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stiffness and the effect on fastening system
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Abstract
Over the past 20 years, there have been at least 10 derailments due to spike fastener fatigue failures in North America. These
fatigue failures have been considered a moderate to severe challenge that require manual walking inspections that are both
time and labor intensive. These fatigue failures have been found to result from spike overloading due to lateral and longitudinal
loads. To date, there has been limited quantification of the vertical, lateral, and longitudinal fastener forces in track. This paper
quantifies the effect of fastener type on fastener load to account for various track types and locations. Laboratory ex-
perimentation was performed to quantify the stiffness of multiple fastening systems and this data was input into a previously
validated analytical model to quantify the effect of stiffness on fastener loading. Additional laboratory experimentation was
performed to quantify the relationships between both fastening system type and vertical loading and spike strain. While the
laboratory data indicate a significant variance in stiffness between fastening systems, the model results indicate that the load
transferred to the fastening system is less sensitive. However, spike strain data indicate the load path was affected by fastener
type and vertical load. The characterization of longitudinal stiffness of multiple fastening systems and the relationship to spike
load as presented can be used to advance track mechanistic-empirical design and improve rail neutral temperature prediction
and track buckling models.

Keywords
Fastening systems, elastic, anchored, stiffness, laboratory, longitudinal load, uplift

Date received: 6 December 2021; accepted: 20 June 2022

Introduction

94% of the world’s railroad infrastructure is supported by
ballast.1 A ballasted track system is comprised of the rail,
fastening systems, sleepers, ballast, sub-ballast, and sub-
grade.2 Rail fastening systems, in conjunction with the
sleeper, secure the rail to maintain gauge, transmit thermal
and service loads, and anchor the rail sleeper structure
against lateral and longitudinal movements.2 In doing so,
fastening systems must transmit vertical, lateral, and lon-
gitudinal loads.

As wheel loads and resulting forces transferred to the
track structure have increased, and/or geometric tolerances
become more stringent, fastening systems are required to
perform more rigorous tasks (maintain tighter tolerances,
provide creep resistance, etc.). An example of how fas-
tening system requirements respond to vertical, lateral, and
longitudinal forces is presented to demonstrate how dif-
ferent components could be used in different track struc-
tures (Table 1).

Fastening systems, like many of the components in the
rail infrastructure, have evolved iteratively over time,
through a trial-and-error design approach aimed at ad-
dressing conditions symptomatic of track strength and force
transfer deficiencies (e.g., plate cutting, rail seat deterio-
ration, rail rollover, rail pad movement).3 These deficiencies

have also led to various track component failures (e.g.,
broken spikes, broken shoulders, broken threaded rods,
etc.) that have caused derailments.4–9 Between 1999 and
2018 there were 250 Federal Railroad Administration
(FRA) reportable derailments on mainlines and sidings in
the United States caused by “defective or missing spikes or
rail fasteners”.10 This iterative approach has led to the
installation of fasteners in track where demands exceed
capacity, inefficient designs, and an insufficient under-
standing of the underlying mechanisms that govern the
track system’s response to changing conditions (e.g., input
loads, component wear, support conditions) that has
manifested itself in maintenance and safety problems as
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evident from the review of FRA track-caused derailment
data.

Spike fatigue failure in timber sleepers using elastic
fastening systems is one fastening system component
failure example that over the past 20 years, has caused at
least 10 derailments in North America.9 These spike fatigue
failures reduce the safety and integrity of the track and
require manual walking inspections. Recent studies have
shown that spikes in elastic fastening systems, unlike an-
chored systems, transfer additional longitudinal load to the
spike,9 leading to higher magnitude resultant spike stresses.
Further, because the elastic fastener attaches the rail to the
plate, the wave action of the rail creates separation of the
plate from the sleeper, as explained through beam on elastic
foundation principles.11 This separation eliminates friction
at this interface leading to additional transfer of longitudinal
load to the spike.12 Finally, these fatigue failures are almost
exclusively found in environments that are subjected to
high lateral loads (curves, special track work, etc.).13

Therefore, these failures are believed to be caused by a
combination of lateral and longitudinal loads transferred to
the spikes.13

It has also been shown that the quantification of lateral
and longitudinal rail seat loads, though necessary, is not
sufficient in estimating failure locations.14 The vertical,
lateral, and longitudinal rail seat loads, as well as an esti-
mate of the friction at the plate-sleeper interface, are re-
quired because the vertical rail seat load and fastener
friction govern the failure threshold load.14 As such, Dersch
et al.15 quantified the vertical, lateral, and longitudinal
fastener loads in the field at a location that had experienced
spike fatigue failures. However, these data only represent
one location with a given fastening system and lacks the
quantification of load transferred to the spike.

