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Abstract: Successful mapping of concrete crosstie flexural demands to different railroad track support conditions can lead to an improved
understanding of crosstie flexural performance and more representative design requirements. Even though the ballast layer typically provides
significant pressure distribution variability under concrete crossties, understanding these support conditions is essential for accurately pre-
dicting bending moments along the crossties, a useful metric for both design and planning of tamping activities in railroad track. To quantify
the influence of support conditions on concrete crossties’ bending moments, laboratory experiments were performed. New and center-cracked
concrete crossties were loaded while subjected to different support conditions through the use of rubber pads designed to simulate the ballast
support. Results show that bending moments at the crosstie center are quite sensitive and may even be underestimated in current U.S. design
practices that do not currently allow for cracking. Additionally, findings indicate that rail seat bending moments may be overestimated in
typical design practices. Finally, there was no statistically significant difference between bending moments of uncracked and cracked crossties
for the investigated cracking pattern. DOI: 10.1061/JTEPBS.0000097. © 2017 American Society of Civil Engineers.
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Introduction

The ability of concrete crossties to contribute to safe and reliable
railroad operations is closely related to their support conditions.
However, this relationship is generally qualitative, and results of
a railway industry survey revealed that there is a need to quantita-
tively relate support condition and concrete crosstie performance
(Bastos et al. 2015). Furthermore, given that there have been derail-
ments in which poor crosstie support conditions were determined to
be a critical factor contributing to the accident (Marquis et al.
2014), it is critical to maintain good track support because this
can lead to safer railroad operations. This paper quantifies the re-
lationship between support conditions and concrete crosstie flexu-
ral demands by investigating corresponding bending moments, one
of the current key design considerations.

Successful mapping of concrete crosstie flexural demands
to different track support conditions can lead to an improved

understanding of crosstie flexural performance and more repre-
sentative design requirements. Researchers that optimize the design
of concrete crossties often have to assume hypothetical support
conditions that may not have been validated by experimentation
(Harris et al. 2011). Even though many design recommendations
throughout the international railway community have adopted stan-
dardized assumptions for flexural analysis methodologies (Wolf
et al. 2015), the question of how accurately these assumptions re-
present revenue service track conditions remains unanswered.

Additionally, other researchers have noted that crosstie support
conditions have a substantial effect on a crosstie’s flexural failure
mode and ballast degradation mechanism (Giannakos 2010; Yu
et al. 2015) and that gaps between the ballast and the concrete
crosstie at the rail seat area can result in tensile cracking along the
top of the crosstie center (Chen et al. 2014). The results presented in
this work can feed predictive tamping models, such as the meth-
odology developed by Caetano and Teixeira (2016), by adding
track maintenance criteria that consider structural demand placed
upon concrete crossties, thus going beyond a pure geometry
deviation analysis. Therefore, beyond improving upon the design
assumptions, this research aims to inspire better maintenance prac-
tices by shedding light on the failure modes of concrete crossties
related to their flexural behavior.

Characterizing the actual support conditions in revenue track
is nontrivial. The ballast layer is typically nonuniform, and pre-
vious studies revealed significant variability in pressure distribution
under a single concrete crosstie and between adjacent crossties
with the same type of track superstructure construction (McHenry
2013). As such, instead of a field analysis, laboratory experiments
were performed to better control the variables under investigation in
this research. Based on these laboratory results, however, research-
ers at the University of Illinois at Urbana-Champaign (UIUC) are
currently developing a support condition back calculator algo-
rithm that will be useful for assessing in-track support conditions.
Moreover, because concrete crossties in revenue service have been
known to exhibit distress, center-cracked crossties were also tested
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in addition to new, uncracked crossties. Center cracks are among
the most common distresses concrete crossties exhibit (Bastos
et al. 2015) and thus provide a representative deteriorated condition
to investigate. Using statistical methods, a detailed discussion on
the resulting experimental bending moments is presented in this
paper.

Experimentation Plan

Laboratory experiments were performed to quantify the influence
of support conditions on concrete crosstie bending moments. Indi-
vidual concrete crossties were placed in a loading frame where
both rail seats could be simultaneously loaded in the vertical direc-
tion (Fig. 1).

