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Executive Summary

From 2011 through 2013, the University of Illinois at Urbana-Champaign (UIUC) developed an
innovative integrated computational-experimental laboratory testing framework for evaluating
the behavior of clean and fouled ballast. To better understand the underlying mechanisms of
complex ballast behavior and to provide the quantitative evaluation of response under periodic
train loading, laboratory experiments and discrete element numerical simulations were
performed. Also, the team developed a user-friendly Discrete Element Method (DEM)
simulation computer program, BALLAST-BLOKS3D, which utilizes realistic polyhedral
particles digitally quantified from image analysis technology.

A dynamic track model, which included discrete tie support and three-dimensional (3D)
subgrade, provided realistic load pulse shapes, magnitudes, and rest periods acting on the ballast
in the field. The loading cycle applied on ballast specimens in the laboratory testing
environment and the DEM model simulations took into account the characteristics of the track,
individual car axle spacing, car length, multiple wheel-load interaction, and train speed.

Large scale triaxial tests were performed in the laboratory on clean and fouled ballast under
controlled monotonic and repeated loading conditions for shear strength, modulus, and
deformation characteristics. The experimental study indicated that the shearing rate has no
significant influence on the results of the triaxial tests of clean ballast.

The mechanisms and progression of ballast fouling were investigated: Stages of railroad ballast
degradation were studied through Los Angeles (LA) abrasion tests. The aggregate image
analysis approach is also utilized to investigate ballast particle abrasion and breakage trends at
intermediate fouling stages through detailed quantifications of individual ballast particle size and
shape properties.

The study results indicated that the commonly used Fouling Index (FI), which is expressed by
the summation of percent (by weight) passing the No. 4 and No. 200 sieves, was indeed a good
indicator of ballast fouling conditions. The index was particularly useful when all voids created
by larger particles were filled by fine materials as FI values approached 40 for the heavily fouled
case.

The ballast particles larger than 9.5 mm (3/8 in.) were subjected to a varying number of turns of
the LA abrasion drum, and an image analysis exhibited good correlations between percent
changes in aggregate shape properties, i.e., imaging based flatness and elongation, angularity and
surface texture indices, and FI. Establishing relationships between in-service track fouling levels
and ballast size and shape properties with similar field imaging techniques would help
researchers understand field degradation trends and, as a result, improve ballast serviceability
and life cycle performance.

The research team also developed a DEM simulation computer program named BALLAST-
BLOKS3D that employs a graphical user interface (GUI). The platform successfully simulated
confinement and applied stress conditions on cylindrical specimens, captured the stress-strain
behavior of triaxial tests on clean ballast, and also showed that the “incremental displacement”
shearing method (IDSM) can capture the measured shearing response. By adopting the IDSM in
DEM computations, it is possible to simulate many more loading cycles during limited
timeframe and with the available computational power. This approach was adopted to simulate



permanent deformation accumulation, assuming a realistic load pulse with rest period from
typical freight train dynamic loading. The DEM simulations computed average permanent
strains comparable to experimental results for up to 2,000 loading cycles, taking into account the
effects of different initial conditions and proper specimen compaction in the laboratory.



1. Introduction

Ballast consists of discrete aggregate particles, and it plays an essential role in railroad track by
providing load distribution and drainage. A basic understanding of the ballast engineering
behavior plays an essential role in mitigating track problems and failures caused by fouled
ballast, deformed ballast, pumping and degradation due to repeated train wheel load, and track
shifts resulted of weak ballast.

1.1 Background

Insight into the compositions of the larger aggregate particles, the amount of fine fouling
material, and the detrimental effects of the moisture retained but not drained in a fouled ballast
layer can be gained by sampling new and used ballast and testing it for degradation and fouling
with laboratory sieve analyses. Nonetheless, for a better evaluation of the serviceability and
proper functioning of the existing ballast layer, the basis for a quantitative track performance
simulation tool should be built by characterizing variables such as ballast strength, modulus, and
deformation behavior in the laboratory and applied it to field by means of demonstrated a
realistic and robust modeling capability.

1.2 Objectives

To better understand the particulate nature of granular interactions and associated complex
mechanical behavior of ballast aggregate materials, in order to achieve this goal, the research
effort currently developed to test the framework requirement of an integrated computational-
experimental in laboratory to comprehend the complex ballast behavior under train loading
environment.