It is hypothesized that variability in fastening system can
lead to variations in longitudinal track modulus and as track
modulus increases the fastener load increases.16 Given the
prevailing trial-and-error design approach and under-
standing that different components are required to meet
varying demands (Table 1), fastening system designs vary
greatly. For example, to distribute vertical and longitudinal
loads, fastening systems can use plates of varying size,
shoulder designs, or spike patterns. Further, to ensure

adequate creep resistance, these systems can use either
anchors and elastic fasteners, or the combination of both.
Therefore, further quantification is required to account for
additional fastening systems used in railroad infrastructure.

A preliminary analysis investigating the effect of fas-
tening system stiffness on track modulus was performed.
Longitudinal track modulus was calculated using both the
fastener and ballast stiffnesses (equation (1)).17

ka ¼ 1�
1
kp

�
þ
�

1
kb

� (1)

Where ka longitudinal track stiffness, kp fastener stiffness,
kb ballast stiffness

Trizotto et al.16 showed that a quadrupling of longitu-
dinal track modulus led to an increase in fastener force by
approximately 50%. Assuming 50.8 cm (20 in.) sleeper
spacing and a constant longitudinal ballast stiffness of
7010 kN/m (40 kips/in.)16 the data from this analysis
(Figure 1) indicate that it is possible to quadruple track
stiffness by changing fastener stiffness. For example, when
fastener stiffness increased from 1750 kN/m (10 kips/in.) to
28,000 kN/m (160 kips/in.), the track stiffness increased
from 55,200 to 222,000 kN/m (8–32 kips/in.). However,
this preliminary analysis indicates that track stiffness is less
sensitive to an increase in stiffness of a single component
and is controlled by the component with the lowest stiffness
value. That is, for the ballast condition considered, when the
fastening system stiffness increases beyond 7010 kN/m (40
kips/in.) the track stiffness would not even double for all
realistic fastener stiffnesses.

To estimate the longitudinal fastening system forces, this
paper quantifies the longitudinal stiffness of four fastening
systems in the laboratory and quantifies the effect of fas-
tening system on load transfer using a previously validated
model. This paper also quantifies the effect of vertical load
(downward pressure and uplift) on the transfer of load to the
cut spikes in fastening systems using instrumented spikes.

In addition to quantifying the relationship between spike
load and fastener stiffness, quantification of fastening
system stiffness can also provide an input for the proposed
mechanistic-empirical (M-E) railroad track design

Table 1. Requirements of track fastening systems as a function of demands.
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procedure which is currently being developed.18 This M-E
concept, which is similar to the mechanistic empirical
pavement design guide methodology currently used in
pavement design.19 The concept has been developed and
advanced by researchers within the Rail Transportation and
Engineering Center (RailTEC) at the University of Illinois
at Urbana-Champaign (Illinois) since 2013.20,21

It is believed that these data can be used to improve
future fastening system designs to mitigate spike fatigue
failures and other force transfer deficiency challenges as
well as improve the accuracy of track models that predict
the distribution of rail stress and track buckling strength.

Materials and methods

Laboratory experimentation overview

The longitudinal fastening system stiffness and load
transferred to the spike was quantified for both elastic and
anchored fastening systems. This quantification was con-
ducted following a modified longitudinal load restraint test

as recommended by AREMA.22 Experiments were per-
formed on a single rail seat using a bi-axial load frame
(Figure 2) which leveraged 136 RE rail, a 178 × 229 ×
762 mm (7 × 9 × 30 in.) timber block, and four unique
fastening systems. Although literature indicates dynamic
load could prove to be most critical,23 for fastener stiffness
quantification within the laboratory, static loading is
sufficient.

Longitudinal load was applied 19 mm (0.75 in.) above
the bottom of the rail base, continuously, without shock,
until slip of the rail occurred, as recommended by AREMA
Committee 30, TIES,24 to ensure there was no moment or
angle induced in the rail during load application. The rail
displacement and longitudinal load applied were recorded
for the duration of the test. The stiffness of four fastening
system configurations including an anchor only, eclip only,
anchor and eclip, and tension clamp fastening system were
quantified (Figure 2). Each configuration comprised of a
timber sleeper block, spikes, plate, and either an anchor,
eclips, anchor and eclips, or tension clamps. The eclips and
tension clamps provided approximately a 2400 lb. toe-load.