The crossties were supported by rubber pads simulating various
revenue service support conditions: uniform ballast layer, center
binding, newly tamped track, and track with high impact wheel
loads (Fig. 2). All the pads were 25.4 mm (1 in.) thick, 304.8 mm
(12 in.) wide, and 304.8 mm (12 in.) long, with a shore durometer
hardness of 50A. The authors were comfortable with the use of
rubber pads because the absolute vertical displacements of the
crosstie ends measured at the laboratory were in the range of

12.7–25.4 mm (0.05–0.1 in.) under a 89-kN (20-kips) rail seat load
and displacements comparable to field recorded displacements
(Manda et al. 2014).

To quantify the resulting concrete crosstie flexural demand as a
result of loading and support condition, surface strain gauges were
used. Strains were measured at six locations on each crosstie tested:
one at the center of each rail seat, two at the crosstie center, and one
at each intermediate point equally distant from the rail seats and the
crosstie center (Fig. 2). One strain gauge cannot be shown in Fig. 2
because it was placed at the crosstie center on the opposite side
relative to its longitudinal axis. Originally, the center strain gauges
were placed on the top chamfer of the crossties, as shown in Fig. 2,
but their strain reading was affected when cracks developed at this
location. Therefore, the center gauges had to be moved below the
neutral axis of the crossties, in a location where the cracks did not
reach [25.4 mm (1 in.) away from the bottom in this case]. The
strain gauges were manufactured by Tokyo Sokki Kenkyujo
(TML) and are specifically designed for use on concrete structural
elements. The gauge length and width were 30.0 mm (1.18 in.) and
2.3 mm (0.10 in.), respectively, and the gauge resistance was
120 ohms. A primer coat and secondary coat of epoxy were used
to provide a smooth surface and gauge bond, respectively. To in-
crease the sample size and further understand the variability asso-
ciated with different support conditions, the two halves of the
crosstie were instrumented in a symmetric fashion (Fig. 2). This
was possible because the support and loading conditions used in
this experiment were symmetrical.

Both rail seats of a single crosstie were simultaneously loaded
with equal vertical forces up to 89 kN (20 kips). Based on a rep-
resentative sample of wheel impact load detector (WILD) data of
railcars with varying train speeds in unrestricted interchange on a
Class I railroad, a wheel load of 177.9 kN (40 kips) provides an
approximate representation of the 95th percentile nominal wheel
load for loaded freight cars in the United States (Van Dyk 2014).
A single crosstie bears approximately 50% of the axle load ap-
plied directly above it assuming 610 mm (24 in.) crosstie spacing
(AREMA 2015). Therefore, loading up to 89 kN (20 kips) approx-
imates the 95th percentile nominal rail seat load imparted by a
loaded freight car in the United States.

In addition to strain gauge locations, Fig. 2 also illustrates the
support conditions used for laboratory experimentation. The full

Fig. 1. (a) Three-dimensional rendering and (b) photograph of steel
loading frame with instrumented concrete crosstie

Full Support Lack of Rail Seat Support 

Light Center Binding Lack of Center Support 

High Center Binding 

Strain gaugesRubber pads

Fig. 2. Profile view of concrete crossties showing experimental support conditions and strain gauge locations
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support condition is the baseline scenario in which a uniform and
homogenous layer of ballast is represented by pads placed under
the entire length and width of the crosstie. Two variations of center
binding were simulated in the experiments, one being more severe
than the other, which was varied by the length of pads under the
crosstie center. The arrangement for lack of rail seat support takes
into consideration the fact that, that under field conditions, the bal-
last below the rail seat might degrade faster because of impact loads
resulting from track or wheel irregularities. Finally, the lack of
center support configuration assumes the ballast does not provide
significant support at the crosstie center area, which could represent
newly tamped track. This condition is simulated by including the
pads only at the area reached by the tines of the tamper.

