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� Compressive stress distribution in concrete crossties is captured.
� The rail seat load magnitude and the distribution angles have a direct relationship.
� The distribution angles are sensitive to changes in support conditions.
� Stress distribution behavior can affect the mechanical design of concrete crossties.
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a b s t r a c t

Recently, track mileage with concrete crossties has been increasing throughout the world. In North
America, for example, approximately 30 million crossties are currently in service on Class I freight rail-
roads. It is essential to understand the concrete crosstie bearing capacity and flexure behavior for both
design and safety purposes. The American Railway Engineering and Maintenance-of-Way Association
(AREMA) Recommended Practices and Australian Standard’s (AS) current flexural design methodologies
consider rail seat loads to be vertically transferred to the neutral axis. However, the International Union
of Railways (UIC) assumes rail seat loads are distributed at a 45 degree angle to the neutral axis. This load
distribution behavior is commonly seen in the design of concrete corbels and spread footings, but is not
well documented in the design of concrete crossties, and different assumptions (i.e. in AREMA and UIC
design methods) will result in different designs. Better understanding the load distribution in concrete
crossties will help to improve the design of concrete crossties and optimize their performance. This study
presents preliminary results from an on-going research project at the University of Illinois at Urbana-
Champaign (UIUC) focused on concrete crosstie mechanical behavior. A parametric study using three-
dimensional (3D) finite element modeling (FEM) was performed to investigate stress distribution below
the rail seat and quantify the corresponding distribution angles in prestressed concrete crosstie under
static wheel loading. Laboratory experiments were also performed and successfully validated the results
obtained from the numerical simulations. The results from both numerical simulation and laboratory
experiments indicate the stress distribution angle under rail seat is not constant which disagrees with
the assumptions in UIC 713R. Moreover, the stress distribution angle under rail seat is found to be sen-
sitive to crosstie support conditions, and its value follows a direct relationship with rail seat load mag-
nitude. The findings from this study can help to optimize prestressed concrete crosstie bearing
capacity design.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The primary purposes of crossties are to provide support for the
rail, maintain track geometry, and distribute wheel loads to the
ballast [1]. Timber is the most commonly used material for cross-
ties in the United States, constituting around 90–95% of the cross-
ties in service [2]. The remaining 5–10% is mostly made up of
concrete. The application of steel and composite crossties has
increased in recent years, but their share in the market is still neg-
ligible. Nowadays, the installation of concrete crossties in North
America is increasing, especially for heavy-haul freight railroad
lines [3].
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An international survey conducted by researchers at the Univer-
sity of Illinois at Urbana-Champaign (UIUC) in 2012 found that
crosstie cracking from center binding was ranked as the third most
critical issue with concrete crossties [4]. However, the survey
results indicated that rail seat positive cracks were not an issue
in the field. Even though rail seat deterioration (RSD) is recognized
as one of the most common failure modes, the rail seat cracks
caused by loading are rarely detected in the field, indicating that
the rail seat sections in concrete crossties may be overdesigned.
The objective of this study is to analyze how rail seat loads are
transferred inside prestressed concrete crossties and compare the
load path with assumptions made in different design methodolo-
gies to evaluate their accuracy.
1.1. Overview of current design methodologies

The structural design of concrete crossties is primarily based on
estimating the flexural demand a crosstie is expected to be sub-
jected to within the rail seat and the center region (shown in
Fig. 1) [5]. At both the rail seat and crosstie center, positive bending
moments, defined as the crosstie being concave downwards, and
negative bending moments, defined as the crosstie being concaved
upwards, need to be calculated in the design process. The American
Railway Engineering and Maintenance-of-Way Association
(AREMA) [6], Australian Standard (AS) [7], and International Union
of Railways (UIC) [8] each have their own design recommenda-
tions/standards. These standards consider the crosstie to be
linear-elastic and include crosstie length, crosstie spacing, axle
load, train speed, and a safety factor in their design methods. The
center bending moment is calculated by modeling the crosstie as
a cantilevered beam fixed at the crosstie center, while the rail seat
bending moment is calculated by modeling the crosstie as a can-
tilevered beam fixed at the rail seat center.

