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Train operations on extremely stiff track structure can create a severe dynamic load
environment resulting in high component failure rates and/or maintenance requirements.
The stiff track modulus environment was a major concern during the track design in the
Alameda Corridor Trench where the ballasted, concrete tie track is supported on a concrete
floor. This article describes some of the issues associated with this stiff track structure
environment.

Background information

The Alameda Corridor is a 20-mile long rail corridor that will provide improved freight
access for the Union Pacific Railroad and the BNSF Railway from the Ports of Los
Angeles and Long Beach to the rail yards and points east. The Mid-Corridor Trench is a
10-mile long section of the Corridor that will grade-separate the rail line from vehicular
traffic via 30 new overhead bridges. The Trench is open topped, 30-feet deep and 51-feet
wide. Initially it will have two main tracks although it was designed for a future third
track. The general configuration of the Trench consists of three-foot diameter cast-in-
drilled hole (CIDH) piles placed four feet on center. Connecting components are the
shotcrete facing, cast-in-place concrete floor slab, integral top wales and precast concrete
struts. See Figure A. The tracks will have 136-lb. continuous welded rail with concrete
ties. The cast-in-place concrete floor slab varies in thickness from 48 inches to 12 inches
depending on the water table and soil conditions. Originally, twelve inches of ballast was
planned between the concrete floor and the concrete ties. Analysis of this design showed
this to be a very stiff, non-resilient track modulus environment.

(Figure A)
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The initial concern was the effect the train loads would have upon the ballast in terms of
accelerated degradation. However, other components of the track structure, specifically
the concrete ties, rail fasteners, rail pads and the rail itself were also identified as having
the potential for reduced service life and higher levels of maintenance.

Loading

Initially 30 to 40 freight trains per day are expected to operate on the double track corridor
at designed maximum speeds of 40 mph. Ultimately the volume could increase to 100
trains per day. The loaded cars will have a nominal 36,000 Ib static wheel load. This
combination represents a very high annual traffic level (approximately 150 MGT through
the Alameda Corridor per year) presenting a very limited maintenance window.
Interaction of the moving wheels with the track is expected to produce settlement of the
track due to ballast deformation, which will cause geometry roughness. This roughness in
turn will result in dynamic wheel load variations above the static value at a relatively low
frequency and without vibration. These may be described as cyclic dynamic loads. For
example, the 36,000 Ib uniform wheel load could increase to 50,000 Ib or even 72,000 Ib
as the track becomes rougher. The magnitude depends among other things on the
geometry, the vehicle characteristics, and speed. An advantage of the Alameda trench is
that track support conditions should be much more uniform and stronger than typical track
on subgrade soil.

The other dynamic load of concern is the impact load from such anomalies as rail joints,
battered welds, rail corrugations, and wheel flats. These impact dynamic loads (also
known as P1 and P2 forces) are generally much larger than the cyclic dynamic loads and
have high frequency vibration associated with them. They are affected by anomaly
characteristics, vehicle characteristics and speed, but they are also affected by the track
stiffness. A high stiffness is undesirable because it will increase the dynamic loads.

The Beam on Elastic Foundation Model (BOEF)

Track is intended to act as an elastic, load-distributing system. Conventional load
distribution is effected when the rail absorbs and distributes the wheel load to the ties, the
ties distribute the load to the ballast, the ballast distributes the load to the subballast, the
subgrade and finally into the natural ground.

The Beam on Elastic Foundation Model (BOEF) was introduced by Winkler in 1867 and
subsequently applied to North American railroad track design by A. N. Talbot in the period
from 1918 through 1940. The following schematic has been used to illustrate the BOEF
Model. The BOEF Model assumes that each rail acts like a continuous beam resting on an
elastic support. Thus the springs represent the combined stiffness effects of the ties,
ballast, subballast and earthen subgrade. For this reason the BOEF model can not be used
for predicting the effects of the individual track components.
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(Figure B)

The typical track deflection that occurs in an earthen subgrade environment permits rail
bending about the horizontal axis in the vertical direction, which results in the wheel load
being distributed among adjacent ties. Ballast stress is reduced as more ties participate in
the distribution of the wheel load. The following equation, adopted by AREMA, was
developed by empirical testing to determine ballast depth under tie.

