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Monitoring ballast support condition and improving current sub-structure and ballast
maintenance strategies is critical to ensuring safe and efficient railroad operations.
Researchers at the University of Illinois at Urbana-Champaign (Illinois) have developed
a ballast support condition back-calculator, a non-destructive instrumentation method
and corresponding analysis tool that quantifies ballast pressure distributions under
concrete sleepers without interrupting revenue service train operations. This laboratory-
validated non-intrusive method uses concrete sleeper bending moment profile and
rail seat loads as inputs to back-calculate the reaction distribution using a Simulated
Annealing optimization algorithm that incorporates Pareto Distribution as the random
variable generator. In order to further understand in-service ballast support conditions,
concrete surface strain gauges were installed on concrete sleepers at a revenue
service field site to measure strains that could subsequently be converted into bending
moments. This site is on a shared use rail corridor with traffic ranging from high speed
passenger to heavy axle load (HAL) freight trains. Rail-mounted strain gauges were
used to measure strains that were used to calculate the vertical wheel-rail loads to
approximate rail seat loads. This paper quantifies the ballast pressure distributions
beneath concrete sleepers under different types of rolling stock and evaluates how
ballast support condition changes as a function of accumulated tonnage. A wide range
of loads were observed at the field site, ranging from 4 to 35 kips (18–156 kN).
Corresponding ballast pressures ranged from 14 to 175 psi (97–1,207 kPa), with
sleeper-ballast contact area corresponding to 60% of the bottom of the sleeper area.
The accumulation of 12.24 million gross tons (MGT) (12.44 million tons) did not generate
a quantifiable change in ballast pressure values nor did it generate a change in the
ballast support condition. The research results presented in this paper demonstrate
the potential of the back-calculator to provide a stand-alone non-invasive method to
quantify ballast support conditions, sleeper health, and sleeper bearing stress. Back
calculator data will aid the rail industry in optimizing tamping cycles, enhancing safety,
and developing more representative concrete sleeper flexural designs based on actual
support conditions.

Keywords: substructure, condition monitoring, non-destructive, support condition, field instrumentation, smart
sleeper, ballast pressure
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INTRODUCTION

The fourth industrial revolution, defined as the current trend of
automation and data exchange in manufacturing technologies
(Qian et al., 2019), has brought significant change to many
sectors of today’s economy. As such, the railroad industry has
recently experienced many changes and improvements, especially
through the adoption of technology to increase track capacity,
improve safety, and optimize maintenance processes. Change is
achieved through improved designs, condition inspection, and
monitoring and/or maintenance optimization.

Distributed motive power, Positive Train Control (PTC)
(Resor et al., 2005), Automatic Train Control (ATC) (Kim
et al., 2015), and self-driving cars (Bruner, 2018) are examples
of implementing technology to improve safety and efficiency
of transportation operations. And while wheel impact load
detectors (WILDs) (Van Dyk, 2014) and hot bearing detectors
(Tarawneh et al., 2020) have been around for decades, there
is increased interest in analyzing data from these systems
to develop predictive maintenance strategies for the rolling
stock. Autonomous track geometry measurement systems
(ATGMS) (Van Dyk, 2014; Saadat et al., 2018), unmanned
aerial vehicles (UAVs) (Baniæ et al., 2019), and machine vision
and laser-based inspection systems (Ye et al., 2019; Fox-Ivey
et al., 2020) are being developed and deployed to provide
actionable information about the overall state of the track’s
health (Stuart et al., 2012; Saadat et al., 2014). Despite these
encouraging advancements, more research is needed to develop
and implement condition-based track maintenance strategies
for individual components that make up the track structure.
Improving both component-level and overall track health can
improve vehicle ride quality, reduce track damage through
the reduction of dynamic loads, extend maintenance intervals,
and make rail transport more economical and competitive
(Selig, 1994).