Both AREMA Chapter 30 and AS 1085.14, the chapters on pre-
stressed concrete crossties, consider rail seat loads as concentrated
point loads acting at the center of rail seats. To calculate the rail
seat bending moment (MRS+), AREMA assumes the support condi-
tion to be a fully uniform support condition, where the reaction
Fig. 1. Support conditions for selected design recommendations: (a) AREMA M
is uniformly distributed across the entire crosstie (Fig. 1(a)),
whereas AS assumes a newly tamped support condition, with the
uniform ballast reaction acting symmetrically about the rail seat
load (Fig. 1(c)). To calculate the center bending moment (MC-),
AREMA assumes a partially consolidated support condition, where
the reaction within the center region is reduced 39% (Fig. 1(b)),
while AS assumes a fully uniform support condition (Fig. 1(d)).

UIC 713R assumes rail seat loads to be uniformly distributed
along the entire width of the rail seat, rather than a concentrated
point load. Similar to AS, UIC uses the newly tamped condition to
get the rail seat bending moment (Fig. 1(e)), and the uniform sup-
port condition for calculating the center bending moment (Fig. 1
(f)). Unlike other standards, UIC 713R assumes the rail seat load
to be distributed uniformly at a 45 degree angle to the neutral axis
of the crosstie as illustrated in Fig. 2.

Considering the given support conditions and the varying rail
seat load and load path assumptions shown in Fig. 1, different rail
seat bending moment values are calculated. Fig. 3 shows the design
rail seat bending moment for a 102 in. (259 cm) long, 9.5 in.
(24 cm) deep crosstie with a 6 in. (15 cm) rail base subject to a
62.1 kip (276 kN) factored high-impact rail seat load under the var-
ious load path assumptions shown in Fig. 1. When the rail seat load
is assumed to act over the entire width of the rail base, there is a 47
kip-in (5.3 kNm) reduction in rail seat bending moment (from 326
kip-in (36.8 kNm) to 279 kip-in (31.5 kNm)) when compared to the
moment found assuming the rail seat acts as a point load. A 69 kip-
in (7.8 kNm) reduction can also be seen in this bending moment
(from 279 kip-in (31.5 kNm) to 210 kip-in (23.7 kNm)) when the
UIC assumption is used and the rail seat load is distributed at a
45 degree angle from the rail base. As mentioned previously, rail
seat cracking is rarely seen in the field, which implies that current
concrete crossties could be overdesigned at rail seat regions due to
over-conservative assumptions about the flow of forces in the
crosstie rail seat sections. To investigate further, a finite element
(FE) modeling approach was used to evaluate the stress distribu-
tion below rail seats. Laboratory experimentation was also con-
ducted to ensure the FE model captured the true behavior of
prestressed concrete crossties. The distribution angles were quan-
RS+, (b) AREMA MC-, (c) AS MRS+, (d) AS MC-, (e) UIC MRS+, (f) UIC MC- (5).



Fig. 2. Profile view of half of a crosstie and load distribution under rail seat according to UIC 713R.

Fig. 3. Rail seat bending moment with different load path assumptions (102 in. (259 cm) crosstie length, 9.5 in. (24 cm) crosstie depth, 6 in. (15 cm) rail base width, 62.1 kip
(276 kN) rail seat load).
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tified through sensitivity analysis and were then compared with
UIC 713R assumptions. Evaluations on different crosstie design
methodologies regarding their estimated flexural capacity were
drawn from the FE results.

2. Finite-element (FE) modeling

The finite-element (FE) model of a prestressed concrete crosstie
and a ballast block was developed using ABAQUS, a commercially
available FE modeling software. An overview of the FE model is
shown in Fig. 4. The geometry and properties of the crosstie model
were based on a concrete crosstie that is often used in North Amer-
ican heavy haul freight tracks. The crosstie length and width are
102 in. (259 cm) and 11 in. (28 cm) respectively, and it has a depth
of 9.5 in. (24 cm) [9]. 20 prestressed steel wires were modeled as
truss elements and embedded inside the concrete. However, due
to proprietary reasons, the pattern of the steel wire arrangement
is not shown in Fig. 4. Rail cant, as shown in Fig. 4(a), is a standard
design feature of concrete crossties for many suppliers. The main
purpose of the rail cant is to reduce the wear at the wheel-rail
interface. Using the concept of the Extended Drucker-Prager mod-
eling, a technique for developing pressure-dependent plasticity
models suitable for simulating granular and frictional materials,
generic ballast block was attached beneath the crosstie model to
represent the support condition [10]. The ballast block was mod-
eled to be plastic, with a constant Young’s Modulus, Poisson’s ratio,
and yield strength. The material properties of all components
within the FE model are shown in Table 1. By rearranging the
geometry of the ballast block, the crosstie model could experience
different support conditions. Rail seat load was distributed verti-
cally and uniformly over a 6 in. (15 cm) by 7 in. (18 cm) area (com-
mon dimensions of rail pads) at each of the two rail seat regions.

