain
unchanged irrespective of whether the response is recorded at
the NBL or the OTL. Interestingly these value show excellent
match with the field-measured data reported by Boler et al.
(2018). From analysis of the field instrumentation data under
the passage of an Acela Express train, Boler et al. (2018) reported
the following dominant frequencies for tie acceleration: 5.5, 9, 11,
13, 15.5, and 16.5 Hz. The slight differences between the model
and field data (and absence of two of the frequency numbers from
the model-predicted results) can be attributed to field conditions

FIGURE 11 | Maximum rail-tie reaction forces amplification.
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that could not be exactly measured and replicated in the model.
Once again, this establishes the newly developed train-track-
bridge model as a viable tool to analyze the dynamic response
of track transitions.

Close inspection of Figure 12B, on the other hand, shows a
completely different picture for the track response under a freight
train set comprising gondola cars. First, there is a significant
difference in the dominant frequencies between the NBL and
OTL. The NBL registered significant vibrations at frequencies
between 14 and 20 Hz; these frequencies are absent from the OTL
response. It is hypothesized that these additional vibrations are
due to the presence of the gap at the tie-ballast interface. The
slower operation speed for a freight train also leads to stronger
contributions at lower frequencies compared to the fast-moving
Acela express train. It should also be noted that the vibration
responses for NBL and OTL are very similar under the Acela
express loading, whereas they are significantly different under the
freight train loading. Figure 13 shows the frequency domain

response of tie acceleration for all six freight train types
considered in this study for both the OTL as well as the NBL.
As seen from the figure, the relative contributions of different
vibration frequencies can be significantly different between the
two locations. Although some of the differences in the peaks
between different freight train types can be attributed to different
speeds of operation, the axle configuration also plays a major role.
Nevertheless, it is important to note that the dominant vibration
frequencies between passenger trains and freight trains can be
significantly different, thus making it critical to understand the
detailed dynamic behavior of the bridge approaches along shared
track corridors.

Significance of Gap at the Tie-Ballast
Interface
One of the primary challenges observed at track transitions on
ballasted tracks involves the development of gaps at the tie-ballast
interface. Lack of contact between the tie and the ballast results in
“hanging tie” conditions, which in turn leads to amplified wheel
loads and greater transient displacements under loading.

FIGURE 13 | Frequency domain analysis of tie acceleration under the
passage of different freight train sets: (A) OTL; (B) NBL.

FIGURE 12 | Frequency aomain analysis of tie acceleration under the
passage of (A) Amtrak’s Acela Express train moving at 177 km/h; (B) A train
set comprising gondola cars moving at 80.5 km/h.
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Presence of the tie gap also leads to increased vibrations of the tie
under loading, causing increased settlement of the ballast layer,
and worsening of the hanging tie condition. This negative
feedback loop forces railroad agencies to resurface the track
frequently to mitigate the problem. Due to the heavier weight
of freight trains, the transient rail vertical displacements with
freight train passage are higher compared to those under
passenger trains. The larger rail displacements as well as the
different tie vibration frequencies under freight trains can lead to
worsening of the gap problem at the tie-ballast interface.

To illustrate the effect of tie gap on track dynamic behavior,
Figure 14 shows the forces at the wheel-rail interface at the OTL
as well as the NBL under the passage of an Acela Express train. At
the OTL, wheel-rail reaction forces fluctuate around the mean
wheel load of 128 kN. Based on the field instrumentation data, the
field-measured wheel loads ranged between 70 and 140 kN at the
Upland Street OTL. Moreover, Zhu. (2011) and Wang and
Markine (2019) also report that it is reasonable for the wheel-
rail reaction forces to fluctuate around wheel load with fully
supported ties. At the NBL, on the other hand, the wheel-rail
reaction forces increase drastically. This effect is even more
magnified in the presence of larger tie gaps. The model
predicted numbers show reasonable match with those reported
in the literature (Wang and Markine, 2018; Wang and Markine
2019). Wang and Markine (2019) also reported that the
maximum wheel-rail reaction forces correspond to the
maximum tie vertical velocity. This can further compound the
detrimental effects of a gap at the tie-ballast interface. Varying
load magnitudes and vibration frequencies experienced by shared
track corridors make the problem even more critical. Note that
the time step selected during analysis can have a significant effect
on the model results. For the current manuscript, the authors
have attempted to run the model at time steps of 0.001 and
0.0001 s. Comparing with results obtained at a timestep of
0.0001 s, the authors concluded that the time step of 0.001 s is

adequate for the sake of the current comparisons. Therefore,
results from the run at 0.001 s have been retained for this
publication.