All experiments were conducted five times with healthy con-
crete crossties and five times with center-cracked crossties, all of
the same design and vintage. The crosstie cracks were all generated
in the laboratory by simultaneously loading both rail seats of a sin-
gle crosstie with equal vertical forces up to 89 kN (20 kips) while
the crosstie was supported with a severe center binding condition
(Fig. 3). Typically, after cracking, each crosstie presented seven
vertical cracks that were symmetric about the crosstie midspan.
All cracked crossties had cracks going deeper than the first level
of prestressing steel, and the deepest cracks typically reached
76.2 mm (3 in.) of depth below the top center surface and 50.8 mm
(2 in.) below the top level of prestressing steel (Fig. 3). It should be
mentioned that when the load was removed, the cracks closed up.
However, because the cracks were deeper than the first level of pre-
stressing steel, the crossties were considered to be failed according
to the definition set forth within the AREMA center negative bend-
ing moment test (AREMA 2015).

Because each crosstie was instrumented with symmetrically lo-
cated strain gauges, 10 data points were collected for each support
condition for each gauge location, with healthy and cracked cross-
ties. For statistical purposes, one replicate will be associated with
half of a crosstie in this paper, as illustrated in Fig. 4. Therefore,

10 replicates were performed for each strain gauge location, sup-
port condition, and crosstie health condition.

Rather than present the data in strain, the results are reported as
bending moments, which are more widely used for design and
analysis and more easily interpreted than stresses or strains. The
moment values were calculated based on calibration factors, which
were found by applying a known moment to a crosstie with con-
trolled load and support (Fig. 5) and measuring the corresponding
strains. The crosstie was instrumented with surface strain gauges in
the same configurations as in all other experiments (Fig. 2). These
calibration procedures were executed three times.

Results of Experimentation

New Crossties

To guide the process of data analysis regarding new crossties, a
statistical model was developed using the concept of com-
pletely randomized design (CRD), as shown in Eq. (1) (Ott and
Longnecker 2008). The same model was used for the three loca-
tions (rail seat, center, and intermediate), and the load was fixed at
89 kN (20 kips). For easier reading, Eq. (1) uses Latin letters that
are associated with their meaning (as opposed to the exclusive use
of Greek letters that is typical of classical statistics):

mij ¼ μþ si þ εij ð1Þ

where mij = jth observation of moment with the ith support con-
dition; μ = grand population mean for moment; si = fixed effect of
the ith support condition on moment; and εij = random error
(residual) of the jth observation with the ith support condition.

To further analyze the new crosstie experimental results with
this model, the errors must meet the assumptions of being both nor-
mally and independently distributed with equal variance (Ott and
Longnecker 2008). Lack of independence is usually associated
with the existence of correlation in time or space within a cluster
of the model (in this case, a cluster is the set of measurements for
each support condition for a given strain gauge location). Because
no correlation was expected to be found, the independence as-
sumption was not formally verified. However, the other assump-
tions were tested, and Fig. 6 presents the probability (p-value)
resulting from the Shapiro–Wilk test for normality (Shapiro and
Wilk 1965) and the Brown and Forsythe’s test for homogeneity
of variance (Brown and Forsythe 1974), which are widely accepted

Severe Center Binding 

First layer of 
prestressing 
steel 

(a) (b)

(c)

Fig. 3. (a) Support condition used for crosstie cracking; (b) plan view of cracks; (c) profile view of cracks with highlighted location of first level of
prestressing steel

Fig. 4. Strain gauge instrumentation; each half of the crosstie provides
one replicate for each gauge location
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statistical methods of verifying such assumptions. In all three cases,
the homogeneity of variance and normality assumptions were met
at a significance level of at least 0.053, which was considered suf-
ficient to meet the assumptions. For better visualization, Fig. 6
shows the distribution of the residuals for the three cases over-
lapped by the closest normal distribution curves.

As previously explained, 10 replicates were obtained for each
support case. With this number and the highest measured mean
square error (MSE), the confidence interval for the population
mean was estimated using Eq. (2), which is derived from the
Central Limit Theorem (Ott and Longnecker 2008). The deviation

of the sample means relative to the respective population means
is no greater than 2.8 kN · m (25 kip · in:) for a confidence interval
of 91%

n ≈ ðzα=2Þ2σ̂2

D2
ð2Þ

where n = number of observations (replicates); zα=2 = z-value from
standard normal distribution; α = significance level; σ̂2 = sample
variance (MSE was used in this analysis); and D = detectable
deviation of sample mean relative to the population mean.

