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Abstract
Previous research indicates that spike fastener fatigue failures have led to at least ten derailments since 2000. Given that rail-
roads continue to install fastening systems that have experienced spike failures, methods to quantify the stress state of the
spike must be developed. Common approaches to quantify the effect of key variables include laboratory experimentation,
field instrumentation, or finite element model development. However, these approaches may be both time and cost prohibi-
tive. An analytical method based on beam on elastic foundation mechanics, similar to the analysis of laterally loaded piles in
deep foundation design, was developed to estimate the spike stresses. The outcome is a laboratory-validated analytical
approach that generates estimates of spike stress. This analytical model was used to investigate key design criteria (timber
modulus, spike cross-sectional area, and load applied) that could be changed to improve the resiliency of the fastening system
to increase railroad safety. Another outcome of this study is the development of an instrumented spike that quantifies the
spike demands when installed and loaded within a crosstie.

Improving safety within the rail industry is of first
importance (1), with the industry having the goal of zero
derailments. It has been found that at least ten derail-
ments have occurred since the year 2000 because of wide
track gauge resulting from broken spikes, many of which
occurred within premium fastening systems (2–4).
Railroad spikes are an element of track fastening systems
that typically either hold the rail to a timber or compo-
site crosstie, hold a steel load-distributing tie plate to the
crosstie, or both. Cut-spikes typically have a square
cross-section, and most fastening systems use two to four
spikes per plate. Research thus far has indicated that
excessive lateral (forces perpendicular to the length of
the rail), longitudinal loads (forces parallel to the length
of the rail), or both, have led to spike fatigue failures (2,
5). Research is needed to both understand the mechanics
of these failures (4, 6, 7) and to develop tools which will
provide a means to understand how various design solu-
tions could mitigate the failures.

Multiple approaches could be pursued to quantify the
magnitude and distribution of stress within the spikes
when driven into a timber crosstie. Common methods
within the rail industry to analyze and quantify the spike
stress state or test new fastening system components con-
sist of finite element models (FEMs) (4, 8–11), labora-
tory testing (12), or field-experimental programs (13–17).

Each of these methods is not without its cost in relation
to both time and funding, especially full-scale field-test-
ing programs. A limited number of design solutions
can be tested in the laboratory, and fewer in the field
within a reasonable timeframe. Consequently, a common
approach is to develop FEMs to relatively quickly perform
an analysis of the key variables affecting a given result.
Despite their benefits, the development, execution, and
validation of FEMs require special care and expertise, thus
increasing an opportunity for inaccurate results (18).

To address the need to develop an accurate method to
estimate the stress state of spikes driven in timber cross-
ties, the Rail Transportation and Engineering Center
(RailTEC) at the University of Illinois at Urbana-
Champaign (Illinois) adapted an analytical solution
based in mechanics. This solution, originally developed
for analyzing laterally loaded driven piles for deep foun-
dations, provides an opportunity to accurately analyze
the stress of the spike. This approach was validated using
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laboratory experimental data and was used to provide
insight into design approaches that could improve the
resiliency of the spikes and increase the safety of rail
infrastructure.

Methodology

The analysis of laterally loaded driven piles is rooted in
the mechanics of a beam on an elastic foundation as pro-
posed by Winkler (19). The methodology proposed here
follows a similar structure as presented by Long (20).
Though not used in foundation design, Kerr (2003) (21)
leverages these same mechanics’ principles in his methods
for analytically assessing the track structure and its
response to load. Through the proposed analysis method,
one can quantify the resulting displacement, shear, bend-
ing moment, and slope of a beam (pile or spike) subjected
to lateral loading. Applying these to the case of a spike,
the lateral loading represents a force from the train
through the rail and tie plate and into the top of the
spike. This analysis must consider that reaction (resis-
tance) of the surrounding medium (soil or timber) is
dependent on the beam’s movement. In turn, the beam’s
movement is dependent on the surrounding medium
response. One must consider this as an interaction prob-
lem between the beam and surrounding medium; in this
case, the spike and timber. The following sections will
first describe the development of equations for analyzing
the spike behavior and then detail the equations for ana-
lyzing the timber’s response.