H = [16.8Pa/Pc]*®

H (required depth of ballast plus sub-ballast under tie, inches)
Pc (bearing capacity of the subgrade, psi)
Pa (ballast stress along the base of tie, psi)

The ballast stress along the base of tie (Pa) is calculated via AREMA Chapter 1, Part 2,
Paragraph 2.11.2.2.

[2P(L+ IF /100)(DF /100)]
A

Average ballast pressure (Pa) =

P: wheel load in pounds

IF: impact factor (%) based on train speed V (MPH) and wheel diameter D (inches)
IF =33V/D

DF: load distribution factor (%) based on tie spacing

A: tie surface area in square inches

Ballast depth increases with decreasing bearing capacity of the subgrade (Pc) and with
increasing ballast stress along the base of tie (Pa). The ballast stress along the base of tie
(Pa) increases with heavier wheel loads, faster train speeds and wider tie spacing.

Limitations of the Beam on Elastic Foundation Model

Excessive deflection of the track causes differential movement and wear between
all track components. At the same time, resiliency is needed within limits to absorb shock,
impact, vertical oscillations and vibration and prevent the breakage of equipment and track
components. If the rail experiences little vertical bending about the horizontal axis, as
would be the case in a stiff track modulus environment such as the Alameda Corridor
trench, then the wheel load will be distributed among fewer adjacent ties. The track
instead will experience short duration, concentrated loads at each tie location that are not
dissipated into the subgrade in a conventional fashion. In this stiff track modulus
environment the BOEF model begins to lose its relevance to the actual behavior of the
track.

It is understood that conventional “beam on elastic foundation” theory, such as
used in the AREMA manual to calculate the distribution of loads from the wheel/rail
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interface to the track structure and thus to its components (ties, ballast, subgrade), is a
quasi-static analysis rather than a true dynamic analysis. What is meant by a quasi-static
analysis is that the equations used in the calculations are in fact static equations (with no
time variable accounted for in the equations), but with the load augmented by a dynamic
multiplier or factor. In the case of AREMA, this is the well known speed multiplier,
33V/D, where V is the speed in mph and D is the wheel diameter in inches. Such a quasi-
static analysis has been shown to be effective on wood or concrete tie track on a range of
natural subgrades, i.e. in the range of track modulus of 500 Ib/in./in. to 4000+ Ib/in./in.
However the BOEF or quasi-static analysis is typically not used in a severe, dynamically
stiff environment where an alternate approach is recommended.

In the case of the Alameda Corridor, where the track is built on a very stiff concrete
foundation, there is serious concern about the adequacy of the track’s resiliency and, a
quasi-static analysis may not be appropriate. A lack of resiliency was in fact the problem
that led to tie cracking encountered by Amtrak on the Northeast Corridor in the 1980s.
There was likewise a question of the track’s dynamic rather than quasi-static behavior with
the issue being the overall dynamic response of the track and the corresponding impact
forces generated by the wheel impacting a stiff (and non-resilient) track structure.

Dynamic Impact Analysis

One accepted approach to examining dynamic impact effects on the track is the
P1/P2 force theory illustrated in Figure C. This approach defines a criterion for damage to
track based on dynamic wheel/rail forces as follows:

P1 Force: High Impact, short duration dynamic force
Potential for damage to concrete ties and rails

P2 Force: High Impact, longer duration dynamic force
Potential for damage to ballast and track geometry

Since the P2 force is the parameter that influences ballast loading, it was the focus of the
dynamic analysis performed here-in. However, as can be seen in Figure C, the P1 force,
which can cause damage to rails and ties, can be of the order of 40% higher than the P2
force’. These values are considerably higher than the quasi-static force value of 49,200 Ib
generated by the AREMA speed coefficient and are in fact more in line with the dynamic
impact forces recorded under wheel flats or rail surface defects. It is also consistent with
the high dynamic impact forces recorded at stiffness transitions.

! The relationship between P1 and P2 force varies as a function of track modulus.
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Figure C Dynamic Wheel/Rail Force vs. Time
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The calculated P2 forces are presented in Figure D. Note that the impact forces are
dependent on the track modulus value. Thus for a track modulus of 20,000 Ib/in/in, very
stiff track, the P2 forces are 69,000 Ib and 88,000 Ib. for the two different track defects?.

