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Summary

Transportation Technology Center, Inc. has developed a design method and recommended designs
for hot mix asphalt (HMA) underlayments at crossing diamonds. A parametric analysis of typical
subgrade conditions and mainline railroad loadings was conducted. These results have been
compiled into an easy to use design chart for HMA thickness versus subgrade stiffness.

Findings:

- Subgrade soil with a resilient modulus less than 4,000 psi (softer clays) will not provide
adequate HMA life under a diamond crossing. These soils must be further improved prior
to HMA application. For stiffer subgrade soils, the HMA fatigue life can range from
several hundred to several thousand million gross tons, depending upon the subgrade
resilient modulus and the HMA layer thickness.

— The expected failure mechanism for HMA underlayment beneath crossing diamonds is
one of fatigue cracking.

- The most important factors in the design method are HMA layer thickness and subgrade
stiffness (resilient modulus).

- The HMA fatigue model that appears to provide fatigue cracking life values closest to that
observed for track underlayments is the Shell Petroleum design method, which is a failure
criterion that relates the number of load cycles to fatigue cracking.'

HMA pavements can be used to improve the performance of crossing diamonds and other
high dynamic load track segments. HMA underlayments are one method of strengthening track
foundations to improve track superstructure performance. Railroads are looking for standardized
designs for HMA similar to what is available for ballast section, crossties, and rail.

This work was sponsored by the Association of American Railroads as part of its Strategic
Research Initiatives Program.
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INTRODUCTION AND CONCLUSIONS

Track transitions, such as bridge approaches, road crossings,
and special trackwork, can pose challenges for effective track
design and maintenance. These locations often perform poorly
in comparison to the surrounding track due to the differences
in track structure, operations, and service environment.”
Figure 1 shows a crossing diamond with a weak foundation.
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Figure 1. Crossing Diamond with Distressed Foundation

Railroads have found that subgrade strengthening can be
effective in improving the performance of special trackwork,
such as crossing diamonds. These locations tend to have
higher dynamic loads (due to flangeway gaps in the diamond
frogs) and higher traffic rates (due to the combined traffic of
both routes) than the surrounding track. To compensate for
the more severe loading, the foundation is often improved in
terms of drainage, stiffness, and damping characteristics.
HMA pavements are often used to improve the foundation in
this manner. However, there is no clear consensus on the
appropriate design methodology for HMA underlayments.

Design Methodology Development

To develop a design methodology from the available analytical
tools, GEOTRACK® was used to determine the elastic
response of track substructure layers to the vertical wheel
loading defined in Figure 2. Measured instrumented wheelset
load data shows that transient vertical wheel forces at the
flangeway gap can double the nominal static load.

Figure 3 shows the resulting load input to the track
structure at the flangeway gap along with the substructure
layer thicknesses. Rails, wood ties, ballast, and subballast are
all assumed to have standard, nominal properties. The two
parameters that were varied over a considerable range are the
HMA layer thickness and the subgrade stiffness (resilient
modulus), because they were found to have the most
influence over the HMA fatigue life.

Figure 2. Vertical Wheel Load from Instrumented Wheelsets
on 90-degree Diamond Crossing at FAST
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Figure 3. Track Cross Section Showing Layer
Dimensions and Range of Variable HMA
Layer Thickness and Subgrade Stiffness

Fatigue Cracking

The two design criteria for HMA in highway pavements are
(1) to prevent horizontal tensile fatigue cracking at the
bottom of the asphalt layer and (2) to limit the cumulative
vertical plastic deformation at the top of the subgrade. TTCI
determined that fatigue cracking should be the sole failure
criterion addressed by the design method, because this would
occur before significant subgrade deformation would
accumulate. The importance of the fatigue cracking HMA
failure mechanism is also corroborated by a limited amount
of evidence that shows that asphalt layer cracking over soft
subgrade is the main cause of failure for HMA
underlayments in track. The best documented case of HMA
fatigue cracking is in Technology Digest TD-05-035.*

Figure 4 shows HMA fatigue cracking from a heavy axle
load test.
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Figure 4. Fatigue Cracking of HMA Underlayment during
Heavy Axle Load Test

The failure criterion for fatigue cracking is as follows:
Ni= fie) (B @)

Where:

N¢ is the number of load cycles at which fatigue cracking is
expected, g is the principle horizontal strain at the bottom of
the HMA layer, f, is provided by Shell Petroleum design
method to be 0.0685, f, is (Shell method) 5.671, and f; is
(Shell method) 2.363." And finally, the resilient modulus,
E, of the HMA layer was assumed to be 400,000 psi, which
can be attained using sufficient compactive effort after
placement.

