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TECHNICAL SUMMARY
Title
Improving Track Substructure Designs and Settlement due to Complex Dynamic Loads from HighSpeed Passenger and Freight Trains
Introduction
High speed passenger and heavy freight trains jointly operating in shared tracks/corridors generate
complex dynamic loading patterns of varying pulse magnitudes/shapes with different dynamic
amplifications and rest periods. There is an imminent need to develop proper track models to evaluate
effects of mixed traffic as well as varying crosstie-ballast support conditions on track settlement,
vibration and deterioration trends. Further, track transitions such as bridge approaches are always under
complex dynamic loading scenarios where possible impact loads often form tie ballast gaps and cause
excessive track settlements. A train-track-bridge analytical model has been developed as part of ongoing
research efforts in this project to analyze bridge approach behavior under complex dynamic train loads.
A discretely supported crosstie, ballast and subgrade track model was recently proposed as a “sandwich”
type structure, i.e., “beam (rail) on discrete support (ballast) on beam (trackbed, or bridge deck/approach)
on Winkler foundation (subgrade)” combination, by research efforts of the principal investigator.
Further, with the objective to provide better engineering insight into the designs of ballasted track,
current ongoing research at the University of Illinois has also developed a ballast performance model
based on the Discrete Element Method (DEM) to realistically simulate interactions of angular ballast
aggregate particles. The ballast DEM model requires as input the imaging based aggregate shape, texture
and angularity quantifications to precisely create three-dimensional (3D) aggregate shapes as individual
“polyhedron” type discrete elements. The ballast DEM model, calibrated with laboratory direct shear
(shear box) strength test results and validated with settlement measurements from full-scale test track, is
a quantitative track performance prediction tool.
Approach and Methodology
This project considered an integrated approach to dynamic analysis of the railway track substructure
behavior using field instrumentation, analytical modeling, as well as numerical simulations of ballast
using the DEM. Track response data from field instrumented crossties and rail were used to determine
track substructure layer properties and calibrate the discretely supported track dynamic model. Loading
profiles generated from this model were used as input for the DEM model to predict crosstie vibrations
and individual particle accelerations within the ballast layer. The importance of modeling the ballast as
a particulate medium are highlighted, and the importance of particle contact based on load transfer within
the ballast is demonstrated.
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Research approach adopted in this project include the following field experimentation and analytical and
numerical modeling tasks:
•
•
•

Analyzing dynamic load-deformation data from the northeast corridor
Dynamic analytical model formulation and response prediction
Track performance evaluation using the DEM methodology

Findings
To establish ground truth validation cases for the dynamic model development task undertaken in this
study, instrumentation data were acquired from in-service track. Concrete crossties and rail were
instrumented at three bridge approaches on Amtrak’s North East Corridor (NEC) near Chester, PA with
multidepth deflectometers (MDDs) and strain gages, respectively. The MDD systems were successful
in recording both the permanent (plastic) and transient deformations of individual track substructure
layers subjected to dynamic wheel loading. Exploratory analyses were conducted using the field data to
visualize the time history of dynamic responses in the track system. It is observed that the vertical wheel
loads at near bridge locations were relatively constant and stable over the three years monitored,
however, the deformations at near bridge locations showed clear trends of increasing for the same
monitoring period. This phenomenon indicates noticeable change in substructure support conditions over
time at the near bridge locations. Analyses of the track settlement (or permanent deformation) data at the
instrumented sites established the ballast layer to be a primary source of recurrent settlement and
geometry problems in the track. Strain gauges mounted on the rail to measure the applied vertical wheel
loads were successfully used to quantify crosstie support conditions. The full dynamic oscillation
patterns of the instrumented crossties due to gaps and crossties seating disturbances under the crossties
and movements in the ballast aggregate were studied due to the passages of high-speed passenger and
heavy freight trains.
A vehicle-track-bridge model was developed to analyze bridge approach behavior under complex
dynamic train loads and the algorithms was developed to solve the proposed numerical model. The model
was calibrated and validated with field instrumentation data which were chosen carefully to select track
model input parameters. The validated vehicle-track-bridge model was demonstrated to effectively
simulate and analyze the dynamic responses of track structure under moving train load. The discretely
supported dynamic track model was fully developed to study different combinations of dynamic loading
patterns due to high speed passenger and freight trains operating jointly in shared tracks/corridors. The
pulsed stresses acting on various track substructure layers, i.e., ballast, subballast and subgrade, due to
such mixed traffic patterns were studied for different crossties-ballast contact as well as trackbed and
railway transition conditions.
During the vehicle-track-bridge model development, the generalized matrix can be solved by utilizing
numerical integration method. There are several widely used numerical integration methods, for
instance, Fourier transformation is one method to solve linear equations of motion. The Fourier
transformation of the substitute pseudo-periodic loading leads to harmonic components 𝑃(𝑖𝑤). The
frequency domain harmonic responses are simply the product of the harmonic components by the
receptance Frequency Response Function (FRF) 𝐻(𝑖𝑤). The total response is the summation of the
harmonic responses by inverse Fourier transformation. The Fourier transformation has been adopted
here to solve a simplified model, simulating one wheel on the track substructure moving from open track
location to bridge deck, as a base for evaluating numerical integration effectiveness. Despite its
popularity in numerical integration and effectiveness in solving simplified track-bridge model, one
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obvious disadvantage is that Fourier transformation method is restricted to linear systems. A system is
considered nonlinear when damping or stiffness properties vary in time. In this situation, the calculation
of the response of nonlinear system can be done only by step by step direct integration. In the track-bed
system, the suspension system between crossties and ballast particles can be nonlinear if the crossties
are not properly supported: no contact force at the beginning of loading until the crosstie touches with
the top of ballast layer. Therefore, to adequately consider the nonlinear nature caused by unsupported
crossties, it is important to adopt a method that can be applied to both linear and nonlinear systems.
Direct time integration method is applicable to linear as well as nonlinear systems. Hence, it is a general
method to calculate response of dynamic system under arbitrary loading. Many methods exist for the
direct integration of the equations of motion. Herein, Newmark’s method has been chosen to solve the
equations of motion in the track bed system. Newmark’s method, also called Newmark-𝛽 method, is
developed by Nathan Newmark (1959) for use in structural dynamics, based on finite difference method.
In the force-displacement relationship between crossties and ballast masses at both open track and near
bridge locations, the spring stiffness was assumed to be nonlinear at near bridge location. Accordingly,
Newmark’s method was modified to evaluate the tangent stiffness at every step to solve for the nonlinear
system within tolerable error.
When the developed model was calibrated and validated with field instrumentation data, analyses
showed that near bridge larger vertical deformations, especially for crosstie, it was concluded that the
difference between the largest displacements between open track and near bridge locations could be
significant. The transient deformation at the near bridge location showed trend of increasing over the
years, while the vertical wheel loads at near bridge location were relatively stable, indicating noticeable
change in substructure support condition overtime. However, the level of settlement at track bridge
approach can be decreased by properly increasing rail pad stiffness, ballast stiffness, and subgrade
stiffness at near bridge location. Decreasing crosstie spacing will reduce the vertical deformation as well
as reaction force between track components, which can prevent high dynamic responses in track system.
It is important to note that rail irregularity was not considered in the developed vehicle-track-bridge
model, which could lead to an underestimation of the track system responses.
The ballast DEM model was leveraged and provided with the different crosstie support conditions,
various dynamic loading patterns, and mixed traffic profiles generated from the dynamic track model.
By applying accurately the pulsed field stresses and the realistic tie-ballast support conditions, the effects
of vibration and ballast degradation were evaluated. This part of research can be viewed in an increasing
order of DEM simulation complexity. First, different crosstie support conditions were simulated with
static loading conditions. Then, crosstie support conditions combining different dynamic loading
patterns were further investigated. Last, mixed traffic profiles with crosstie support conditions were
simulated and studied.
Starting with five realistic full-track ballast simulation models, each representing one unique support
condition commonly found in the field, were developed on the basis of a 3D polyhedral Discrete Element
Method (DEM) analysis program. With proper DEM model calibration, vertical normal stress
magnitudes and distributions within ballast layer were successfully visualized. In addition, contact force
networks showing the force chains in the ballast layer were also visualized for the tie different support
conditions. It was found that: (1) only a portion of ballast particles participated in load distribution when
external forces were applied; (2) good support condition indicates better force distribution throughout
the ballast layer in terms of lower magnitude normal stresses and more evenly distributed force network;
(3) poor support condition leads to higher stress concentrations on a few particles, which would increase
the breakage possibility and thus increase the ballast fouling tendencies when particles break into small
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pieces and the degraded ballast leading to faster track deterioration; (4) DEM simulation results can
overestimate the normal stress of ballast particles under loading, because no particle breakage is
considered in the simulation, while in reality high normal stress can lead to particle breakage. (5) DEM
simulation results show that different support conditions influence force diffusion angle greatly. Lack of
rail seat support, full support, and lack of center support have wider force diffusion angles than high
center binding and severe center binding conditions; (6) the severe center binding scenario seems to be
the most critical support condition in terms of causing non-uniform contact force distribution and
resulting in high contact forces and ballast degradation.
Continued with the abovementioned studies, sixteen different cases were simulated with the ballast
model based on the Discrete Element Method (DEM) to study four different realistic field train loading
patterns and four different crosstie support conditions. The four loading patterns considered typical
freight carloads for trains traveling at 20 mph and 50 mph, and the passenger car loads for trains
travelling at 110 mph and 150 mph. Four crosstie support conditions studied include full support, lack
of center support, high center binding, and lack of rail seat support. Crosstie vibration velocities in all
sixteen cases were determined and compared among the different support conditions. Movements of all
aggregate particles comprising ballast layer were also examined for the entire DEM simulations
involving eight car passes. The following findings can be found: (1) crosstie vibration velocities typically
increased when the train speed increased in full support condition. Freight carloads at 50 mph induced
the highest magnitude of crosstie vibration velocities for the other three support conditions. Larger load
magnitudes had a more significant influence on crosstie vibration velocities than the speed increase; (2)
no apparent crosstie vibration velocity differences could be observed among the different crosstie
support conditions for the four different loading patterns applied. Ballast particles could provide enough
support to restraint crosstie vibrations even under lack of support conditions; (3) ballast particles had the
largest movements under freight carloads at 50 mph. Under the same applied load, increase train speeds
induced larger ballast particle movements. Larger ballast particle movements indicate less stability of
the ballast layer. Maintenance cycles may be shortened, and safety concerns may arise due to large
movements causing loss of support and tie-ballast gaps; (4) high center binding support experienced the
smallest ballast particle movements; limited particles positioned in the upper ballast layer only showed
large movements. Other three support conditions all showed significant ballast particle movements
towards the shoulders and in the upper half of the ballast layer.
Further, twenty-four different scenarios consisting of six mixed traffic patterns and four support
conditions were investigated through modeling one crosstie and underlying ballast layer support using
the Discrete Element Method (DEM). The six mixed-traffic patterns all considered four train passes of
either freight trains traveling at 50 mph or passenger trains traveling at 150 mph. In each train pass, 8
cars (16 bogies and 32 axle loads) were simulated with corresponding load frequencies and magnitudes
specific to freight and passenger trains. Detailed mixed traffic patterns included the following four-train
combinations (each number representing mph speed of the corresponding train): 50-50-50-50, 150-50150-50, 150-150-50-50, 50-50-150-150, 50-150-50-150, and 150-150-150-150. The four support
conditions studied were full support, lack of center support, high center binding, and lack of rail seat
support. Crosstie movements were captured for estimating the corresponding crosstie vibration
velocities. Ballast particle centroids were also recorded for calculating individual ballast particle
movements. It was observed that: (1) due to heavy freight train only and regardless of the support
conditions, crosstie vibration velocities decreased gradually from the 1st train to 4th train. Ballast particle
movements experienced significant decreases between the 1st train and 2nd train passes related to
aggregate assembly shakedown often realized with slow-moving trains in the field. (2) at the end of the
4th train pass, when comparing the same load types (i.e. all freight train load or passenger train load),
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crosstie vibration velocity was always smaller under full support than the other three support conditions.
Crosstie vibration velocities did not show any significant differences among the lack of center support,
high center binding, and lack of rail seat support conditions. (3) high center binding experienced the
smallest ballast particle movement in the 4th train passes when comparisons between the same load types
were made. But high center binding revealed the issue of potential extreme asymmetry in ballast particle
movements. Full support showed the second smallest ballast particle movement and no significant
asymmetry in particle movement was noticed. Lack of center support condition caused the largest
movements for all the six mixed-traffic patterns. (4) mixed traffic patterns with multiple load types (i.e.
150-50-150-50, 150-150-50-50, 50-50-150-150, and 50-150-50-150) often showed larger crosstie
vibration velocities and ballast particle movements predicted than in cases of single train loading (i.e.
50-50-50-50, and 150-150-150-150). These findings clearly indicate that mixed traffic loadings where
freight trains alternate with lighter but faster passenger trains can be more detrimental to ballast support
and track stability.
Conclusions and Recommendations
Field data were collected from Multidepth Deflectometers (MDDs) and strain gauges installed at the
selected locations on Amtrak’s Northeast Corridor near Chester, PA. The locations were selected for
instrumentation effort based on analyses of GPR and 60-month period of geometry car data. Field
instrumentation was undertaken at these problematic locations which experienced recurrent differential
movement problems. Multi-Depth Deflectometers (MDDs) and strain gauges were installed at the
selected locations to quantify deformations of individual track substructure layers under loading as well
as applied wheel loads captured on rail. Field instrumentation procedure were presented, followed by
results from advanced analyses of transient response data and vertical wheel load data. Exploratory
analyses were conducted using the field data to visualize the time history of dynamic responses in the
track system.
A novel train-track-bridge model was developed in this study to effectively simulate the dynamic
response and performance of track structure under moving train loads. To obtain realistic dynamic
responses in the track system from the proposed train-track-bridge model, the model parameters as input
properties need to be chosen with physical relevance and careful attention. The various components of
the train-track-bridge model was illustrated and explained in detail. Assumptions in the proposed model
were summarized. The equations of motion of all the components of the model are derived, then
combined to formulate a generalized matrix. Newmark’s numerical integration method was chosen to
solve the set of ordinary differential equations for the track system. Comparing with the statistical data
analyses of track transient response data collected at the instrumented locations, the validation results
showed that the deformation obtained from the track model successfully matched with the deformation
data collected from the field instrumentation. The proposed train-track-bridge model can be applied to
simulate the dynamic behavior of a track system. Once the parameters (stiffness and damping
coefficients) in the model are calibrated with the field data, this model can be utilized to predict and
analyze the in-track behavior.
Ballasted track models established in DEM were fully leveraged to study complex support and loading
conditions. Calibrated with laboratory test results, DEM models demonstrated the capability to
realistically simulate track dynamic response including crosstie vibration velocity, ballast particle
contact network, ballast particle movement and etc. Furthermore, DEM models brought more important
insights by capture track behavior at the particle level. Overall, five crosstie support conditions were
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investigated, namely full support, lack of center support, high center binding, severe center binding and
lack of rail seat support. Four loading patterns were considered as typical freight trains traveling at 20
mph and 50 mph, and passenger trains travelling at 110 mph and 150 mph. Six mixed traffic profiles
were further studied with the following four-train combinations (each number representing mph speed
of the corresponding train): 50-50-50-50, 150-50-150-50, 150-150-50-50, 50-50-150-150, 50-150-50150, and 150-150-150-150, where 50 and 150 represents freight train travelling at 50 mph and passenger
train travelling at 150 mph, respectively.
One important direction for future research will need to deal with the development of more advanced
three-dimensional train-track-bridge models to include lateral forces and derailment potential analyses.
Upon improvement of the existing model, one can also take track irregularity into consideration and
establish tamping and other track maintenance schedules for maintaining proper track geometry. One
essential challenge is to model track’s long-term behavior, e.g. crosstie permanent settlement and layer
degradation, with many more train passes than could be considered in this study with only limited
number dynamic loads in the ballast DEM simulations. Developing track models in DEM for the multiple
traffic use phases of ballast with different gradations is also a future recommendation to match layer
conditions in the field at different stages of service life.
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FIELD LOAD-DEFORMATION DATA ANALYSES
Instrumentation Location and Details
Approximately 18 miles south of Philadelphia near Chester, Pennsylvania, a problematic portion of
Amtrak’s NEC comprises 8 to 10 closely spaced bridges with recurring differential movement problems
at the bridge-embankment interfaces. The NEC is primarily a high-speed railway with occasional freight
traffic. The high-speed Acela Express passenger train typically operates at 177 km/h (110 mph) in this
location, where three bridge approaches (bridges over Upland, Madison, and Caldwell Streets) with
frequent maintenance needs were selected for field instrumentation in a major research project supported
by the Federal Railroad Administration (Mishra et al. 2012, Mishra et al. 2017).
Multidepth Deflectometers (MDDs) were selected to monitor the movement of individual track
substructure layers. The MDD technology was first developed in South Africa in the early 1980s to
measure individual layer deformations in highway pavements (DeBeer et al., 1989). The use of MDDs
to monitor railway track performance has been extensively pursued in South Africa (Grabe and Shaw
2010, Priest et al. 2010, Vorster and Grabe 2013) as well as in the U.S. (Sussmann and Selig 1998, Bilow
and Li 2005). MDDs consisting of up to six linear variable differential transformers (LVDTs) were
installed vertically at preselected depths, which are inside the crossties, at bottom of ballast layer,
subballast layer, embankment fill layer, deformable subgrade layer, and nondeformable subgrade to
measure the displacements of individual substructure layers. Beside the MDDs, strain gauges were also
mounted on the rail to measure vertical wheel loads applied during the passage of a train. Dual-element
350-Ohm shear gauges were welded on the rail at the neutral axis both on top of the crossties and in the
middle point of two adjacent crossties to measure crossties reaction force as well as vertical wheel loads.
Figure 1(a) illustrates the location of each MDD module placed at layer interfaces in the track
substructure. Figure 1(b) illustrates the location of the strain gauge on the rail. More details of the field
instrumentation can be found in Mishra et al. (2012).