1.3 Overall Approach

The strength, modulus and deformation characteristics of ballast materials are tested in the
laboratory and are modeled by a Discrete Element Method (DEM) simulation platform. DEM
modeling properly represents the particulate nature of different sized and shaped ballast
aggregate particles as well as their interactions with each other at contact points for both clean
and fouled ballast. This approach to modeling also allows researchers to better understand and
improved ballast strength and stability; resistance to lateral and permanent deformations; and
improved designs of bridge approaches of fixed structures, grade crossings and track transition
zones.

1.4 Scope

The experimental and modeling research effort on ballast aggregates with the development of
ballasted track performance simulation software are divided into four tasks:

1) Developing and enhancing the dynamic track loading model.

2) Conducting laboratory testing and evaluating the ballast samples.

3) Development of DEM capability to model ballast dynamic behavior.

4) Developing friendly graphical user interface for the ballast DEM model.
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1.5 Organization of the Report

A dynamic track model was originally developed by Huang et al. (2010) and further studied and
enhanced it to provide support for discrete ties and 3D subgrades modeling. The model properly
identifies typical load pulse shapes, magnitudes and rest periods acting on the ballast in the field
under realistic operating conditions for both freight and passenger trains at differing speeds.
Accordingly, one load cycle applied on ballast specimens in the laboratory testing program and
the DEM model simulations adequately generated realistic load pulse shapes and rest periods
according to the characteristics of the track, individual car axle spacing, car length, multiple
wheel load interaction, and train speed.

1.5.1 Laboratory Testing and Evaluation of Ballast Samples

Laboratory tests were conducted on both new and fouled ballast materials to determine basic
aggregate properties, such as gradation and imaging-based aggregate particle shape indices
Monotonic and repeated load dynamic tests determined strength and modulus, and large-scale
triaxial test equipment was used to discover the permanent deformation properties of clean and
fouled ballast materials. The key research findings from this research task are summarized
below.

1. Shear strength of clean ballast was insensitive to shearing rate when studied through large
scale triaxial tests in the laboratory.

2. Los Angeles (LA) abrasion test was used as the experimental approach in the laboratory
to study ballast degradation and the test results showed good correlation with the most
commonly used Fouling Index (FI) and aggregate particle image analysis based shape
properties. The FI, summation of percent passing No. 4 and No. 200 sieves, was indeed a
good indicator of fouling conditions especially when all voids created by larger particles
were filled by fine materials when FI values approached 40, which corresponds to a
heavily fouled ballast layer.

3. Clean ballast, heavily fouled ballast (FI=40), and the scalped gradation (or the coarse
aggregates fraction with larger than 9.5 mm or 3/8 in. size) of the heavily fouled ballast
(FI=40) showed permanent deformation accumulations in an expected orderly fashion.
Accordingly, the lowest permanent deformation accumulated in the clean ballast samples.
The largest accumulation of permanent deformation was in the heavily fouled ballast
specimens and the scalped gradation of the heavily fouled ballast exhibited permanent
deformation values in between the clean and the heavily fouled.

4. There are two important observations: 1) when the uniform ballast gradation changes
from coarse to fine, there is an increase in permanent deformation accumulation, and 2)
when the fine materials, smaller than 9.5 mm or 3/8 in. size, are present typically in a
heavily fouled ballast sample, there is a significant increase in the permanent deformation
accumulation.

1.5.2 Development of DEM Capability to Model Ballast Dynamic Behavior

The DEM simulation platform BALLAST-BLOKS3D was developed to model the ballast
behavior from the laboratory triaxial test results. Efficient numerical approximations were
carefully studied to represent the consequences of complex ballast sample deformation



mechanisms observed under monotonic and repeated load triaxial testing. The key research
findings from this research task are summarized below:

1.

The BALLAST-BLOKS3D software was used to simulate clean ballast behavior initially.
The Polyhedral particles, which were developed via an image analysis based particle
shape characterization technique and properly to represented the shape geometry of
ballast particles in the DEM simulations. The developed DEM model provided
reasonable levels of simulation fidelity in the estimated shear strength and permanent
deformation responses of the ballast aggregates.

“Incremental displacement” shear method (IDSM) was successfully adopted for
simulating both shear strength and permanent deformation type ballast mechanical
behavior from large scale triaxial tests for computational efficiency with accuracy.