The solution to the interaction problem of a spike
which is loaded perpendicular to a given face (laterally
or longitudinally) in timber described here follows the p-
y method that is commonly used by engineers around
the world in quantifying the deflection of a laterally
loaded pile in soil (22). For the purposes of this paper,
and unless otherwise referenced, regardless of the global
direction of the load application (lateral or longitudinal),
the general loading case will be referenced as a laterally
loaded spike. A visual representation of the interaction
between the spike and timber used to develop the analy-
tical solution is similar to the beam on elastic foundation
proposed by Winkler (19) (Figure 1). The timber is con-
tinuous and a deformation at any point will cause a
deformation at all other points. It is assumed, however,
the interaction is a set of discrete, independent springs.
The results in this paper will show this assumption to be
sufficient for this analysis, as it is for piles driven into
soil.

The resulting behavior of a laterally loaded spike can
be solved using differential equations that are rooted in
the relation between bending moments and curvature.
The problem can be solved assuming the spike and tim-
ber remain in equilibrium and remain compatible via

appropriate boundary condition assumptions. If all
assumptions can be maintained, then a solution for the
spike response can be developed along the entire length
of the spike. If assumptions are not maintained (e.g., per-
manent deformation of the timber occurs, spike experi-
ences yielding, etc.), then the closed form solution will no
longer be applicable. Therefore, care must be taken when
applying this analytical approach to various problems.

For this analysis, the following assumptions must be
satisfied:

� The spike is straight and has a uniform cross-
section

� The spike has a longitudinal plane of symmetry
and loads and reactions lie in that plane

� The spike material is homogeneous
� The proportional limit of the spike material is not

exceeded
� The modulus of elasticity of the spike is the same

for tension and compression
� Transverse deflections of the spike are small
� The spike is not subjected to dynamic loads
� Deflections caused by shearing stresses are negligible

One must assume that plane sections remain plane as the
spike is loaded and slope dy=dx is very small. With these

Figure 1. Visual representation of mathematical setup to model
interaction of spike with surrounding timber medium when
subjected to lateral loading from tie plate.
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assumptions in place, the relationship between moment,
M, and curvature, f, (Equation 1) is applied and an
expression for f in relation to x and y (Equation 2) is
obtained where the x-axis is lying along the axis of the
unloaded spike and the y-axis is the lateral deflection of
the spike.

f=
M

EI
ð1Þ

f=
d2y

dx2
ð2Þ

When combining Equations 1 and 2, we arrive at the
desired differential equation considering the moment, M,
(Equation 3) and further equations for shear, V,
(Equation 4) and timber reaction, p, (Equation 5) can be
developed.

M

EI
=

d2y

dx2
ð3Þ

V

EI
=

d3y

dx3
ð4Þ

p

EI
=

d4y

dx4
ð5Þ

Figure 2 provides a visual summary of a spike’s response
to lateral load using a full analysis considering a simply
supported beam with uniform loading. For a full deriva-
tion of these equations, see Hetényi (23).

Understanding the timber’s response is critical to
developing an accurate method to analyze the spike
response. As mentioned previously, the timber response

is characterized as a set of discrete mechanisms as sug-
gested by Winkler (19). Figure 3 provides a visualization
of one of these discrete mechanisms. Figure 3a is a view
of the spike after installation. The stress distribution
against the spike is shown in Figure 3b before any lateral
load is applied. After a lateral load is applied, the stress
distribution is altered and is represented by Figure 3c.
Integration of the stress distribution shown in Figure 3c
produces a force per unit length along the spike (p). p is
defined as the soil reaction and acts in the opposite direc-
tion to any spike deflection, y; therefore the resulting
naming convention of p-y curves.