The experimental results of new crossties are represented in the
following box plots, categorized by the support condition for the
crosstie rail seat, center, and the intermediate location (Figs. 7–9).
These data show that the rail seat is almost exclusively subjected to
nonnegative bending moments regardless of the support condition
(Fig. 7). In addition, the measured bending moments are mostly
below 16.9 kN · m (150 kip · in:). Considering that a typical de-
sign limit for rail seat positive bending moment is 33.9 kN · m
(300 kip · in:) (AREMA 2015), we conclude that mean moments
for the most demanding experimental case, lack of rail seat support,
are 47.5% lower than this design limit. It is important to highlight
that field conditions of lack of rail seat support will likely be less
severe than the one used for the experiments presented in this paper
because, under field conditions, it is difficult to fully lose contact
under the entire rail seat at the ballast-crosstie interface. Therefore,
we can infer that rail seat cracking is not expected to occur in
properly designed and manufactured concrete crossties in well-
maintained revenue service track under nominal wheel loads, sym-
metric loading, and proper support conditions. However, dynamic
loads can be higher than nominal loads, and the results from this
experimentation are not sufficient to state that the mentioned design
limit is overconservative.

The crosstie center is primarily subjected to negative bending
moments (Fig. 8). Moreover, for high center binding, many re-
sulting moments were larger in magnitude than 22.7 kN · m
(201 kip · in:). This value represents a typical design limit for

Fig. 5. Layout for calibration: (a) rail seat; (b) intermediate and center
strain gauges (adapted from AREMA 2015); (c) image of loading
frame used for calibration

Rail Seat Intermediate Center 

Homogeneity of Variance 0.054 0.271 0.114 

Normality 0.334 0.245 0.053 

Residuals Distribution 
and  Normal Curve 

         Residual (kNm)                   Residual (kNm)              Residual (kNm)
-4.7      -2      0.7    3.4 -6.8    -2.3     2.3     6.8 -11.9   -5.1    1.7       4
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0 

Fig. 6. Probability (p-values) for statistical and experimental residual distributions of bending moments of new crossties compared to normal
distribution curves
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center negative bending moment as determined via the method de-
scribed in the AREMA Manual for Railway Engineering assuming
610-mm (24-in.) crosstie spacing with speed and tonnage factors
equal to one (AREMA 2015). Such high moments at the crosstie
center are in agreement with the fact that center cracks are
more frequent than rail seat cracks in North America, as explained

elsewhere (Bastos et al. 2015). As documented by Wolf et al.
(2015), current design recommendations for center negative bend-
ing moments may need to be increased (if the design criteria are to
prevent cracking from happening). Not surprisingly, the intermedi-
ate location between the crosstie rail seat and center is clearly a
transition point for bending moments because there are both pos-
itive and negative results at this location (Fig. 9).

In addition to the box plots, a mean separation process was
implemented using the Fisher least significant difference (LSD)
procedure (Ott and Longnecker 2008). Using t-distributions, this
procedure indicates the minimum difference between two means
that would classify them as distinct values at a given confidence
level. In this work, the mean moments obtained at a rail seat load
of 89 kN (20 kips) were grouped at a significance level (alpha) of
0.10 (i.e., confidence level of 0.90). The results are shown in
Table 1, where means with the same “t Grouping” letter are not
significantly different because the difference between them is less
than the LSD value. At all three strain gauge locations, there was
no significant difference between the moments obtained from full
support and lack of center support (Table 1). Regarding the crosstie
flexural demand, this indicates that tamping is very effective in
promoting proper crosstie support conditions. In addition, at the
intermediate point, the results obtained from lack of rail seat
support are not significantly different from the ones relative to full
support either (Table 1). This finding is in agreement with a pre-
vious study on the topic (Wakui and Okuda 1997). The center
bending moments, however, are similar for the lack of rail seat
support and light center binding cases (Table 1). This finding leads
to the conclusion that track experiencing high impact loads might
have its support changed in such a way that both crosstie rail seat
and center will have the flexural demands increased, even though
the former will experience a greater absolute moment than the
latter. For easier visualization, Fig. 10 illustrates the bending mo-
ment diagram of the concrete crosstie for each support condition
using the mean moment values obtained experimentally from 10
replicates. It is worth noting that the full support and lack of center
support curves are not significantly different at any point, demon-
strating the conclusions obtained with the mean separation
analysis (Fig. 10).