Figure D Dynamic Impact Analysis
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Calculating the ballast stress, (using the percentage of load carried by a single tie as
a function of track modulus) the results are presented in Figure E. As can be seen from
these analysis results, for a track modulus of 20,000 Ib/in./in., the ballast pressure varies

from 73 to 112 psi. For 40,000 Ib/in./in., it varies from 100 to 157 psi.

Figure E:

Dynamic Analysis of Ballast Pressure
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These values are significantly higher than those calculated using a more traditional

quasi-static analysis as shown in Figure F.

Figure F:

Quasi-Static AREMA Analysis of Ballast pressure
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Noting that the maximum allowable AREMA ballast pressure is 85 psi for high
quality abrasion resistant ballast, from the results of Figure E, a track modulus of less than
10,000 psi is desirable to keep the dynamic load levels below the allowable ballast stress
level. This is also an appropriate modulus level for the dynamic loads themselves, which
would be of the order of 61,000 and 76,000 Ibs. for the two track surface conditions
analyzed. Calculated P1 forces are of the order of 67,000 to 86,000 Ibs., which are below
the Association of American Railroads (AAR) threshold for maximum allowable wheel
dynamic force (100,000 Ib.)

Track Stiffness Evaluation

The GEOTRACK computer model ® includes all the components of the track structure and
so, unlike BOEF, can be used to estimate the effect of the respective components on track
stiffness or modulus. Table 1 provides the results of various cases calculated for a range of
conditions in the Alameda trench. Several calculated track response parameters are given
in Table 1 using a nominal wheel load of 36,000 Ib. Track stiffness is the ratio of vertical
wheel load to top of rail vertical deflection. Track modulus is calculated from stiffness.
Rail deflection is the vertical top of rail deflection under the wheel. The rail seat force is
the portion of the 36,000 Ib wheel load that is applied to the tie beneath the wheel. The
ratio of the two loads is also given. Finally the maximum pressure on the ballast at the
base of tie and at a 12 in. depth is indicated for both static (36,000 Ib) and dynamic (50,000

Ib and 80,000 Ib) loading conditions.

The following observations serve to illustrate the effect of key variables:

1. Cases 1 and 3 compare concrete tie track for 12 and 18 in. ballast depth. Increasing the
ballast depth does not have a big effect on track modulus; however the modulus is
lower at 18 in., which is desirable, and the average pressure in the ballast is decreased
by more than 10% compared to 12 in. of ballast. The added ballast depth has the
advantages of keeping the maintenance away from the concrete slab and providing
more void storage for fine particles that will develop in the ballast over time.

2. Cases 1, 2, and 7 show the effect of subgrade properties for concrete tie track with 12
in. of ballast. Increasing the concrete slab thickness from zero to 48 in. to infinite
depth significantly increases the track modulus and the ballast pressure. The maximum
rail seat force beneath the wheel is affected by a smaller amount. The Alameda trench
is assumed to be most closely represented by the 48 in. concrete slab thickness. The
resulting high track stiffness must be compensated for by some other means in order to
achieve acceptable levels of track maintenance under the heavy traffic.

3. Cases 1 and 4 compare the effect of concrete tie pad stiffness for concrete tie track with
12 in. of ballast. The soft pad significantly reduces the track modulus and ballast
pressures compared to the stiff pad.

4. Cases 1 and 5 compare 24 with 20-in. tie spacing for concrete tie track with 12 in. of
ballast. Decreasing the tie spacing decreases the rail seat load and ballast pressures for
the same wheel load but increases the track modulus. The increased track modulus will

®Selig, E. T. and Waters, J. M., “Track Geotechnology and Substructure Management” Thomas Telford
Publishers, 1994.
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increase the impact wheel load so that the ties at 20-in. spacing will have a higher load
than at the 24-in. spacing. This offsets at least some of the benefit of decreased tie
spacing.

