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Abstract

Longitudinal track resistance is one of the most critical parameters required to accurately analyze longitudinal load propaga-
tion and refine rail neutral temperature (i.e., stress-free temperature) maintenance practices. However, longitudinal track resis-
tance has not been consistently defined and has been quantified using multiple methods that should not be conflated. This
paper documents common definitions of longitudinal track resistance and the two methods regularly used for its quantification:
track panel pull test (TPPT) and single rail break (SRB). Further, this paper documents the differences in mechanics between
these methods, summarizes and discusses the critical factors influencing the longitudinal track resistance values found in the lit-
erature, and adds novel TPPT longitudinal track resistance values for timber sleeper track to address the current scarcity of
data found in the literature. In summary, TPPT values provide insight into the mechanics of load propagation and pre-buckle
analysis while the SRB values aid in the maintenance and restoration of rail neutral temperature after a rail break or destress.
Additionally, the TPPT longitudinal track resistance values reported in the literature were independent of panel length, were
influenced most by the presence of a vertical load, and were reduced by 25% when the ballast was disturbed. Finally, novel
TPPT results indicated the longitudinal resistance of timber sleeper track was 19% lower than concrete sleeper track and that

unfastened sleepers still transferred longitudinal load when the cribs were full and ballast was compacted.
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Railroads utilize continuous welded rail (CWR) in most
of their primary corridors. CWR is defined as any seg-
ment of rail that exceeds 122 m (400 ft) (/). CWR, by def-
inition, is installed with fewer joints and in longer
segments thereby requiring less maintenance (2) which
saves the railroad operators time and money. Other ben-
efits of CWR include the rail providing an improved ride
quality, lower friction, longer rail life, and more strength
when compared with jointed track (3, 4). It is also widely
considered to be safer than jointed track (5). However,
because continuous strands of CWR can routinely
stretch for multiple kilometers between joints (6), new
CWR-specific challenges arise. These include manage-
ment of rail buckle risk and rail neutral temperature
(RNT)—also known as the stress-free temperature.

To address or mitigate these challenges, the rail indus-
try leverages lateral and longitudinal track resistance val-
ues. Lateral resistance is an absolutely critical parameter
required to perform an accurate buckle analysis and has

been studied by many authors previously, a few of whom
that can be cited here are Mohammadzadeh et al. (7),
Kerr (8), Allen et al. (9), Esmaeili et al. (/0), and Shenton
(11). However, longitudinal resistance, which has been
studied less, is also considered to be one of the most criti-
cal parameters required for longitudinal load propaga-
tion analysis (/2-/4) and RNT maintenance practices
(15-17) in CWR track. Together, both the lateral and
longitudinal track resistance provide stability to the track
structure.

Longitudinal track resistance has not been objectively
and consistently defined, given that researchers have had
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different purposes for quantifying it—for example,
bridge-track interaction (/8), quantifying track stability
and rail creep (/9), as well as longitudinal force quantifi-
cation (20)—and did not appear to consider how others
had previously defined the term. Further, longitudinal
resistance has been quantified using multiple methods
that should not be conflated with each other, though this
has not been explored and discussed previously. And
while it is understood that vertical loading and uplift
from the wave action of the rail affects the longitudinal
and lateral resistance and stiffness of track (/4), accurate
quantification of the range of longitudinal resistance val-
ues is required before considering the impact of train
loading. Therefore, this paper documents common defi-
nitions of longitudinal track resistance, why it is a critical
parameter, and how it has been quantified. Further, this
paper documents the differences in mechanics between
the two primary longitudinal resistance quantification
methods, summarizes the longitudinal track resistance
values found in the literature, and adds novel longitudi-
nal track resistance values for track conditions with mini-
mal data in the literature. These values can be leveraged
by others in conjunction with advanced analytical models
to quantify more accurate component loading demands
when accounting for the presence of a train, or to predict
a gap given a rail break event when the rail is in tension
or compression.

Motivation

Between 1999 and 2018 there were 250 Federal Railroad
Administration (FRA)-reportable derailments on main-
lines and sidings in the United States caused by “defec-
tive or missing spikes or rail fasteners” (/4). Dersch et al.
(14) found that most fastening system failures are a result
of a combination of vertical, lateral, and longitudinal
loads and that there is a current disconnect between the
demands and component’s design strength. This discon-
nect has led to a variety of fastening system failure modes
(14). Researchers have leveraged longitudinal resistance
and stiffness values found in the literature to quantify the
longitudinal loads placed on infrastructure components
(13, 14, 21) using various analytical models, with each
concluding that more research quantifying longitudinal
track resistance values was needed to accurately quantify
demands under other track conditions.