When considering the inspection and monitoring systems,
it should be observed that many of these are not continuously
acquiring data as a function of time. Further, though there are
technologies that have been deployed to quantify track support
[e.g., ground penetrating radar (GPR) (Artagan et al., 2020) and
matrix based tactile surface sensors (MBTSS) (McHenry et al.,
2015), and pressure cells (Xiao et al., 2020)], these technologies
typically disturb either train traffic or the in situ track conditions
during installation. For example, GPR inspections are performed
at fixed intervals and MBTSS require jacking the rail and
sleepers during installation of the sensors (McHenry et al.,
2015), generating changes that can alter the final results by
way of the observer effect (Tanathong et al., 2017; Rose et al.,
2018). Without an automated and systematic monitoring system,
railroad track infrastructure owners lack wholistic and cost-
efficient options for optimization of maintenance operations
(Qian et al., 2019). Therefore, there remains an opportunity
to continually monitor the track condition without needing to
disrupt the track.

Given ballasted track is the most prevalent type of railroad
track throughout the world (Hay, 1982; Köllõ et al., 2015), the
research discussed in this paper is focused on development and

deployment of a method to continuously assess its condition.
Ballast is a critical track component that is located between,
below, and around the sleeper (Hay, 1982; Kerr, 2003). Ballast
support conditions are known to substantially influence concrete
crosstie flexural response (Kaewunruen and Remennikov, 2009;
Kaewunruen et al., 2016; Bastos et al., 2017; Canga Ruiz, 2018).
Along with bearing and distributing the load from the sleepers
to the substructure, ballast also facilitates the drainage of water,
keeps vegetation from interfering with the track structure, and
provides lateral stability to hold the track in place during the
passage of trains and mitigating movement during a reasonable
range of longitudinal rail stress changes (Solomon, 2001).

Researchers at the University of Illinois at Urbana-Champaign
(Illinois) developed a novel, non-intrusive technique to
accurately and continuously measure the ballast support
condition immediately below the sleepers. The ballast support
condition back-calculator (hereafter referred to as the “back-
calculator”) analyzes concrete sleeper flexural data recorded
under revenue service traffic to indirectly quantify both the
ballast support condition beneath concrete sleepers and the
pressure at the ballast-sleeper interface (Qian et al., 2019). This
paper leverages initial progress on the development of a back
calculator to expand its functionality as a “smart sleeper” that
can quantify sleeper flexural demands, ballast pressures, and
support. The data, when properly transformed into actionable
information, will lead to improved railroad maintenance
planning and railroad track design. The specific focus of this
paper will be the quantification of ballast pressures of concrete
sleepers installed on a shared corridor with mixed intercity
passenger trains and heavy axle load (HAL) freight traffic.

BACKGROUND

The back-calculator is an indirect technique to estimate a sleeper’s
ballast support condition using rail seat loads and bending
moments captured at discrete locations along the sleeper. Based
on force equilibrium and the basic principles of statics, for
a two-dimensional subject, only one combination of reaction
forces (i.e., one support condition) can generate a given moment
profile under a set of applied loads. Considering this principle,
the concrete sleeper is simplified as a two-dimensional beam,
and its ballast support condition can be back-calculated from
the bending moments along the concrete sleeper and the
corresponding rail seat loads, both of which can be quantified
during experimentation (Qian et al., 2019).

Concrete surface strain gauges applied using a method
described by Edwards et al. (2017) have successfully quantified
the bending strains experienced by concrete sleepers in both
laboratory and revenue service field experiments (Quirós-Orozco
et al., 2018; Edwards et al., 2019; Canga Ruiz et al., 2020).
Bending strains can then be converted into bending moments
when laboratory-derived calibration factors are applied using
the method described by Edwards et al. (2017). Rail seat loads
are computed directly via locally installed strain gauges or
indirectly from nearby Wheel Impact Load Detector (WILD)
sites using a modified version of the recommended equation
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FIGURE 1 | Simplified two-dimensional sleeper model (Qian et al., 2019).

given in the American Railway Engineering and Maintenance-
of-Way Association [AREMA] (2017) Manual for Railway
Engineering (MRE).