Figure 2. Longitudinal stiffness experimentation setup and naming convention.

Figure 1. Effect of fastener stiffness on track modulus.
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The anchor only, eclip only, and anchor and eclip systems
used an 18 in. plate and four cut spikes. The tension clamp
system used a 14 in. plate, four screw spikes and spring
washers.

For the quantification of the relationship between spike
load and fastening system type, a vertical compressive
(vertical downward) load of 22.2 and 44.5 kN (5 and 10
kips) or tensile (vertical uplift) load sufficient to cause
separation between the plate and sleeper, or approximately
22.2 kN (5 kips) was applied to the rail prior to the ap-
plication of the longitudinal load. The vertical compressive
load applied to the rail pre-engaged the plate to sleeper, thus
developing friction at this interface. This pre-engagement is
accomplished using screw spikes with spring washers and
has been shown to reduce the spike strain by 70–80%.14 The
vertical tensile load represents the wave-action of the rail
that leads to the development of a gap between the plate and
the sleeper.16

Fastening system longitudinal stiffness

The load and displacement recorded for the duration of
the experiment were used to quantify the stiffness of each
system. Stiffness is defined as the slope of the longitu-
dinal load verses displacement data for each fastening
system between 2.22 and 11.1 kN (500–2500 lb.). This
range was used for stiffness quantification because it was
within the elastic region of each fastening system
(Figure 3).

Using the calculated stiffness, variance for each fas-
tener was calculated using equation (2).25 Additionally,
the Mann-Whitney U-test was used to determine if
the stiffnesses and rail seat loads were statistically
different.26

σ2 ¼
Pn
i¼1

ðxi � μÞ2

n
(2)

Where n quantity of data points, xi relative data point, μ
mean, σ2 variance

Variance in spike load & uplift

To quantify the loads transferred to the spikes, four in-
strumented spikes were installed. Each instrumented spike
had one strain gauge inset 1.5 mm (0.059 in.) into the tensile
side of the spike located approximately 38.1 mm (1.5 in.)
below the top of the sleeper surface once installed. This
depth is known to be the location of maximum spike strain13

(Figure 4(a)). The strains from the four instrumented spikes
were transformed into loads using:

1. strain and load data from the five-surface-strain-
gauged instrumented spike (Figure 4(b)) as pre-
sented by Dersch et al.13 and

2. knowledge that the strains measured within the inset
would need to be multiplied by a factor to account
for the linearly increasing strain from the neutral axis
to the spike surface.

The strains from the five-surface-strain-gauged in-
strumented spike recorded at 29.5 and 42.9 mm (1.16 and
1.69 in.) below the top of the sleeper (Figure 4(a)) were
linearly interpolated to quantify the relationship between
spike surface strain and load at 38.1 mm (1.5 in.). Addi-
tionally, to account for the inset, and knowing the spike is
15.88 mm (0.625 in.) square, the strain recorded in the inset
was multiplied by 1.25 to account for the linear increasing

Figure 3. Example longitudinal load versus displacement of fastening system.
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strain from the neutral axis to the surface, as would be
expected based on mechanics.27 Multiplying the strain by
each factor resulted in an equation relating strain measured
to load (equation (3)).

Ps ¼ 1:332 × 106 × ε × 1:25 (3)

Where Ps Spike Load (lbf.), ε Spike Strain

Analytical modeling overview

To quantify the fastener load, and thus the effect of fastener
stiffness, an analytical model was used. Trizotto et al.16

developed a validated linear 1D analytical model that
quantifies rail seat response when subjected to a train pass
using a quantified number of locomotives, tractive effort,
and longitudinal ballast modulus. This analytical model
expanded upon the approach presented by Kerr.3 Labora-
tory fastening stiffness data were used as inputs into this
model while maintaining the other inputs (ballast stiffness,
tractive effort, etc.).