5. Cases 1 and 6 compare concrete tie track having a stiff pad and 24 in. spacing with
wood tie track having 19.5 in. spacing, both with 12 in. of ballast. The wood tie gives
a substantially lower track modulus than the concrete tie track. The wood tie track
also gives much lower rail seat forces and ballast pressures. These results are
consistent with documented information regarding ballast performance on concrete
bridge decks. The ballast pressures in the concrete tie track with the soft pad in case 4
are comparable to those for the wood tie track.

6. Cases 4a, 4c and 6a provide the most acceptable choices for the concrete tie and wood
tie tracks, respectively. Case 4a covers concrete ties at 24 in. spacing with soft pad
over 18 in. of ballast. Case 4c is the same except that the spacing is 20 in. Case 6a
covers wood ties at 19.5 in. spacing over 18 in. of ballast. With the stiffness values
used for the soft pad and wood tie, the wood tie track has a much lower track modulus.
Thus, the wood tie is better than the concrete tie track for minimizing the ballast
pressures in the dynamic load environment, and hence the ballast maintenance. The
concrete tie at 20-in. spacing resulted in lower ballast pressures than the concrete tie at
24-in. spacing but gave a higher track modulus. The higher dynamic load with the 20-
in. tie spacing will offset some of the benefit of closer spacing.

7. Case 1 with 12 in. of ballast over the concrete slab gave a higher track modulus than
Case 3 with 18 in. of ballast over the concrete slab. Replacing the 18 in. of ballast with
12 in. of ballast over 6 in. of asphalt concrete will give a track modulus intermediate to
the values for the other two cases, because the asphalt has a stiffness intermediate to
the stiffness of the concrete slab and ballast. Thus 18 in. of ballast would be better than
12 in. of ballast over 6 in. of asphalt concrete.

8. The AREMA Manual for Railway Engineering suggests that average ballast pressures
be limited to 65 psi (85 psi for high quality, abrasion resistant ballast). However, the
actual value depends on the ballast durability, ballast particle size and amount of traffic
(MGT) as well as tie type. The ballast pressures for the static wheel load (36,000 Ib)
cases in Table 1 are all well below this limit except for the infinitely thick concrete
layer which is comparable to having the ballast on bed rock conditions. This indicates
that the problem is with the dynamic loads. For an 80,000 Ib dynamic wheel load, the
ballast pressures associated with the wood tie and the concrete tie with soft pad are
within the 85 psi limit. However, the pressures associated with the concrete tie with
stiff pad are higher than the 85 psi limit (Cases 1 and 3).

(Table 1)
Implications for Maximizing the Service Life of the Track Components
As a result of potentially high dynamic impact forces, a substantially increased

ballast degradation rate may occur in stiff track modulus environments such as the
Alameda Trench, tunnels or ballasted deck bridges with a concrete floor and concrete ties.
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In addition, the rest of the track structure, including rails, ties, and fasteners may
experience a greater rate of deterioration and maintenance. Track modulus values on the
order of 20,000 Ib/in/in fall into this category. This problem may be somewhat mitigated if
the track modulus was in the magnitude of 10,000 Ib/in/in or less.

Ballast Considerations

It is understood that ballast degradation will occur and ballast at some point in time
will need to be replaced. However, ballast cleaning and removal and replacement in stiff
track modulus environments, such as the Alameda Trench, tunnels or ballasted deck
bridges, will typically be more expensive than in conventional track territory. The
difficulty involves the inefficient removal of degraded ballast and interference with train
operations. Therefore, the objective is to extend the service life of the ballast. In the
Alameda Trench, it was recommended that the ballast depth be increased to the maximum
depth permitted by design considerations but not less than 18 inches to contribute toward
the reduction of the track modulus. However, it is not certain that this increased depth of
ballast alone will reduce the dynamic modulus to the desired level.