The simplified two-dimensional sleeper model used in this
research is shown in Figure 1. The model describes a typical
North American 102 in (260 cm) long concrete sleepers and
is divided into six discrete bins that are 17 in. (43 cm) in
length. Each bin contains a percentage of the total ballast
reaction force, and the reaction force within each bin was
assumed to be uniformly distributed within the bin. The ballast
reaction forces are converted into ballast pressures by dividing
the forces by the area of the bin [i.e., bin length multiplied
by sleeper width of 10.3 in. (26 cm)]. A total of five concrete
surface strain gauges were installed longitudinally along the
top chamfer of the sleepers. No formal optimization of gauge
locations was undertaken. The two rail seat and one center
gauge locations were selected to answer broader questions
about the magnitude of sleeper rail seat and center bending
moments. The intermediate gauges were centered between these
to capture additional bending moment profile data. Since the
sleeper is not restrained at the two ends under any feasible
ballast support condition, the bending moments at the two
ends are zero. Consequently, when combining these end values
with five measured moments obtained from strain gauges, the
instrumented sleeper can output a total of seven known bending
moments. The rail seat loads were assumed to be uniformly
distributed over the width of each of the 6 in. (15 cm) rail seats
(Qian et al., 2019).

A total of nine back-calculator inputs, comprised of seven
known bending moments and two approximated rail seat loads
are used in the model. Two boundary conditions are also
included. First, based on force equilibrium, the total ballast
reaction force should equal the total rail seat loads. This dictates
that the forces in all six bins should sum to approximately 100%.
Second, the value of each bin should not be less than zero, as it is
unrealistic to have a negative reaction force for ballast (e.g., ballast
provides no tensile capacity).

Once rail seat load magnitudes are input into the back-
calculator, an optimization process generates combinations of
reaction forces that satisfy the two boundary conditions. For each
reaction force combination, the back-calculator generates the
bending moment profile of the sleeper based on the rail seat loads
and compares it to the actual input bending moment profile.
The optimization process terminates when the difference between
the calculated and actual bending moment profiles reached its
minimum, and the reaction force combination that generated the

calculated bending moment profile became the resultant support
condition. The optimization process is summarized in Figure 2.

In the optimization process, Simulated Annealing and
Bi-polar Pareto Distribution were used as the optimization
algorithm and the random variable generator. By simultaneously
implementing the two methods, an improved solution could be
generated in less time (Englander and Englander, 2014), and
convergence on local optima was avoided (Kirkpatrick et al.,
1983). For a given set of inputs, the maximum computational
time was approximately 1 min, which was deemed reasonable for
the application.

FIELD EXPERIMENTATION

To quantify field ballast support conditions under revenue
service traffic using the back-calculator, field experimentation
was conducted on a double track portion of Amtrak’s Northeast
Corridor (NEC) in Edgewood, Maryland, United States. The field
site was located on tangent track constructed of concrete sleepers
spaced 24 in. (61 cm) on center, at a location that sees the passage
of approximately 55 regional, intercity, and high-speed passenger
trains, commuter rail trains, and a variety of HAL freight trains
each weekday (on the track instrumented). In total, the route
accumulated 42.6 million gross tons (MGT) in the year of 2017
(with 18.5 MGT on the track instrumented). The location and
diversity of traffic provided the opportunity to quantify the effect
of both tonnage and traffic type on sleeper support conditions
and ballast pressure magnitude beneath concrete sleepers. The
mixed traffic at this location was primarily comprised of four
types of trains: ACELA passenger trains, Intercity Amtrak
trains operating with Amfleet passenger coaches, Maryland Area
Regional Commuter (MARC) commuter trains pulled by diesel-
electric locomotives, and Class I HAL Freight Trains with cars
having a variety of maximum Gross Rail Loads (GRLs).

In addition to the strain gauge instrumentation, three
thermocouples were installed to capture ambient temperature as
well as the temperature at the top and bottom of the sleeper. Rail
mounted strain gauges were used to quantify the wheel loads, and
these data were obtained from a nearby WILD site. The nominal
wheel load for each axle (obtained from WILD data) was used
to approximate the rail seat load by using a modified version
of the recommended equation given in the American Railway
Engineering and Maintenance-of-Way Association [AREMA]
(2017). A value of zero (0) for the Impact Factor (IF) was
selected given the input wheel loads used were actual loads that
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FIGURE 2 | Flowchart for ballast support condition assessment system (Qian et al., 2019).

incorporated any dynamic influence. The Distribution Factor
(DF) of 0.505 was obtained from AREMA MRE Figure 30-4-1
based on a concrete sleeper spacing of 24 in (61 cm) on center.
These approximated rail seat loads were used as the input for the
support condition back-calculator.