The DEM simulations took into account the effects of different initial conditions and
proper specimen compaction in the laboratory to successfully predict average permanent
strains comparable to experimental results for up to 2,000 loading cycles.

1.5.3 Development of Graphical User Interface for Ballast DEM Model

A user-friendly DEM software tool developed with the BALLAST-BLOKS3D program will
allow easy and straightforward menu-driven inputs for ballast aggregate types and properties,
including fouling/degradation trends and other relevant track geometry and loading
characteristics. This tool beneficial used to conduct field applications and investigate various
life-cycle or performance aspects of railroad ballast designs.



2. Background on Discrete Element Modeling

2.1 DEM for Granular Materials Research

A granular material assembly exhibits complex load-deformation behavior because it is neither
completely solid nor fluid due to its discrete nature. To account for such particulate nature of
granular materials in a simulation, the DEM has been proposed by Cundall and Strack (1979),
and currently the most popular discontinuum-based numerical analysis approach. In DEM, a
granular assembly is modeled as a discrete system in which each particle is modeled as an
individual rigid element to explicitly account for particle interactions and associated energy
dissipation. This is certainly more realistic when individual grain deformations are considered.
Therefore, the DEM differs significantly from the continuum mechanics modeling framework,
which utilizes the Finite Element Method (FEM). Theoretical overlaps between particles are
considered as material deformation of the particles in contact, and used to determine the contact
force via a certain contact force—deformation mechanics. Normal and shear springs are modeled
between the particles to determine corresponding contact forces to each direction of the contact
and the fundamental difference scheme utilized to integrate the second order differential equation
of motion and the DEM calculation cycle as shown in Figure 2.1.

Contact force update
— —
for all contacts

New forces New motions

Block motion update
for all particles

Figure 2.1. DEM Calculation Cycle (Cundall, 1988)

In the original DEM introduced in 1979, each particle was modeled as a two-dimensional (2D)
disk. Later on, DEM has evolved to consider realistic particle shapes for more accurate
interactions between particles (Cundall, P. A., 1988) (Barbosa, R., and Ghaboussi, J., 1990)
(Sallam, A. M., 2004) (Zhao et al., 2006) (Hogue, C., and Newland, D., 1994) (O'Connor, R.,
and Williams, J. R., 1999) (Pefia et al., 2007) (Garcia et al., 2008) (Andrade et al., 2012)
(Mollon, G., and Zhao, J., 2013).

To generate and create realistic particle shapes requires expensive geometric testing for contact
detection mechanism. Much improvement algorithmic developments have increased the speed
of particle contact detection. In 1988, Common Plane (CP) method was first introduced and
utilized in DEM simulations with polyhedral particle modeling to simplify particle-to-particle
contact detection into a much faster particle-to-plane contact detection problem (Cundall, P. A.,
1988). Later, Hashash, Ghaboussi and their colleagues have made significant algorithmic
advancements that resulted in very fast particle contact detection (Ghaboussi et al., 2004)
(Ghaboussi et al., 2006) and more usable DEM simulations with realistic polyhedral particles
(Zhao et al., 2006) (Ghaboussi et al., 2007) (Agui et al., 2011) (Hashash et al., 2012).



2.2 DEM Modeling for Railroad Ballast Simulation

Generally, ballast aggregate materials are said to be uniformly graded in size with angular
particle shapes and crushed faces. Ballast engineering properties, such as aggregate type and
gradation, particle shape, texture and angularity, as well as particle hardness and abrasion
resistance, can vary within certain conditions to influence overall track behavior and
performance.

Previously, research on numerical modeling of ballast behavior in railroad tracks has focused on
conducting DEM-based simulations of aggregate particle assemblies to address the particulate
nature of ballast gradations. Indraratna et al. (2010) studied ballast behavior under cyclic
loading, such as permanent deformation and degradation. They carried out 2D DEM simulations
with fifteen particles of different shapes that represented ballast aggregates. The 15 particles
were generated by cluster of bonded circular particles, which were obtained from a 2D projection
of the real particles. Lu and McDowell (2010) studied ballast behavior by modeling ballast
particles as a ten-ball triangular clump with eight small balls (asperities) bonded together.
Indraratna et al. (2012) employed a similar modeling approach using sphere clumps in which a
number of spheres were linked and overlapped to model irregular 3D particle shapes to study the
direct shear behavior of fresh and fouled ballast.