SUMMARY AND CONCLUSION

This manuscript presented results from an analytical modeling
effort undertaken to study the effects of combined freight and
passenger train loading on track transitions along shared track
corridors. A recently developed train-track-bridge model was
used for this purpose, and critical track response parameters were
compared under passenger as well as freight train loading. The
model predictions were first verified using field instrumentation
data collected under passenger train loading. Model predictions
for the freight trains were verified against similar data found in
the literature. Once the model was verified, dynamic track
responses at a typical railroad bridge approach were studied
under loading by passenger trains as well as freight trains
comprising different car types.

The model-predictions clearly established that the dynamic
track response can be significantly different under passenger and
freight train loading. These differences can be attributed to
differences in: 1) train speeds; 2) wheel load magnitudes; and
3) axle configurations. The problem becomes even more
aggravated in the presence of gaps at the tie-ballast interface.
Existence of gaps at the tie-ballast interface at a track transition
can lead to significant amplification of the wheel loadmagnitudes.
The magnitude of this amplification is affected by train speeds as
well as axle loads. Larger wheel loads as well as different vibration
frequencies under freight train loading can lead to rapid
deterioration of the track geometry at track transitions.

The difference in dynamic track response under the passage of
passenger vs. freight trains can be different based on whether the
data for Open-Track Locations (OTLs) or Near-Bridge Locations
(NBLs) are being analyzed. Frequency-domain analysis of the tie
accelerations illustrated that passenger and freight trains induce
different vibration frequencies in the track components. Also, the
vibration frequencies for the NBL were significantly different
than those for the OTL under freight train passage.

Increased magnitude of track dynamic responses under freight
train passage, and the cumulative effects are likely to rapidly
aggravate the tie gap magnitude, which will further compound
the problem. Note that the current version of the model described
in this manuscript simulates the transient behavior of the track
only, and therefore, cumulative effects on the track due to
repeated train loading cannot accommodated. Nevertheless,
past researchers have consistently established the detrimental
effects of increased axle loading on dynamic track response
(Wang and Wang, 2018; Zakeri et al., 2020; Zhou et al., 2021).
Therefore, passage of the freight train across a track transition
with existing tie gaps can further aggravate the gap magnitude.
Subsequent operation of faster passenger trains on the same track
can pose increased risk of damage to the train as well as the track
components, along with causing passenger discomfort.

Increased demand for a reliable passenger rail transportation
network in the United States has brought the concept of shared

FIGURE 14 | Reaction force between wheel and rail of wheel 1 with
passenger train passage at the NBL when tie gap was varied between 1.5, 2,
3, and 3.864 mm.
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track corridors into discussion. Although there are significant
economic benefits to be realized through the deployment of
shared-track corridors, careful consideration of the track
dynamic response is imperative for safe operation of trains
along such shared-track corridors. Track transitions,
traditionally established as “problematic spots” irrespective of
the track class, need even greater consideration in this regard.
Implementation of high-quality track construction and
maintenance strategies, that would improve the overall
dynamic response of the track, is necessary to address these
challenges.

Limitations of Current Study, and Future
Research Plans
Although the newly developed train-track-bridge model shows
significant promise in understanding dynamic track behavior
under train loading, the following limitations of the model must
be noted before the results are generalized.

1) In its current version, the model considers only vertical
response of the train as well as the track; lateral responses
are not considered.

2) The model currently does not take cumulative effects of train
passage into account. In other words, the model-predicted
track response under train loading is independent of the
loading history.

3) Irregularities in track geometry (vertical or horizontal) have
not been incorporated into the model at this stage.
Accordingly, using the current version of the model, there
is no way to account for the existence of “bumps” in the track
profile near transition zones;

Future research plans by the authors include the development
of a 3-dimensional model that will incorporate lateral response of
the car-body as well as the track components. Future research
plans by the authors include the development of a 3-dimensional
model that will incorporate lateral response of the car-body as
well as the track components. Track irregularities and the
cumulative effects of train passage will also be taken into
consideration in this new 3-dimensional model. Multiple
parametric analyses, including parameters such as: 1) the
number of consecutive hanging ties; 2) magnitude of gap at
the tie-ballast interface; and 3) level of track irregularity will
be carried out in future study.

Track critical speed is another major aspect that
significantly influences rail vibration and track subgrade
(Gao et al., 2017). According to Bian et al. (2016), track
dynamic responses do not always increase with train speed.

Peak track vibration intensity can be reached within a train
speed range, including the critical speed, while track vibration
remains small if train speed is out of the range. The research
reported in the current manuscript does not consider the track
critical speed. Accordingly, for all the analyses presented in the
current manuscript, the train speeds have not been compared
against the track critical speed. This topic will be addressed by
the authors in the near future through the development of an
enhanced model.
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