d1

LVDT # 1
Core # 1

d2

LVDT # 2
Core # 2

d3

LVDT # 3
Core # 3

LVDT # 4

d4

Core # 4

LVDT # 5
Core # 5

d5

(a)
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(b)
Figure 1. Field Installations of (a) Multidepth Deflectometers (MDDs) and (b) Strain Gauges
Track Settlement Trends and Transient Responses under Train Loading
In this track transition field study, bridge approach transient subsurface layer deformations as well as
corresponding vertical wheel loads were measured at the instrumented crosstie locations. Figure 2 shows
an example of vertical wheel loads applied on the rail under a passing ACELA passenger train. The 32
peaks correspond to the 32 wheels in an Acela Express passenger train operating along the instrumented
location. Two locomotives (one at each end of the train) and six passenger cars are registered. It can be
seen that locomotives generate higher loads (approximately 140 kN) compared to the passenger cars
(approximately 90 kN). Note that the measured loads consisted of both the static weight of the car and
the dynamic load caused by any impact loading as well as track irregularities and defects. Figure 3
presents the measured track substructure settlement trends from 2012 to 2015 at Upland Street
instrumentation location. Each marker on the figure represents one data collection. It is noticed that the
top layer (LVDT No.1) at near bridge location (15 ft. from abutment) experienced significantly higher
permanent deformation or settlement over time compared to that at open track location (60 ft. from
abutment). Maintenance was more frequently carried out at near bridge locations to maintain proper
vertical profile. Layers 2 to 5 show small settlement accumulations over time at both locations.
Besides periodic measurement of settlements within each track substructure layer, transient responses at
instrumentation locations were also measured to quantify the elastic bounce back behavior of the
substructure layers under loading. Upland Street location is chosen as an example to analyze the dynamic
responses at railroad bridge approaches. Figure 4 shows the transient deformation time history recorded
by individual LVDT modules under the same passing high-speed Acela Express passenger train. Note
that the peak deformations corresponding to the passage of each wheel are quite clear. Furthermore,
LVDT 1 mounted inside the crosstie indicates the highest transient deformation recorded among all the
LVDTs installed, each measuring individual layer deformations. However, the deformation of subballast
layer registered by LVDT 2 is in fact lower than that of embankment and subgrade layers.
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Figure 2. Field Recorded Load Time History of Acela Express Passenger Train

(a)

(b)

Figure 3. Layer Settlement Trends at Upland Street Location (a) Open Track (60 ft. from
abutment) (b) Near Bridge (15 ft. from abutment)
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Figure 4. Field Recorded Transient Deformation Time History at Upland Street
Within 3 years from 2012 to 2015, seven data collection trips were organized at Amtrak NEC bridge
approach locations at the Upland Street site. Figure 5(a) shows the transient vertical deformation time
history recorded by LVDT modules under a passing train at open track location (60 ft. from abutment).
The recorded deformations corresponded to the 8-car Acela Express passenger train, including one
locomotive at each end of the train and six regular passenger cars. A total of 32 peaks were observed
from the time history. These peaks corresponding to the passage of each wheel over the instrumented
crossties are quite distinguishable. Note that the locomotives created higher deformations compared to
passenger cars since locomotives are heavier in weight. Moreover, it is important to note that at the open
track location, the transient responses collected at different times are similar in magnitude. The
maximum vertical transient deformation registered under Acela Express train was approximately 1.7
mm.