Although other design methods are available that provide
different values of f coefficients, the Shell design method was
found to provide a fatigue life closest to the observed life in
TD-05-035.* Therefore, the Shell design method may be more
applicable to a railroad load environment than the other design
methods.

The g value, derived using elastic theory, is

&= (&x + £,)/2 — SQRT [ ((&x - £)/2)* + ¥’y )

Where:

The € and vy strains were obtained using GEOTRACK. Using
this approach, unique values of g, and subsequently N; were
obtained for the range of input values Figure 3 shows.

HMA Layer Thickness
Figure 5 shows the resulting predicted lives for the various
cases of HMA layer thickness and subgrade moduli.
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Figure 5. HMA Underlayment Design Chart for HMA
Thickness and Subgrade Stiffness

To convert N¢ from load cycles to the cumulative traffic
tonnage (MGT), shown on the y-axis on the right of Figure 5,
load cycles are related to MGT in the following manner:

Ci = V/(Wi*C*Ny) A3)

Where:
C., is the number of load cycles per MGT,

W; is the static vertical wheel load in kips (36 kips), C; is
the number of MGT per kip (= 0.5x10°), and N,, is the
number of wheel loads per load pulse (2 per wheelset).

Each wheelset traversing the crossing diamond
discontinuity and producing the large dynamic load provides
one load pulse with fatigue damage to the HMA directly
underneath. The dynamic load from the flangeway gap of
the other rail in Figure 2 takes place 56.5 inches away from
the first rail and produces the same fatigue damage at a
different HMA location.

Therefore:

C,n = 1/[(36 kips)*(0.5x10° MGT/kip)*(2 wheels/cycle)] =
27,778 cyclessMGT 4)

which is the conversion from load cycles to MGT used in
Figure 5.

Because HMA underlayment is more likely to be
considered for softer soil, Figure 6 shows only the lower
range of subgrade stiffness from the design chart in Figure 5.
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Figure 6. HMA Underlayment Design Chart for HMA
Thickness and Softer Subgrade Stiffness

Subgrade Modulus Values

There are several methods that can provide the subgrade
modulus value for design purposes. Cone penetrometer tests
use an instrumented cone inserted into the soil while
measuring the tip resistance. This resistance relates to the soil
stiffness or resilient modulus. Track modulus, using
measured vertical rail deflections under known loads, can be
used to estimate subgrade stiffness, because most of the
measured deflection will be the result of subgrade
deformation. Plate bearing tests and measured subgrade
deflection can also be used.

The nomograph in Table 1 has been derived from years of
empirical data gathering by TTCI and is offered as a guide to
the relationship between subgrade resilient modulus, wood tie
track modulus, subgrade cone tip resistance, and subgrade
unconfined compressive strength.

Table 1. Nomograph for Correlation of Parameters to
Subgrade Resilient Modulus

Subgrade Wood Tie Subgrade Subgrade
Resilient Track Cone Tip Unconfined
Modulus Modulus Resistance Compressive
(psi) (psi) (psi) Strength
(psi)
20,000 7,500 2,000 200
10,000 5,000 1,000 100
4,000 4,000 400 30
2,000 2,000 150 10
1,000 1,000 70 5

Design Chart Example

The design chart (Figure 6) can be used to determine a durable
HMA underlayment for a crossing diamond. Depending upon
the soil stiffness and HMA layer thickness, the HMA layer
can last for hundreds or thousands of MGT.

For an example, assume a desired 20-year service life for a
diamond crossing with 30 MGT per year on the main line and
5 MGT per year on the secondary line. Using the HMA
underlayment design chart (Figure 6), the service life for the
HMA underlayment is 700 MGT. Further, assume it is
determined that the subgrade modulus is 6,000 psi. Figure 7
uses an expanded y-scale of Figure 6 to show by
interpolation that the required HMA layer thickness is 17
inches.
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Figure 7. Expanded Y-Scale of HMA Underlayment Design
Chart for HMA Thickness and Softer Subgrade Stiffness

Future Work

The design charts presented in Figures 5-7 can be used for
main lines with heavy axle load traffic. The methodology
described in this TD can be assembled into a spreadsheet
model for analysis of additional cases. Project plans for 2009
include additional field validation experiments.
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