To apply these methods, there must be no shear stress
at the surface of the spike parallel to the y-axis and lat-
eral resistance and moment at the base of the spike can
be accounted for by a p-y curve at the side of the spike
near the timber crosstie surface. Further, there is no
adjustment made for the effects of the spike installation,
given it is assumed that the effects of spike installation
are principally confined to an area close to the spike
whereas the timber to react against the spike is several
spike diameters greater in size. Errors caused by these
assumptions are considered minimal and reasonable,
given Dersch et al. (4) notes that some spikes can be
pulled out by hand, thus indicating the reaction from
installation is not permanent.

Timber response could perhaps be obtained from the-
ory, though many more assumptions would need to be
made. Further, the timber response could also be directly
measured via load cells in the timber or similar instru-
mentation methods. However, the authors did not believe
either of these approaches would produce accurate
results and therefore quantified the timber response from

Figure 2. Visual representation of spike response to loading, with accompanying equations to calculate parameters.
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experimental moment curves. This method is consistent
with methods from geotechnical engineering in the devel-
opment of soil p-y curves.

Experimental moment curves were created using data
recorded by strain gauges installed on spikes driven into
timber crossties and loaded laterally. Timber is anisotro-
pic (24), making direction of the loading a critical para-
meter. The lateral load was applied perpendicular to
timber grains, given this would be more detrimental than
if the load was applied parallel to the grain (4) because
the timber is weaker in this direction (24).

The computation of the timber’s reaction along the
length of the spike involves two differentiations of a
bending moment curve. Matlock (25) performed this dif-
ferentiation numerically for piles driven in soil with accu-
rate measurements. p-y curves can then be plotted when
multiple curves representing the distribution of deflection
and soil reaction are acquired.

With the differential equations developed and the tim-
ber’s reaction understood, the full derivation of the solu-
tion to the differential equations listed previously can be
completed. The solution can consider the spike as an
‘‘infinite’’ or ‘‘finite’’ beam. In either case, the assump-
tions made were: the spike is assumed to be supported
along its entire length; the timber’s reaction, p, per unit
length of spike is related to the deflection, y, by the tim-
ber modulus, Et,; timber modulus is assumed to be

uniform (Figure 4); and the spike modulus, E, and cross-
section are consistent.

Considering the relationship between the timber reac-
tion, p, and spike deflection, y, and using basic identities,
Equation 6 was derived.

d4y

dx4
+ 4b4y= 0 ð6Þ

Manipulation of Equation 6, while employing Equations
3–5, produces the basic differential equations for slope,
moment, shear, and timber reaction as established in
Equations 7–10.

dy

dx
=bebx C1 cos bxð Þ+C2 sin bxð Þ � C1 sin bxð Þ+C2 cos bxð Þ

� �
+

be�bx �C3 cos bxð Þ � C4 sin bxð Þ � C3 sin bxð Þ+C4 cos bxð Þ
� �

ð7Þ

d2y

dx2
= 2b2ebx C2 cos bxð Þ � C1 sin bxð Þ

� �
+

2b2e�bx C3 sin bxð Þ � C4 cos bxð Þ
� � ð8Þ

d3y

dx3
= 2b3ebx C2 cos bxð Þ � C1 sin bxð Þ � C2 sin bxð Þ � C1 cos bxð Þ

� �
+

2b3e�bx �C3 sin bxð Þ+C4 cos bxð Þ+C3 cos bxð Þ+C4 sin bxð Þ
� �

ð9Þ

d4y

dx4
= 4b4ebx �C2 sin bxð Þ � C1 cos bxð Þ

� �
+

4b2e�bx �C3 cos bxð Þ � C4 sin bxð Þ
� � ð10Þ

Figure 3. View of a spike after installation (a) with
representations of forces on the spike in the unloaded condition,
(b) and the condition with a lateral or longitudinal load (c).