The selection of ballast materials in stiff track modulus environments must be very
restrictive to provide satisfactory track performance. An AREMA Type 4A or 3 gradation
should be specified, preferably limiting the % passing the % inch sieve to less than 5%.
The larger ballast particle size may reduce the vibration of the ballast particles, sometimes
referred to as the “popcorn” effect. Ballast material should exhibit a combination of
toughness (resistance to crushing) and hardness (resistance to abrasion). Material type
should be limited to fine grained, extrusive (volcanic), mafic (dark colored) traprock
(Basalt or Andesite). Granite, and Quartzite should be avoided because, despite their
adequate hardness, they can be too brittle in this environment and could fracture across or
through the grains. A fine-grained, dark colored traprock should provide results superior
to granite in terms of durability and resistance to abrasion. This is because the grains of
Ferro-magnesian minerals found in fine-grained traprock are more thoroughly interlocked
and intergrown than the grains of Feldspar minerals found in granite. AREMA
recommended values for testing of ballast materials may be used. However, in stiff track
modulus environments, it is recommended that ballast be selected with a resistance to
degradation limited to 20%, as determined by the Los Angeles Abrasion Test, ASTM C-
535 (1000 revolutions, Grading 5).

Ballast degradation can not be avoided but ballast life can be extended by
restricting the movement of ballast particles. Not only should the ballast be durable and
able to resist abrasion but it should also have at least two fractured faces, sharp angularity
and coarse surface texture to achieve the interlocking of the individual ballast particles and
with the ties. Only blasted, crushed, quarried rock should be used. This will contribute to
a high PI (particle index) for maximum friction between particles. A Pl above 15 for the
ballast material is recommended as determined by ASTM D 3398. Furthermore, in stiff
track modulus environments, the ballast should be restrained by ballast curbs or other
means to prevent the lateral flow of ballast particles and movement between particles. In
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addition, the floor itself should be scored to provide a rough surface and achieve maximum
friction between slab floor and ballast particles.

Tie Considerations

Concrete ties, on a typical earthen subgrade environment, transmit greater loads to
the ballast section than wood ties. This is because they are heavier, usually have greater
center to center spacing reducing load transfer and are less resilient resulting in a reduced
ability to absorb impact loadings than wood ties. Although the loads and energy are
dissipated into the earthen subgrade, the result is higher crushing loads on the individual
ballast particles. Experience has shown that under normal conditions concrete ties require a
deep ballast section with high-grade aggregate material that will absorb the higher stress.
The BNSF permits the installation of wood ties, but not concrete ties, on ballasted deck
bridges due to the aggravated grinding of the ballast material. However, the UPRR has no
such restriction.

In general, for stiff track environments, the track modulus preferably should be no
greater than 10,000 Ib/in./in. According to data obtained by AAR, hard wood ties with no
pad have a low enough compression stiffness to fit this criterion. Wood ties are more
flexible and provide greater track deflection than concrete ties. They also absorb shock
better than concrete ties and thus should somewhat dampen ballast impact. The track
modulus with wood ties is less than with concrete ties. This results in reduced ballast
stress along the base of wood tie even though the surface bearing area of a 9 long wood tie
is less than a concrete tie. The high quality wood tie provides the only “off the shelf”
option that both minimizes ballast stress to acceptable levels under dynamic impact
loading conditions and reduces the track modulus below 10,000 psi. The wood tie option
is the easiest on ballast because the wheel seat force is minimized as the wheel load is
distributed among more ties as greater rail bending is experienced in the vertical direction
about the horizontal axis due to the lower track modulus.

Reducing concrete tie spacing from 24 to 20 inches will reduce ballast stress but
will also increase the track modulus and thus increase the P1 Force. Since this would
subject the concrete ties and rails to greater stress, there is a trade-off and no clear
advantage in reducing the concrete tie spacing below 24 inches. If high quality wood ties
are selected, a spacing of 19.5 inches will result in minimum ballast stress as suggested by
the results of Case 6A.

With that said, the choice between high quality wood ties and concrete ties with
pads is more often governed by factors other than their ability to reduce the track modulus.
The BNSF and UPRR have experienced successful results with concrete ties on high
volume lines. The expectation of longer service life using concrete versus wood ties
translates into anticipated reduced maintenance costs and reduced interference upon train
operations. Therefore, in high-density track, concrete ties are often the tie of choice at the
BNSF and UPRR.
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Pad Considerations

In stiff track modulus environments, such as the Alameda Trench, tunnels or
ballasted deck bridges with a concrete floor and concrete ties, the axle loads will not be
distributed among as many ties as is experienced in conventional track. The individual tie
under the wheel will routinely receive a high concentrated, short duration load along with
sporadic dynamic loads from wheel irregularities and rail head imperfections. One
concern is excessive ballast stress and another concern is the cracking of the concrete tie in
the vicinity of the rail-seat. A resilient pad between the base of rail and concrete tie is of
vital importance to provide some impact attenuation that would otherwise be transmitted to
the tie and ballast. The theoretical data (Case 3) indicated that the “stiff” pad under
dynamic impact loading would result in ballast stress of 89 psi at the base of concrete tie,
which is slightly in excess of the 85-psi limit recommended by AREMA. The concrete tie
with soft pad still results in a higher track modulus than desired.