Data were collected from more than 2,550 train passes
between January and August 2017. While more than 23,000
axles were analyzed by the back-calculator, or approximately
5,750 axles per train type, the results were filtered based on
two parameters (1) the maximum Mean Squared Error (MSE)
resulting from the optimization process and (2) temperature
differential between the top and the bottom of the sleeper.
Filtering resulted in a final count of 400 trains that met the
aforementioned specifications that were established to isolate
the specific variables of interest. The trains varied in length
between 28 and 500 axles. The number of axle passes after filtering
provides a 95% confidence level that the results are an accurate
representation of the broader set of data.

The maximum MSE value used for final analysis was 10
kip-in (1.13 kN-m). This represents an allowance of 5 kip-
in (0.56 kN-m), positive or negative, for every strain gauge
measurement. This corresponded to approximately 10% of the
average strain gauge reading. Further, given temperature induced
strain has been shown to exert significant influence on concrete
sleepers bending results (Wolf et al., 2016) it was also selected
as a control parameter. More specifically, prior research found
that a linear relation between temperature gradient and flexural
behavior of concrete sleepers, where each variation of 1-degree
Fahrenheit (0.56-degree Celsius) between sleeper top and bottom
can lead to a bending moment variation of approximately 1 kip-
in (0.11 kN-m) (Canga Ruiz et al., 2019). Therefore, data selected
for final inclusion in the analysis had temperature gradients
less than ±1-degree Fahrenheit (0.56-degree Celsius). Filtering
was undertaken given the focus of this research was evaluation

of the support conditions and pressures under the operation
of different types of rolling stock, and the effects of thermal
gradient and subsequent sleeper bending were thus isolated. It
should be noted that the range of actual pressures and support
condition configurations would be expected to exceed that of
what is demonstrated in this paper, due to the effect of thermal
gradient (Canga Ruiz et al., 2019).

Existing Ballast Pressure Limit States
The AREMA MRE recommends a maximum allowable ballast
pressure of 85 psi (586 kPa) under concrete sleepers for
track constructed with high quality, abrasion resistant ballast
(American Railway Engineering and Maintenance-of-Way
Association [AREMA], 2017). This value is inclusive of a
safety factor to prevent bearing capacity failure or undue creep
under the loaded area (American Railway Engineering and
Maintenance-of-Way Association [AREMA], 2017). Therefore,
this value is used for a pressure limit state to correlate the
back-calculator results and aid the evaluation of the pressures
obtained through the field experimentation.

RESULTS

The following sections provide the results from field
experimentation conducted on Amtrak. The rail seat loads,
ballast pressures, and support conditions are quantified and
compared both quantitatively and qualitatively. After filtering,
the data were separated into 2 temporal categories—Quarter 1
(Qtr. 1) and Quarter 3 (Qtr. 3)—to analyze how the increase in
MGT with the passing of time affected the ballast pressures. Qtr.
1 data was acquired in January and February 2017, while Qtr. 3
data were obtained in August 2017 after 12.2 MGT (12.44 million
tons) of accumulated tonnage.

Frontiers in Built Environment | www.frontiersin.org 4 December 2020 | Volume 6 | Article 604180

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles


fbuil-06-604180 December 10, 2020 Time: 12:19 # 5

Pereira Silva et al. Concrete Sleeper Ballast Pressure Quantification

Rail Seat Loads
To characterize the demands on the sleeper, rail seat loads
from each train type were calculated. Table 1 summarizes the
median and 95th percentile rail seat loads for each train type.
Table 1 is divided between the four types of trains and each
of these categories is subdivided into locomotives and rail cars.
Further, freight trains are sub-divided as loaded and empty to
better quantify the effect of specific traffic, especially under the
homogeneity of unit train operations.

Data in Table 1 demonstrate the wide range [5–23 kips (22–
102 kN)] of loads observed at the field site. The lowest rail
seat load values were generated by Empty Freight Cars and
the highest values were generated by Freight Locomotives and
Loaded Freight Cars.

Qualitative Assessment of Sleeper
Support Condition
Figure 3 provides qualitative outputs from the back-calculator
for an ACELA Power Car, an ACELA Passenger Coach, and an
Empty Freight Car. Figure 4 shows both the magnitude and
location of the rail seat loads as well as the ballast reaction
forces on the sleeper.