This approach—using clumps of disks or spheres to represent ballast particles—has advantages
such as keeping computational cost manageable, and it is relatively easier to simulate particle
breakage. However, the approach generates particles with knobby surfaces, which makes it hard
to realistically account for geometric interactions of particles at grain scale and capture
corresponding macroscopic responses of ballast aggregates. As an indicator to the error,
micromechanical parameters in published DEM simulations with the sphere-clumps often have
been calibrated to unrealistic values, deviated from a typical range, e.g., inter-particle friction
(commonly defined by ¢y,) which has a range of typical values for each major mineral (Mesri,
G., Peck, R. B., and Terzaghi, K., 1996) (Olson, S. M., and Sadrekarimi, A., 2011).

Therefore, realistic particle shapes are needed to enhance predictive capabilities and enable more
systematic quantitative comparisons with experimental data. Tutumluer et al. (2006) introduced
an image analysis-based approach to 3D aggregate shape recreation for representing individual
ballast particle sizes and shapes, and to model polyhedral particles for use in 3D DEM
simulations.

2.3 Previous DEM Studies at the University of lllinois

At the University of Illinois at Urbana-Champaign (UIUC), Barbosa and Ghaboussi developed
the first polyhedral 3D DEM code, BLOCKS3D, to simulate granular particle flow (Barbosa, R.,
and Ghaboussi, J., 1990). During the ongoing efforts at UIUC, Ghaboussi et al. developed the
second-generation polyhedral DEM code (BLOKS3D) from the ground up based on the original
BLOCKS3D program (Ghaboussi et al., 2006). Note that BLOKS3D includes vastly enhanced
particle shape properties and contact detection methods, which led to improved coding and
significantly result faster computational algorithms therefore shortened DEM simulation run-
times and consequently computationally affordable. In term, BLOKS3D code provides more
realistic and accessible DEM simulation with the polyhedral elements generated from the image
analysis results of ballast materials.



Tutumluer et al. used the University of Illinois Aggregate Image Analyzer (UIAIA) to develop
key particle morphological indices such as the flat and elongated (F&E) ratio, the angularity
index (Al), and the surface texture (ST) index for ballast particle shapes (Tutumluer et al., 2006).
The DEM approach was first calibrated by large-scale laboratory direct-shear test results for
ballast strength simulations (Huang, H., and Tutumluer, E., 2011). Then, the calibrated DEM
model was utilized to model strength and settlement behavior of railroad ballast for the effects of
multi-scale aggregate morphological properties (Tutumluer et al., 2006, 2007). The DEM model
has also been used to investigate ballast gradation (Tutumluer et al., 2009) and fouling issues that
are known to influence track performance (Dombrow et al., 2008) (Huang, H., and Tutumluer,
E., 2011).

A successful field validation study was conducted with the ballast DEM simulation approach by
constructing and monitoring field settlement records of four different ballast test sections and
comparing the measured ballast settlements under monitored train loadings to DEM model
predictions (Tutumluer et al., 2011). More recently, Hashash et al. (2012) presented realistic
drained and undrained responses of sands via polyhedral DEM simulations of triaxial
compression tests with BLOKS3D. They introduced new elements to represent triaxial cell
membrane and rational successful computational approach to simulate the triaxial test results.



3. Development and Enhancement of Dynamic Track Loading Model

In this section, a dynamic track model originally developed by Huang et al. is enhanced to
properly identify typical load pulse shapes, magnitudes and rest periods acting on the ballast in
the field under realistic operating conditions of both freight and passenger trains at different
speeds (Huang et al., 2010). The typical load pulse shapes, magnitudes and rest periods are
needed for consideration in the laboratory testing program and the DEM model simulations.

Traditional dynamic track models are divided into two categories: analytical and numerical.
Numerical models can take almost any track structural details into account (Banimahd et al.,
2005). However, most of those models are very computationally expensive. Analytical models
usually assume the track consists of continuously supported beam systems and they are usually
much compute faster than numerical models (Grassie, S. L., and Knothe, K. L., 1993) (Cai, Z.,
and Raymond, G. P., 1994) (Blader et al., 1997) (Andersson, C., and Oscarsson, J., 1999).