Figure 4. Constant timber modulus results from relationship
between timber’s reaction and deflection and constant, uniform
cross-section assumptions.
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where
C1, C2, C3, C4 are the coefficients to be evaluated at

the given boundary conditions
To solve for these coefficients, the spike must be clas-

sified as finite or infinite, relative to the timber. For the
spike to be considered infinite in length the relationship
within Equation 10 must be satisfied, which requires
Equations 11 and 12.

bL ø 4 ð11Þ

b=

ffiffiffiffiffiffiffiffi
a

4EI

4

r
ð12Þ

where
b, the relative stiffness factor
L, length of spike within the timber crosstie
E, elastic modulus of the spike
I, area moment of inertia of the spike
a, modulus of the timber, Et,
Rearranging these equations results in Equation 13

which quantifies the timber modulus, Et, threshold deter-
mining what spike embedment length, L, would be infi-
nite or finite. This is possible when assuming the spike
modulus, E, cross-section and length of the spike driven
into the crosstie are constant—dependent on spike posi-
tion (hold-down versus line).

Et ø
4

L

� �4

3 4EI ; infinite ð13Þ

For a 6.0 in. (152.4mm) spike (26), L will approximately
be either 5.00 in. (127.0mm) for hold-down spikes or
4.20 in. (106.7mm) for line spikes. Given E for the spike
is assumed to be 29,000 kips per square inch (ksi)
(200GPa) and I is approximately 0.0127 in:4 (5,300mm4)
for a standard 0.625 3 0.625 in. (15.9 3 15.9mm) spike,
the timber modulus must be greater than or equal to
approximately 604ksi (4.16GPa) for hold-down spikes
and approximately 1,213 ksi (8.36GPa) for line spikes to
be infinite. As Green et al. (24) indicate the modulus of
timber perpendicular to grain ranges from 50 to 250 ksi
(0.345–1.72GPa) and timber parallel to grain ranges
from 800 to 2,300 ksi (5.52–15.9GPa), any standard 6 in.
(152mm) spike will be classified as finite when loading is
applied perpendicular to the grain. If the spike length
were increased such that the allowable timber modulus
was reasonable (i.e., 7 in. [178mm] spike), then an ‘‘infi-
nite’’ analysis could likely be considered.

The key differences between the solutions between a
finite and infinite beam are the assumptions that are
made when preparing the solutions to the differential
equations. Table 1 lists the boundary conditions for each
condition.

With these boundary conditions, the coefficients of
the differential equations listed previously for deflection,
slope, moment, shear, and timber reaction can be deter-
mined for finite and infinite beams. The equations for
infinite beams are straight forward and listed as
Equations 14–18 below.

y=
e�bx

2b2EI

Pt

b
cos bxð Þ+Mt cos bxð Þ � sin bxð Þð Þ

� �
ð14Þ

S = � e�bx 2Ptb
2

Es

cos bxð Þ+ sin bxð Þð Þ+ Mt

EIb
cos bxð Þ

� �

ð15Þ

M =e�bx Pt

b
sin bxð Þ+Mt cos bxð Þ+ sin bxð Þð Þ

� �
ð16Þ

V =e�bx Pt cos bxð Þ � sin bxð Þð Þ � 2Mtb sin bxð Þ½ � ð17Þ

p= 2be�bx �Pt cos bxð Þ �Mtb cos bxð Þ � sin bxð Þð Þ½ �
ð18Þ

The equations for finite beams, unlike infinite beams, are
non-trivial because the methods to solve for the coeffi-
cients is non-trivial. Table 2 shows all equations required
to quantify the coefficients for finite beams.

Validation

The results from this analytical solution were compared
with data collected in the laboratory from a strain-
gauged spike installed in timber that was laterally loaded
perpendicular to the grain for validation. This was done
to provide confidence in the approach and ensure the
assumptions made would not restrict the usefulness of
the model.