Figs. 11–13 show the effect of different support conditions on
the crosstie mean bending moments as a function of rail seat load.
As one would expect based on Euler–Bernoulli beam theory, the
moments seem to behave linearly with respect to changes in rail
seat load. Some curves, however, are slightly nonlinear, which
might be due to a nonlinear response of the rubber pads. However,
this should be of little concern and may indeed be realistic be-
cause the ballast support might change with changes in load by
closing some of the gaps between aggregate particles (Prause and
Kish 1978).

Moreover, the center negative bending moment increases in
magnitude as the center binding condition becomes more severe
(Fig. 11). The slope of each curve is an indication of the sensitivity
of the bending moments to the rail seat loads, and it is clear that the
steepest lines are associated with the center location. Fig. 12 illus-
trates the effect of lack of rail seat support on bending moments.
It is noticeable that, as previously mentioned, both the center and
rail seat moments grow in severity when the crosstie is subjected to
this type of support. Finally, Fig. 13 confirms the results from the
means separation procedure (Table 1), showing that the lack of
center support poses no significant difference on bending moments
at any location along the crosstie span when compared to the full
support case. These findings build upon the work of Wolf et al.
(2014), which theoretically analyzed the sensitivity of bending
moments to support conditions.

Fig. 7. Box plots for moments at the crosstie rail seat for 89-kN
(20-kips) rail seat load

Fig. 8. Box plots for moments at the crosstie center for 89-kN (20-kips)
rail seat load
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Fig. 9. Box plots for moments at the crosstie intermediate location
between rail seat and center for 89-kN (20-kips) rail seat load
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Fig. 10. Bending moment diagram for new concrete crosstie under different support conditions at rail seat load of 89 kN (20 kips)

Fig. 11. Effect of center binding on mean values for moment (new crossties)

Table 1. Separation of Moment Means by the Fisher Least Significant Difference (LSD) Procedure at Alpha Equal to 0.10

Support condition

Location

Rail seat Intermediate Center

LSD 1.4 (12.4) LSD 2.7 (23.5) LSD 4.0 (35.1)

t Grouping Mean t Grouping Mean t Grouping Mean

Full support B 14.7 (130.1) AB 3.8 (33.2) A −0.8 (−7.3)
Light center binding C 6.5 (57.5) C −4.0 (−35.1) B −6.5 (−57.8)
High center binding D −0.3 (−2.5) D −19.5 (−172.8) C −25.7 (−227.5)
Lack of rail seat support A 17.8 (157.5) B 3.0 (26.5) B −5.9 (−52.1)
Lack of center support B 14.0 (124.0) A 5.9 (52.3) A 2.3 (20.8)

Note: All values are in kN · m (kip · in:) and correspond to a rail seat load of 89 kN (20 kips).
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Center-Cracked Crossties

Similar to new, uncracked crossties, a statistical model was devel-
oped including the center-cracked crosstie results. However, now
the completely randomized design (CRD) had two factors, as
shown in Eq. (3) (Ott and Longnecker 2008). The same model was
used for the three locations (rail seat, center, and intermediate), and
the rail seat load was fixed at 89 kN (20 kips). Once more, Eq. (3)
uses Latin letters that are associated with their meaning:

mijk ¼ μþ si þ cj þ scij þ εijk ð3Þ

where mijk = kth observation of moment with the ith support con-
dition and the jth crosstie health state; μ = grand population mean
for moment; si = fixed effect of the ith support condition on mo-
ment; cj = fixed effect of the jth crosstie health on moment; scij =
effect of interaction between the ith support condition and the jth
crosstie health on moment; εijk = random error (residual) of the kth
observation with the ith support condition and the jth crosstie
health.