(a)
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(b)

(c)
Figure 5. (a) Upland Open Track -Transient Vertical Deformations with Train Passage (b)
Madison Open Track -Transient Vertical Deformations with Train Passage (c) West of Caldwell
Open Track - Transient Vertical Deformation with Train Passage
Figure 6(a) shows the transient load time history recorded by strain gauges under a passing train at open
track location (60 ft. from abutment). Note that the strain gauge circuit installed on rail crib location
clearly registered 32 peaks, corresponding to the 32 wheels in an Acela Express train operating along
the NEC with two locomotives (one each at the front and rear ends of the train) and six passenger cars.
As expected, the locomotives register higher load levels. It can be noticed that at the open track location,
the transient loadings collected at different times are similar in magnitude. The highest measured load
level at the open track location is approximately 135 kN.
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(a)

(b)

(c)
Figure 6. (a) Upland Open Track -Transient Loads on Crib with Train Passage (b) Madison
Open Track -Transient Loads on Crib with Train Passage (c) West of Caldwell Open Track Transient Wheel Load on Crib with Train Passage
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Besides the open track location, field data were also collected at the near bridge location (15 ft. from
abutment) for performance measurement. Figure 7(a) shows the vertical transient deformation time
history from 2012 to 2015 the at Upland Street near bridge location. It is important to note that unlike
the open track data, the near bridge data showed great variability in magnitudes of transient deformations
collected over time. The maximum vertical deformation continued to increase from August 2012 (2.5
mm) to July 1st 2014 (8 mm). Next, the maximum vertical deformation suddenly decreased to 1.6 mm
on July 22nd 2014, then up to 4 mm in May 2015. This sudden decrease in deformation was due to
tamping maintenance activity conducted at the Upland Street location. In addition, a clear trend of
increasing dynamic response was observed with time at the near bridge location. From visual inspection,
it is noticeable that open track and near bridge locations have significantly different response trends
under train passage.

(a)

(b)
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(c)
Figure 7. (a) Upland Near Bridge -Transient Vertical Deformations with Train Passage (b)
Madison Near Bridge -Transient Vertical Deformations with Train Passage (c) East of Caldwell
Open Track - Transient Vertical Deformation with Train Passage
Similarly, Figure 8(a) shows the transient load time history recorded by strain gauges under a passing
train at the near bridge location. It is clear to notice 32 peaks, corresponding to the 32 wheels in an Acela
Express train. The transient loads collected at different times at the near bridge location are similar in
magnitude. The highest load level is approximately 150 kN, which is higher than that recorded at the
open track location (same train passage). This is due to the fact that strain gauge captures both static and
dynamic loading effects. Though static loading of the train contributes the same amount of magnitude
to the open track and near bridge locations, dynamic impact load coming from the wheel-rail impact,
irregularity, etc. is higher at the near bridge location. Considering the relatively stable magnitude in load
levels from 2012 to 2015, it is anticipated that the increasing trend of transient deformation (Figure 3.11)
is mainly associated with change in track substructure properties (weaker support over time). This
finding is confirmed by previously presented measured settlement data, indicating that the substructure
layers develop larger permanent settlement over time at near bridge locations, creating a gap between
layers which caused larger transient displacements under train passage.

(a)
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(b)

(c)
Figure 8. (a) Upland Near Bridge -Transient Loads on Crib with Train Passage (b) Madison
Near Bridge -Transient Loads on Crib with Train Passage (c) East of Caldwell Open Track Transient Wheel Load on Crosstie with Train Passage
ANALYTICAL MODEL FORMULATION AND VALIDATION
Train-Track-Bridge Model Development
In this section, an analytical model developed with the assumption of discretely supported crossties inservice on both the approach embankment and bridge deck under moving wheel loads is introduced.
Figure 9 illustrates the various components of the ballasted track model. The locomotive is assumed to
travel in the direction of arrow at a constant of v. Track substructure on the embankment side is modeled
as an infinite Euler beam discretely supported by three layers of viscous-elastic foundations consisting
of crosstie, ballast, and subgrade soil. Track substructure on the bridge side is also modeled as an infinite
Euler beam discretely supported this time by one layer of viscous-elastic foundation representing
crossties resting directly on top of Winkler foundation. It is important to note that the model can analyze
track substructure behavior with either one side (bridge approach embankment or bridge deck) or both
sides considered to conduct analysis. For example, to focus only on open track analysis of the ballasted
track system, the bridge side can be neglected by assigning no crossties on bridge deck. This way, the
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model is available to analyze an open track system. When both the open track and bridge deck sides are
included, moving wheel loads of a high-speed train, e.g., entering ballasted bridge deck, will be possible
to analyze to gain a better understanding of dynamic load effects on substructure deformation behavior.
To summarize, the proposed train-track-bridge model given in Figure 9 has the following assumptions:
1) The train runs at a constant speed;
2) Each vehicle consists of one rigid car body, two rigid bogies, and four rigid wheel-sets;
3) The primary and secondary suspension systems in the vehicle are considered linear;
4) The vehicles are not connected (independent moving) in the train model;
5) The interaction between wheel and rail is assumed to be linked by linear springs in vertical
direction only;
6) No friction or creeping is considered at the wheel and rail interface;
7) All the springs and dampers in track substructure are assumed linear at the beginning;
8) The bridge deck is assumed to be open deck.
To obtain realistic dynamic responses in the track system from the proposed traintrack- bridge model,
the model parameters as input properties need to be chosen with physical relevance and careful attention.
Table 1 presents the physical meanings of the notation symbols in the proposed train-track-bridge model.
Table 1 also lists one set of representative property values. Some of the track properties, such as crosstie
spacing and rail properties, are selected based on realistic values at instrumented bridge approach
locations at Amtrak NEC discussed in Chapter 3. The other track properties, such as spring stiffness and
damping ratio are selected from a list of previously published studies which also established a threelayer track model (Cantero et al., 2016). Vehicle parameters such as mass of train, bogie and wheel
spacings are selected from Amtrak Acela Express passenger train’s vehicle data documented in research
report published by Judge et al. (2018).

Figure 9. Analytical Track Model Developed
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Table 1. Notations and Values for Train-Track-Bridge Model
Track Properties
𝐸

Young′s modulus of rail

2.07E + 05

Mpa

𝐼

second moment of area

3.9E + 07

mm4

EI

Rail bending stiffness

8.073E + 06

Mpa.mm4

𝑚𝑟

rail mass per unit length

67.46

kg/m

𝑐𝑝

rail pad damping ratio

124

kN.s/m

𝑘𝑝

rail pad stiffness

7.80E + 04

kN/m

𝑚𝑡

crosstie mass

386

kg

𝑚𝑏

ballast mass

683

kg

𝑐𝑏

ballast damping ratio

82

kN.s/m

𝑘𝑏

ballast stiffness

1.2E + 05

kN/m

𝑡𝑠

ballast shear stiffness

7.80E + 03

kN/m

𝑐𝑠

subgrade damping ratio

300

kN.s/m

𝑘𝑠

subgrade stiffness

5.00E + 04

kN/m

𝑈𝑟

rail displacement

-

𝑈𝑡

crosstie displacement

-

𝑈𝑏

ballast displacement

-

𝑘𝑣𝑟

vehicle − rail stiffness

1.53E + 06

kN/m

Vehicle Properties
Mc

car body mass

6.31E + 04

kg

Jc

car body mass inertia

1.20E + 06

kg.mm2

𝜑𝑐

car body pitch rotation

-

𝑈𝑐

car body displacement

-

𝑐𝑠2

secondary suspension damping

70

kN.s/m

𝑘𝑠2

secondary suspension stiffness

5.32E + 03

kN/m

𝑀𝑏𝑜𝑔𝑖𝑒

bogie mass

1.20E + 03

kg

𝐽𝑏𝑜𝑔𝑖𝑒

bogie mass inertia

760

kg.m2

𝜑𝑏𝑜𝑔𝑖𝑒

bogie pitch rotation

-

𝑈𝑏𝑜𝑔𝑖𝑒

bogie displacement

-

𝑐𝑠1

primary suspension damping

49

kN.s/m

𝑘𝑠1

primary suspension stiffness

2.10E + 03

kN/m

𝑚𝑤

wheel mass

1.20E + 03

kg

𝑈𝑤

wheel displacement

-

𝑃

wheel-rail interaction force

-

a

bogie distance

5.37

m

b

wheel distance

1.42

m
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Train-Track-Bridge System Motion Formulation
Figure 10 illustrates the body diagrams of dynamic force equilibrium for vehicle components. Only
vertical displacement and pitch motion are considered for the vehicle. It reaches dynamic equilibrium
with the external forces from bogies and self-weight. Similarly, each bogie is connected to the car body
and two wheelsets. Therefore, the force equilibrium for the bogie is an equilibrium between self-weight
of bogie, contact forces between bogie and wheelset 1, contact forces between bogie and wheelset 2, and
contact forces between car body and bogie. Each wheelset has self-weight and two external forces,
including contact force between wheelset and rail and contact force between wheelset and bogie. All the
forces exerted on wheelset should reach equilibrium at any given time. Besides the force equilibrium,
the moment equilibrium for the bogie should also be achieved at the same time.

Figure 10. Body Diagram for Vehicle Components
Figure 11 shows the free body diagrams of track structure components. Crosstie comes to equilibrium
under contact forces between rail and crosstie, contact forces between crosstie and ballast, and selfweight. A portion of the rail is taken as an example to illustrate the forces exerted on it, including vertical
supports from underneath crosstie and vertical wheel loads from one wheelset running on top of that
portion of the rail. Ballast particles experience a combination of shear forces between adjacent ballast
particles, contact forces between ballast and subgrade, contact forces between ballast and crosstie, and
self-weight.

Figure 11. Body Diagrams for Track Components
Fourier transformation method has been adopted here to solve a simplified model, simulating one wheel
on the track substructure moving from open track location to bridge deck, as a base for evaluating
numerical integration effectiveness, but it is restricted to linear systems. A system is considered nonlinear
when damping or stiffness properties vary in time. In this situation, the calculation of the response of
nonlinear system can be done only by step by step direct integration. To solve the generalized matrix,
Newmark’s numerical integration method is chosen to solve the set of ordinary differential equations for
the track system because it can be applied to both linear system (open track location) and nonlinear
system (near bridge location) with a ballast- crosstie gap.
21

Note that due to the gap between crosstie and ballast developed at near bridge location, the constitutive
model of the spring connecting crosstie and ballast is no longer linear. For simplicity, the proposed
nonlinear train-track-bridge model assumes bi-linear force-displacement relationship. More specifically,
it is assumed that at the beginning of loading, there is no force between crosstie and ballast until the gap
(𝑢𝑔 ) is closed. Once the distance between crosstie and ballast reaches the magnitude of gap, the stiffness
of springs between crosstie and ballast becomes linear (𝑘′𝑏𝑎𝑙𝑙𝑎𝑠𝑡 ). Note that the tangent of stiffness from
open track and near bridge locations might be different: 𝑘𝑏𝑎𝑙𝑙𝑎𝑠𝑡 ≠ 𝑘′𝑏𝑎𝑙𝑙𝑎𝑠𝑡 . It is assumed that damping
coefficient 𝑐′𝑏𝑎𝑙𝑙𝑎𝑠𝑡 at near bridge is constant in the analysis. Figure 12 illustrates the force-displacement
relationship at (a) open track location with linear stiffness and (b) near bridge location with nonlinear
stiffness. The gap between crosstie and ballast is represented by 𝑢𝑔 . Note that in the model, it is flexible
to choose the locations of the gap since it is discretely supported. The amount of gap underneath each
crosstie can also be assigned arbitrarily based on realistic situation.