Table 1. Governing Differential Equations and Boundary
Conditions for Piles on Elastic Medium

Boundary conditions

x = 0 x = L

Finite dy2

dx2
=

M

EI

dy2

dx2
= 0

dy3

dx3
=

P

EI

dy3

dx3
= 0

Infinite dy2

dx2
=

M

EI na

dy3

dx3
=

P

EI
na

Note: na = not applicable.
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The novel instrumented spike developed for this inves-
tigation consisted of five strain gauges as shown in
Figure 5. Unlike previous instrumentation methods (6)
which removed material from the spike, thus changing
the behavior of the system, the strain gauges were placed
directly on the prepared surface of the spike. Epoxy was
used to protect the wires and strain gauges during instal-
lation and loading.

The instrumented spike was installed (i.e., driven) in a
timber crosstie. The crosstie was installed in the loading
frame and restrained from moving. A 1,500 lb (6.67 kN)
load was applied perpendicular to the grain of the timber
crosstie via a hydraulic actuator. This load magnitude
was considered reasonable once the following was con-
sidered. First, AREMA recommends that a fastening
system withstand at least a 2400 lb (10.7 kN) longitudinal
load before rail slip for a single fastening system (or rail

seat) (12). Further, recent research has shown that the
rail seat load is distributed within the spikes, with a sin-
gle spike taking approximately 60% of the longitudinal
load (27). Therefore, given that 60% of 2,400 is 1,440,
this load magnitude was acceptable. Figure 6 shows how
the loads were applied through a fixture providing a rep-
resentative contact area of a tie plate. The strains were
transformed into moments by rearranging Equations 19
and 20 and combining them into Equation 21. Further,
it was assumed that the moments at x=–0.50 in.
(–12.7mm) and x=5.0 in. (127mm) were 0, thus provid-
ing seven locations along the spike where the moment
was known.

s=
My

I
ð19Þ

e=
s

E
ð20Þ

M =
eEI

y
ð21Þ

Moments at each location along the spike were plotted
against the moments calculated via the analytical
approach presented in this paper considering a finite
spike for the load applied perpendicular to the grain. A
1,500 lb (6.67 kN) force was applied over an area of
0.50 in:2 (322mm2) in the analytical model which was

Table 2. Coefficients for Finite Beams

C1 = 2C2 +C3 � A15 C2 =
A22

A20
� A21

A20
C3 C3 =

A26

A27
C4 =C2 � A1

A1 =
Mt

2b2EI
A2 =

Vt

2b2EI
A3 = 2b2ebLcos bLð Þ A4 = 2b2ebLsin bLð Þ

A5 = 2b2e�bLcos bLð Þ A6 = 2b2e�bLsin bLð Þ A7 =bA3 A8 =bA4

A9 =bA5 A10 =bA6 A11 = A7 + A8 A12 = A7 � A8

A13 = A9 � A10 A14 = A9 � A10 A15 = A1 + A2 A16 = A3 � A5

A17 = A1A5 A18 = A12 + A14 A19 = A1A14 A20 = A16 � 2A4

A21 = A6 � A4 A22 = A17 � A4A15 A23 = A13 � 2A11 A24 = A13 � A11

A25 = A19 � A11A15 A26 = A25 � A22A23

A20
A27 = A24 � A21A23

A20

Figure 5. Plan and photo of instrumented spike for strain
measurements.