In general, impact attenuation is a function of pad composition, thickness and
surface design. Rubber provides greater dynamic impact attenuation than polyurethane.
Thick (10-mm) pads provide greater attenuation of dynamic impact loads from wheel and
rail irregularities than the 6.5-mm pads. Studded rubber pads provide greater impact
attenuation than grooved pads. However, there is concern, based on experience under
heavy axle load operations similar to the Alameda Corridor, that the softer pads,
particularly rubber pads, will not demonstrate adequate life under the Corridor’s heavy
axle loads and high annual tonnage. A pad that is soft enough may not have sufficient
durability to avoid requiring frequent, perhaps annual, replacement.

Damping is an important influence on the impact attenuation characteristics of the
rail-pad. The greater the damping the more energy is dissipated as heat within the pad
under the dynamic loading imposed by the passing train. However, the degradation of
pads is exacerbated by the thermal breakdown of the polymers. In high track modulus
environments, the track structure will deflect very little and most impact attenuation will
have to be achieved through deflection of the rail-pad. It is essential therefore that the
deflection characteristics of the selected pad provide satisfactory impact attenuation.

The *“stiff” rubber pad currently proposed for the Alameda Corridor is a 6.5-mm
thick, grooved pad that provides medium deflection and impact attenuation. A “softer” 8-
mm grooved rubber pad is currently being tested and evaluated. Shaped rubber concrete
tie pads are also being considered to reduce the track modulus. However, it is not clear, at
this time, that either pad will reduce the track modulus in the Alameda trench to levels of
10,000 Ib/in/in or less. The maximum pad thickness that can be used with a conventional
concrete tie fastener system is 8-mm. Note, however, that these pads may experience a
high rate of degradation under heavy axle load freight traffic and may require premature
replacement (i.e. the pads may have to be replaced prior to the rail section). Therefore, care
must be taken to look at the trade-off between soft pads which can potentially reduce track
modulus significantly (but which may require periodic replacement) or somewhat stiffer
pads that may last longer (ideally matching rail life itself) but which may not result in an
adequate reduction in track modulus. In order to evaluate the alternative pads available, a
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series of limited track modulus tests are being planned for the Alameda trench in order to
determine the actual track stiffness.

Summary

There is concern that accelerated ballast degradation and/or concrete tie cracking may
occur in stiff track modulus environments. Such degradation/failure could be caused by
dynamic loading in the 80 kip range. Another concern is accelerated pad deterioration. The
problem may be somewhat mitigated through the judicious selection of ballast, ties and tie
pads. There may be other methods and means not discussed herein that are intended to
protect the track components in stiff track modulus environments. Ballast mats, composite
ties and new types of tie pads are some of these other alternatives. However, the absence
of sufficient testing on these alternatives with documented results in a heavy freight, high
tonnage, stiff track environment prevents the extrapolation of any credible
recommendation regarding these alternatives.

An adequate depth and gradation of high quality, abrasion resistant ballast,
preferably traprock, should be installed and constrained to reduce movement between
particles. The advantages and disadvantages of wood versus concrete ties should be
evaluated in terms of the resulting service life of the ballast and the ties themselves and the
anticipated maintenance costs for these items. If concrete ties are selected, the type of tie
pad should be evaluated in terms of its resiliency and anticipated service life. The rail-pads
should provide ongoing dynamic impact attenuation and be durable. A challenge to rail
industry suppliers may be to develop a “soft” pad and complimentary rail fastening system
that satisfactorily attenuates dynamic impact and also retains its resilient properties for
long duration in a stiff track modulus, heavy freight environment. Unless the occurrence is
too frequent, pad replacement is less costly than tie replacement, which is less expensive
than ballast replacement.

Page 12



