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ABSTRACT 
 

This paper presents some results of a Federal 
Railroad Administration (FRA) sponsored research 
project on using seismic surface waves to evaluate 
track substructure (ballast and subgrade) condition 
and performance. The main objective of this project is 
to develop a system for rapidly, nondestructively, and 
quantitatively assessing the engineering properties of 
the track substructure (ballast and subgrade).  These 
engineering properties – shear modulus, Young’s 
modulus, and shear strength – are derived from 
measurement of the shear wave velocity profile and 
can be used to evaluate track safety and to predict 
inspection and maintenance intervals. This paper 
describes the seismic testing, results of field 
measurements, and numerical modeling of the 
seismic wave propagation in the track substructure.  
Procedural issues addressed by the numerical 
models and presented herein include the size and 
location of the excitation source and orientation and 
spacing of the receiving accelerometers.   
 

 

 

 
INTRODUCTION 
 

No established tool or system is currently available 
that quantitatively measures the engineering 
properties of the layers comprising a track 
substructure system that can be used in numerical 
analyses. A two-year Federal Railroad Administration 
(FRA) sponsored research project is using seismic 
wave propagation principles to develop a track 
substructure (ballast and subgrade) condition 
assessment system to evaluate track safety and 
inspection intervals. A new seismic wave test system 
is being developed under RailTEC at the University of 
Illinois at Urbana- Champaign (UIUC) with assistance 
from the University of Texas at El Paso (UTEP) and 
the University of Massachusetts at Amherst 
(UMASS).  The resulting system can be used in 
conjunction with track geometry car data and/or 
Ground Penetrating Radar (GPR) to not only measure 
engineering properties but also determine the 
cause(s) of poor track performance, e.g., fouled 
ballast, degraded subgrade, and/or poor drainage.  
This research and test system are necessary because 
the track system is more complex than undeveloped 
sites or pavement applications where seismic 

1 Copyright © 2014 by ASME

Proceedings of the 2014 Joint Rail Conference 
JRC2014 

April 2-4, 2014, Colorado Springs, CO, USA 

JRC2014-3776



 

techniques have been used successfully for years.  
The track system is more complex because of the 
presence of rails, crossties, ballast, and other railroad 
related equipment. 
 

These engineering properties are derived from direct 
measurement of the shear wave velocity, Vs, profile.  
Values of Vs are used to calculate shear modulus, G, 
using Equation (1) and modulus of deformation (i.e., 
Young’s modulus), E, using Equation (2).  
 

 
2* sG V  (1) 

 2 (1 )E G    (2) 

 

where  = material density and  = Poisson’s Ratio.  
 
A subsequent section details the initial spacing of the 
seismic sensors from the excitation source to develop 
a shear wave velocity profile that extends through the 
track substructure and into the subgrade.  The 
resulting Vs profile can be used to estimate modulus 
values in the layers that are of interest in the track 
system. 
 
Shear strength of the various layers in the track 
system can be estimated from the shear modulus 
through empirical correlations or laboratory 
calibration.  These values of moduli and shear 
strength can be used in numerical analyses to 
estimate the stresses and permanent deformations 
induced in the track system by the loads applied by 
train traffic. More specifically, the engineering 
parameters derived from the shear wave velocity can 
be used to numerically model problematic areas to 
determine the cause(s) of poor track performance and 
estimate future bearing capacity, dynamic response, 
and settlement of the track system due to future train 
traffic. This information can be used to assess track 
safety with additional traffic and operating 
parameters, e.g., speed and weight.  Without 
measurement of the shear wave velocity profile, the 
modulus and shear strength of the track system 
materials are usually estimated which leads to 
inherent uncertainties in analyses and estimates of 
track performance and safety.  

 
 
 
PREVIOUS NON-DESTRUCTIVE TESTING OF 
TRACK SUBSTRUCTURE 
 

Ground Penetrating Radar (GPR) is commonly used 
to assess track substructure condition, e.g., increased 
moisture, changes in material type, and ballast 
pockets [1,2,3]. GPR is commonly used because it is 
a rapid and nondestructive technique that has evolved 
over the past two decades to detect ballast pockets 
and moisture changes [1].  GPR is usually mounted 
on a moving platform to inspect the substructure at 
commonly used track inspection speeds. After 
processing, GPR-derived data can be displayed in 

easy-to-read, color-coded amplitude plots to identify 
anomalies or changes in the ballast and subgrade 
materials [1,2].   
 