Processed results from the back calculator indicate a lack
of center support (Qian et al., 2019). This type of support is
often associated with newly tamped track (Bastos, 2018) and
could lead to accelerated deterioration of the ballast directly
below the rail seat If loads exceed the strength of the ballast
(Branson et al., 2019). Good support under the rail seat is
often viewed as a “starting” support condition that is likely
to transition to center bound support as a function of time
and tonnage. Further, this support condition leads to increased
rail seat positive bending moments and the corresponding
possibility of rail seat positive cracks. This support condition
differs from what is assumed by American Railway Engineering
and Maintenance-of-Way Association [AREMA], 2017, in that
it is assumed there is uniform support from the end of the
sleeper through the gauge side of the rail seat, whereas at Euro
Norm (EN) (European Committee for Standardization, 2009)
and the Australian Standard (AS) (Standards Australia, 2003)

TABLE 1 | Median and 95th percentile rail seat loads for each type of train.

Type of train/rail car Rail seat load (kip)

Median 95th percentile

Qtr. 1 Qtr. 3 Qtr. 1 Qtr. 3

ACELA power car 16 16 17 17

ACELA passenger coach 12 12 13 13

Amtrak intercity locomotive 17 19 19 19

Amfleet passenger coach 10 10 12 12

MARC locomotive 16 18 19 21

MARC passenger coach 10 10 11 11

Freight locomotive 20 20 23 23

Loaded freight car 20 20 23 22

Empty freight car 5.1 4.8 8.4 7.4

this support condition is considered as a newly tamped support
condition, as summarized by You et al. (2017).

Quantitative Assessment of
Ballast-Sleeper Interface Pressure
The relationship between rail seat load and ballast-sleeper
pressure has been the subject of prior investigation. Median
collected rail seat loads varied from 5.1 kips (22.7 kN) to 20.9
kips (93 kN) providing the opportunity to investigate the effect
of load on pressure and compare to it to different approaches.
First, we will compare it to Talbot’s approach, which indicates
a direct positive linear relationship (Talbot, 1980). The second
comparison is going to be related to the Eisenmann’s approach of
how to calculate pressures at the tie-ballast interface (Eisenmann,
2004a,b; Giannakos, 2014). Therefore, the maximum ballast
pressures directly below the sleeper were plotted against these rail
seat loads and are presented in Figure 4 along with the expected
sleeper-ballast pressure predicted by Talbot (1980).

The data indicates that the pressure is linear as a function
of rail seat load (R2 = 0.998) which is in good agreement
with both Talbot (1980) and Eisenmann (2004a,b). However,
the measured magnitude is uniformly larger than Talbot. This
uniform differential is due to Talbot’s assumption of 67% of the
bottom of the sleeper being engaged in load transfer, whereas
the sleeper that is subject of this paper engages only 60% of the
bearing area. Regarding Eisenmann’s approach, when assuming
that 89% of the bottom of the sleeper is being engaged in load
transfer, it closely approximates to the field results obtained in
this research. The 85 psi (586 kPa) AREMA recommended limit
is exceeded when rail seat loads are greater than approximately
17 kips (76 kN). As a reference, when this same rail seat
load is applied to a sleeper with a uniform support condition,
the average ballast pressure is equal to approximately 30 psi
(207 kPa), well below the value in American Railway Engineering
and Maintenance-of-Way Association [AREMA] (2017). This
indicates that a change in support conditions can lead to an 183%
increase in the ballast pressure.

When reviewing international concrete sleeper flexural design
recommendations, we find some noticeable differences. The
current AREMA method for concrete sleeper flexural analysis
considers a factored approach dependent on sleeper length,
sleeper spacing, annual tonnage, and train speed, assuming a
uniform ballast reaction along the sleeper (American Railway
Engineering and Maintenance-of-Way Association [AREMA],
2017). The current AS method for sleeper flexural analysis is
dependent on sleeper length, sleeper spacing, and axle load
(Standards Australia, 2003). EN 13230-1 defers the analysis of
design bending moments to UIC 713R (European Committee for
Standardization, 2009). The UIC 713R method is dependent on
sleeper length, sleeper spacing, axle load, rail pad attenuation,
and train speed, providing a pair of safety factors, one to
account for “variation in sleeper reaction due to support
faults” and another to account for “irregularity in the support
along the sleeper” (International Union of Railways, 2004). AS
1085.14 and AREMA both differ from UIC 713R by excluding
reductions for rail pad attenuation or safety factors to account
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FIGURE 3 | Ballast support condition with the passing of an ACELA Power Car, an ACELA Passenger Coach and a Freight Empty Car.

for support irregularities or voids (Wolf et al., 2015). Given
how a change in ballast support condition can further increase
concrete stresses within a sleeper, quantifying the actual support
can improve the accuracy of the design recommended by
both AREMA and AS.