(a)

(b)

Figure 12. Linear and nonlinear dynamic systems: (a) linear stiffness at open track location, (b)
nonlinear stiffness at near bridge location
At the field instrumentation locations, multi-depth deflectometers and strain gauges were installed to
collect in-field transient deformation and load reaction data. Data was collected at two locations, namely
open track location and near bridge location. Figure 13 shows that open track location is approximately
60 ft. away from bridge abutment and near bridge location is around 15 ft. away from bridge abutment.
In the train-track-bridge model, responses at both locations were simulated.
Since the analytical model developed only considers the vertical direction of train deformations,
equations of motion of the track system can be derived as follows:
Embankment side
Equation of motion of rail beam is given by
𝐸𝐼

𝜕4 𝑈𝑟 (𝑥,𝑡)
𝜕𝑥 4

+ 𝜌𝑟

𝜕2 𝑈𝑟 (𝑥,𝑡)
𝜕𝑡 2

+ ∑𝑀
1 𝑎𝑚 (𝑡)𝛿(𝑥 − 𝑥𝑚 ) = 𝐹𝛿(𝑥 − 𝑣𝑡) (F is moving load)

Equation of motion of rail- crosstie reaction is given by
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𝜕𝑈𝑟 (𝑥𝑚 , 𝑡) 𝜕𝑈𝑡 (𝑥𝑚 , 𝑡)
−
) + 𝑘𝑝 (𝑈𝑟 (𝑥𝑚 , 𝑡) − 𝑈𝑡 (𝑥𝑚 , 𝑡))
𝜕𝑡
𝜕𝑡
Equation of motion of crosstie is given by
𝑎𝑚 (𝑡) = 𝑐𝑝 (

𝜕 2 𝑈𝑡 (𝑥𝑚 , 𝑡)
= 𝑎𝑚 (𝑡) − 𝑏𝑚 (𝑡)
𝜕𝑡 2
Equation of motion of crosstie -ballast reaction is given by
𝑚𝑡

𝜕𝑈𝑡 (𝑥𝑚 , 𝑡) 𝜕𝑈𝑏 (𝑥𝑚 , 𝑡)
−
) + 𝑘𝑏 (𝑈𝑡 (𝑥𝑚 , 𝑡) − 𝑈𝑏 (𝑥𝑚 , 𝑡))
𝜕𝑡
𝜕𝑡
Equation of motion of ballast mass is given by
𝑏𝑚 (𝑡) = 𝑐𝑏 (

𝜕 2 𝑈𝑏 (𝑥𝑚 , 𝑡)
𝜕𝑈𝑏 (𝑥𝑚 , 𝑡)
= 𝑏𝑚 (𝑡) − 𝑐𝑠
− 𝑘𝑠 𝑈𝑏 (𝑥𝑚 , 𝑡) + 𝑇𝑚 − 𝑇𝑚+1
2
𝜕𝑡
𝜕𝑡
Equation of motion of the shear force between ballast mass is given by
𝑚𝑏

𝑇𝑚 = 𝑡𝑠 (𝑈𝑏 (𝑥𝑚−1 , 𝑡) − 𝑈𝑏 (𝑥𝑚 , 𝑡))
where
𝑈𝑟 , 𝑈𝑡 , 𝑈𝑏 are unknown variables, representing deflection of rail, crosstie, and the ballast mass,
respectively;
𝑘𝑝 , 𝑘𝑏 , 𝑘𝑠 are stiffness properties of rail pad, ballast, and the subgrade layer;
𝑐𝑝 , 𝑐𝑏 , 𝑐𝑠 are damping ratios of rail pad, ballast, and the subgrade layer;
𝐸𝐼 is bending stiffness of the rail; and
𝑡𝑠 is shear stiffness between ballast masses.

(a)

(b)

Figure 13. Sketch of response observation point in the model (a) open track (b) near bridge
Following the work by Kalker (1996) and Huang et al. (2009), Fourier Transform technique can be
utilized to solve for the equations of motion of the system. The Fourier Transform was first performed
from time to frequency domain and from spatial domain to wavelength domain.
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𝑖𝑥𝜔
𝑣

𝐹𝑒 −
(𝐸𝐼𝜆4 − 𝜔2 𝜌)𝑈𝑟 (𝜆, 𝜔) = 𝐹 𝑡 (
𝑣

− ∑ 𝑎𝑚 (𝜔)𝛿(𝑥 − 𝑥𝑚 ))
𝑁

𝑎𝑚 (𝜔) = (𝑐𝑝 𝑖𝜔 + 𝑘𝑝 )(𝑈𝑟 (𝑥𝑚 , 𝜔) − 𝑈𝑡 (𝑥𝑚 , 𝜔))
𝑏𝑚 (𝜔) = (𝑐𝑏 𝑖𝜔 + 𝑘𝑏 )(𝑈𝑡 (𝑥𝑚 , 𝜔) − 𝑈𝑏 (𝑥𝑚 , 𝜔))
−𝑚𝑡 𝜔2 𝑈𝑡 (𝑥𝑚 , 𝜔) = 𝑎𝑚 (𝜔) − 𝑏𝑚 (𝜔)
(−𝑚𝑏 𝜔2 + 𝑐𝑠 𝑖𝜔 + 𝑘𝑠 + 2𝑡𝑠 )𝑈𝑏 (𝑥𝑚 , 𝜔) = 𝑏𝑚 (𝜔) + 𝑡𝑠 𝑈𝑏 (𝑥𝑚−1 , 𝜔) + 𝑡𝑠 𝑈𝑏 (𝑥𝑚+1 , 𝜔)
where
𝐹 𝑡 means Fourier transform from spatial 𝑥 to wavelength.
The inverse Fourier Transform was next performed on equation of rail beam from wavelength domain
back to spatial domain. The equation of motion for rail beam then becomes:
𝑣𝑇

𝑖𝑦𝜔
𝑖𝑦𝜔
𝐹 √𝑅
− 𝑣 −𝑖|𝑥−𝑦|√𝑅
− 𝑣 −|𝑥−𝑦|√𝑅
𝑈𝑟 (𝑥, 𝜔) = −
∫
+
𝑒
(𝑖𝑒
) 𝑑𝑦 − ∑ 𝑎𝑚 (𝜔)𝐾𝑟 (𝑥 − 𝑥𝑚 )
4𝐸𝐼𝑅2 𝑣
𝑁
0

where
1
(√𝑅𝑒 −|𝑥|√𝑅 + 𝑖√𝑅𝑒 −𝑖|𝑥|√𝑅 )
4𝐸𝐼𝑅2
Accordingly, all the equations are assembled into a matrix form (including both embankment side and
bridge side):
𝐾𝑟 (𝑥, 𝜔) = −

𝐷𝑡
0
𝐵𝑀 0
[𝑈 ]
[𝑈 ]
]
+[ 𝑠 ]
=[ ]
𝐴𝐾 + 𝐼 (𝑀+𝑁)×𝑁 𝑟 𝑁×1
𝐹𝐺 (𝑀+𝑁)×1
−𝐵𝐾 (𝑀+𝑁)×𝑀 𝑏 𝑀×1

[
where

𝑀 is the number of crossties on embankment side;
𝑀 − 𝑁 is the number of crossties on bridge side (will be assigned as zero for analysis in this
report); and
𝐷1
−𝑡𝑠
0

𝑡𝑠
0
0 0 0
𝐷2 𝑡𝑠 ⋯
0 0 0
−𝑡𝑠 𝐷3
0 0 0
𝐷𝑡𝑠 =
⋮
⋱
⋮
−𝑡
𝐷
𝑡𝑠
0 0 0
𝑠
𝑀−1
⋯
[ 0 0 0
0
−𝑡𝑠 𝐷𝑀 ]
−𝐵1
0
0
0
−𝐵2
0
⋯
0
0
0
−𝐵3
𝐵𝑀 =
⋮
⋱
⋮
−𝐵𝑀−1
0
0
⋯
[
0
−𝐵𝑀 ]
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𝑣𝑇

𝑖𝑦𝜔
𝑖𝑦𝜔
𝐹 √𝑅
− 𝑣 −𝑖|𝑥−𝑦|√𝑅
− 𝑣 −|𝑥−𝑦|√𝑅
𝐹𝐺(𝑥, 𝜔) = −
∫
+
𝑒
(𝑖𝑒
) 𝑑𝑦
4𝐸𝐼𝑅2 𝑣
0

𝐴𝐾(𝑛, 𝑚) = 𝐴𝑚 (𝑚)𝐾𝑟 (𝑥𝑛 − 𝑥𝑚 )
𝐵𝐾(𝑛, 𝑚) = 𝐵𝑚 (𝑚)𝐾𝑟 (𝑥𝑛 − 𝑥𝑚 )
𝐴𝑚 (𝑜𝑝𝑒𝑛 𝑡𝑟𝑎𝑐𝑘 𝑠𝑖𝑑𝑒) =

(−𝑚𝑡 𝜔2 + 𝐶𝐾𝑏 ) ∙ 𝐶𝐾𝑝
−𝑚𝑡 𝜔 2 + 𝐶𝐾𝑝 + 𝐶𝐾𝑏

𝐵𝑚 =

𝐶𝐾𝑏 ∙ 𝐶𝐾𝑝
−𝑚𝑡 𝜔 2 + 𝐶𝐾𝑝 + 𝐶𝐾𝑏

𝐶𝑚 =

(−𝑚𝑡 𝜔2 + 𝐶𝐾𝑝 ) ∙ 𝐶𝐾𝑏
−𝑚𝑡 𝜔 2 + 𝐶𝐾𝑝 + 𝐶𝐾𝑏

𝐷𝑚 = −𝑚𝑏 𝜔2 + 𝑐𝑠 𝑖𝜔 + 𝑘𝑠 + 2𝑡𝑠 + 𝐶𝑚
𝐶𝐾𝑝 = (𝑐𝑝 𝑖𝜔 + 𝑘𝑝 )
𝐶𝐾𝑏 = (𝑐𝑏 𝑖𝜔 + 𝑘𝑏 )
The general equations of motion in standard matrix form is presented below, consisting of generalized
mass, damping, stiffness matrices, and force vector.
[𝑀]{𝑋̈} + [𝐶]{𝑋̇} + [𝐾]{𝑋} = {𝐹}
where
{𝑋} denotes the generalized displacement vector containing displacement of car body, bogies, wheelsets,
rail, crossties, and ballast masses, as well as the pitch angle of car body and bogies at any given time 𝑡;
{𝑋} = {𝑈𝑣1 , … 𝑈𝑣𝑖 , 𝑞1 , … 𝑞𝑘 , 𝑈𝑡1 , … 𝑈𝑡𝑛 , 𝑈𝑏1 , … 𝑈𝑏𝑚 }𝑇
[𝑀] denotes the generalized mass matrix;
𝑀𝑣
0
[𝑀] = [
0
0