Previous researchers (22, 23) have analyzed the FRA
reportable derailments in greater detail to better quantify
the risk associated with a given accident cause. One
method they have used is plotting the frequency (i.e.,
number of derailments per a given tonnage) and severity
(i.e., the average number of cars derailed given an acci-
dent) of these reportable derailments. When reviewing
the data presented in this fashion, derailment causes with
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Figure |. Frequency versus severity graph for Federal Railroad
Administration accident cause codes (23).

Note: Dotted lines represent the average severity and average frequency of
accidents. Iso-car contour lines are used to show levels of equivalent risk.

greater frequency and severity pose greater risks and
thus should identify areas where research could focus.
Most recently, Wang et al. (23) demonstrated that out-
side of extreme weather events (e.g., floods), buckled
track and broken rails or welds were the two highest risk
accident causes of freight derailments on Class 1 rail-
roads between 2006 to 2015 (Figure 1). Therefore, there
is the potential for more accurate longitudinal resistance
values to improve current rail buckle analysis software
(12, 24) and RNT maintenance (/6). Further, though not
every rail break is a result of excess tensile axial stresses
causing a pull-apart, each rail that breaks must have its
RNT restored, which, if done improperly, could increase
the probability of a pull-apart or buckle in the future.

Longitudinal Track Resistance Definitions
and Quantification Methods

Longitudinal track resistance is a measure of longitudi-
nal force per unit distance provided by the ballast, slee-
pers, fasteners, and rail (25). The prevalent definitions of
longitudinal track resistance are related to the method of
quantification. Track panel pull test (TPPT) and single
rail break (SRB) are the two most common methods
used to quantify longitudinal track resistance. The fol-
lowing sections provide an overview of the definitions as
presented in the literature as well as descriptions of both
methods.

Definitions

Longitudinal resistance from TPPT has primarily been
derived in one of three ways, all leveraging the maximum
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force extracted from a load versus the displacement
curve:

e for the total panel, for example kN (Ib) (20),

e divided by the number of sleepers within the panel,
for example kN/sleeper (Ib/sleeper) (26), or

e divided by the length of the panel leading to a
force per unit length of track, for example kN/
mm (Ib/in.) (18).

Because the force required to move a panel increases with
the length of the panel and tighter sleeper spacing, it is
necessary to standardize and normalize the values found
in the literature. Furthermore, loads are applied to rails
independently, and when a rail breaks in the field, only a
single rail moves. Therefore, for consistency, all values in
this paper are presented as a force per length per rail seat.
For example, De Iorio et al. (26) report a longitudinal
resistance value of 9.39kN/sleeper (2,111 1b/sleeper)
which, when accounting for a 0.6 m sleeper spacing and
distributing the resistance over both rail seats, is con-
verted to 7.82kN/m (44.71b/in.) per rail seat (Equation
1). Because all TPPT longitudinal resistance values in this
report will use values per rail seat, the term “rail seat” is
hereafter omitted.

kN 1 sleeper .
0.6 m

9.39 1 sleeper
sleeper

kN
=17.82 ; :fOTPPT

(1)

Similarly, SRB longitudinal resistance has also largely
been calculated using one of three methods, leveraging a
combination of key track variables (e.g., longitudinal rail
force, rail gap on break, the RNT profile before the
break, the influence zone caused by the break). These
methods are listed below from most to least accurate and
consist of:

2 rail seats

1. quantifying the change in force caused by a rail
break in a single rail over a sufficient length of
track (Equation 2),

2. relating rail break gap size and temperature
change at rail break (d7T) (Equation 3), and

3. relating the influence zone (L,) and dT (Equation 4).

Jo = (m—NX\) (2)
fo = [(dT* x EAa®)/RM] — \ (3)
fo = EAax dT /Ly (4)

where

f, = SRB longitudinal resistance,

m = the slope of the change in force over distance
from longitudinal rail circuits,
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Figure 2. Example plan view schematic of track panel pull test.

N = the slope of the in-situ force over distance before
the rail break,

dT = the temperature differential between the pre-
break RNT and rail break temperature,

E = the modulus of elasticity for steel,

A = the rail cross-sectional area,

a = the coefficient of thermal expansion of rail,

RM = rail movement caused by the rail break, and

L, = the longitudinal zone of influence.

The non-broken rail is largely unaffected by the rail
break (4). Therefore, the calculated values of SRB longi-
tudinal resistance are not divided by two given they
already represent a force per length per rail seat.