The seismic wave techniques described in the 
following sections can augment the geometry car data 
and/or GPR results to develop engineering properties 
for the track substructure in problematic or potentially 
problematic areas. In other words, geometry car data 
and/or GPR can be used to delineate problematic 
areas and then seismic wave techniques can be 
performed in these areas to measure shear wave 
velocity with depth to determine modulus and stiffness 
with depth for analysis purposes. The resulting 
modulus and accompanying shear strength profiles 
can be used to determine the depth of modulus 
change, ballast fouling, deformation, and moisture 
changes to assess bearing capacity and rate and 
magnitude of deformation under future traffic.  This 
system also could be used to investigate the cause of 
a derailment by measuring the engineering properties 
with depth parallel and perpendicular to the rails in the 
derailment area and predicting the deformations of 
the subgrade and track system that resulted in the 
derailment under the applied train loading using 
numerical methods.  This would provide the FRA with 
the necessary engineering parameters to analyze 
derailments and determine why a derailment 
occurred, e.g., what layer(s) contributed to the 
derailment, when the track system started deviating 
from normal performance, and how the track system 
deformed prior to derailment.   
 

In summary, seismic wave techniques can augment 
or complement track geometry car and GPR data by 
developing engineering properties for sites identified 
by these methods as potentially problematic or 
experiencing deformation. These parameters will 
assist the numerical modeling and assessment of the 
identified problem areas under future traffic and 
various repair schemes. 

 
 
 
SEISMIC SURFACE WAVE TESTING 
 

In the last thirty years, seismic surface wave 
principles have been implemented in several different 
approaches such as the Spectral Analysis of Surface 
Waves (SASW) for evaluation of various civil 
engineering and transportation infrastructure [4].  The 
common goal with these approaches is to take 
advantage of the dispersive characteristics of surface 
waves in a layered structure, such as a track system.  
When seismic energy is coupled to the ground 
surface, three types of waves are generated, i.e., 
shear, compression, and Rayleigh. With careful 
consideration of the energy source and receiver 
configurations, surface wave interpretation techniques 
can be used to interpret the Rayleigh waves that 
propagate radially from the energy source. The depth 
of penetration of surface wave energy decreases 
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exponentially with distance from the free surface and 
surface waves exhibit meaningful motion energy only 
to a depth of approximately one wavelength of the 
energy imparted on the ground surface.  For 
engineering applications, e.g., seismic site 
classifications, surface waves have been employed to 
a depth of about 30 m (100 ft) to develop a shear 
wave velocity profile for the upper 30 m (i.e., Vs30).  
For railroad applications, the depth of interest is less 
than 6 m (20 ft) or less which is within the commonly 
used range of seismic waves.  This background 
reinforces that the major challenge of the research 
was to develop a suitable means for coupling or 
anchoring the accelerometers to the ballast to 
measure the generated seismic waves.   

 
 
Field Equipment 
 

Existing equipment at UTEP has been used to 
develop effective means for coupling the 
accelerometers to the ballast to measure the seismic 
waves. The field equipment required for seismic wave 
testing (see Figure 1) consists of a computer based 
data acquisition system, an energy source, and two or 
more seismic wave sensors or receivers placed along 
a line on the ground surface. The requirement of the 
energy source is generation of surface wave energy 
over a range of frequencies so the three zones of the 
dispersion in Figure 2, i.e., low, medium/transitional, 
and high frequency, can be defined [4].  Each layer 
has a distinct acoustic impedance that acts to 
“disperse” the surface wave.  This means that 
different frequency components of the surface wave 
pulse propagate at different speeds, called phase 
velocities.  The phase velocities are calculated as a 
function of frequency.  The energy source is usually 
impulsive, e.g., a small hammer hitting a small strike 
plate (see Figure 1(b)).  This project is currently using 
accelerometers with a natural frequency of 3000 Hz.   