Figure 6. Laboratory experimental setup for spike strain
measurements.
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representative of the loading fixture and is similar to the
contact area of a tie plate for a hold-down spike. The
modulus perpendicular to grain was assumed to be
200ksi (1.38GPa), which aligns with the value Dersch
et al. (4) used in the validated FEM. Figure 7 shows the
comparison of the results and also indicate the yield
strength and fatigue limit moments. The results match
well between x=0.0 and x=3.0 in. (76.2mm) below the
top of the crosstie. The difference between the analytical
model and the laboratory results is near a minimum at a
depth of 1.5 in. (38.1mm). This is considered to be the
most critical depth, as this is where failures are regularly
found in the field (4). The moment values beyond 3.0 in.
(76.2mm) below the top of the crosstie do not match as
well, but this is likely because of the assumption in rela-
tion to the location of zero moment for the laboratory
condition. This is not considered to be as critical as it is
not the area of maximum moment, nor is it the area
where failures have been found in the field. The resulting
moments also exceed the fatigue limit from approxi-
mately 0.5 to 1.9 in. (12.7–48.3mm) below the top of the
crosstie, which provides additional insight into why the
spikes show variation in the depth of failure. Taken as a
whole, this analytical approach provides an accurate
means for analyzing the stress along the depth of the
spike driven into timber crossties within a reasonable
range of conditions and beyond load levels that would
result in fatigue failures.

Key limitations of this analytical approach not
accounted for include varying timber moduli with depth,
changing modulus with load, and permanent plastic
deformation within the timber. Therefore, care must be
taken as to the cases which can be investigated, to avoid
extrapolation of model results. Understanding these lim-
itations, this analytical model can be used to help investi-
gate a variety of case studies that involve varying key
design parameters that can increase the strength of the
track structure and increase track reliability.

Case Studies

The literature suggests that the three factors that have
the greatest effect on a p-y curve are the timber proper-
ties, spike geometry, and nature of loading (20).
Therefore, this paper documents the effects of timber
modulus, spike cross-sectional area, and load magnitude
on the magnitude and locations of the maximum bend-
ing moment. All data are reported in relation to the fati-
gue limit and yield strength of the spike as reported by
Dersch et al. (4).

Effect of Timber Modulus

As this analytical approach cannot account for perma-
nent deformation of the timber, the elastic modulus was
the primary parameter studied. Further, given this analy-
tical approach was validated at 1,500 lb (6.67 kN), this
loading magnitude was held constant at each modulus
value selected. Though there are limitations to the ability
of railroads to procure specific crossties, the results from
this study investigating modulus values of 100, 200, and
500ksi (0.689, 1.38, and 3.45GPa) (Figure 8). 100 ksi
(.689GPa) was chosen as a practical lower bound for the
modulus of the timber perpendicular to the grain. 500 ksi
(3.45GPa) was selected as the upper bound for modulus
of the timber as presented within this study because this
was the level in which spike stresses fell below the fatigue
limit. Further, this value aligns with the modulus of glass
fiber-reinforced composite crossties (28), which could be
used as a substitute for timber. Finally, though 500 ksi
(3.45GPa) is below the 800ksi (5.52GPa) lower bound
for the modulus of timber parallel to grain, as mentioned
previously, general trends can be found using this range.

The results indicate an inverse relationship between
timber modulus and maximum spike stress in that, as
timber modulus is decreased, the maximum moment in
the spike increases. Although this appears to be inconsis-
tent with observations in the field that have shown spikes
in new crossties fail before older crossties (i.e., higher
modulus crossties versus lower modulus), this result
aligns with previous findings by Dersch et al. (4) that
loading perpendicular to the grain is more detrimental

Figure 7. Comparison of laboratory-measured data with
analytical model output.
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than loading parallel to the grain, given the modulus and
strength parallel to grain is greater. The authors hypothe-
size that the reason spikes fail more often in new crossties
is because they are stiffer elements within the load trans-
fer system and thus take a greater share of the applied
load. Therefore, when there is a differential in tie stiff-
ness, fastener loading demands on new, stiffer, crossties
would be greater than older, less stiff, crossties. However,
if all crossties exhibit an equal stiffness, as modulus
decreases, the spike moment would increase.

Specifically, in this case, the moments for the 100 and
200 ksi (0.689 and 1.38GPa) modulus cases both exceed
the fatigue limit, indicating fatigue failures could occur if
this load magnitude were experienced in the field regu-
larly. The moment for the 500ksi (1.38GPa) case fell
below the fatigue limit. As 500ksi (1.38GPa) produces
moments below the fatigue limit, and lateral loads
applied parallel to grain would be resisted by timber with
modulus values greater than 800ksi (5.52GPa), fatigue
failures would not be expected unless load magnitudes
were greater in magnitude. This provides insight into the
lack of spike failures in traditional fastening systems that
do not utilize elastic fasteners.