Again, to further analyze the experimental results with this
model, the errors must meet the assumptions of being both nor-
mally and independently distributed with equal variance (Ott and
Longnecker 2008). Because no correlation was expected to be
found, the independence assumption was not formally verified.
However, the other assumptions were tested in the same way as
for new crossties, and the results are shown in Table 2. In all three
cases, the homogeneity of variance was met at a significance level
of at least 0.034, which was considered sufficient to meet this
assumption. Conversely, the normality assumption was not met for
all cases at a reasonable significance level. However, this should
not be a problem because it has often been reported that violation
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Fig. 12. Effect of lack of rail seat support on mean values for moment (new crossties)

Fig. 13. Effect of lack of center support on mean values for moment (new crossties)

Table 2. Probability (p-Values) for Statistical Assumptions

Assumption Rail seat Intermediate Center

Homogeneity of variance 0.034 0.081 0.275
Normality 0.007 0.015 0.085
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of the normality assumption should be of little concern (Glass
et al. 1972).

Table 3 summarizes the confidence interval analysis applying
the MSE to Eq. (2) and considering the maximum deviation of the
sample to population means to be 2.8 kN · m (25 kip · in:).

The effects of center cracks and different support conditions on
bending moments were stated to be either significant or not signifi-
cant based on a two-way analysis of variance (ANOVA) (Fisher
1970). For this analysis, every strain gauge location encompassed
10 factor combinations (five support conditions multiplied by two
crosstie health conditions), each containing 10 replicates. The null
hypothesis is that all bending moment values have the same pop-
ulation mean. Therefore, this hypothesis implies that the effect of
support and crosstie health conditions on bending moments is neg-
ligible. To reject this and state that a factor is actually significant,
the probability (p-value) associated with it has to be lower than a
chosen significance level (α). For this study, the null hypothesis
was tested under the significance level of 0.01.

Tables 4–6 present the ANOVA results for the rail seat, inter-
mediate, and crosstie center strain gauge locations, with the last

column showing the p-value (“Pr > F” column) that is compared
to the significance level. In all cases, the interaction effect is not
significant, which allows for a better interpretation of the main ef-
fects (Ott and Longnecker 2008). Not surprisingly, it is noticeable
that the support condition factor has a very significant effect on
bending moments. However, the crosstie health condition does not
have a significant effect on the bending moments. This means that
the particular cracking pattern created at the laboratory does not
contribute to a significant difference in bending moments in rela-
tion to the uncracked condition. Therefore, it is concluded that light
cracks that go deeper than the first level of prestressing steel do
not affect the crosstie flexural performance in terms of bending
moments for the particular crosstie model and cracking pattern.
However, it may be argued that such results were to be expected
because, according to Euler–Bernoulli beam theory, bending mo-
ments should not change given that the loading and support con-
ditions remain the same. Nevertheless, it is necessary to consider
that large enough cracks could split the crosstie into segments that
are incapable of fully transmitting flexural demands to adjacent
parts due to the presence of discontinuities. This may affect the
bending moment results if the prestressing steel is not capable of
transmitting bending moments. In all cases, the loss of bond with
the prestressing steel at the crack location would change the bend-
ing moment induced by prestressing loads.

Fig. 14 illustrates the bending moment diagram of center-
cracked concrete crossties for each support condition using the
mean moment values obtained experimentally from 10 replicates.
The bending moments associated with the support condition used
to generate the cracks (i.e., severe center binding) is also shown
even though its results were not used in the statistical analysis. The
same results are shown in Table 7, with the actual numbers being
displayed.

With the purpose of making additional conclusions about the
performance of deteriorated concrete crossties, it is recommended
that future work examine the influences of greater cracks on bend-
ing moments. In addition, different criteria should be studied in
conjunction with the bending moment analysis. The performance
of cracked crossties in terms of geometry deviation focusing on
gage widening may be a good complementary investigation to bet-
ter evaluate degraded concrete crossties.