Results

Fastener stiffness variance

Five fastener-stiffness test replicates were performed using
the protocol discussed previously (Figure 5). The data
recorded from each replicate were then tabulated with
quantified values for stiffness range, median and variance
(Figure 5)

There is a statistical difference between each fastener
type when using the Mann-Whitney U-test. Additionally,
the data indicate the eclip only fastening system exhibited a
median fastening system stiffness that was four times
greater than the anchor only system (11,400 kN/m (65.3
kip/in.) vs 2910 kN/m (16.6 kips/in.), respectively). With
the addition of an anchor, the anchor + eclip system

exhibited a median fastening system stiffness approxi-
mately three times greater than the anchor only system. The
tension clamp system had comparatively lower median
stiffness to the eclip only and anchor + eclip but was still
two times greater than the anchor only configuration.

Considering the effect of fastener stiffness on track
stiffness using median values, when increasing fastener
stiffness from 2910 kN/m (16.6 kips/in.) to 11,400 kN/m
(65.3 kips/in.), there is an increase in track stiffness of
approximately 100%; 85,500–171,000 kN/m (12.4–24.8
kips/in.).

The quantification of fastener longitudinal stiffness led
to the findings that these elastic fasteners result in both
greater magnitudes and variance of fastener stiffness. An-
chor only fastening systems had smaller stiffness variance
and less than half the magnitude of stiffness compared to the
elastic fasteners. This is likely because elastic fastener
clamping force provides higher axial stiffness compared to
the anchor bearing on the timber sleeper.

Rail seat load variance

The fastening system stiffness values were used as inputs
for the analytical model developed by Trizotto.16 It
was assumed that three locomotives with 44.5 kN/wheel
(10 kips/wheel) of tractive effort applied longitudinal
load to the track and the longitudinal ballast modulus was
13,800 kN/m/m (2 kips/in./in) (i.e., a stiffness of
7010 kN/m (40 kips/in.) at 508 mm (20 in.) sleeper
spacing).

Using this information, the total longitudinal fastener
(rail seat) load was quantified (Figure 6). The data recorded
from each replicate were then tabulated with quantified
values for fastener (rail seat) load range and median
(Figure 6). The rail seat loads for each fastener were also
determined to be statistically different using the Mann-
Whitney U-test.

Figure 4. Instrumented spike with strain gauge in 1.5 mm (0.059 in.) inset as used within this paper (a) and five-surface-strain-gauged
instrumented spike used for calibration of strain to load (b).
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The percent increase in fastener stiffness was not
directly translated into a similar magnitude percent in-
crease in rail seat load. That is, while the e-clip only
system exhibited a median stiffness that was four times

greater than the anchored system, the median force was
only 8.3% greater (i.e. 0.48 kN (107 lb.)). This is likely
because the ballast longitudinal stiffness of 7010 kN/m
(40 kips/in.) controlled the longitudinal track modulus

Figure 5. Fastener stiffness variance.

Figure 6. Rail seat loads with different fasteners.
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when the fastening system stiffness exceeded the ballast
stiffness.

Spike load variance

To quantify the relationship between spike load and fas-
tening system type, data from instrumented spikes were
used. Spike load was found to be dependent on fastening
system type (Figure 7). When a longitudinal rail seat load of
8.90 kN (2000 lb.) was applied to the anchor only system,
zero spike load was quantified. Comparatively, the average
spike load was 2.08 kN/spike (468 lb./spike) and 1.54 kN/
spike (347 lb./spike) when the eclip only and anchor + eclip
system was used, respectively. This translates to approxi-
mately 94% and 69% of the longitudinal load being
transferred to the spikes when the anchor + eclip fastening
system and eclip only system was used, respectively.

The relationship between spike load and the presence of
vertical load was quantified using the eclip only fastening
systems and an application of 8.90 kN (2000 lb.) longi-
tudinal load (Figure 8). Zero vertical load resulted in
2.08 kN/spike (468 lb./spike), or 94% of applied longitu-
dinal load, being transferred to the spikes. Vertical com-
pressive loads of 22.2 and 44.5 kN (5 and 10 kips) resulted
in 596 and 462 N/spike (134 and 104 lb./spike) (i.e., 27%
and 21% of applied longitudinal load), respectively.
Comparatively, uplift resulted in 2.22 kN/spike (500 lb./
spike), or 100% of applied longitudinal load. Therefore,
there was an inverse relationship between vertical com-
pressive load applied and resulting spike load. That is, as the
vertical compressive load increased, the spike load de-
creased. Further, the data indicate that the spike load is
similar when no vertical load is applied (the control) and
when a load creating uplift between the spike is applied.