For research purposes, quantifying the change in force
over a sufficient length of track is the most accurate
method for calculation of longitudinal track resistance
(Equation 2), given the other two methods require addi-
tional assumptions. Conversely, Equation 3 is the rail
industry’s preferred method, given that rail movement is a
value that can be easily quantified in the field, as opposed
to knowing the pre-break RNT or change in force over
distance without the use of externally mounted gauges.
This method, however, not only requires the knowledge—
or estimation—of the pre-break RNT, but also assumes
the RNT to be uniform before the break (i.e., A = 0).
Equation 4 is the least practical as it requires a known
influence zone and dT to determine the resistance.

Execution of TPPT

The TPPT is the most common experimental method
used to quantify longitudinal track resistance, primarily
via laboratory testing. Performing a TPPT involves
applying a longitudinal load to a track panel (typically
four to 10 sleepers) (18, 19, 26-29) (Figure 2). Outliers to
this relatively short panel setup were Mohammadzadeh
et al. (7) who utilized a 108-sleeper panel and Liu et al.
(30) who utilized a single sleeper push test arranged
within a five-sleeper panel. All but one of the 15 studies
that performed TPPTs used concrete sleepers, which is
not surprising given that concrete is the most common
sleeper material used in Europe and China where the



Transportation Research Record 00(0)

Table I. Summary of Differences in Mechanics Between Track Panel Pull Test and Single Rail Break Longitudinal Resistance Tests

Characteristic

Track panel pull test

Single rail break

Number of rails loaded Two

Loading method Quasi-static (>1 s)
Rail motion Rigid body motion
Sleeper skew Not present
Torsional resistance Not present
Ballast movement

Longitudinal resistance profile Constant throughout

Particles within panel bounds
experience rigid body motion

One
Dynamic short impulse (<0.1 s)
Deformable body
Present
Present
Particle movement is a function of
distance from gap, engagement of
fastener with sleeper, load duration, and so forth
Changes along the length of the rail

studies were performed. Although the specifics of any
experiment are unique to each test, all TPPTs have the
same scope of applying a symmetric force to both rails
of a track panel and monitoring the panel displacement.
The force is increased until it plateaus, or reaches a maxi-
mum value, as the panel begins to slide through the bal-
last. Researchers have noted that ballast plays a
significant role in the track resistance (26). As such, a
well-designed experiment must include resetting the bal-
last between loading applications to obtain repeatable
results.

Execution of SRB Test

Samavedam et al. (3/) are the only researchers that are
known to have quantified longitudinal resistance via a
SRB test. In their experimentation, they instrumented
366 m (1,200 ft) of tangent CWR timber sleeper track at
the Transportation Technology Center in Pueblo, CO
(TTC). With the goal of simulating a rail break via a large
longitudinal tensile force, the RNT was intentionally set
high, and cuts occurred in the coolest part of the day to
create large tensile loads at the time of break. To reset the
track between tests, the track was deanchored over the
zone of influence before pulling the rail back together. To
give accurate force, displacement, and temperature profiles
over the entire experimental section, 96 stress modules (i.c.,
rail strain gauge circuits that quantified the axial force), 96
longitudinal displacement transducers, and 52 temperature
gauges were installed. Data were recorded before and
immediately after the cut, after deanchoring, and after the
rail temperature increased from solar heating. Rail cuts
occurred when the axial tensile forces ranged between 400
and 860KkN (90-190 kips) and the longitudinal resistance
values were quantified using Equation 2.

In addition to SRB conditions being more representative
of an in-service rail break, another advantage of the SRB
test is the ability to study directly the influence zone of a rail
break given different track conditions. A typical value for
an influence zone is in the order of tens to hundreds of
meters (/6), which is not typically feasible for a TPPT.

Differences Between TPPT and SRB Experiments

Before reporting research results from the literature, fur-
ther examination of the mechanics of both the TPPT and
the SRB is needed. TPPT should be recognized in its con-
text; it can provide valuable insight into force propagation
for a non-broken rail (i.e., pre-buckle analysis). Further,
as the test is more economical to construct and operate,
TPPT results can inform the selection and range of vari-
ables for inclusion in more sophisticated and expensive
SRB testing. However, the longitudinal resistance values
from TPPTs should not be directly compared with values
from a SRB test because of several important differences
in their underlying mechanics (Table 1).