Varying Crosstie Design

All the material previously presented in this paper is relative to the
same crosstie model, which will be referred to as Model A. In order
to make conclusions that are more generally applied to different
concrete crosstie designs, a different crosstie model was also tested,
which will be called Model B. The Model B crosstie was sub-
jected to the full support and severe center binding cases, with
six replicates being collected in each support condition (as opposed
to the 10 replicates for Model A). Both models represent widely
used concrete crosstie designs in the United States. In addition,
both models were 2,590.8 mm (8.5 ft) long with standard gage
[i.e., 1,435 mm (56.5 in.)]. Crossties of Model A had 20 prestress-
ing wires, whereas Model B crossties had eight prestressing
strands. At the center section, Model A is 190.5-mm (7.5-in.) tall
and 212.6-mm (8.37-in.) wide, whereas Model B is 177.8-mm
(7.0-in.) tall and 254.0-mm (10.0-in.) wide. Table 8 summarizes
the results comparing both models.

It is evident that the bending moments vary as a function of the
crosstie design. Crosstie Model A is stiffer, taller, and thinner at
the center than Model B. Such design differences affect the sup-
port reactions from the rubber pads, which makes the bending
moments differ for each crosstie model, even under the same test

Table 3. Confidence for at Most 2.8 kN · m (25 kip · in.) of Deviation
between the Sample Mean and Population Mean

Metric Rail seat Intermediate Center

MSE 5.12 23.18 35.49
Confidence 0.99992 0.936 0.866

Table 4. Crosstie Rail Seat Location ANOVA Results

Source
Degrees of
freedom

Sum of
squares

Mean
square F value Pr > F

Support condition 4 4,049.3 1,012.3 197.8 <0.0001
Crosstie health 1 2.3 2.3 0.5 0.50
Interaction
support-health

4 7.8 2.0 0.4 0.82

Error 90 460.7 5.1 — —
Total 99 4,520.2 — — —

Table 5. Crosstie Intermediate Location ANOVA Results

Source
Degrees of
freedom

Sum of
squares

Mean
square F value Pr > F

Support condition 4 8,682.4 2,170.6 93.6 <0.0001
Crosstie health 1 40.7 40.7 1.8 0.19
Interaction
support-health

4 21.4 5.3 0.2 0.92

Error 90 2,086.6 23.2 — —
Total 99 10,831.1 — — —

Table 6. Crosstie Center Location ANOVA Results

Source
Degrees of
freedom

Sum of
squares

Mean
square F value Pr > F

Support condition 4 11,021.7 2,755.4 77.7 <0.0001
Crosstie health 1 10.0 10.0 0.3 0.60
Interaction
support-health

4 96.1 24.0 0.7 0.61

Error 90 3,193.9 35.5 — —
Total 99 14,321.7 — — —
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configuration. With this in mind, extrapolation of bending moment
analysis to different crosstie designs should be done with care.

Conclusions

This paper focused on presenting laboratory experimental results
that relate the flexural demand of concrete crossties with a variety
of common support conditions. Understanding the performance of
concrete crossties subjected to typical support conditions is critical
for accurately developing representative mechanistic design proc-
esses for concrete crossties. In addition to design and performance
implications, this research can assist crosstie manufacturers, rail-
roads, or researchers interested in the structural performance of
concrete crossties.

The experimental results indicated that the bending moments
at the crosstie center were more sensitive to changes in support

conditions than the rail seat bending moments, as shown in the
following:
• A change of 23.1 kN · m (213.1 kip · in:) was observed at the
crosstie center for high center binding compared to full
support;

• A change of 5.7 kN · m (50.5 kip · in:) was observed at the
crosstie center for light center binding compared to full support;

• A change of 3.1 kN · m (27.4 kip · in:) was observed at the
crosstie rail seat for lack of rail seat support compared to full
support.
It was found that there is no statistically significant differ-

ence in bending moments from the full support and lack of center
support cases. Considering that the latter may represent newly
tamped track, this finding is a confirmation that tamping can
be very beneficial for crossties subjected to center binding or lack
of rail seat support by lowering the flexural demands placed on
them.

