
1 INTRODUCTION 
 
Railway track transitions present a significant chal-
lenge as far as maintenance of track profile is con-
cerned. Differences in track system stiffness and/or 
damping characteristics, settlement of the ballast 
layer due to degradation and/or fouling, and settle-
ment of the subgrade and/or fill layers are some of 
the factors commonly reported as mechanisms con-
tributing to the differential movement at track transi-
tions. Proper understanding of different mechanisms 
contributing to this phenomenon requires the com-
bined application of field instrumentation with ana-
lytical and numerical track modeling. This paper in-
troduces an integrated approach to dynamic 
modeling of railway track transitions through field 
instrumentation and analytical and numerical model-
ing.  

2 FIELD INSTRUMENTATION OF SELECTED 
TRACK TRANSITIONS 

 
A research study sponsored by the Federal Railroad 
Administration is currently being carried out at the 
University of Illinois with the overall objective of 
identifying and mitigating different factors contrib-
uting to the differential movement at railway transi-
tions. Several problematic track transitions have 
been instrumented under the scope of the current 

study to monitor the track response under loading. 
Data from the instrumented track transitions are be-
ing used to calibrate different analytical and numeri-
cal models to predict the dynamic track behavior un-
der train loading. A brief description of the 
instrumentation used in the current study is first pre-
sented in sections below.   

2.1 Instrumentation Details 

The instrumentation used in the current study com-
prised multidepth deflectometers (MDDs) for meas-
uring track substructure layer deformations, and 
strain gauges mounted on the rail for measuring the 
vertical wheel loads and tie support reactions. The 
MDD technology was first developed in South Afri-
ca in the early 1980s to measure individual layer de-
formations in highway pavements (Scullion et al., 
1989). MDDs typically consist of up to six linear 
variable differential transformers (LVDTs) installed 
vertically at preselected depths in a small-diameter 
(hole diameter = 45 mm for the current study) hole 
to measure the deformation of individual track layers 
with respect to a fixed anchor buried deep in the 
ground (DeBeer et al., 1989). More details on the 
operation principle of MDDs can be found elsewhere 
(DeBeer et al., 1989; Mishra et al., 2012). It is note-
worthy that the use of MDDs to monitor railway 
track performance has been extensively pursued in 
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South Africa (Grabe et al., 2005, 2010; Priest et al., 
2010; Vorster & Grabe, 2013). 
 

Figure 1 shows the schematic of an MDD system 
with five modules/LVDTs each installed at track 
substructure layer interfaces. Individual LVDTs are 
placed at different depths inside the borehole to 
measure the deflections at (1) top of ballast layer, (2) 
top of fouled ballast layer, (3) top of embankment 
fill layer 1, (4) top of embankment fill layer 2, and 
(5) top of the subgrade layer, respectively. The ap-
proach fill layer or the subgrade as indicated in Fig-
ure 1 can conceptually be divided into two separate 
segments: “deformable” and “non-deformable”, re-
spectively. The MDD anchor is fixed at a depth that 
is assumed to be in a “non-deformable” subgrade (or 
approach fill). Note that the deformations of sub-
structure layers measured using the MDD technolo-
gy is dependent on the assumption that the anchor is 
located in a non-deformable layer, and does not un-
dergo any elastic or permanent deformation. Accord-
ingly, for accurate measurement of layer defor-
mations using the MDD approach, it is important to 
ensure that the anchor is located sufficiently below 
the track level.  
 

 
 

Figure 1. Schematic of Track Structure Showing Positions 

of Individual LVDT Modules along the MDD Hole 

 
Note that due to the presence of overhead catena-

ry cables, the boreholes for MDD installation in the 
current study could not be drilled deeper than 3.0 m 
below the top of the tie. Accordingly, the MDD an-
chor was placed at a depth of 3.0 m below the top of 
the crosstie. However, this is likely to be sufficient 
to ensure the “rigidity” of the anchor, as the instru-
mented sites have been in service for more than 100 
years. Accordingly, the embankment fill and sub-
grade layers have likely been fully consolidated, re-
sulting in no significant elastic or plastic defor-
mations.  

2.2 Track Substructure Layer Configuration 

The track substructure layer profile was determined 
during the drilling by visual classification of the soil 
coming out of the drilled hole. The drilling was car-
ried out in small (25-50 mm) increments to ensure 
that the depths of substructure layer interfaces could 
be identified with reasonable accuracy. The positions 
of individual MDD modules correspond to changes 
in the track substructure layer interfaces as deter-
mined during the drilling process. Figure 2 shows 
the layer profile established during the instrumenta-
tion of one of the bridge approaches. Note that the 
term “fouled ballast” has been used to indicate the 
section of ballast layer that was contaminated with 
fine materials from underlying layers. Accordingly, 
this terminology is not intended to make references 
to the quality of ballast material used in the instru-
mented approaches.    