0
𝑀1
0
0

0
0
𝑀2
0

0
𝐶1
𝐶3
0

0
𝐶2
𝐶4
𝐶7

0
0
]
0
𝑀3

[𝐶] denotes the generalized damping matrix;
𝐶𝑣
0
[𝐶] = [
0
0
[𝐾]denotes the generalized stiffness matrix;
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0
0
]
𝐶5
𝐶6

𝐾𝑣′
𝐾
[𝐾] = [ 𝑣𝑟
0
0

𝐾𝑣𝑟
𝐾1′
𝐾3
0

0
𝐾2
𝐾4
𝐾7

0
0
]
𝐾5
𝐾6

{𝐹} denotes the generalized force vector;
{𝐹} = {𝐹𝑣′ , 0,0,0}𝑇
Note that 𝐾𝑣′ , 𝐾1′ , 𝐾𝑣𝑟 , 𝐹𝑣′ are modified matrix according to the vehicle-rail contact force 𝑃𝑖 .
To better illustrate the effect of multiple-wheel-passage, six bogies of wheel sets were applied in the
model using superposition. The first four loads were for the locomotive of Acela Express (each one is
approximately 140,000 N) and two consecutive loads for the passenger car of Acela Express (each one
is approximately 90,000 N) in accordance with the strain gauge measurements at the Upland Street
bridge approach site. The bogies were separated from each other at distances of 2800 mm, 7900 mm,
2800 mm, 6500 mm, and 2800 mm, respectively from the first wheel to the sixth wheel loading. The
wheel loads were moving at a constant speed of 50 m/s (110 mph) in accordance with Acela Express
train speed observed in the field.
Track Model Field Validation
To evaluate the prediction accuracy of the analytical model, the deflections predicted by the model were
compared to the field collected displacement data recorded by the installed MDDs. Transient
deformation data with train passage were collected in the field at two locations: open track location (60
ft. from bridge abutment) and near bridge location (15 ft. from bridge abutment). Note that the January
2015 at Upland data were taken as an example to evaluate the prediction accuracy. Figure 14 shows the
comparison between model results and field data at open track location. Figure 14(a) clearly shows that
the results from the proposed model matches well with the field data collected in January 2015. The
model simulation results demonstrate 32 peaks, which correspond to 8 cars with one passage of ACELA
passenger train. The front and rear cars register higher displacements due to heavier self-weight of the
locomotives. Figure 14(b) compares the confidence intervals of field data and model results. It can be
seen that the maximum peak displacement value from the model falls into the 95% confidence interval
calculated from the maximum peak displacement value from the field data collected between August
2012 and May 2015.
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(a)

(b)
Figure 14. Comparison of Model Results and Field Data – Open Track
The comparison between field data and model results implies that responses at the open track location
can be accurately reflected and simulated by the proposed vehicle-track-bridge model. Therefore, the
validated vehicle-track-bridge model can be utilized to analyze other critical responses under the train
passage.
Figure 15 shows the comparison between model results and field data at near bridge location. Note that
the January 2013 at Upland data were taken as an example to evaluate the model prediction accuracy.
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Figure 15 (a) shows that the general trends of transient deformations in terms of peak location and peak
magnitude under loading are comparable with the field data. However, the deformations predicted
between wheel axles does not match very well with the field measured data. The physical meaning of
this “delayed bouncing” is that in the simplified physical relationship between displacement and force
for hanging crossties, there is little reaction force when the differential movement between crosstie and
ballast mass is small (𝑘~0). Hence, there is not sufficient upward direction force exerted on crosstie for
the bounce back movement. While in the field even though there is no upward force from the underlying
ballast, the fastening system will lead the crosstie to move back to its original position. Figure 15 (b)
compares the confidence intervals of field data and model results. The upper and lower boundaries of
95% confidence intervals are graphed for locomotive passage and passenger car passage, respectively.
Due to the increase in the gap amount with years, the peak displacement may vary significantly.
Therefore, the higher and lower boundaries of the confidence intervals are relatively far away from each
other compared with the open track case. It is noticed that maximum peak displacement value from the
model still falls into the 95% confidence interval calculated from the maximum peak displacement value
from the field data collected between August 2012 and May 2015. The proposed model is considered to
be capable of predicting the general trends and peak responses although was somewhat unable to predict
the bouncing movement. Considering the main purpose of the model is to detect the critical responses,
it is believed that the proposed model has been successfully validated with field measurement at the near
bridge location.

(a)
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(b)
Figure 15. Comparison of Model Results and Field Data – Near Bridge.
TRACK PREDICTION USING THE VALIDATED ANALYTICAL MODEL
Shared corridors support both higher-speed passenger service and freight trains. As stated earlier, the
instrumented NEC is primarily a high-speed railway with occasional freight traffic, which qualifies as a
shared corridor. The analytical model developed for ballasted track has been validated with field data
recorded under the passage of high-speed Acela Express passenger train, which operates at 177 km/h
(110 mph) in Chester, PA. This section presents an application of the analytical model for evaluating the
track deformation behavior under freight train loading.
All the track substructure parameters (stiffness and damping ratios of various components) were assumed
the same as in the previous field validation model (see Table 1). The track model also included 30 ties
spaced at 2 ft. (609.6 mm) on the embankment side only. To simulate the moving loads of freight train,
six moving wheel loads were applied with each load assumed to be 150,000 N. The bogies were separated
from each other at the same distances as Acela Express for better comparison, which are 2800 mm, 7900
mm, 2800 mm, 6500 mm, and 2800 mm from the first wheel to the sixth wheel loading, respectively. In
Figure 14, the wheel loads were moving at a constant speed of 11 m/s (25 mph) similar to the maximum
speed of the freight train observed at night in the instrumented location.
Figure 16 shows the total vertical deformation time history predicted by the analytical model. Please
note that to compare freight train and high-speed passenger train loadings, a duration of 1-second was
chosen as total observation time. Note that only two peaks are registered in Figure 14, which is due to
the slow speed of freight train. During the 1-second observation time, only two wheel loads pass over
the MDD instrumented crosstie. As stated earlier, the oscillation predicted by the analytical model is due
to springs and dampers employed. Hence, the magnitude of maximum deformation and the general
deformation trends are appropriate results one should consider when comparing track system
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performances under the freight train and high-speed passenger train. Figure 16 shows that the maximum
transient deformation caused by the freight train is lower than that caused by high-speed passenger train
even though the axle load by freight train is higher. Note that speed of the operating train is a major
component that contributes to the track system performance. Whereas, maximum uplifting deformation
caused by freight train is significantly higher than that caused by high-speed passenger train. It is
attributed to the heavier weight of freight train (static loading) that causes the upward movement of rail
when the load is not directly on top of the observation point. As far as the total deformation (distance
between maximum downward deformation and maximum upward deformation) is considered, the
freight train prediction of approximately 2.4 mm can be more critical than the 2.1 mm high-speed
passenger train value. The deformation trends of freight train and high-speed passenger train also differ
with each other.
-3
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Figure 16. Total Vertical Transient Deformations Predicted by Analytical Model under Freight
Train
Figure 17 shows the model prediction comparisons of vertical displacement with train passage at
110mph. The locomotive car body of ACELA passenger train weighs 104,400 kg and vehicle car body
weighs 77,500 kg. To test the weight effects on train displacement, freight train with locomotive car
body weight of 132 us tons (120,000 kg), vehicle car body weight of 286,000 lbs (129,727.418 kg). As
the freight train weighs more, its vertical displacement is much larger than passenger train, as well as
vibration velocity and vibration acceleration, shown in Figure 18 and Figure 19.
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(a)

(b)

(c)

(d)

Figure 17. Vertical Displacement with (a) Freight Train Passage at 110mph at Open Track
Location (b) ACELA Passenger Train Passage at 110mph at Open Track Location (c) Freight
Train Passage at 110mph at Near Bridge Location (d) ACELA Passenger Train Passage at
110mph at Near Bridge Location
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(a)

(b)

(c)

(d)

Figure 18. Vibration Velocity with (a) Freight Train Passage at 110mph at Open Track Location
(b) ACELA Passenger Train Passage at 110mph at Open Track Location (c) Freight Train
Passage at 110mph at Near Bridge Location (d) ACELA Passenger Train Passage at 110mph at
Near Bridge Location
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(a)

(b)

(c)

(d)

Figure 19. Vibration Acceleration with (a) Freight Train Passage at 110mph at Open Track
Location (b) ACELA Passenger Train Passage at 110mph at Open Track Location (c) Freight
Train Passage at 110mph at Near Bridge Location (d) ACELA Passenger Train Passage at
110mph at Near Bridge Location
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TRACK BEHAVIOR UNDER DIFFERENT CROSSTIE SUPPORT CONDITIONS
DEM Material Properties and Model Geometry
A polyhedral 3D DEM code, BLOKS3D (Ghaboussi et al., 1990; Zhao et al., 2006), was used for the
DEM simulations. The key particle morphological indices such as the Flat and Elongated (F&E) ratio
and Angularity Index (in degrees) of field collected ballast particles were obtained by the Enhanced
University of Illinois Aggregate Image Analyzer (E-UIAIA) (Moaveni et al., 2013). Figure 20 shows
these imaging-based particle shape indices obtained by E-UIAIA. The gradation of ballast material
adequately met both No.3 and No.4A gradation of American Railway Engineering and Maintenance-ofWay Association (AREMA).

Figure 20. Imaging based 3D ballast particle shape properties quantified by E-UIAIA.
A full-track model was generated in BLOKS3D with the layout shown in Figure 21. A simple concrete
crosstie representation with dimensions of 10.375 × 9.625 × 102 𝑖𝑛. was placed on top of a 14-in. (0.36m) thick ballast layer. Full width of the track was modeled with 11.8-in. (0.3-m) wide ballast shoulders
and 2:1 shoulder slope. The length in the train moving direction was chosen as 24-in. (0.61-m), which is
approximately one crosstie spacing. After the geometry of DEM simulation was determined, ballast
particles were gravity dropped into the defined geometry. Around 11,000 particles were used in the
simulation. Compaction of the ballast particles were accomplished by placing a non-deformable plate on
top of the ballast layer and pushing downward until the density targeted in the field was achieved. Once
the basic ballast creation and compaction in DEM was done, the concrete crosstie was generated as a
non-deformable master block in BLOKS3D and placed on top of the ballast layer.