 
 
SASW Dispersion Curve Development 
The main result of the field surface wave testing is 
measurement of a series of acceleration-time records 
by the receivers that are processed to develop a 
dispersion curve.  In the SASW method, each pair of 
time records is analyzed in the frequency domain to 
develop individual dispersion curves and then these 
curves are combined to develop a representative 
dispersion curve for the layered system.   
 

 
(a) 

 

 
(b) 

 
FIGURE 1 – EQUIPMENT FOR SEISMIC TESTING: (a) 

BLACK SIGNAL CONDITIONER AND 
LAPTOP COMPUTER FOR RECORDING 
ACCELEROMETERS and (b) STRIKE PLATE 
AND HAMMER TO CREATE SEISMIC 
SOURCE 

 
 
 

 
 

FIGURE 2 –  EXAMPLE DISPERSION CURVES 
FOR A TYPICAL GEOTECHNICAL 
SITE 

 

 
 
 

Zone 3 Zone 2 Zone 1 

Fundamental Mode 

1st Higher Mode 

2nd Higher Mode 

3rd Higher Mode 
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SASW Dispersion Curve Development 
 

The main result of the field surface wave testing is 
measurement of a series of acceleration-time records 
by the receivers that are processed to develop a 
dispersion curve.  In the SASW method, each pair of 
time records is analyzed in the frequency domain to 
develop individual dispersion curves and then these 
curves are combined to develop a representative 
dispersion curve for the layered system.   
 

The SASW approach can be used to develop a 
representative dispersion curve for depths of 30 m 
(100 ft) or greater by simply changing the energy 
source.  The advantage of the SASW method is the 
data processing is understandable and portable so 
the reliability of the data can be judged in real time as 
is currently done for pavements [5].  The current state 
of practice is to utilize a multi-channel recording 
system to collect up to four (4), not two, channels of 
time records simultaneously. 
 

 

Estimation of Shear Wave Velocities of 
Layers 
 

After a representative system dispersion curve is 
obtained via SASW, an inversion process is used to 
estimate the shear wave velocity of each individual 
layer.  The inversion process consists of the following 
two steps: (1) a numerical algorithm is used to 
estimate the representative dispersion curve and (2) 
an optimization algorithm is used to adjust the 
assumed shear wave velocity profile to minimize 
differences between the experimental and numerical 
dispersion curves.  In this step, a dispersion curve 
estimated from an assumed shear wave velocity 
profile developed for the estimated subsurface 
conditions is compared with the measured system 
dispersion curve.  The experimental and theoretical 
dispersion curves are compared and adjusted via an 
iterative process to minimize the error or difference 
between the measured and estimated dispersion 
curves [6,7].  The least squares error method is 
commonly used to obtain the best fit between these 
two shear wave dispersion curves [8].  When there is 
agreement between the experimental and theoretical 
dispersion curves, this curve is used to estimate the 
shear wave velocity [9].  
 

 

Initial Energy Source and Sensor 
Configuration 
 

In general, the distances between the sensors and 
the energy source control the maximum and minimum 
depths of investigation (see Table 1).  Based on that 
general framework, the initial locations of the seismic 
sensors shown in Table 1 are being used for 
railroads.   

 

FIELD SEISMIC TESTING 
 

Within the past year, multiple SASW tests have been 
performed at a railroad site in El Paso, Texas near 
UTEP. In addition, full-scale field testing of the 
seismic wave system was recently conducted at the 
FAST High Tonnage Loop (HTL) located at the 
Transportation Technology Center (TTC) near 
Pueblo, Colorado. This site was selected for testing 
because the subsurface conditions have been tested 
and are known so the results can be used to verify the 
wave propagation measurement and modeling 
performed above. The seismic testing at FAST 
followed the locations of the recent TTC study on 
GPR at the HTL. In particular, seismic wave testing 
will be performed at locations identified as uniform 
with well-defined layers by the participants of the 
TTCI GPR study [3] to determine how well seismic 
wave techniques predict the results of the subsurface 
sampling and testing conducted for the GPR study. 
For example, the areas of 0, 10, and 20% coal fouling 
were tested as well as areas of natural fouling 
material. 
 