The relationship between spike load and vertical load
was quantified using eclip only fastening systems. The data
indicated that downward pressure at the plate-to-sleeper
interface resulted in less load being transferred to the spikes.
More specifically, when a 22.2 kN (5000 lb.) vertical load
was applied, there was a 72% reduction in loads transferred
to the spike. Additionally, when a 44.5 kN (10,000 lb.)
vertical load was applied, there was a 78% reduction when
compared to the zero vertical (control) case. This generally
aligns with the findings that a vertical plate load of 17.8 kN
and 60.1 kN (4000 and 13,500 lb.) resulted in a 70% and
80% reduction in spike stress, respectively.14 Meanwhile,
uplift resulted in 7% increase in spike loads which should be
expected given there is minimal friction between the plate
and sleeper after installation and minimal traffic that would
cause spike uplift or plate cutting. This data indicates that
when vertical load is not present, the longitudinal load is
transferred by the spike but when a vertical compressive
load is present, it is transferred by a combination of both
friction and bearing.

The quantification of variance in spike loads within
anchored and elastic fastening systems with zero vertical
load present indicate that fasteners with elastic fasteners
distribute more load to the spikes. Under these loading
conditions, anchor only fastening systems distribute the
longitudinal load through the anchor-to-sleeper interface.
Whereas elastic fasteners distribute a significant portion of

the longitudinal load through the plate-spike interface. This
results in the eclip only fastening system distributing load to
the spikes as opposed to the anchors.

Conclusion

To reduce the risk of fastener failures due to overloading
(e.g., spike fatigue failures) quantification of vertical, lat-
eral, and longitudinal loads, and load transferred to indi-
vidual components (e.g., the spike) is needed to improve
current track design methods. Therefore, a laboratory study
was undertaken to quantify the longitudinal stiffness of
multiple fastening systems and how the stiffness affects the
fastener loads. Additionally, instrumented spikes were used
to quantify the relationship between spike loads and fas-
tener type as well as plate compression and uplift. Labo-
ratory data collected in this investigation indicate that:

1. Fastening system type significantly affects fastening
system stiffness
· Eclip only exhibited 4 times greater stiffness than

anchor only
· Anchor + eclip exhibited 2.75 times greater

stiffness than anchor only
· Tension clamp exhibited 2.25 times greater

stiffness than anchor only
2. Fastening system stiffness did not result in similar

percentage magnitude increases in load:
· The eclip only system exhibited an 8.3% greater

force (i.e., 0.48 kN (107 lb.))

Figure 8. Spike load variance from vertical load within eclip only
fastening systems with 8.90 kN (2000 lb.) of applied longitudinal
load.

Figure 7. Spike load variance between separate fasteners with
8.90 kN (2000 lb.) of applied longitudinal load.
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· The anchor + eclip system exhibited a 6.7%
greater force (i.e., 0.39 kN (87 lb.))

· The tension clamp system exhibited a 5.8%
greater force (i.e., 0.34 kN (76 lb.))

3. Fastening system type significantly affects spike
loads:
· Applying a longitudinal load of 8.90 kN (2000

lb.) resulted in:
n Zero load transferred to the spikes for anchor
only system

n 2.08 kN/spike (468 lb./spike), on average, for
eclip only system

n 1.54 kN/spike (347 lb./spike), on average, for
anchor + eclip system, eclip only

4. There is an inverse relationship between plate
compression and spike loads
· Compared to the case where no vertical load is

applied, when applying a vertical load prior to a
longitudinal load of 8.90 kN (2000 lb.) there was
a:
n 72% reduction in spike load, on average, with
22.2 kN (5 kips) down

n 78% reduction in spike load, on average, with
44.4 kN (10 kips) down

n 7% increase in spike load, on average, with
uplift

The characterization of longitudinal stiffness, quantifi-
cation of spike load relationship with fastener type, and the
effect of plate compression and uplift presented within this
paper can be used to advance track mechanistic-empirical
analysis and design principles as well as improve rail neutral
temperature prediction and track buckling models.28 How-
ever, there are some limitations of the 1Dmodel as described
by Trizotto.16 That is, the model only accounts for the linear
approximation of the load-displacement response of the
track, is applicable to open track, does not allow for any
temperature gradients, and fixes the rail at both ends. Further,
the stiffness is not variable throughout the model (i.e., the
stiffness is constant for all fasteners). Keeping these limi-
tations and simplifications in mind, the loads under revenue
service traffic could be different. Thus, additional experi-
mental work in the laboratory or field is needed to ensure that
variance in fastener stiffness results in minimal variance in
load distributed to a single rail seat.
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