For the purpose of track transition zone studies, traditional analytical solutions are no longer
sufficient because a suitable track model has to have a critical component (the discretized tie
supporting system). In other words, track can no longer be treated as continuous but rather as a
beam supported at each individual tie position with possibly different supporting characteristics.
Huang et al. proposed a 2D “Sandwich” model (see Figure 3.1) which semi-analytically solved a
discretely supported beam system (Huang et al., 2010). In their study, subgrade was also treated
as rigid and therefore, was not applicable to model track transition properly.
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Figure 3.1. Beam-Discrete Support-Beam Model for Railroad with Asphalt Track Bed
(Huang et al., 2010)

Using the derived solutions by Huang et al., forces on top of a single tie can be calculated from
moving wheel loads and their realistic dynamic loading patterns (Huang et al., 2010). Figure 3.2
shows those forces computed on top of the tie at two different train speeds using standard US
railcar configurations that were studied by Huang et al. (Huang et al., 2010). These two loading
patterns fully consider realistic load pulses and the rest periods, i.e., the interactions between
different axles and axle spacings. Accordingly, the faster the train travels the more independent
the effects of the different axle loadings become.
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Figure 3.2. Load Profile on Top of a Single Tie Under Moving Train Load from 2D
“Sandwich Model” (Huang et al., 2010)

For the purposes of this project, a dynamic track model consists of a discretely tie supporting
system and a 3D subgrade is introduced and solved by using the numerical Green Function
technology. Figure 3.3 shows the 3D dynamic track model, which employs the beam-discrete tie
supporting upper structure from previous research and a 3D subgrade which is discretized with a
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finite element mesh (Huang et al., 2010). The solution includes computational steps that are
outlined in the following subsections.

Centerline

Sub-ballast/Ballast
Mat/Track-bed

Figure 3.3. 3D Track Model for US Freight and High-Speed Rail Loads

3.1 Discrete Tie Support

Tie discrete tie support is derived using the following set of equations:

am(t) = (Ur(xmr t) - Ut(xm' t))Kp(m) + (Ur(xm' t) - Ut(xmr t)) Dp(m) (1)
bm(t) = (Ub (xmr t) - Ua(xm: t))Kb(m)
+ (U Gt ) = Ug G, ) Dy (m) @

(Uy Gty £) = U G, £)) Ky (1) + (U G, £) = Uy G, £) Dy (m)

— [ (UG, ©) = Uy G, ©0) K (m) + (U G, £) = Up (i, £)) Dy ()|

= M, (m) U (o, £) (3)
(U Gems £) = Uy Gy ©0)Kp (m) + (U G, £) = Up (i, £)) Dy ()

— (U Gt ©) = U Gty ©0)K (m) + (U Gty ) = U G, £)) Dy ()]

= My (M) U G, £) (4)

Where:

e a,,(t) is the compression force at the m'" tie between rail and support as a function of
time

e b, (t) is the compression force at the m™ tie between support and soil foundation as a
function of time

e U,(x,, t) is the rail deflection at the m™ tie as a function of time

e U.(xp,t) is the tie deflection at m'™ tie as a function of time
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e Up(xy,t) is the ballast deflection (including deformation) at the m'™ tie as a function of
time

e U,(xy,t) is the soil surface deflection at the m'™ tie as a function of time
e K,(m) is the stiffness of the m™ pad

e D,(m) is the damping of the m" pad

e K, (m) is the stiffness of the ballast at the m™ tie position

e D, (m) is the damping of the ballast at the m'™ tie position

e M,(m) is the mass of the m" tie

e M, (m) is the equivalent mass of ballast underneath the m™ tie

Perform a Fourier Transform from time to frequency on these equations and express reaction
forces in terms of rail and asphalt beam deflections:

A (W) = AUy (X, ) + B Ug (X, @) (5)
b (@) = CrUyp(Xm, @) + DpyUq (X, @) (6)
Where:

(

1
Am = DRy (m) il A MKt(m)f ;
DK,(m)MK,(m) DK,(m)

1
MK,(m)MK,(m) (’
a DK,(m)?

( )

1
Cm = DKy (m) iMKt(m)MKb (m) DK, (m)};
DK, (m)DK,(m) ~ DK,(m)

B, =

1

1

DK,(m) MK,(m)

D,, = —DK,(m){1+

and: DK,(m) = K,(m) + i wD,(m); DK,(m) = K,(m) + i wD,(m); MK,(m) = M,(m)w?* —
DK, (m) — DK, (m); MK,(m) = M,(m)w?* — 2DK; (m).