 

 
 

Figure 2. Substructure Layer Profile for Instrumented 

Track Section Analyzed in this Paper. The numbers 1 

through 5 indicate the positions of the LVDTs installed 

along the hole for measuring individual substructure layer 

deformations  

 
In addition to the MDDs, strain gauges were also 

installed on the rail to measure the vertical wheel 
load and tie reaction forces. A total of eight (8) strain 
gauges (two sets of four, constituting two different 
Wheatstone bridges) were installed next to each 
MDD hole.  

2.3 Periodic Monitoring and Data Acquisition  

Two types of data are currently being collected 
from the instrumented bridge approaches to monitor 
and evaluate their performances. To monitor the 
permanent deformation accumulations in individual 



track substructure layers, “offset measurements” are 
being collected from the instruments at one to two 
week intervals. Additionally, transient (recoverable) 
deformations are also being collected for each ap-
proach under train loading at two to three month in-
tervals. Figure 3 shows presents the transient data 
collected from one of the instrumented bridge ap-
proaches during the passage of an Amtrak Acela ex-
press passenger train.  

 

 
Figure 3. Field Measured Values for (a) Vertical Wheel 

Load Applied on Top of Rail, (b) Ballast Layer Deflection, 

and (c) Ballast Layer Acceleration 

 
A typical Acela express train comprises two pow-

er cars (one at either end) separated by six passenger 
cars. This configuration of the train is clearly reflect-
ed by the vertical wheel load values registered by the 
strain gauges installed on the rail (see Figure 3-a). 
The heavier power cars clearly apply higher loads on 
the rail compared to the passenger cars. Moreover, 
the peaks corresponding to individual axles (32 in 
total) passing over the instrumentation location is 
clearly evident from the graph. Figure 3-b shows the 
transient deformations recorded by the top LVDT 
under the passage of the same train. Note that the top 
LVDT was mounted within the concrete crosstie, 
just above the top of the ballast layer. As the con-
crete crosstie is rigid, and does not undergo any de-
formation under loading, the deformations recorded 
by the top LVDT can be assumed to represent the 
deformation within the ballast layer. Figure 3-b 
shows the layer acceleration values calculated for the 
ballast layer from the LVDT-recorded transient de-
formations.  

 

3 A FULLY COUPLED 3-DIMENSIONAL 
MODEL FOR DYNAMIC ANALYSIS OF 
TRACKS 

As already mentioned, the integrated approach pre-
sented in this paper presents the combined applica-
tion of field-instrumentation along with analytical 
and numerical track modeling. Wheel load and tran-
sient layer deformation values collected from the in-
strumented bridge approaches under train loading 
were first used to calibrate a fully coupled three di-
mensional train-track-soil model developed by 
Huang et al. (2013). This model is a modified ver-
sion of the 3-D Sandwich model developed by 
Huang et al. (2010), and characterizes the subgrade 
as a three-dimensional plane stress finite element 
mesh. Additionally, the rail is modeled as an Euler 
beam discretely supported at points corresponding to 
the tie locations. Each railpad, tie, and ballast system 
is modeled using a combination of mass, spring, and 
damper. The train is modeled as a simplified Type I 
vehicle with both primary and secondary suspen-
sions having 10 degrees of freedom. More details on 
the analytical model used to model the track behav-
ior can be found elsewhere (Huang et al., 2013). 
Figure 4 shows a schematic representation of the dy-
namic track model used in the current study.   

 

 
 

Figure 4. Schematic Representation of Fully-Coupled 3D 

Track Model used in the Current Study. Model Developed 

by Huang et al. (2013). 

 
The track substructure profile presented in Figure 

2 was used in the dynamic track model to model all 
the layers underlying the ballast layer. Accordingly, 
the modulus values for these layers were adjusted 
until the layer deformations predicted by the analyti-
cal model closely corresponded to those measured in 



the field. This final combination of layer modulus 
values was then used to determine the load levels 
transmitted to the ballast layer. Figure 5 shows the 
load levels applied on top of the ballast layer, as pre-
dicted from the analytical track model. As expected, 
the load levels on top of the ballast are significantly 
lower than those measured on the rail using strain 
gauges. Moreover, the analytical track model also 
predicts higher load levels corresponding to the 
power car compared to the passenger cars. The max-
imum load level applied on the ballast layer is 23.3 
kN, which is approximately 17% of the maximum 
load value measure on the rail (134 kN).  