First, the TPPT loads both rails symmetrically while a
SRB (un)loads one rail while the other remains largely
unaffected (4), as previously mentioned. In response to
the symmetric loading, the track panel will move as a
rigid body, which is not representative of a revenue-
service rail break. The asymmetric loading of the rails in
a SRB will produce sleeper skew and thus engage a fas-
tener’s torsional resistance (8), which does not occur dur-
ing a TPPT. By engaging the torsional resistance, the
total longitudinal resistance experienced by one rail of
the track will be higher than if it were not engaged.

Second, the loading rate of the TPPT is significantly
different than the SRB. That is, the TPPT load is applied
over multiple seconds, which ensures inertia does not
affect the results, whereas the SRB releases a tensile or
compressive member in less than 0.1s, which could influ-
ence the slip interface. The TPPT’s slower rate allows for
the force (and energy) to fully transfer to all elements in
the load path (i.e., from the rail to the fastener to the slee-
per and to the ballast) and thus ensures slip occurs at the
weakest interface (e.g., sleeper—ballast) (/4). This was evi-
dent from every other sleeper (EOTA) TPPT experiments
(discussed in more detail later in this paper) which demon-
strated that sleepers that were not even fastened to the rail
moved rigidly with the full panel, which does not always
occur during a SRB test (Figure 3). Additionally, experi-
ence with SRBs indicates that slip can occur at the rail-
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Figure 3. Comparison of example sleeper movement of timber sleeper track with variable spaced anchors leading to sleeper skew in
the single rail break (SRB) test and rigid body motion in the track panel pull test (TPPT).

Table 2. Overview of Section Topics Including What Is Investigated and Key Notes (e.g., Number of Samples in Each Comparison or

Length of Panels Investigated)

Section Quantification of

Notes

Expected range

Impact of vertical load
Impact of panel length
Impact of ballast condition
Impact of sleeper type
Impact of fastening system
Impact of fastening system

TPPT literature Present, n=5

SRB literature
Novel TPPT

A total of 35 TPPT f, ,anel Values were found and reported from 15 studies

Not present, n =22

Panels ranged from 4 to 108 sleepers
Undisturbed, n=13
Only two timber TPPT studies were found

Focused SRB studies with average value from multiple tests reported

Three replicates were run for each test (i.e., ETA and EOTA) and the average reported

Disturbed, n=3 Frozen, n=1

Note: SRB = single rail break; TPPT = track panel pull test; ETA = every sleeper anchored; EOTA = every other sleeper anchored.

fastener and sleeper—ballast interfaces (32). This is likely
because the impulse is too short to consistently allow for
adequate force transfer from rail to fastener and from
sleeper to ballast because of the mass of the sleepers and
ballast, system damping, and reductions in friction (i.e.,
static to dynamic) at the rail-fastener interface.

These differences do not disqualify the utility of TPPT
results but do require them to be placed in the proper con-
text (i.e., longitudinal resistance values obtained via a TPPT
should not be interchanged with the longitudinal resistance
quantified via a SRB test). As a result, TPPT values are
labeled differently ( fp,,,,) than SRB results (f;). In summary,
TPPT values provide insight into the mechanics of load pro-
pagation and pre-buckling analysis while SRB values aid in
RNT maintenance and restoration after a rail break.

Literature Review of TPPT and SRB
Longitudinal Resistance Values and Novel
TPPT Results

The following sections provide an overview of the longi-
tudinal resistance values found in the literature that
leveraged TPPTs and SRBs as well as providing novel
TPPT results executed for this study. Specifically, the

TPPT literature section provides an overview of the long-
itudinal resistance values quantified by TPPTs, quanti-
fies the impact of vertical load on resistance and location
of slip interface, and quantifies the effect of panel length
and ballast condition. Because TPPT longitudinal resis-
tance investigations have almost exclusively focused on
concrete sleepers, there is limited opportunity to quantify
the impact of sleeper and fastener type—two of the key
parameters expected to affect longitudinal resistance—
on TPPT longitudinal resistance results. Therefore, novel
TPPT tests were run to quantify the impact of fastener
and sleeper type. Finally, SRB literature values are
reported and compared with the TPPT results. All of this
is summarized in Table 2.

TPPT Literature

A review of the literature found 15 studies that quanti-
fied longitudinal track resistance using a TPPT with val-
ues ranging from 3.24 to 30 kN/m (18.5-171.31b/in.) and
a median resistance of approximately 8 kN/m (451b/in.).
The factor that had the most significant influence on
longitudinal resistance was the presence (or lack) of a
vertical load (Figure 4).
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Figure 4. Variance in longitudinal resistance values across the
literature separated by presence of vertical load (vertical load
present: n =5, no vertical load: n =22).