To quantify the overall demand on the ballast and sub-
structure, ballast pressure data were plotted in a cumulative
distribution function (CDF) (Figure 5). The AREMA maximum
allowable surface stress of 85 psi (586 kPa) is shown using a
vertical dashed red line. Data from all of the bins analyzed
during this study are shown, as well as the individual
data from the rail seats, center, and end of the sleeper
that were included to further investigate the distribution of
support and its influence on ballast pressure along the sleeper
bottom (Figure 5).

When considering data from all bins, approximately 4% of
recorded values exceed the AREMA allowable ballast pressure.
However, when analyzing only data from bins immediately
beneath the rail seats, this value increases to 10%. This supports
the hypothesis that this support condition would lead to
increased demands at the rail seat, thus creating the potential for
accelerated ballast deterioration at this location. When analyzing
the pressure at both the ends and at the center of the sleeper, it
is possible to determine that these bins are under comparatively
little stress—well below the AREMA limit.

Effect of Traffic Type on Ballast Pressure
Given the variety of traffic operating on Amtrak’s NEC, pressures
were quantified under a variety of rail seat loads (Figure 4),
traceable by type of rolling stock. Figure 6 shows the median
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FIGURE 4 | Relationship between rail seat load and maximum ballast pressure.

FIGURE 5 | Cumulative distributions of ballast pressures for various bins combinations.

and 95th percentile ballast pressures at each bin for all rolling
stock classifications, separating the data into the previously
stated classification of Qtr. 1 and Qtr. 3 (shown diagonally
within each bin).

The data provides clear visual representation of the increased
magnitude of ballast pressures directly below the rail seats for
all vehicle types and the lack of support at the center and ends
of the sleeper. While rail seat pressures are higher, AREMA
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FIGURE 6 | Ballast pressure distribution.

allowable surface pressure is only exceeded under the Amtrak
Intercity Locomotive, MARC Locomotive, Freight Locomotive,
and Loaded Freight Car. This is reasonable given their nominal
wheel load would produce rail seat loads that exceed 17.5 kips
(78 kN). Therefore, if predicting ballast deterioration at this
discrete location, one would expect deterioration to primarily
occur under these vehicles and not the passenger coaches or
empty freight cars. Given the disparity in pressure demand
at the sleeper-ballast interface, it may be possible to quantify
the amount of deterioration the increased pressures produce.
From this, mechanistic-empirical (M-E) analysis and design
could be pursued to ultimately develop a concept for rail
engineering that is analogous to the equivalent single axle

load (ESAL) highway loading concept developed by American
Association of State Highway Official (AASHTO), therefore
establishing the relationship between demand and damage
(American Association of State Highway and Transportation
Officials [AASHTO], 1993).

The data also indicate that pressure is non-linear as a function
of increased rail seat loads, confirming earlier work by Quirós-
Orozco et al. (2018). At lower rail seat loads (Empty Freight Car),
Bins 1 and 5 exhibit pressures that are approximately 10% of the
rail seat pressures as measured by Bins 2 and 4. However, as rail
seat loads increase (Loaded Freight car), pressures in Bins 1 and
5 increases at a greater rate than the rail seats; in excess of 20%.
Therefore, while Figure 6 indicates a positive linear relationship
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A B

C D

FIGURE 7 | Ballast pressure distribution for representative train passes from various types of rolling stock: (A) ACELA, (B) Amfleet, (C) MARC, and (D) Freight
Locomotives.

between rail seat load and maximum pressure, there is non-
linearity in how the pressures are distributed along the bottom of
the sleeper. It is also possible to identify differences between the
values obtained within Bins 2 and 4, with both bins being located
directly beneath the rail seats (Figure 6). This can be explained
by the influence of uneven rail seat loads observed in the field
(Edwards et al., 2018).