Also, it can be seen that as the modulus is decreased
the location of maximum moment, or failure, would
become deeper in the crosstie, moving from approxi-
mately 1.00 in. to 1.25 in. (25.4–31.8mm) below the
crosstie surface. As a spike breaks deeper in a crosstie,
there is a greater likelihood it would become harder to

detect and a greater risk to the safety of railroad opera-
tions. Therefore, by specifying a crosstie with a greater
modulus, one is helping to ensure any failure could occur
closer to the surface and be more easily identified during
a track inspection.

Effect of Spike Cross-Sectional Area

The next parametric study investigated the effect of spike
geometry: specifically, while maintaining a square spike,
a spike’s width, which affects the cross-sectional area. As
was the case for the previous study, the timber modulus
was held constant at 200ksi (1.38GPa), as this was the
value validated in the laboratory. This was studied given
the spike geometry is likely the easiest parameter to
change/control in the design of future fastening systems.
A standard cut spike is 0.625 in. 3 0.625 in.
(15.9 3 15.9mm), the smallest hole in a plate is 0.690 in.
(17.5mm), and the largest is 0.750 in. (19.1mm).
Therefore, to limit the requirement to change the spike
hole size within every plate, while also attempting to
limit the opportunity for tie splitting, square spikes with
widths of 0.500, 0.625, and 0.700 in. (12.7, 15.9, and
17.8mm) were investigated and the results are presented
in Figure 9. Given the findings from the investigation
into the effect of modulus and literature both indicate
load applied perpendicular to grain is more detrimental

Figure 8. Dependency of moment on timber modulus. Figure 9. Dependency of moment on spike width, with
associated moments required for steel fatigue and yield limits.
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to the failure of spikes than parallel to grain, this loading
direction was the only direction investigated.

As spike width is increased, the moment also increases
from 1.5 kip-in. (0.169 kN-m) to 1.72 kip-in. (0.194 kN-
m). This is attributed to the increased reaction from the
timber as the width increases from 0.500 to 0.700 in.
(12.7–17.8mm). Though the moment increases, the
capacity of the spike (fatigue limit and yielding strength)
is increasing at a greater rate from 1.17 kip-in. to 1.93kip-
in. (0.132–0.218kN-m) and 1.17 kip-in. to 3.22 kip-in.
(0.132–0.364 kN-m), respectively. In the cases considered,
the following ‘‘reserve’’ capacities (moment at yield/
moment calculated at 1,500 lb [6.67 kN], load applied lat-
erally perpendicular to grain) were found to be 0.8, 1.4,
and 1.9 for 0.500 in., 0.625 in., and 0.700 in. (12.7, 15.9,
and 17.8mm) widths, respectively. Further, as the width
is increased to 0.700 in. (17.8mm), it is evident that the
fatigue limit of the spike is no longer exceeded.

In addition, it should be noted that as width is
increased, the depth to maximum moment is increased
slightly. That is, as the width increased from 0.500 in. to
0.700 in. (12.7–17.8mm), the depth increased from 1.0 in.
to 1.2 in. (25.4–30.5mm). This effect was less than timber
modulus, and thus not considered as concerning given
the safety factor is increasing as well. This indicates that
one could consider increasing the spike width to increase
the resiliency of these fastening systems and reduce the
risk of spike failure.

Effect of Load Magnitude

The last parametric study performed was an investiga-
tion into the effect of load magnitude, while holding tim-
ber modulus constant at 200ksi (1.38GPa), as this was
the value validated in the laboratory. It is expected that
as load was increased, the moment would also increase.
However, this parameter was studied with the objective
of providing further confidence in the performance of
this analytical approach by comparing the results with
published finite element analysis (FEA) results as well as
understanding how the depth of maximum moment
changes with load.