Not only did the value of median longitudinal resis-
tance more than double with the presence of a vertical
load (i.e., from 7.5kN/m [42.81b/in.] to 15.5kN/m
[88.51b/in.]), but the location of slip also moved from the
sleeper—ballast interface with no vertical load to the rail-
fastener interface when a vertical load was present.
Dersch et al. (/4) documented that slip of the rail
through a fastener occurs at approximately 11.1kN
(2,5001b) while slip of the sleeper through the ballast
occurs at just 3.6kN (8001b) when no vertical load is
present. However, in every study that reported the appli-
cation of a vertical load, slip occurred at the fastener (18,
33). This is likely because the vertical load strengthens
the sleeper—ballast interface by increasing the ballast
engagement across the sleeper, thus increasing the force
needed to overcome friction. Two other investigations,
by Zand and Moraal (29) and Van (24), that studied
loading the track panel in all three principal directions
provide evidence that increasing vertical load results in
increased longitudinal resistance. Further, Dieterman
et al. (33) reported a linear relationship between applied
vertical load and longitudinal slip capacity. The longitu-
dinal resistance values for unloaded track ranged from 5
to 8.33kN/m (28.5-47.51b/in.). The range in values likely
stemmed from different sized concrete sleepers and varia-
tions in ballast types and conditions (33). When testing
an unballasted track and forcing slip to occur at the rail-
fastener interface, Dieterman reported values of 24 kIN/m
(1371b/in.) with no vertical load present and 30kN/m
(171.21b/in.) with an 80 kIN/m (455 1b/in.) vertical load.

The impact of panel length was investigated using
eight of the longitudinal resistance values from panels
that were constructed using concrete sleepers, had no
vertical load and undisturbed ballast (Figure 5).

The panel lengths in this subset of data ranged from
four to 108 sleepers. The median longitudinal resistance
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Figure 5. Longitudinal resistance for various panel lengths.
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Figure 6. Longitudinal resistance values with various ballast
conditions.

of this subset of data was 8.03 kN/m (45.91b/in.) which is
also the value of the 108-sleeper panel. Therefore, it
appears that TPPT longitudinal resistance is independent
of panel length. Thus, shorter panels can be used to
acquire accurate data when quantifying the longitudinal
resistance using TPPTs while minimizing cost.

The effect of ballast condition was investigated using
19 of the longitudinal resistance values from panels that
were constructed using concrete sleepers, had no vertical
load and ballast that was either frozen, undisturbed, or
disturbed (e.g., previous testing without vibration or
compaction) (Figure 6).

Though the number of samples are very low for the fro-
zen and disturbed ballast conditions (i.e., one and three,
respectively), there appears to be a quantifiable impact on
longitudinal resistance. The median longitudinal resistance
is 8.0kN/m (4591b/in.) for undisturbed ballast and
6.0kN/m (34.31b/in.) for disturbed ballast, a 25%
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reduction. This aligns with expectations that disturbed bal-
last would have a lower strength, given there would be less
interlock between particles and the ballast section would
have a lower density. And while it is only a single data
point, the longitudinal resistance of frozen ballast is more
than three times greater than that of undisturbed ballast.
Though tested in a different configuration, this aligns with
the findings of Liu et al. (30) that ballast resistance was
very sensitive to temperature variation and that freezing
could increase the resistance of the ballast. Therefore, load
transfer will be affected by ballast condition, as will the
gap size when a rail break occurs.

Queiroz (28) and Samavedam et al. (25) are the only
two studies in the literature that performed TPPTs on
non-concrete sleepers. Of the various sleeper types studied
by Queiroz (28), prestressed concrete sleepers had the
largest resistance followed by concrete bi-block, timber,
and steel. Samavedam et al. (25) found that crib ballast
level significantly affected the longitudinal resistance with
a 50% reduction in crib height leading to an approximate
50% reduction in longitudinal resistance. They also con-
firmed that unconsolidated ballast reduced the longitudi-
nal resistance by approximately 25% (i.e., from 10.16 kN/
m to 7.44kN/m [58.01b/in. to 42.51b/in.]).

SRB Literature

As mentioned above, Samavedam et al. (37) are the only
researchers who have quantified longitudinal resistance
via the SRB methodology. Using instrumentation that
was placed over 366 m (1,200 ft) of tangent CWR track
at TTC, they quantified the longitudinal resistance of
timber sleeper track with two fastening system arrange-
ments: every sleeper anchored (ETA) and every other
sleeper anchored (EOTA). The average longitudinal
resistance with EOTA was 3.0kN/m (171b/in.) which
was approximately 57% of the resistance with ETA,
5.3kN/m (301b/in.). These longitudinal resistance values
are lower than the TPPT values at the same location
reported by Samavedam et al. (25) and thus provide
empirical evidence that TPPT data should not be con-
flated with SRB data without additional information.