Additionally, Figure 6 indicates support conditions remained
largely constant after the accumulation of 12.24 MGT over
the course of this investigation. An analysis of variance
(ANOVA) was conducted to compare the data, establishing
H0: Quarter 3 ballast pressures are equal to the Quarter 1
ballast pressures and H1: At least six Quarter 3 ballast pressures
are different than Quarter 1 ballast pressures (α = 0.05). The
p-value obtained was 0.209, meaning that there is insufficient
evidence to reject the null hypothesis that the population
means are all equal. Thus, the support condition remains the
same, and there isn’t a significant change in ballast pressure
values with the accumulated tonnage. This highlights one
of the possible uses of the back-calculator as a potential

monitoring tool to predict ballast degradation and better
optimize maintenance scheduling.

Ballast Pressure Variation Within a Train
Pass
To further quantify the distribution of pressures along the sleeper,
and throughout the passage of a train, the pressures under each
axle were plotted for different train types (Figure 7). As alluded
to previously, quantifying the frequency and location of pressures
will lead to improved ballast deterioration models and improved
track designs—feeding into burgeoning M-E analysis and design
practices (Quirós-Orozco, 2018).

The locomotives and power cars are clearly visible within the
axle distribution and are more defined than passenger coaches
in figures (a), (b), and (c). More specifically, in Figure 7A it
is possible to observe the ACELA Power Cars at both ends of
the train are applying approximately 30 psi (207 kPa) greater
pressures to the ballast than the passenger cars. Unlike the
passenger equipment, Figure 7D indicates that the pressures
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generated by HAL freight trains are similar throughout the length
of the train, and in this instance, are significantly greater in
magnitude than any of the passenger pressures. More specifically,
when comparing Figures 7B–D the maximum pressure of the
passenger car of 40 psi (276 kPa) is only 35% of the maximum
freight car pressure of approximately 110 psi (758 kPa).

CONCLUSION

The use of surface-mounted strain gauges on concrete sleepers
has been shown to provide reliable and accurate results to
quantify stresses, moments, and pressures, in a non-intrusive
and non-destructive manner. The back-calculator was applied to
shared corridor field data, and demonstrated efficacy as a reliable
monitoring tool to quantify the ballast support condition at the
sleeper-ballast interface at the analyzed shared corridor. Some of
the specific conclusions that can be drawn from its use are:

• There is a wide range of loads experienced on Amtrak’s
NEC, ranging from approximately 4 to 35 kips (18–156 kN)
with corresponding ballast pressures ranging from 14 to
175 psi (97–1,207 kPa), being the lowest rail seat load
values generated by Freight Empty Cars and the highest
vales generated by the Freight Locomotive and the Freight
Loaded Cars, with a difference of more than a factor of 8.

• Data indicate that the relationship between pressure and
rail seat load is linear (R2 = 0.998), where the sleeper-
ballast contact area for the subject sleeper in this paper
corresponding to 60%.

• The 85 psi (586 kPa) AREMA recommended maximum
ballast pressure limit is exceeded when rail seat loads are
greater than approximately 17 kips (76 kN) given a lack of
center support condition.

• When considering data from all bins, approximately 4%
of recorded values exceed the AREMA MRE. However,
when analyzing only the data from the bins immediate
beneath the rail seats, this value increases to 10%. When
analyzing the pressure at both the ends and at the
center of the sleeper, it is possible to determine that
these bins are under comparatively little stress, and
well below the AREMA allowable ballast pressure limit.
This supports the hypothesis that this support condition
would lead to increased demands at the rail seat, thus
creating the potential for accelerated ballast deterioration
at this location.

The accumulation of 12.24 MGT did not lead to a significant
(α = 0.05) change in ballast pressure values nor did it change the
ballast support condition. This highlights one of the possible uses
of the back-calculator as a potential monitoring tool to predict
ballast degradation and better optimize maintenance scheduling.

This study showed the effect of different types of trains
on the pressure beneath a single concrete sleeper with an
initial support state that was representative of rail seat
support. In the future, the authors encourage widespread
use of the back-calculator on a larger sample size of
sleepers (including adjacent sleepers) to obtain different initial
support states in conjunction with the use of use of smart
sleepers. The resulting data will helps quantify the frequency
and location of excessive pressures on sleepers, facilitating
mapping of said pressures to deterioration rates. This in
turn will lead to improved ballast deterioration models and
improved track designs—feeding into broader M-E analysis and
design practices.
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