3.2 Rail Beam

For rail, the governing equation is:
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EIU.(x, )" + pU,(x,t) + €U, (x,t) + TU.(x,t)"
= F©8x = v8) = ) an()8(x - x) )

Where: EI is the bending stiffness of rail; U, (x, t) is the rail deflection as a function of time; p
is the unit mass of rail; € is damping of rail itself which will be set to zero for convenience; T is
the rail axial force caused by temperature increase; f(t) is the wheel load function; § is the delta
function; x,,, is the location of the m™ tie; and v is the wheel speed.

Performing Fourier Transform both from time to frequency and from “x” coordinate to wave
length on Equation (7) yields

K 0)U, (4 @) = f(Av + @) — z a,, (w)e~ixmh (8)

Where f* represents the Fourier Transformation from time to frequency; and K(1, w) = [EIA* —
TA? — w?p + icw].

1 .
UL, w) = K o) [ft(lv + w) — z am(a))e“xm’ll 9

By applying Convolution Theorem and Inverse Fourier Transform, one obtains the following:

K. (x =y, w)dy (10)

Uw) = [ i [ft(/lv +0) =) ay(w)e it

Where

K,.(x,w) = inv [K(Al, w)]

and "inv" is the inverse Fourier transformation from wave length back to “x” coordinate.

Since
1 r® .
mv[ft(Av + w)] = %f i + w) e™*rdA (11)
. 1 (® 1 . »
nv[ft(lv + w)] = Ef fHQy) ;e‘xy/”e twx/v gy (12)

which gives

iwx

1 /x\ _iwx
inv[ft(Av + )] =;f(;)e v (13)

Also,
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inv [Z A ( w)e“'xm’ll = z A ()8 (X — X)) (14)

which results in

1y .
Urw) = [ FCIeT R, (x =y, 0)dy

| D am(@)80 = w)KeGx = vy w)dy (15)
—oo b=
For K,.(x, w), the following is used
1 0o eix)l
K = — di 16
r(x0) 2nf_mEIA4—TAZ—w2p+i£w (16)

Use Residue Theorem and Jordan’s Lemma and assume that "&" becomes zero to solve this
integral

For w > 0:
1 .
K (x, a)) = — W/R —-r e—|x|\/R+r + i\/R_-|-7' e_l|x|m (17)
' 4EIRVRZ — rz( )
where R = r2+w2l2;r=L;l= r
2EI EI

For w < 0, K,.(x, ) is the complex conjugate of the previous solution.

To further solve this problem, the wheel load function f(t) is assumed to have exponential
behavior and have a time period from 0 to {:

f(t) =Py(d—ccosat);0 <t <l (18)

So, the first term in Equation (15) becomes

[ 2/ Fht-nw

c lay ¢ _lay fwly
——e v ——e v |le v (e—lx—ylvR+r
2

_ Py fool(d
—4EIRVR? —1r2J)_oV

+i R+re‘i|x—y“R_r)dy (19)
Further
fml ) o )d o |dg(0) ~ = g(@) — = g(~a)] (20
—_ i v — = —_— —_— —_
_Oovf v e T‘x y'w y —4E1Rm g Zga Zg a ( )
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where

izy ilwly

vl izy ilwly .
g(z) = f ev v PNRRT R T piew v YNRET R dy (21)
0

To take off the “absolute” sign, the relationship between "x" and "y" needs to be discussed based

on where "x" is. This process is omitted here in this report. In the end, deflection of rail in the
frequency domain can be expressed as:

Where F (x,w) is the result from Equation (20).

3.3 Three-Dimensional Soil

For 3D soil, a similar equation can be established and the 2.5D FEM technique is employed.