 

TABLE 1 –  PRELIMINARY ACCELEROMETER 
SPACING 

 

Receiver 
Number 

Distance from 
Dynamic Source 

Reason for 
Distance 

1 One-half ballast 
thickness 

Measure Vs at 
shallow ballast 

depths to 
investigate ballast 

fouling 

2 Ballast thickness Measure Vs at base 
of ballast to 

investigate fouling 

3 Twice Ballast 
thickness 

Measure Vs in 
subgrade to 

evaluate bearing 
capacity and 

compressibility of 
subgrade 

4 Maximum Depth 
of Investigation 

(16 feet) 

 
 
 
For each field test, a strike plate was placed in the 
center of a selected crib (see Figure 3) and 
accelerometers were placed per a predetermined 
spacing (e.g., see Table 1). The accelerometers were 
fixed to the top of a metal spike with a high-strength 
magnet (see Figure 4) to assure coupling with the 
ballast and accurate readings. A hammer was then 
used to impact the strike plate, inducing seismic 
surface waves through the track system.  For larger 
accelerometer spacing, i.e., out to 16 ft, a 30 lbs 
Kettle Ball was used to impact the ballast instead of a 
hammer.   
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FIGURE 3 –  DRIVING METAL STAKE FOR 
ACCELEROMETER IN CRIB AREA 
WITH FOUR ACCELEROMETERS 
MAGNETICALLY ATTACHED TO RAIL 
AND READY FOR PLACEMENT 

 

 
 
FIGURE 4 –  ACCELEROMETER ASSEMBLY 

(FROM LEFT TO RIGHT: METAL 
STAKE, HIGH-STRENGTH MAGNET, 
ACCELEROMETER) 

 
 
 
Acceleration time histories for each of the four 
accelerometers, i.e., four channels, are acquired 
digitally. To simplify the finite element model 
calibration described below, an instrumented hammer 
also was used to hit the strike plate for some of the 
field tests, which allowed digital acquisition of the load 
time history. The instrumented hammer, however, is 
not beneficial for SASW tests with larger 
accelerometer spacings because the amplitude of the 
load generated from the instrumented hammers is too 
low to generate meaningful responses at locations far 
(12 to 16 ft) from the source. 
 
 

 
SEISMIC WAVE MODELING 
 

This research is also focusing on numerical modeling 
of seismic surface waves in the track system.  This 
modeling is being used to determine the optimal 
configuration of the energy source and sensors to 

yield the best results with depth. Currently, LS-DYNA, 
a nonlinear, transient dynamic finite element program, 
is being used to model the track system to determine 
the optimal source and accelerometer configuration. 
Some of the issues that are being addressed in the 
modeling are: the size and location of the excitation 
source with different types and spacing of crossties, 
orientation of the accelerometers, e.g., perpendicular 
versus parallel to the rails or both, and optimal 
spacing of the accelerometers to capture meaningful 
shear wave velocity profiles in a short period of time. 
The LS-DYNA model is described in greater detail in 
a following section and was used to model some of 
the field testing conducted for this project. 
 

A preliminary and symmetric LS-DYNA model (see 
Figures 5 and 6) serves as the basis for several 
models used to assess the effects of the 
accelerometer orientation and spacing, spacing of the 
crossties, type of crossties, and subsurface 
conditions. This base model is currently being 
calibrated using field data obtained at the El Paso test 
site and described in the preceding section. As such, 
dimensions and material properties of the track 
system discussed in future sections are intended to 
replicate the conditions at the El Paso test site. The 
results from the testing performed at the 
Transportation Technology Center near Pueblo, 
Colorado is the subject of future analyses and papers. 
 