While the literature provided quantifiable values to
assess the influence of load level and ballast condition,
additional research is needed to better understand the
impact of sleeper type, fastening system type and condi-
tion, ballast fouling, and moisture levels.

Novel Laboratory TPPT Experimentation

To expand on previous research into longitudinal resis-
tance values, additional TPPT experimentation was con-
ducted by the Rail Transportation and Engineering
Center (RailTEC) at the University of Illinois at Urbana-
Champaign (Illinois). This work adds to the literature by
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Figure 7. (a) Timber sleeper track panel constructed with 136
RE rail, AREMA 4A ballast, full cribs and shoulders, 460 mm
(18in.) plates with four spikes per plate and elastic fasteners, and
(b) overview of track panel instrumentation.

testing a timber sleeper panel, which is representative of
the more than 90% of rail track in the United States that
is constructed with timber sleepers (34). These tests were
performed on Illinois” Track Loading System (Figure 7),
a multi-axis load frame designed to test track panels with
realistic ballast, sub-ballast, and subgrade support. Axial
loads were mechanically applied to the rail using a
hydraulic actuator with a 156 kN (35kip) load cell and
152mm (6in.) Linear Variable Differential Transformer
mounted on the actuator.

The Illinois track panel consisted of 136RE rail and 10
2.6m (100in.) timber sleepers, spaced at 500 mm (20in.)
on center. All the sleepers had 457 mm (181in.) plates with
four spikes per plate. Further, sleeper anchor patters
were ecither ETA or EOTA, the two most common
arrangements used in North America. The panel had full
ballast cribs and 300 mm (121in.) ballast shoulders from
the sleeper end with a 2:1 slope. TPPTs were conducted
in displacement-control (i.e., the actuator applied the
load to the panel at a constant 101 mm/min. [4in./min.]
rate of displacement). It was assumed that every test fully
disturbed the ballast and thus, between each trial, a
tamping rammer vibratory compactor was used to
recompact the ballast in each crib and on the shoulders
before running the subsequent test. The compaction was
completed using a tamping rammer with a 328 mm by
280 mm (12.91in. by 111in.) shoe that could fit in the cribs
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Table 3. Summary of Longitudinal Resistance and Longitudinal Stiffness Values From Present Study

Every tie anchored (ETA) Every other tie anchored (EOTA)

Recorded value | 2 3 Average I 2 3 Average
Longitudinal resistance, f, (kN/m) 6.2 6.2 6.4 6.3 6.3 6.0 6.0 6.1
fo (Ibfin.) 355 354 364 358 36.1 345 345 35.0
Longitudinal stiffness, k, (kN/m) 16.2 16.0 14.9 15.7 15.5 14.0 14.4 14.7
ka (Ib/in.) 928 91.6 85.3 89.9 88.6 80.2 824 83.7

Note: ETA = every sleeper anchored; EOTA = every other sleeper anchored.
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Figure 8. Load versus displacement for each track panel pull test
(TPPT) trial from present study.

of the constructed track. The tamper provided approxi-
mately 700 blows per minute (bpm) with each blow pro-
viding 17kN (3,8001b). The tamper was operated at
approximately 10 ft per minute. This provided sufficient
force and vibration to ensure the ballast was recom-
pacted and at the same level within the cribs and on the
ends of the sleepers.

Three replicates were performed for each experimental
condition to quantify the load and displacement variabil-
ity (Figure 8). Each trial’s maximum load is marked with
a black circle in Figure 8 and the longitudinal resistance
was calculated using Equation 1 (Table 3). To provide
additional value, the panel stiffness (k,) was also quanti-
fied and is presented in Table 3, given that this is a criti-
cal value as mentioned by Dersch et al. (/4). The stiffness
was calculated by taking a linear regression of the data
from the origin through 50% of the maximum observed
load. This value was selected as it provided a representa-
tive elastic response that could then be used for future
load transfer analyses.

The data indicate repeatable tests with acceptable
variability; the maximum difference between the longitu-
dinal resistance of any given trial and the average value

was 3%. Therefore, the average longitudinal resistance
for the ETA and EOTA arrangements for the timber
sleeper track were 6.3kN/m (35.81b/in.) and 6.1 kN/m
(35.01b/in.), respectively.