Data from this experimentation also revealed that some de-
sign recommendations might underestimate the center negative
moments experienced by crossties under the high center binding
support condition, which could lead to crosstie cracking. For high
center binding and a rail seat load of 89 kN (20 kips), the mean
bending moment at the crosstie center was 9.1% greater than the
typical AREMA design limit. In addition, as would be expected,
lack of rail seat support also induces center negative bending
moments.

In contrast, for the support and loading conditions tested, rail
seat positive moments were lower than typical values obtained
through the recommended design practices in North America. Even
for the lack of rail seat support case, which could likely be
representative of stiff track with high impact loads, the rail seat
bending moment was 47.5% lower than a typical AREMA design

Fig. 14. Bending moment diagram for center-cracked concrete crossties under different support conditions at a rail seat load of 89 kN (20 kips)

Table 7. Experimental Bending Moments for Cracked Concrete Crossties
under Different Support Conditions at a Rail Seat Load of 89 kN (20 kips)

Support condition

Cracked crosstie

Rail seat
[kN · m
(kip · in:)]

Intermediate
[kN · m
(kip · in:)]

Center
[kN · m
(kip · in:)]

Full support 13.9 (123.0) 5.5 (49.0) 0.6 (5.1)
Light center binding 7.2 (63.4) −1.1 (−9.7) −7.7 (−68.5)
High center binding −0.3 (−2.7) −18.9 (−167.3) −27.8 (−246.0)
Severe center binding 0.1 (0.5) −34.9 (−309) −46.7 (−413.1)
Lack of rail seat support 17.1 (150.9) 3.6 (32.2) −2.8 (−24.7)
Lack of center support 13.4 (118.5) 6.4 (56.5) 4.3 (38.0)

Table 8. Experimental Bending Moments for Different Crosstie Designs under Different Support Conditions at Rail Seat Load of 89 kN (20 kips)

Support condition

Rail seat [kN · m (kip · in:)] Intermediate [kN · m (kip · in:)] Center [kN · m (kip · in:)]

Model A Model B Model A Model B Model A Model B

Full support 14.7 (130.1) 18.9 (167.6) 3.8 (33.2) 7.0 (62.3) −0.8 (−7.3) 3.1 (27.3)
Severe center binding 0.1 (0.5) −1.6 (−13.8) −34.9 (−309) −28.8 (−254.9) −46.7 (−413.1) −34.9 (−308.7)
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limit. However, this evidence is not sufficient to conclude that
the AREMA design limit for rail seat positive bending moment
is overconservative. In fact, dynamic rail seat loads may be higher
than those used in this study, and the assumption that the rail seat
load is half of the wheel load is not always true [adjacent ties could
have ineffective support or crosstie spacing could be greater than
610 mm (24 in.)] (Grassé and Lange 2013).

Additionally, evaluating the performance of cracked concrete
crossties is relevant to providing safe railway operations, but it is
also complex and nontrivial. By using statistical tools and bending
moment results from laboratory tests, this paper presented an eval-
uation of the effect of cracking on crosstie flexural performance.
An analysis of variance with two factors (two-way ANOVA),
namely support conditions and crosstie health conditions, indi-
cated that:
• The particular center cracking pattern that was tested does not

significantly affect crosstie bending moments, even though
these crossties experienced cracks that were deeper than the first
level of prestressing steel;

• Crosstie bending moments are significantly affected by changes
in support conditions.
Finally, it was shown that the bending moment values are

dependent on crosstie design. Therefore, specific results from a
particular concrete crosstie model are not necessarily directly appli-
cable to other designs even though the trends are expected to re-
main the same.
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Notation

The following symbols are used in this paper:
cj = fixed effect of the jth crosstie health on moment;
D = detectable deviation of sample mean relative to the

population mean;
mij = jth observation of moment with the ith support

condition;
mijk = kth observation of moment with the ith support condition

and the jth crosstie health state;
si = fixed effect of the ith support condition on moment;

scij = effect of interaction between the ith support condition
and the jth crosstie health on moment;

zα=2 = z-value from standard normal distribution corresponding
to half of signifcance value;

α = significance level;
εij = random error of the jth observation with the ith support

condition;
εijk = random error of the kth observation with the ith support

condition and the jth crosstie health;
μ = grand population mean for moment; and
σ̂2 = sample variance.
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