 

 

 
 

FIGURE 5 –  BASE MODEL USED IN LS-DYNA 
 
 
 

 
 

FIGURE 6 –  MESH DETAILS OF BASE MODEL 
USED IN LS-DYNA 
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TRACK MODEL 
 

In the base model (see Figures 5 and 6), the steel 
rails are dimensioned per AREMA standards for 136 
lb/yd-rail. The crossties are assigned the material 
properties of white oak and are spaced two feet 
center-to-center to simulate the El Paso test site. 
Subsequent models are using concrete crossties of 
various strengths, e.g., 4000 psi through 8000 psi, 
and different crib widths to reflect different tie 
spacings. Because of the relatively small 
displacements subjected to the track system by the 
hammer-induced waves, elastic material properties, 

i.e., mass density, , Young’s modulus, E, and 

Poisson’s ratio, , were assigned to the rails and the 
crossties (see Table 2). Both the rails and crossties 
are modeled using solid elements in LS-DYNA. 
 

 

TABLE 2 –  TRACK MATERIAL PROPERTIES 
 

Component 
 

(slugs/ft
3
) 

E 
(ksi) 

 

Rail 15.2 30,000 0.30 

Crosstie  
(White Oak) 

1.32 128 0.43 

 

 

 

SUBSTRUCTURE MODEL 
 

The track substructure consists of ballast, subballast, 
and natural soil layers. In the base model, the natural 
soil is divided into three sublayers to capture the 
change in stiffness, i.e., Young’s modulus, E, with 
depth at the El Paso test site. Further divisions may 
be included in the model if desired. The ballast and 
subballast are each modeled as 1-ft-thick layers using 
solid and elastic elements. The natural soil extends to 
a depth of 16 ft from the top of the ballast layer. This 
is a sufficient distance for the waves produced by the 
instrumented hammer to attenuate and induce 
negligible displacements at the base of the model. For 
larger input sources, which are needed to 
characterize the deeper layers, a thicker version of 
this model is used.  
 

In general, soil does not behave elastically. However, 
the relatively small displacements induced by the 
surface waves allow for accurate modeling of the soil 
behavior using elastic elements. Mass densities used 
to convert the shear wave velocities to shear moduli 
using Equation (1) were obtained from typical unit 
weights for granular and clayey soils and Poisson’s 
ratio was assumed to 0.30 for each subgrade layer 
(see Table 3) to calculate Young’s modulus using 
Equation (2). 
 

 

 

 

 

TABLE 3 –  SUBSTRUCTURE MATERIAL 
PROPERTIES 

 

Component 
  

(slugs/ft
3
) 

 

Subgrade Layer 1 
(Ballast) 

4.19 

0.30 Subgrade Layer 2 
(Subballast) 3.26 

Subgrade Layer 3 

 

 

 

BOUNDARY CONDITIONS 
 

Given sufficient attenuation of the seismic waves from 
the source to the base of the model, pin supports are 
imposed on the base. Symmetric boundary conditions 
are applied on the sides of the model containing the 
source node, i.e., top-most corner of the mesh shown 
in Figure 5, to reduce the size of the mesh. For 
example, the symmetric part of the mesh in the yz-
plane is only restricted from displacing in the x-
direction (see Figure 5). As is common for many 
geomechanical problems, the size of the mesh was 
further reduced by imposing non-reflecting boundary 
conditions on every side of the substructure except for 
the top of the ballast layer. Finally, roller supports 
allowing only vertical movement were applied to the 
nodes contained by the non-symmetrical sides.  
 

 

MODEL CALIBRATION 
 

Before the finite element model was used for 
parametric and track performance studies, it was 
calibrated to the aforementioned field test site. Given 
the load time history obtained from the instrumented 
hammer and the mass densities and Poisson ratios of 
the subgrade materials shown in Tables 2 and 3, the 
remaining unknowns in the analysis are the Young’s 
modulus and the Rayleigh damping coefficients for 
each subgrade layer. In this inverse analysis, these 
two parameters are varied until a reasonable match 
between the calculated and measured acceleration 
time histories is obtained. From calibration trials 
performed thus far, damping was determined to have 
a negligible influence on calibrating the acceleration 
time histories obtained from LS-DYNA. As a result, 
only Young’s modulus of the subgrade layers was 
varied in the inverse analysis. 
 