The most noteworthy finding from this laboratory
experimentation is the similarity of longitudinal resis-
tance values between the ETA and EOTA configurations
(i.e., only a 3% difference). This can be contrasted with
the approximately 57% difference recorded in the SRB
study of Samavedam et al. (37). The TPPT results do not
indicate that fastening system affects resistance, yet the
SRB tests do, which provides further evidence that results
from each test method (i.e., TPPT versus SRB) should
not be conflated with one another. One additional outlier
is when comparing the TPPT results for timber sleepers,
good ballast, and ETA, where the present study values
are 38% lower than those reported by Samavedam et al.
(25) (i.e., 6.29kN/m [3591b/in.] versus 10.16kN/m
[58.01b/in.]). The Samavedam TPPT value is actually an
outlier relative to all other reported results in that it is
greater than all values that do not include an applied ver-
tical load—including concrete sleepers. Furthermore,
because the report does not detail the methods, the actual
cause of the difference cannot be determined. The recent
experimental TPPT data indicate that longitudinal resis-
tance is largely independent of anchoring pattern when
the anchors are fully engaged with the sleepers, the cribs
are full, and ballast is well compacted. Therefore, the
load is transferred from an anchored sleeper, through the
ballast and unanchored sleeper, to the next anchored
sleeper. When the longitudinal force was applied, the
panel (sleepers and crib ballast) sheared through the bal-
last, rather than the rails slipping through the fasteners.
This indicates that the fastener capacity for resisting
longitudinal load is higher than the ballast capacity, as
was expected by Dersch et al. (/4). Given this, it can be
hypothesized that the ballast level will be a critical factor
on longitudinal resistance. This aligns with the data
reported by Samavedam et al. (25) in that when the crib
ballast level was reduced by 50%, the longitudinal resis-
tance was also reduced by 50%. In total, the median
longitudinal resistance of timber sleeper track found in
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Table 4. Summary of Track Panel Pull Test (TPPT) Longitudinal Resistance Values
Sleeper type Vertical load® Ballast condition Fastening systemb Author Panel length fopanet (KN/m) fo,paner (Ib/in.)
Track panel pull test (TPPT)
Concrete Yes Good EF Dieterman et al. (33) Unspecified 17.60 100.5
27.60 157.6
Nobakht et al. (20) 5 26.10 149.0
18.78 107.3
25.03 142.9
Zand and Moraal (29) 5 27.12 154.9
21.67 1237
Disturbed EF Kerokoski (/8) 10 13.50 77.1
15.50 88.5
Concrete No Good EF Dieterman et al. (33) Unspecified 6.00 343
10.00 57.1
De lorio et al. (26) 6 7.82 44.7
ERRI (35) Unspecified 7.58 433
Esveld (36) Unspecified 9.17 52.3
Kerokoski (/8) 10 7.80 44.5
8.20 46.8
Markine and Esveld (/2) Unspecified 7.50 42.8
Mohammadzadeh et al. (7) 108 8.03 459
Nobakht et al. (20) 5 9.13 52.1
Queiroz (28) 7 822 46.9
UIC (21) Unspecified 10.00 57.1
Xiao et al. (19) 4 6.67 38.1
Zakeri and Yousefian (27) 5 5.92 338
Zand and Moraal (29) 5 9.17 524
Various conditions Not applicable Liu et al. (30)° | 8.8-19.6 30-67
Disturbed EF Kerokoski (18) 10 6.72 384
Xiao et al. (19) 4 4.38 25.0
UIC (21) Unspecified 6.00 343
Frozen UIC (21) 30.00 1713
Timber No EF Queiroz (28) 7 6.31 36.0
Good EOTA Present study 10 6.15 35.1
EOTA Samavedam et al. (25) 4 84| 48.0
ETA Present study 10 6.29 359
ETA Samavedam et al. (25) 4 10.16 58.0
Disturbed ETA Samavedam et al. (25) 4 7.44 425
E3TA Samavedam et al. (25) 4 6.48 37.0
Disturbed, 50% crib EOTA Samavedam et al. (25) 4 3.24 18.5
Bi-block No Unspecified EF Queiroz (28) 7 7.70 44.0
Steel No Unspecified EF Queiroz (28) 7 5.70 325
Single rail break fo (kN/m) fo (Ib/in.)
Timber No Good EOTA Samavedam et al. (3/)° Not applicable 2.98 17
No Good ETA Samavedam et al. (3/)¢ 5.25 30

%It has been hypothesized (29, 33) that there is a linear relationship between magnitude of vertical loading and longitudinal resistance so the binary

“loaded” and “unloaded” may be oversimplified.

PEF = elastic fastener; EOTA = every other sleeper anchored; ETA = every sleeper anchored; E3TA = every third sleeper anchored.