Figure 21. Basic one-crosstie ballast layer geometry established in DEM simulation.
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DEM Model Calibration with Laboratory Test Results
The purpose of model calibration is to determine the right sets of model parameters to produce the DEM
simulation results that match with laboratory test results. The schematic profile view drawing of the five
different support conditions simulated in the laboratory experimental setup are shown in Figure 22 (a)
(Gao et al., 2016). A total of five strain gauges were installed on the crosstie, with one at each rail seat,
one at the center, and another located halfway between each rail seat and center as shown on top of the
crosstie in Figure 22 (Wolf, 2015). Rubber pads were used beneath the crosstie to simulate ballast support
(Bastos, 2016). Overall the bottom of the concrete crosstie was divided into six equally spaced sections.
By varying the locations of rubber pads, five different support conditions were simulated. Static loading
of 10,000 lbs. (4450 N) was applied to each rail seat. The bending moments and two static rail seat loads
were used as inputs in the backcalculator program to calculate the crosstie-ballast reaction force
distribution (Gao et al., 2016).

(a)

(b)

Figure 22. (a) Schematic profile view drawings of the five different support conditions in
laboratory testing (Gao et al., 2016) (b) Profile views of five different support conditions in DEM
simulations.
To simulate the five different support conditions in laboratory testing, five full-track models were
generated based on the aforementioned basic DEM model. Figure 22 (b) shows the profile views of track
models for different support conditions. For example, to create the severe center binding support
condition, before placing the crosstie on top of ballast layer, more ballast particles were dropped only at
the center of existing ballast layer and compacted to target density. After the full-track models were
formed, two static loadings were applied on rail seat locations vertically, each of which is 10,000 lbs.
(4450 N), until the ballast layer was stable under the external loading. The force exerted on each ballast
particle was obtained from the DEM simulations. From the laboratory testing backcalculation results
(Gao et al., 2016), the crosstie-ballast reaction force at each rubber pad (17 in.) was consistent. To make
a valid comparison, the external forces exerted on surface ballast particles at the six corresponding rubber
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pad locations were summed up separately to obtain crosstie-ballast reaction force distributions from the
DEM simulations.
Figure 23 presents the crosstie-ballast reaction force distributions obtained from both the DEM
simulations and the laboratory tests. The DEM simulation results are plotted in red line, while the
laboratory test results are graphed in black line. For almost all support conditions simulated, the overall
reaction force distribution trends as well as the magnitude in percentage from both laboratory and DEM
simulations were in good agreement. One inconsistent comparison was the full support condition (see
Figure 23b), where the laboratory results showed that the reaction force was very low in the center
section and more concentrated below the rail seat sections, rather than more concentrated in the left half
of the crosstie section from the DEM simulation. This can probably be due to the following: (1) the
discrete nature of DEM simulation may cause abrupt and sharp corner/edge on the left half side of tieballast contact surface, which will lead to force concentration in the DEM simulation; (2) rubber pad
used in laboratory testing simulated an ideal uniform support condition, while in DEM simulation the
particles were generated randomly that do not guarantee symmetrical or uniform stiffness; (3) the
concentrated force may cause ballast particle breakage in reality and thus re-distribute the forces evenly
among particles, while in the current BLOKS3D code no particle breakage is considered and
accordingly, force concentration would not dissipate; and finally, (4) under the external forces applied
on two rail seats, edges and center of the tie will bend and lift up in the laboratory tests while the tie is
non-deformable in the DEM simulations. Despite the inconsistent trends observed from full support
condition, it can be noticed that the tie-ballast force at each observation point is still within a reasonable
range. From Figure 23, it may be concluded that the DEM simulation results based on the current set of
model parameters could match the laboratory test results. Therefore, the DEM model was calibrated to
the laboratory results to predict different ballast support conditions.
DEM Simulation Results
Vertical Normal Stress Distribution
Ballast particle vertical normal stress visualized with five different support conditions are presented in
Figure 24. Darker color in the figure indicates higher vertical normal stresses; lighter color indicates
none or low vertical normal stresses.
From the visualized results, clear variances between different support conditions are noticed. In lack of
rail seat support condition, few ballast particles under rail seat contribute to reacting the external force;
stress diffusion is observed along the ballast depth. In full support condition, a better vertical normal
stress distribution appears throughout the ballast layer; particles with extremely high stresses (over 1000
kPa) are fewer than other four different support conditions. In lack of center support condition, few
ballast particles with high normal stresses exist along the depth directly under rail seats. In the high
center binding condition, particles close to the bottom of the crosstie experience very high vertical
normal stresses; stress diffusion is not clear on either side of the ballast layer. In severe center binding
condition, high vertical normal stresses concentrate in the middle section of the ballast layer from top to
bottom; stress diffusion does not exist along the width of crosstie direction.
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(a)

(b)

(c)

(d)

(e)
Figure 23. Comparisons of tie-ballast reaction forces backcalculated from laboratory testing to
those predicted from DEM simulations.
Similarities are also observed among the presented five different support conditions. The ballast layer is
constructed with about 11,000 particles in the DEM model, however, only around 1/3 number of particles
contribute to the reaction force. Particles on the shoulder and particles in the area with poor support
condition often experience none or very low stresses under the external loading. Only few particles near
the tie-ballast contact surface tend to experience extremely high vertical normal stresses under the
external loading. Particles with such large stresses have high possibilities to break into smaller particles.
After the breakage, such high stresses will transmit to other particles and lead to further breakage until
a lower magnitude contact stress network than can be tolerated by ballast particle rigidity is maintained.
Note that more particle breakage and degradation will occur with the growth of external loading cycles
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to contribute to an increasing Fouling Index (FI), in the ballast layer. Higher FI values will eventually
impact drainage ability of the ballast layer and lead to faster ballast degradation and track deterioration.
Among all the studied ballast support conditions, severe center binding seems to be the most critical
scenario in terms of reaction force concentration and the ballast degradation potential.

(a) lack of rail seat support

(b) full support

(c) Lack of center support

(d) High center binding

(e) Severe center binding
Figure 24. Vertical normal stress distributions of the ballast layers with five different support
conditions.
Contact Force Network
Contact force network between individual particles were also visualized as an effective and widely used
method to study the mesoscale structure of unbound granular materials (Sullivan et al., 2008; Sazzad et
al., 2010). One of the advantages of using contact force network is that ballast layer can be visualized
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through the width with no concern about ballast particles in the front obstructing the view of the ballast
particles in the back. Contact force networks for the five different support conditions are visualized in
Figure 25, where the line thickness and darkness are both indicative of the higher magnitude contact
forces.

(a) lack of rail seat support

(b) full support

(c) Lack of center support

(d) High center binding

(e) Severe center binding
Figure 25 Contact force networks of the ballast layers with five different support conditions.
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Figure 25 clearly indicates that the contact force networks match well with their actual support
conditions. Darker and thicker lines concentrate in the areas with good support condition while lighter
and thinner lines prevail in the areas with poor support condition. One exception is that the force network
in full support condition, where the contact force network seems concentrated in the left half side of the
crosstie rather than evenly distributed along the crosstie as expected. Possible reason is that the crosstie
first contacts with some ballast particles on the left when the loads were applied, even though the tieballast contact surface appears flat. Similar findings were observed by McHenry et al. (2015) that the
pressure distribution between ballast and tie measured in lab at full support condition was not uniform
and that newer ballast exhibited sharper pressure peaks and lower contact areas. Force diffusion is
obvious in lack of rail seat support condition and lack of center support condition while it is not clear in
high center binding condition and severe center binding condition. Force network results are in good
agreement with the observations from vertical normal stress in previous section that fewer dark network
lines indicate more concentrated reaction force. Large magnitudes of the reaction force only exist and
transmit only in a few particles. Ballast shoulders and areas with poor support condition rarely have dark
and thick lines. The poorer the support condition, the more the contact forces concentrate in the case of
a limited number of ballast particles which may eventually lead to particle breakage.
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TRACK BEHAVIOR UNDER DIFFERENT LOADING PATTERNS
Field Loading Patterns
The same DEM model (discussed in the previous section) was utilized to simulate the behavior of ballast
particles under dynamic loading scenarios. Four tie support conditions were considered in DEM as
shown in Figure 22: (1) full support condition, representing idealized track condition; (2) lack of rail seat
support condition represents the in-track condition caused by high impact wheel loads which is
characterized as insufficient support under rail seats; (3) lack of center support condition represents the
idealized track condition right after tamping, providing adequate support under the rail seats and
decreased support for the center of the crosstie and (4) high center binding represents the track support
migrating towards the center of the crosstie.
The field dynamic loading aspects mainly focus on speed of train and the magnitude of axle load in this
paper. In total, four different types of loading patterns were selected to study the effect of different load
aspects on dynamic responses of ballast particles. Previous studies suggested that a haversine pulse could
be sufficient to represent the loading from one single axle (Li et al., 2002; Priest et al., 2010). In
accordance, a haversine load pulse was engaged in the repeated loading simulation. Considering the
loading conditions in track, both freight and passenger cars were considered in the DEM simulations.
Loading frequency was determined by the speed of the train. Two speeds were selected for each type of
freight vs passenger train. Figure 26 shows the four loading patterns, representing freight train (286-kip
gross rail load) operating at 20 mph and 50 mph, respectively, as well as passenger train (143-kip gross
rail load) operating at 110 mph and 150 mph, respectively. The magnitude of loading pulse reflects the
magnitude of rail seat load and the rest period between pulses is a reflection of wheel spacing divided
by train speed. The following assumptions were made to distribute the gross rail load to top of crosstie:
1) Modulus of track elasticity 𝑘 = 6000 𝑙𝑏/𝑖𝑛2 for normal concrete crosstie;
2) Rail type is 136 RE, moment of inertia I = 95.4 in4 ;
3) Crosstie spacing 𝑎 = 24 𝑖𝑛𝑐ℎ𝑒𝑠;
4) Modulus of elasticity of steel 𝐸 = 3 × 107 𝑝𝑠𝑖 .
Based on these assumptions, the rail seat load was calculated using AREMA force distribution method:
𝑃

4

𝐹 = ×𝑎× √
2

𝑘

4𝐸𝐼

. The rail seat load under passage of freight train was calculated as 23 kips (103 kN).