{Uq(xm, w)} = [GS] * {bp(w)} (23)

To solve for [GS], the Fourier Transform was only performed in the train moving direction and
the transverse and vertical directions were discretized by Plane Stress Quadra-lateral Finite
Elements. The stiffness matrix is expressed as:

[Ks] = [|2 (BN)'C(BN)|J|dédn  (24)

Where
—ia 0 0o
o 2 o
o&
on
Bl =
[B] ©° _ia 0
o&
o 2 9
on o0&
2 o —ia
| On7 |

“C” 1s the Constitutive Matrix and
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¢, C, C; 0 0 0]
C, Gy 0 0 0

oo C, 0 0 0
C, 0 0

sym Cs 0

C66

“N” is the shape function for a four-node quadratic element, “*” is the “Adjoin Matrix” operator,
and “J” is the Jacobian. Therefore, the following FEM equation is obtained

([Ks] — (@ — Av)? = [M]) = [dS] = [F]  (25)

For any frequency “w,” the soil surface deflection in frequency domain can be obtained by
conducting discrete wave number Fourier Transform on equation 25. The results will form the
matrix [GS] in Equation 23.

3.4 Model Assembling

To finally assemble the model, recall Equations (5), (6), (22) and (23). It can be seen that
deflection of rail and asphalt beam at any position are functions of force vectors {a,,} and {b,,}.
To solve these two vectors, deflections at each support need to be solved. By substituting
deflections at each support to Equation (22) and Equation (23), they are expressed in matrix
forms:

Ur(xl'w)
UT(xZ'w)
Uy (X, w)
F(x1, w)
— F(XZJ(‘))
F (%, w)
A K(x —xp,w) AK (X — x3,0) . A K (X — X, @) ] (Ur (%1, 0)
_ A1K(x — x1,0)  AKp (X — X3, @) oo A Kp(Xp — X, 0) | ) Ur (%2, 0) {
(A K (X, — %1, ) AKX — X0, @) oo A K (X — X, )] \ Uy (X, ) J
[ B1K (x1 — x1,w) ByK, (% —x3,0) ... BpK.(x3 —xpm, @) (Ua(x1, @)
_ BiKy(x; — x1,w) ByKp(x; —x3,w) ... BpKi(xz — Xp, w) Ua(x'ZJw) L (26)
-BlKr(xm - X1, w) BZKr(xm — X2, w) BmKr(xm — Xm» w)- Ua(xm,w)J
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and

Ua (xlf (U) UT (xlf w) Ua (xlf (U)
Ua(xszrw) — [GS] % [C} % Ur(xszrw) + [GS] % [D] % Ua(xszrw) (27)
Uqg(x,w) Ur (m,w) Uqg (X, w)

They are simplified as:

AK, + 1 BK, ] {Ur(xl...m' w)} _ {F (X1..m w)} (28)
GS+C GS*D— I Ug(xy pm w) 0

It is worth noting that the result solved so far are in the frequency domain. Fast Fourier
Transform (FFT) needs to be performed to transform the solutions back to time domain.

With this derived solution, a computer program was developed and used to calculate the load
profile applied on the top of each individual tie. The test track segment had 30 wood ties spaced
at 0.508 m (20 in.). The wheel load had a function of f(t) = 177187 [a single wheel load
derived from a 141750 kg (315 kip) car] moving at a speed of 17.8 m/s. The rail unit mass is 59
kg/m with a bending stiffness of 4.9 MN/m?. The pad, tie, and ballast were set to a typical pad
stiffness value of 280 MN/m; pad damping value of 63 kNsec/m; ballast stiffness value of 70
MN/m; ballast damping value of 82 kNsec/m; tie mass of 45 kg; and equivalent ballast mass of
420 kg (halftrack).

Figure 3.4 shows the loading profile on the top of a single tie for a train speed of 20 m/s or 73
km/h. It is worth noting that, again, the profile given in Figure 3.4 is the result after
superposition of four running wheels which is equivalent to the traffic of one car passing. Figure
3.5 shows the computed rail deflections changing with increasing train speeds from 20 to 50 m/s.
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Figure 3.4. Load Profile on Top of a Single Tie Under Moving Train Load

As opposed to continuous load pulses, which are often applied previously by researchers during
repeated load triaxial testing of ballast in the laboratory, the 3D dynamic track model presented
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in this section considered more realistic moving wheel dynamic loading patterns. Therefore, a
load cycle that has been applied on ballast specimens in the laboratory will need to take into
account the realistic load pulses and rest periods as dictated by the characteristics of the track,
individual car axle spacing, car length, multiple wheel load interaction and train speed.
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Figure 3.5. Rail Deflections Changing with Increasing Train Speeds from 20 to 50 m/s
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4. Study on the Clean Ballast Behavior via Lab Scale Experiments
and DEM Simulations