“Liu et al. (30) pushed a single sleeper within a four-sleeper panel and thus the resistance continued to increase as other unfastened sleeper engaged the
fastened sleeper within the panel and thus the values are outliers on the high side.

4The Samavedam results are the only SRB tests. All other results come from a TPPT.

the literature and as reported in this study was 19%
lower than the median concrete sleeper value reported in
the literature (i.e., 6.5 versus 8.0kN/m [37.0 versus
45.91b/in.], respectively). The stiffness results showed
similar trends with only a 6% decrease in panel stiffness
between ETA and EOTA (i.e., removing half of the
anchors) from 15.7 to 14.7kN (89.9 to 83.71b/in.),
respectively.

Summary of Longitudinal Resistance Values

All values obtained from the literature and from the
present study are summarized in Table 4. The values are
placed in their proper context by documenting the slip
interface, presence or absence of vertical load, sleeper
and fastener type, ballast condition, longitudinal resis-
tance, and source. As discussed above, values from SRB
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tests are expected to differ from TPPTs. Therefore,
though the values from the SRB have been included, all

values should be used in their proper context.

With the introduction of torsional resistance, sleeper
skew, and other items mentioned previously, one might
expect that SRB longitudinal resistance values would
only increase. However, the only SRB experimentation
that has been performed (37) reports longitudinal resis-
tance values below almost every reported TPPT value in
the literature and in the present study, regardless of slee-
per type. Of specific interest is that the SRB longitudinal
resistance value for the EOTA condition by Samavedam
et al. (31) is lower than even the timber sleeper EOTA
track with half-filled cribs performed by Samavedam
et al. (25) at the same location. This likely indicates that
the SRB dynamic loading alters the load transfer
mechanics compared with the TPPT.

Conclusions

Longitudinal track resistance is one of the most critical
input parameters that is required for longitudinal load
propagation analysis and RNT maintenance practices.
Improved accuracy in the quantification of longitudinal
resistance can lead to fewer broken components and
more appropriate CWR repairs after a rail break or des-
tressing event. Therefore, this paper proposed a unified
definition of longitudinal track resistance using force per
length of rail per rail seat. Additionally, this paper dis-
cussed the two primary methods used to quantify the
longitudinal track resistance and then detailed the differ-
ences in the mechanics and utility of each. Lastly, this
paper, which is the first among a series of papers on this
topic, summarized the longitudinal track resistance val-
ues found in the literature and added novel values for
timber sleeper track which are presently underrepre-
sented in the literature. Additional longitudinal resis-
tance values from more extensive TPPTs and SRB trials
are presented in subsequent papers to this.

Based on the material presented, the following conclu-
sions were made:

1. Values from TPPT and SRB, the two primary
methods for quantifying longitudinal resistance,
should be used appropriately as different load
transfer mechanics map to different applications:

a. SRB values should be used for RNT mainte-
nance practices and rail stress management

b. TPPT values should be used for load propaga-
tion analysis

2. The literature indicated that SRB longitudinal
resistance values were consistently lower than cor-
responding TPPT values

3. The literature review found that the TPPT longi-
tudinal track resistance was:

a. most significantly affected by the presence of a
vertical load which also moved the interface of
slip from the sleeper—ballast to the rail-fastener
interface (i.e., median resistance increased by
more than 100% when a vertical load was
present)

. independent of panel length
c. reduced by 25% when the ballast was disturbed
4. Novel TPPT results presented in this study indi-
cate that:

a. unfastened sleepers still transfer load when cribs
are full and ballast is compacted, leading to
negligible difference in longitudinal resistance
between ETA and EOTA. This is in direct con-
flict with the SRB results indicating anchoring
pattern (i.e., fastener engagement) has a signifi-
cant impact on longitudinal resistance

b. the longitudinal resistance of timber sleeper
track was 19% lower than concrete sleeper
track

No target design longitudinal resistance or stiffness value
is yet available, however, the results from this study pro-
vide insight into how changes in track condition affect
the longitudinal resistance. In practice, as presented by
Dersch et al. (/4), changes in longitudinal track resis-
tance and stiffness can affect the force placed on a fas-
tening system by between 6% and 24%. Further, as
longitudinal resistance increases, the gap resulting from
any rail break will decrease, so if the wrong longitudinal
resistance value is assumed, the actual restored RNT
would be different than the target value. Additional
work is therefore needed to study the impact of longitu-
dinal resistance and stiffness on track component load-
ing and CWR stress management to reduce the accidents
caused by failed components and buckle derailments.
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