As for passenger train, rail seat load was calculated as 11.5 kips (51 kN). The geometry of selected
freight and passenger cars are illustrated in Figure 26. The two axles from the same bogie are represented
as two haversine pulses with no rest period in between. While rest period exists between the two adjacent
axles from different bogies. Besides the speed and load amplitude, the number of load applications is
also important when analyzing the permanent deformation accumulations or settlement in ballast layer.
However, the initial main focus of the DEM simulations was mainly in the transient dynamic responses
under different tie support conditions. Hence, the number of load cycles applied in the model for all
cases was kept consistent as 32, representing only eight rail car passes modeled for each loading pattern.
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(a)

(b)

(c)

(d)

Figure 26. Loading patterns applied in the DEM model: (a) freight car at 20 mph, (b) passenger
car at 110 mph, (c) freight car at 50 mph, and (d) passenger car at 150 mph.
DEM Simulation Results
Crosstie Vibration Velocity Comparison
Railroad crosstie is one of the essential components in tracks to transfer loads from superstructures to
substructures. The performance of crosstie directly influences the longevity of life span, degradation
resistance and reliability of the ballast layer. Investigating dynamic response behavior of crossties can
provide a potential way to improve crosstie designs and optimize track maintenance.
Crosstie vibration velocities were recorded for all four loading patterns applied for the four different
support conditions simulated in DEM models. Figure 27 presents crosstie vibration velocity results for
each loading pattern and support condition combination in a 4x4 matrix format. Positive vibration
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velocity values indicate the crosstie moving upward; negative vibration velocity values indicate the
crosstie moving downward. Same row in the matrix has the same support condition while same column
in the matrix has the identical loading pattern. For full support condition, when train speed increases, the
magnitude of crosstie vibration velocity also increases, especially from 20 mph to 50 mph and from 110
mph to 150 mph. No significant vibration velocity increases that could be observed from 50 mph to 110
mph is due to the decrease of maximum load magnitude from freight cars to passenger cars. When
comparing the influence of different loading patterns on lack of center support, high center binding and
lack of rail seat support conditions, crosstie vibration velocity increases can also be observed from 20
mph to 50 mph and from 110 mph to 150 mph. But interestingly, crosstie vibration velocity peaks at 110
mph and 150 mph are generally smaller than the peaks at 50 mph in these three support conditions. These
results reveal that even though freight trains travel much slower than passenger trains, they can still cause
higher crosstie vibration velocity trends due to their higher load magnitudes applied on crossties. Larger
crosstie vibration velocity will bring more uncertainties into the track system and demand greater
robustness for other components in the system, which can eventually reduce track maintenance cycle
and its service life.
To further quantitatively analyze the crosstie vibration velocity differences among all the sixteen cases,
it is necessary to utilize statistical methodologies such as the hypothesis testing. Absolute values of the
maximum and minimum crosstie vibration velocities (i.e. sixteen data points for each case) were used
for the hypothesis analysis adopted in this study. Equation below is the effect model with null hypothesis
as 𝐻0 : 𝜏𝑡 = 0 and the alternative hypothesis as 𝐻𝑎 : 𝜏𝑡 ≠ 0.
𝑦𝑡𝑘 = 𝜇 + 𝜏𝑡 + 𝜀𝑡𝑘

where y is the selected crosstie vibration velocity. If one compares the effect of different support
conditions, μ is the average vibration velocity of all four support conditions; 𝜏𝑡 is the effect of different
support condition; and 𝜀 is the error term. If one compares the effect of different loading patterns, 𝜇 is
the average vibration velocity of all four loading patterns, 𝜏𝑡 is the effect of different loading pattern;
and 𝜀 is still the error term.
Table 2 lists the hypothesis testing results for all the support conditions and loading patterns. The
20mph and 50mph correspond to speeds for the freight car travelling at 20mph and 50mph,
respectively. The 110mph and 150 mph correspond to speeds for the passenger car traveling at 110mph
and 150mph, respectively. Abbreviations of FS, HCB, LoCS and LoRSS corresponding to full support,
high center binding, lack of center support and lack of rail seat support, respectively. Dots and stars in
the third and sixth columns indicate testing significance level.
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20 mph–freight car

50 mph–freight car

110 mph–passenger car

150 mph–passenger car
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Figure 27. Crosstie vibration velocities predicted using the DEM simulations under different support conditions and loading
patterns
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TABLE 2. Hypothesis analyses of crosstie vibration velocities for all sixteen cases
Support Conditions
p value
Loading Patterns
20mph_FS
8.710E-02
.
20mph_FS
20mph_HCB
7.582E-01
50mph_FS
20mph_LoCS
8.160E-01
110mph_FS
20mph_LoRSS
2.570E-02
*
150mph_FS
50mph_FS
4.730E-03
**
20mph_HCB
50mph_HCB
2.169E-01
50mph_HCB
50mph_LoCS
8.148E-01
110mph_HCB
50mph_LoRSS
6.107E-02
.
150mph_HCB
110mph_FS
3.100E-01
20mph_LoCS
110mph_HCB
3.730E-01
50mph_LoCS
110mph_LoCS
1.570E-01
110mph_LoCS
110mph_LoRSS
1.960E-01
150mph_LoCS
150mph_FS
5.300E-02
.
20mph_LoRSS
150mph_HCB
9.280E-02
.
50mph_LoRSS
150mph_LoCS
5.450E-02
.
110mph_LoRSS
150mph_LoRSS
9.520E-02
.
150mph_LoRSS
Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

p value
2.640E-06
2.940E-01
4.160E-01
6.640E-06
1.020E-04
1.470E-07
4.990E-02
7.680E-01
5.320E-06
6.970E-09
1.690E-02
4.167E-01
8.270E-06
4.350E-06
9.860E-03
1.535E-02

***

***
***
***
*
***
***

***
***
**
*

For different support conditions, most p values are above 0.05 and no p value has a significance level
below 0.001. Therefore, crosstie vibration velocity variation is proven statistically to be limited between
different support conditions. For the full support condition, freight car travelling at 20mph and passenger
car traveling at 150mph are significantly different with 20mph case being the lowest and 150mph case
being the highest for the crosstie vibration velocities. For the other three support conditions, freight car
travelling at 20mph and 50mph are significantly different with 20mph case being the lowest and 50mph
case being the highest for the crosstie vibration velocities.
Ballast Particle Movement Comparison
Ballast layer receives loads transferred from crossties and provides support for the entire railroad track
superstructure. Consistency and stability of a ballast layer are critical for improving ride comfort and
ensuring track safety. Excessive particle movement, especially near crosstie support areas, will result in
creating possible crosstie-ballast gaps and may endanger safety and reliability of the rail network if
adequate maintenance activities are not undertaken in a responsive manner.
For all sixteen scenarios simulated using the DEM, ballast particle centroid coordinate changes of each
and every ballast particle in the model were captured throughout the entire period of eight railroad car
passage. Ballast particle movements are visualized in vector plots, as shown in Figure 28, based on their
initial and final centroid coordinates. Each plot in Figure 28 correspond to one support condition and
one loading pattern. Each arrow in the figure represents movement direction of one individual ballast
particle. Different color codes assigned to an arrow indicate different amounts of the ballast particle
movement. Arrows having warmer colors, such as yellow and red, indicate larger ballast particle
movements.
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(d) 150 mph–passenger car

Figure 28. Ballast particle movement under different support conditions and loading patterns:
(a) 20 mph–freight car, (b) 50 mph–freight car, (c) 110 mph–passenger car, and (d) 150 mph–
passenger car.
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From all plots in Figure 28, it can be observed that ballast particles on the top and near shoulders usually
have larger movements while ballast particles at the center and bottom of the layer usually have limited
movements. For particles on the top, large movements developed because of large contact forces
transferred from the crosstie; for particles on the side, large movements occurred due to zero confinement
in the shoulder and less constraints from other ballast particles; for particles at the center bottom, small
movements also registered due to large constraints from surrounding particles and relatively smaller
contact forces realized from particles above.
Comparing different support conditions in Figure 28, lack of center support and lack of rail seat support
always have larger numbers of ballast particles and higher magnitudes of particle movements, which
indicate greater instability conditions in these affected ballast zones. However, in practice, lack of center
support is more severe than lack of rail seat support and requires higher priority in track maintenance.
This is because all ballast particle movements in lack of center support were towards either side of the
shoulder, which creates the largest shearing zones and keeps the whole ballast layer in an unstable
system. For lack of rail seat support, though two smaller shearing zones were created on the shoulder,
some ballast particles were also moving towards spaces under rail seats, which indicates a tendency of
developing the ballast layer into a more stable system. Another noteworthy observation is that high center
binding always has the least ballast particle movement when compared to the cases of full support
condition. One possible reason is that the high center part in the ballast layer has larger contact area with
particles and helps in distributing contact forces more evenly. With better force distribution, lower
magnitudes of contact forces were applied on individual ballast particles. This also explains why ballast
particle movement is concentrated on the very top part of the ballast layer in high center binding
condition.
Focusing on loading pattern effects in Figure 28, regardless of different support conditions, freight car
loading cases, though having lower speeds, always present more significant particle movements than the
passenger car loading cases. Such results indicate that railroad car loading has a larger effect on ballast
particle movement than travel speed. When only comparing results between two freight car loading
cases, it is interesting to note that ballast particles have larger movements when a freight car travels at
20 mph than 50 mph. One possible reason is that loadings were applied on the crosstie for longer time
when speed is lower and ballast particles tend to move more with longer loading duration. This is in fact
in good agreement with the observed trends in repeated load triaxial tests, which clearly indicate larger
permanent deformation accumulations in aggregate specimens with increased load pulse durations.
However, when comparing results between two passenger car loading cases presented in Figure 28 (c)
and Figure 28 (d), ballast particles clearly travel longer distances at 150 mph than 110 mph. Such results
indicate that when train speed reaches a certain threshold, the speed effect on ballast layer will
outperform the influence of load pulse duration. Beyond a certain train speed threshold, especially in
line with the dynamic load amplifications also noted recently by Li et al. (2018), high speed trains can
induce larger ballast particle movements even though loading duration for each train pass is shorter.
To quantitatively compare ballast particle movement ratios, boxplots are presented in Figure 29. The
20mph and 50mph data indicate speeds of freight car traveling at 20mph and 50mph, respectively.
Whereas, the 110mph and 150mph data indicate speeds of passenger car traveling at 110mph and
150mph, respectively. FS, HCB, LoCS and LoRSS are the same abbreviations used for the four support
conditions as given in the previous crosstie vibration velocity comparison analyses.
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Figure 29. Boxplots of particle movement ratio (vertical/transverse) for different support
conditions and loading patterns
Comparing the effect of loading patterns, dynamic loads from passenger cars can cause higher particle
movement ratios than those that resulted from freight cars; in other words, for the same amount of
particle transverse movement, passenger cars can cause higher vertical movements. Note that the y-axis
in Figure 29 is only the ratio between vertical movement and transverse movement, and accordingly,
any interpretation of particle movement magnitude is not applicable. Comparing the effect of different
support conditions within one loading pattern, one can note that the lack of rail seat support condition
always has the lowest movement ratios and highest data variations followed by the full support condition.
High center binding always causes the highest particle movement ratios and highest data variations.
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TRACK BEHAVIOR UNDER MIXED TRAFFIC PATTERNS
Mixed Traffic Patterns
In this section, the similar DEM model (discussed in the previous section) was utilized to simulate the
dynamic response behavior of individual ballast particles under mixed traffic loading patterns. Four tie
support conditions were considered in DEM as shown in Figure 22: full support, lack of rail seat support,
lack of center support, and high center binding.
In the previous section, the rail seat load is calculated to be 23 kips (103 kN) for a typical freight train
(1272-kN/286-kip gross rail load) and 11.5 kips (51 kN) for a typical passenger train (636-kN/143-kip
gross rail load). These realistic rail seat loads have been adopted and used in this portion of study.
Further, to reduce the number of mixed traffic patterns, a freight train traveling at 50 mph (80 km/h) and
a passenger train traveling at 150 mph (240 km/h), for example, in Amtrak’s Northeast Corridor, were
selected to use in DEM ballast simulations. Detailed loading configurations of the freight train traveling
at 50 mph (80 km/h) and passenger train traveling at 150 mph (240 km/h) are given in Table 3.
TABLE 3 Train loading configurations used in DEM simulations
Train type
Freight
Passenger