4.1 Introduction to Laboratory Experiments on Ballast Aggregate Materials

To evaluate the field monotonic and repeated loading effects on ballast behavior, a large-scale
triaxial test are traditionally performed in the laboratory and simulated by numerical methods.
Selig and Waters described a box test that was used to investigate ballast behavior and
performance under field condition, and they reported that ballast behavior under repeated loading
was non-linear and stress-state dependent (Selig, E. T., and Waters, J. M., 1994). Selig and
Waters also described a large-scale triaxial test used in ballast material testing and the test results
demonstrated permanent deformation increased in a decreasing rate as number of loadings
increased (Selig, E. T., and Waters, J. M., 1994). Han and Selig investigated of the effects of
fouling material and degree of fouling on the settlement of a ballast bed in a ballast box
developed in University of Massachusetts (Han, X., and Selig, E. T., 1996). The ballast test box
had a dimension of 305 mm long, 305 mm wide and 610 mm deep. The test results confirmed
fouled ballast yielded higher settlement as compared to clean ballast.

Raymond and Bathurst reported that the average vertical stress at the sleeper-ballast interface
was approximately 140 kPa (20 psi) (Bathurst, R. J., and Raymound, G. P., 1994). Raymond
investigated reinforced ballast behavior under repeated loading through box testing (Raymond G.
P.,2002). The test box was 300 mm x 200 mm x 19 mm thick aluminum plate footing loaded by
a 182 cm2 Bellofram piston. The test results demonstrated the benefit of using geosynthetics to
reduce ballast settlement.

Suiker et al. did an experimental study on triaxial testing of a ballast material under cyclic
loading (Frenkel, R., Selig, E. T., and Suiker, A. S. J., 2005). The nominal height of the
cylindrical ballast specimen was equal to H=645 mm and the nominal diameter was equal to
D=254 mm. The cyclic tests were performed using a periodic positive full-sine signal with a
frequency of 5 Hz. The test results indicated that the ballast had a strong tendency to densify,
even if the applied stress level is close to the failure strength under static loading.

Lackenby et al. conducted cyclic triaxial tests on ballast and indicated that the application of
cyclic loading could lead to a considerable increase in material stiffness (Indraratna, B.,
Lackenby, J., and McDowell, G., 2007). Generally, the resilient modulus increased gradually
with the number of repeated load applications as the material stiffens. Anderson and Fair
conducted a series of large diameter triaxial tests on full sized and layered specimens to evaluate
the influence of “stone blowing” (Anderson, W. F., and Fair, P., 2008). The nominal height of
the cylindrical ballast specimen was equal to H=455 mm and the nominal diameter was equal to
D=236 mm. An approximate square wave axial load-unload cycle in the range of 15 kPa and
250 kPa was applied to the specimen. Once the stones moved into the voids between ballast
particles, plastic strain reduced significantly. Aursudkij et al. (2009) conducted another
experimental study to investigate ballast behavior under cyclic loading. Using the railway test
facility (RTF) at the University of Nottingham, a sinusoidal pulse up to 94 kN load magnitude
and 90-degree phase lag was applied between different actuator load cycles.

More recently, Indraratna et al. conducted a large scale cyclic triaxial test to evaluate the
influence of frequency on the permanent deformation and degradation behavior of ballast during
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cyclic loading (Indraratna, B., Thakur, P. K., and Vinod, J. S., 2010). Cyclic triaxial tests were
carried out using the large-scale triaxial equipment. A typical harmonic cyclic load was applied
during the test program. The train dynamic loading effects due to different speeds were simply
considered by changing the loading frequency and varying the maximum deviator stress due to
wheel loading. Accordingly, a confining pressure of 60 kPa was selected for every test.
Ebrahimi et al. also conducted large scale triaxial tests in University of Wisconsin-Madison on
both clean and fouled ballast materials under cyclic loading, and reported that higher fouling and
moisture content resulted in greater plastic strain (Ebrahimi, A., Edil, T. B., and Tinjum, J. M.,
2010).

This study was to develop a ballast DEM simulation approach for modeling ballast shear strength
and permanent deformation behavio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>