 

  
Figure 5. Load Levels Applied on the Ballast Layer as Pre-

dicted by the Fully Coupled 3-Dimensional Dynamic Track 

Model 

4 IMAGING AIDED DISCRETE ELEMENT 
MODELING OF RAILROAD TRACK 
SECTIONS 

The load levels on top of the ballast layer as predict-
ed by the dynamic track model, were used as input in 
an imaging aided discrete element method (DEM) to 
predict the ballast layer behavior. The image-aided 
DEM simulation approach developed at the Univer-
sity of Illinois has the capability to create actual bal-
last aggregate particles as three-dimensional polyhe-
dron elements having the same particle size 
distributions and imaging quantified average shapes 
and angularities. Ghaboussi and Barbosa (1990) de-
veloped the first polyhedral 3D DEM code 
BLOKS3D for particle flow; and Nezami et al. 
(2006) enhanced the program with new, fast contact 
detection algorithms. Tutumluer et al. (2006) com-
bined the DEM program and the aggregate image 
analysis together to simulate the ballast behavior 
more accurately and realistically by using polyhedral 
elements regenerated from the image analysis results 
of ballast materials. This DEM approach was first 
calibrated by laboratory large scale direct shear test 

results for ballast size aggregate application (Huang 
& Tutumluer 2011).  The calibrated DEM model 
was then utilized to model strength and settlement 
behavior of railroad ballast for the effects of multi-
scale aggregate morphological properties (Tutumluer 
et al. 2006, 2007).  A successful field validation 
study was also conducted with the ballast DEM sim-
ulation approach through constructing and monitor-
ing field settlement records of four different ballast 
test sections and then comparing the measured bal-
last settlements under monitored train loadings to 
DEM model predictions (Tutumluer et al. 2011).  

 
The first step in this process involved collecting 

representative ballast materials from the instrument-
ed bridge approaches. The particle size distribution 
of the ballast was first established in the laboratory 
through sieving, and have been presented in Figure 
6. The ballast material corresponded to AREMA # 3 
gradation. Besides sieving, ballast particles corre-
sponding to different sieve sizes were also scanned 
using the University of Illinois Aggregate Image An-
alyzer (UIAIA) to establish imagine-based particle 
morphological indices such as Angularity Index 
(Rao et al., 2002), Flat & Elongated Ratio (Rao et 
al., 2001), and Surface Texture Index. The average 
values for these imaging based morphological indi-
ces were found to be 384, 2.2, and 1.4, respectively.  
 

These morphological indices were subsequently 
used to select representative polyhedral ballast parti-
cles to constitute the track model using a discrete el-
ement program (BLOKS3D) developed at the Uni-
versity of Illinois. Figure 7 shows the dimensions of 
the half-track model generated using the BLOKS3D 
program, used in this study.      
 

 
 

Figure 6: Particle Size Distribution of Ballast Material 

Used on Site 

 



 
 

Figure 7. Half Track Model Generated Using Discrete Ele-

ment Method 

 
Different steps followed to create the half-track 

model using the BLOKS3D program are listed be-
low: (1) Create a particle library to match the aggre-
gate morphological properties established through 
image analysis; (2) Drop the particles to form a cu-
boid section; (3) Compaction Stage I: Use one top 
platen to compact the ballast particles by pressing 
downwards; all the side and bottom boundaries sim-
ulated as rigid during this stage; (4) Release the rigid 
boundary on the left hand side of the model to form 
the ballast shoulder slope; (5) Compaction Stage II: 
Use one top platen and one side platen (on a 2:1 
slope) to compact the section without changing its 
shape; (6) Delete the compaction platens and extra 
particles from the model; (7) Set the tie and rail on 
top of the compacted ballast layer at the appropriate 
location; (8) Modify the boundary properties to have 
the same contact stiffness as the ballast to ballast 
particle contact; (9) Apply the load history deter-
mined from the analytical track model.  

 
It is important to note that the boundary immedi-

ately underneath the ballast layer was also assigned a 
stiffness value equal to the inter-particle contact 
stiffness. Accordingly, the boundary underneath the 
ballast layer is rigid, and undeformable. According-
ly, the primary area of interest for the DEM model-
ing approach is the individual particle behavior with-
in the ballast layer. The acceleration time histories 
for individual ballast particles at different positions 
along within the ballast layers were monitored, and 
inferences regarding the layer behavior were drawn.    

5 RESULTS AND DISCUSSION 

Figure 8 presents individual ballast particle accelera-
tion levels determined at different positions within 
the ballast layer using the BLOKS3D program. As 
shown in the figure, the acceleration levels imposed 
on individual ballast particles under train loading 
can be significantly different depending on the posi-
tion of the ballast particle with respect to the load 
position.  