The base model represents a specific field test 
performed at the El Paso test site where ground 
accelerations were induced by an instrumented 
hammer and recorded by accelerometers oriented 
parallel to the rails at 0.6 m (2-ft) center-to-center 
spacing. The time series obtained from the 
instrumented hammer was applied to the top-most 
node of the base model (see node 15163 in Figure 7), 
and acceleration time histories were output from the 
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nodes corresponding to the location of the four 
accelerometers installed in the field test site (see 
nodes 10428 and 12336 in Figure 7). 
 

 

 
 

FIGURE 7 –  NODE CALLOUTS FOR INPUT 
SOURCE AND OUTPUT 
ACCELERATIONS 

 

 

Figure 8 shows the base model is able to capture the 
first two maxima and the first minimum of the 
acceleration time history obtained from the first 
channel in the field or a distance of two feet from the 
source. Multiple changes, such as using softer 
material at the crosstie-ballast interface, are being 
implemented to the base model to attempt to capture 
the latter portion of the time history, which resembles 
an “echo” of the initial response. However, the latter 
portion of the time history is of less importance than 
the initial portion. The time history obtained from LS-
DYNA shown in Figure 8 used Young’s moduli of 30 
ksi and 40 ksi for the ballast and subballast, 
respectively. As expected, the subgrade layers 
beneath the ballast and subballast have little influence 
on the accelerations recorded at the first channel 
because that channel is separated from the energy 
source by only two feet so the waves have not 
extended to a depth that corresponds to the 
subgrade. It is expected that the elastic parameters 
for these layers will become important as the 
accelerometer spacing is increased out to the largest 
distance of 4.9 m (16 ft). 
 

While not yet fully calibrated, the current LS-DYNA 
model does indicate some of the benefits of 
performing SASW testing with the accelerometers 
oriented perpendicular to the rail. Figure 9 shows the 
intensity of the surface waves is concentrated in the 
crib where the seismic source is applied because the 
a somewhat blocked by the tie adjacent to the source, 
see white tie. The resulting waves travel parallel to 
the tie and thus can be measured outside the rails at 
locations perpendicular to the ties.  Thus, it seems 
appropriate to further calibrate the model using 
acceleration time histories obtained from 
accelerometers oriented perpendicular to the rail, 
which was done at the Transportation Technology 
Center near Pueblo, Colorado. In practice, this 
orientation would be beneficial for obtaining the soil 

profile of the track system perpendicular to the rail to 
evaluate potential embankment stability and bearing 
capacity, lateral deformation, and settlement 
problems. 
 
 

 
FIGURE 8 –  COMPARISON OF EXPERIMENTAL 

AND LS-DYNA TIME HISTORIES FOR 
FIRST CHANNEL 

 
 

 
 

FIGURE 9 –  CONTOURS OF RESULTANT 
VELOCITY AT 0.003 SECONDS 
AFTER APPLYING HAMMER LOAD 
(CROSSTIE SHOWN IN WHITE)  

 

 

 

SUMMARY 
 

This paper presents the preliminary findings of a two-
year FRA-sponsored research study aimed at using 
seismic wave propagation principles to develop a 
track substructure (ballast and subgrade) condition 
assessment system to evaluate track safety and 
predict inspection intervals.  This research is needed 
because there is currently no established tool or 
system available that quantitatively measures the 
shear wave velocity of the layers comprising a track 
substructure system.  Without measurement of shear 
wave velocity, the modulus and shear strength of the 
track system materials are usually estimated, which 
leads to inherent uncertainties in the numerical 
analyses and estimates of track performance and 
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safety.  The finite element software package LS-
DYNA is being used to calibrate a base model of the 
El Paso test site, which will allow for parametric and 
track performance studies. These parametric studies 
are offering insight to more efficient and useful SASW 
testing procedures to facilitate adoption of this 
quantitative measurement tool by the rail industry.  
These analyses are also yielding Young’s moduli of 
30 ksi and 40 ksi for the ballast and subballast, 
respectively, at the El Paso test site. 

 
Finally, future seismic wave testing and modeling is 
investigating impact of concrete ties, poor ballast 
drainage, fouled ballast, poorly supported ties, and 
seasonal changes in modulus because testing at 
FAST showed a significant reduction in modulus due 
to wetting.   
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