Speed
(mph /
km/h)
50 / 80
150 / 240

Rail seat load
(kips / kN)

Vehicle spacing
(ft / m)

Bogie spacing
(ft / m)

Wheel spacing
(ft / m)

23 / 103
11.5 / 51

59.48 / 18.13
89.04 / 27.14

45.87 / 13.98
59.51 / 18.14

5.91 / 1.80
9.84 / 3.00

In Figure 30, “50” represents one freight train pass traveling at 50 mph; “150” represents one passenger
train pass traveling at 150 mph. In each mixed traffic pattern, 4 train passes were simulated sequentially.
In total, the six mixed-traffic patterns studied includes: (a) 50-50-50-50, sequential passes of four freight
trains; (b) 150-50-150-50, alternative passes of passenger and freight trains starting with a passenger
train; (c) 150-150-50-50, passes of two passenger trains followed by two freight trains; (d) 50-50-150150, passes of two freight trains followed by two passenger trains; (e) 50-150-50-150, alternative passes
of freight and passenger train starting with a freight train; and finally, (f) 150-150-150-150, sequential
passes of four passenger trains. Blue solid line, orange dashed line, green dash-dotted line, and red dotted
line were utilized to distinguish the loadings caused by 1st, 2nd, 3rd, and 4th train passes in each mixedtraffic pattern, respectively. Both freight and passenger trains have eight cars, sixteen bogies, and thirtytwo peak loading cycles, as illustrated in Figure 30. For clarity in presentation, some duplicated loadings
were omitted and represented by three large dots in Figure 30. In total, twenty-four scenarios were
created to study the effect of mixed traffic patterns and support conditions on track performance.

(a)

50

(b)

(c)

(d)

(e)

(f)
Figure 30. Mixed traffic patterns applied in DEM simulations: (a) 50-50-50-50; (b) 150-50-15050; (c) 150-150-50-50; (d) 50-50-150-150; (e) 50-150-50-150; and (f) 150-150-150-150

DEM Simulation Results
Crosstie Vibration Velocity
Figure 31 presents crosstie vibration velocities in the 50-50-50-50 case to reveal velocity changes along
with the sequential train passes and contrast differences among the different support conditions. Positive
values in the figure denote the crosstie moving upward; negative values denote the crosstie moving
downward. Figure 31 (a), (b), (c), and (d) represent full support, lack of center support, high center
binding, and lack of rail seat support, respectively. Under the same support conditions, a representative
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portion (length of four successive bogies) of the crosstie vibration velocities was selected and combined
with each train pass in the mixed traffic pattern. The blue solid line, orange dashed line, green dashdotted line, and red dotted line show the selected crosstie vibration velocities from the 1st, 2nd, 3rd, and
4th train passes, respectively.

(a)

(b)

(c)

(d)
Figure 31. Crosstie vibration velocity changes with the sequential train passes of the 50-50-50-50
case simulated in DEM: (a) full support; (b) lack of center support; (c) high center binding; and
(d) lack of rail seat support
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For the four support conditions, crosstie vibration velocities all decrease gradually with the sequential
train passes from the 1st train to the 4th one (see Figure 31). Such significant differences can be observed
because in DEM simulations the ballast layer was established as fresh ballast with no preloading applied
(e.g. slow-moving train passes in practice). With more train passes, crosstie will be embedded further
into the ballast layer, which will provide more confinement and support from the ballast. When
comparing differences among the support conditions in the 50-50-50-50 mix traffic pattern, vibration
velocities under full support condition always show lower magnitudes than the vibration velocities of
the other three support conditions. The importance of providing a good support condition should be
noted from this figure.
Figure 32 concentrates on the effects of mixed traffic patterns and support conditions on crosstie
vibration velocity. In all cases, the 4th train passes were simulated in DEM, and one representative
section (four successive bogies’ length) of the crosstie vibration velocity was selected for comparison.
Figure 32 (a) and (b) show comparison cases of the 4th train passes in all the scenarios investigated for
50 mph and 150 mph, respectively. Positive values in the figure denote the crosstie moving upward and
negative values denote the crosstie moving downward.
Comparing the effects of mixed traffic patterns when the 4th train passed at 50 mph in Figure 32 (a), one
can note that the magnitudes of crosstie vibration velocity in 50-50-50-50 case are always same as, or
mostly smaller than, the ones either in 150-50-150-50 case or 150-150-50-50 case. In Figure 32 (b), it is
also interesting to note that the magnitudes of crosstie vibration velocity in 150-150-150-150 case are
also the same as, or mostly smaller than, the ones either in 50-50-150-150 or 50-150-50-150 case. These
comparisons reveal that mixed traffic patterns with two significantly different loading types and
magnitudes can cause higher dynamic impact forces and crosstie vibration velocities than one type of
train and single loading type. As a result, mixed traffic can lead to faster crosstie deterioration. Note that
detailed comparisons of patterns among the mixed traffic cases with the two loading types are not trivial
(see Figure 32). Further and more extensive studies are needed before any definite conclusions can be
drawn.
Focusing on the effects of four support conditions, the crosstie vibration velocities under full support
condition are smaller than the velocities shown in the other three support conditions regardless of the
types of mixed traffic patterns (see Figure 32). Such an observation emphasizes the importance of
maintaining full support condition for the ballast layer. Other ballast layer support conditions shown in
Figure 32 are likely to decrease crosstie maintenance intervals and accelerate ballast replacement cycles.
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Figure 32. Effects of mixed traffic patterns and support conditions on crosstie vibration velocities
due to the 4th train pass: (a) 4th train pass being 50 mph; and (b) 4th train pass being 150 mph
Ballast Particle Movement
Figure 33 presents ballast particle movements (or centroid location change vectors) along with the
sequential train passes in the 50-50-50-50 case. Each arrow in the plot indicates the movement direction
of that individual ballast particle. The color of an arrow indicates the movement magnitude. As indicated
in the figure legend, a warmer color arrow shows a larger movement of that ballast particle. From Figure
33, one can easily note the significant movement decrease between the 1st train pass and the 2nd train
pass for all support conditions. Starting from the 2nd train pass, most ballast particle movement is in the
range smaller than 5 mm. This observation indicates that ballast layer goes through a shakedown, as in
the case of slow-moving traffic, and adjusts itself to resist deformation due to successive train passes in
a way to provide better support for future loadings.
Comparing the differences in ballast movements among the different support conditions, lack of center
support and lack of rail seat support conditions caused larger ballast particle movements. High center
binding led to the smallest overall ballast particle movement among the four, followed by the full support
condition. It is also important to note that the order of magnitude in ballast particle movements for the
four support conditions doesn’t change with the order of sequential train passes (i.e. 2nd, 3rd, 4th, etc.).
Accordingly, a good support condition can always provide high resistance to particle movements as the
number of trains increases.
To evaluate the combined effect of mixed traffic patterns and support conditions, one needs to visualize
ballast particle movements generated after the 4th train pass. Therefore, Figure 34 (a) presents ballast
particle movements when the 4th train passes are all for the 50-mph freight train. Similarly, Figure 34
(b) shows ballast particle movements when the 4th train passes are all for the 150-mph passenger train.
Note that the same visualization method applied in Figure 33 is again employed in Figure 34 using the
vector plots showing the particle centroid movement arrows. But since ballast particle movements are
significantly smaller after the 4th train pass, the corresponding ballast movement color scale is 10 times
smaller in magnitude than the previous one in Figure 33 as indicated in the legend.
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Figure 33. Ballast particle movement changes along with the sequential train passes (50-50-50-50
case) simulated in DEM
From Figure 34 (a), one can note that regardless of the support conditions, either 150-50-150-50 case or
150-150-50-50 case always has similar or mostly larger ballast particle movements than the ones
visualized in 50-50-50-50 case. Such an observation is interesting because one would intuitively guess
that freight train with higher load magnitude could cause higher ballast particle movements. But, in fact,
when heavy freight trains alternate with lighter passenger trains, larger ballast particle movements are
obtained from the DEM simulations. From Figure 34 (b), ballast particle movements in 150-150-150150 case are either similar in magnitude or smaller than those generated in either 50-50-150-150 or 50150-50-150 case. These observations corroborate with the previous finding on crosstie vibration
velocity; mixed traffic patterns with multiple loading types can generate larger ballast particle
movements than the single train loading, and as a result, can be more detrimental to ballast support and
track stability. However, ballast particle movements predicted for the lack of center support condition in
150-150-150-150 case is larger than the other two mixed traffic cases [see Figure 34 (b)]. One possible
explanation is that ballast layer with lack of center support is more susceptible to the impact loads caused
by passenger trains traveling at 150 mph. Further and more extensive studies are necessary to confirm
this explanation.
Comparing the four support conditions studied, it is worth noting that high center binding support
condition always generated the smallest ballast particle movements while lack of center support
condition caused the largest movements for all the six mixed-traffic patterns (see Figure 34). Such an
observation reveals the importance of maintaining center support of a ballast layer in terms of reducing
ballast particle movement. However, ballast layer only with center support may have a higher tendency
of ballast particle movement asymmetry as shown in the plot for high center binding and 50-150-50-150
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case [see Figure 34 (b)]. The ballast particle movement on the left is much larger than on the right which
can create track geometry defects and risk track stability. To prevent such ballast movement asymmetry,
full support condition should be targeted in new construction and through track maintenance activities.

57

50-50-50-50

150-50-150-50

150-150-50-50

Full
Support
Lack of
Center
Support
High
Center
Binding
Lack of
Rail Seat
Support
0 0.5 1.0 1.5 2.0 3.0

Ballast Movement (mm)

50-50-150-150

(a) 4th train at 50 mph (freight train)
50-150-50-150

150-150-150-150

Full
Support
Lack of
Center
Support
High
Center
Binding
Lack of
Rail Seat
Support
0 0.5 1.0 1.5 2.0 3.0

Ballast Movement (mm)

(b) 4th train at 150 mph (passenger train)
Figure 34. Effects of mixed traffic patterns and support conditions on ballast particle movements due to the 4th train pass: (a)
the 4th train pass being 50 mph case; and (b) the 4th train pass being 150 mph case
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