As expected, as the applied load was increased, the
maximum moment also increased (Figure 10). The load
at which the spike exceeds the yield stress is similar to
what has been reported by the detailed FEA study by
Dersch et al. (4), that is, between 2,000 and 3,000 lb (8.90
and 13.3 kN) applied perpendicular to grain, thus provid-
ing more confidence in the results from this analytical
solution. The fatigue limit would be exceeded with a load
magnitude between 1,000 and 1,500 pounds (4.45 and
6.65 kN), further indicating the sensitivity of spike stress
to the loading perpendicular to the grain.

The depth to maximum stress also increased from
0.8 in. to 1.2 in. (20.3–30.5mm), respectively. One comment

in relation to the shortcomings of this result is the depth to
maximum moment is lower than would be expected based
on the field failures and FEA results, which would have
expected maximum moment to occur between 1.4 and
1.6 in. (35.6 and 40.6mm) below the top of the crosstie.
Therefore, although this model can estimate the demand
on the spike within a reasonable range, the depth to maxi-
mum demand could be improved. The authors believe this
is because this analytical model does not account for the
timber behavior beyond its elastic limit.

Conclusion

A laboratory-validated analytical method has been devel-
oped that accurately estimates the stress of spikes driven
in timber crossties that relies on beam on elastic founda-
tion mechanics and was adapted from methods used in
deep foundation design. This analytical method was
applied to multiple case studies quantifying the effect key
variables have on spike stress. The results from these case
studies demonstrate that the model can be used to
improve fastener resiliency and increased railway safety
through improved design recommendations. Further,
though this study only investigated uni-directional load-
ing, the findings can be generalized to account for bi-
directional loading. That is, regardless of loading direc-
tion, a decrease in modulus, decrease in spike size, or

Figure 10. Dependency of moment on input force from the tie
plate.
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increase in load will lead to increased spike demands.
Key findings from this research and the model generated
are as follows:

� A validated analytical model has been developed
and used to answer key design related questions
that can lead to improved component and track
resiliency

� An instrumented spike was developed that could
survive installation and loading as well as quantify
the spike demands during loading

� As timber modulus is increased (100–500 ksi) the:

8 Induced bending moments would be reduced
(1.98–1.24 kip-in. [0.223–0.140 kN-m])

8 Depth to maximum stress would decrease
(1.2–0.8 in. [30.5–20.2mm])

8 Fatigue limit would no longer be exceeded
above 500ksi

� As spike width is increased (0.500–0.700 in. [12.7–
17.8mm]), the:

8 Factor of safety increases (0.8–1.9) at a greater
rate than the induced bending moment (1.50–
1.72 kip-in. [0.169–0.194kN-m]), leading to
increased resiliency

8 Fatigue limit would no longer be exceeded
above 0.700 in. (17.8mm) for this load case

8 Depth to maximum stress does not signifi-
cantly increase (1.0–1.2 in. [25.4–30.5mm])

� As loads applied perpendicular to the timber grain
increase (500–2,500 lb), the:

8 Induced bending moments would increase
(0.83–2.48 kip-in. [0.093–0.280 kN-m])

8 The depth to maximum stress also increases
(0.8–1.2 in. [20.2–30.5mm])

Therefore, to reduce spike stress and mitigate spike
fatigue failures, and when feasible (economically, logisti-
cally, etc.) railroads could ensure the timber crossties
installed with premium elastic fasteners in demanding
locations had higher modulus values than other areas,
could increase the size of spikes installed, or, mitigate the
longitudinal and lateral loads applied through proven
methods (top of rail lubrication, distributed power, etc.).
Future work could include further model refinement and
validation to provide greater applicability to a wider
range of problems. In addition, this method will be used
to execute additional case studies to further improve on
the recommendations for improved spike resiliency.
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