 

 
 

Figure 8. Comparing the Particle Acceleration Levels at 

Different Positions within the Ballast Layer: (a) 15 cm be-

low bottom of tie: Position 1; (b) 15 cm below bottom of tie: 

Position 2; (c) 20 cm below bottom of tie; (d) 30 cm below 

bottom of tie 

 
Two important observations can be made from 

the data presented in Figure 8. Firstly, the accelera-
tion levels for the individual particles reduces signif-
icantly as the distance of the particle increases from 
the bottom of the tie. Accordingly, the acceleration 
levels observed for a particle 30 cm below the bot-
tom of the tie (Figure 8-d) is significantly lower than 
particles located 15 cm below the bottom of the tie 
(see Figure 8-a and 8-b). Secondly, the particle ac-
celeration can change significantly with lateral posi-
tion, even at the same depth from the bottom of the 
tie. This is clearly apparent from comparing Figure 
8-a, and 8-b. Although both these particles are at the 
same level (15 cm below the bottom of the tie), the 
acceleration time histories for both the particles are 
clearly different from each other. This difference can 
be attributed to the mechanism of load transfer with-
in a particulate layer. As discussed by Oda (1974) 
and Tutumluer (1995), the load transfer within a 
granular material is usually along a continuous col-
umn of particles. Accordingly, the acceleration in-
duced on an individual particle is largely dependent 
on its position with respect to the load transfer col-
umn.  
 

Particles between the load transfer columns only 
provide lateral support, but do not carry much load. 
Therefore, the vertical accelerations induced in these 
particles is significantly lower compared to those ly-
ing directly along the load transfer columns. The 
particle corresponding to the acceleration levels re-
ported in Figure 8-a lies directly along the load 
transfer column, therefore showing distinctive peaks 
with corresponding to each load pulse. However, the 
particle represented in Figure 8-b lies adjacent to the 
load transfer column, resulting in lower peaks corre-



sponding to each load pulse. Similarly, the accelera-
tion values gradually decrease as the distance of a 
particle from the load transfer column is increased. 
A similar decrease in particle acceleration values is 
noticed as the vertical distance from the bottom of 
the tie is increased. The acceleration values approach 
zero at a distance of 30 cm form the bottom of the 
tie.  

 
From the above reported results, it is evident that 

particle acceleration values within a ballast layer can 
be significantly different depending on the location 
of the ballast particle with respect to the load posi-
tion. Using one acceleration value for the entire layer 
is therefore erroneous, and can be misleading as far 
characterizing the dynamic behavior of individual 
layers is concerned. This highlights a major short-
coming of analysis approaches based on the princi-
ples of finite element, or finite difference methods 
that characterize the ballast layer as one continuum, 
and assign one acceleration value to the entire layer. 

6 LIMITATIONS OF THE INTEGRATED 
APPROACH IN ITS CURRENT FORM 

Although the integrated approach presented in this 
paper marks a significant improvement over contin-
uum based approaches, its current implementation 
has the following limitations:  
 
1 The top LVDT was installed within the concrete 

crosstie just above the top of the ballast layer. 
Therefore, non-uniform support conditions un-
derneath the crosstie can lead to different dis-
placement time histories for the crosstie and the 
ballast layer.  
 

2 The current implementation of the dynamic track 
model reported in this paper does not account for 
missing and/or disintegrated ties. Consideration 
of the missing and/or disintegrated ties can lead 
to a different load time history on top of the bal-
last layer, thus changing the results reported in 
this paper. 

 
3 The boundary immediately underneath the ballast 

layer has been modeled as non-deformable within 
the BLOKS3D program. This may potentially 
lead to different damping characteristics near the 
bottom boundary, thus affecting the predicted ac-
celeration values. 

  
4 Particle acceleration values reported in this paper 

have been obtained from only one simulation run. 
Repeated simulations using the BLOKS3D pro-
gram should be performed to account for different 
initial conditions during the ballast layer compac-
tion. 

 
5 Particle accelerations reported in this paper need 

to be verified through additional instrumentation 
comprising the placement of accelerometers at 
different positions within the ballast layer.     

7 SUMMARY AND CONCLUSIONS 

This paper presented an integrated approach to dy-
namic analysis of railway track transitions through 
combined application of field instrumentation along 
with analytical and numerical modeling. The follow-
ing conclusions can be drawn from results presented 
in this paper: 

 
1 Particle accelerations within a granular medium is 

largely dependent on the relative position of an 
individual particle with respect to the load posi-
tion. 
 

2 Characterizing the ballast layer as a continuum 
and assigning one acceleration value to the entire 
layer may lead to erroneous predictions of dynam-
ic track behavior. 
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