The loading sequence of the FE analysis consisted of three steps.
In the first step, a prestress force of 7 kips (31 kN) was applied to



Fig. 4. Finite-element model setup (a) three-view drawing of the crosstie model, (b) isometric view of the crosstie model and ballast block.

Table 1
Material properties of all components [11].

Component Element Type Unit Weight, lb/ft3 (kg/m3) Young’s Modulus, ksi (GPa) Poisson’s Ratio Yielding Strength, ksi (GPa) Friction Coefficient*

Steel Wire Truss 489 (7833) 32,382 (223) 0.30 255 (1.8) N/A
Concrete Solid

Homogeneous
150 (2400) 4347 (30) 0.20 N/A N/A

Ballast Solid
Homogeneous

100 (1613) 30 (0.21) 0.30 0.058 (0.00040) 0.50

* Note: friction coefficient was only defined at the interaction between the crosstie and the ballast.
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each of the 20 steel wires while the crosstie was fixed at the center,
so that no movement in any direction was allowed. In the second
step, the initial boundary condition was removed and the prestress
force was gradually released. Vertical rail seat loads were applied
in the third and final step while the center cross sections of the
crosstie, in both the longitudinal and transverse directions, were
confined. For the center cross section in the longitudinal direction,
only rotation in the longitudinal direction and displacements in the
vertical and transverse directions were allowed (Fig. 5(a)); for the
center cross section in the transverse direction, rotation in the
transverse direction and displacements in the vertical and longitu-
dinal directions were permitted (Fig. 5(b)). These boundary condi-
tions were considered to be consistent with the true crosstie
behavior expected in the field. The reason behind these boundary



Fig. 5. Boundary conditions under loading: (a) at longitudinal plane, (b) at transverse plane (U = displacement, UR = rotation).

Fig. 6. Crosstie’s amplified deformed shape under ‘‘full support” condition (deformation scale factor: 500).
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conditions is that when symmetric loading and support are
applied, the crosstie can only be expected to move or rotate sym-
metrically with respect to the center cross section.

Fig. 6 illustrates the vertical displacement along the length of
the crosstie with respect to the base of the ballast and its amplified
deformation after a 20 kip (89 kN) rail seat load was applied at
both rail seats under ‘‘full support” condition, which means that
the bottom of the concrete crosstie was in full contact with the bal-
last. It is important to note that unlike the assumptions made by
AREMA, AS, or UIC, the ‘‘full support” condition did not necessarily
imply that the ballast reaction force was uniform within the entire
contact area as shown in Fig. 1(f). The results corresponded closely
with the behavior that is typically seen in the laboratory and in the
field [12], and since the crosstie was only loaded vertically at the
rail seats, the entire crosstie moved down. However, the amplified
deformed shape and the relative displacements between top and
bottom of the crosstie indicate that the center region experienced
negative bending, and the rail seat sections experienced positive
bending.

Compressive stress was concentrated right under the two rail
seats, and spread through the crosstie’s neutral axis located along
the geometric centerline of the crosstie. Fig. 7(b) shows a
zoomed-in pressure distribution diagram of the left rail seat sec-
tion of the crosstie (highlighted square section in Fig. 7(a)). The
pressure contour map looks similar to Boussinesq’s distribution
for soil under concentrated load [13]. The reasons behind the sim-
ilarity are threefold. First, Boussinesq’s theory assumes soil to be
elastic and isotropic, both of which also held true for the FE model.
Second, the applied load is vertical, concentrated acting on the sur-
face for both cases. Third, Hooke’s law applies for soil mass under
Boussinesq’s theory and concrete, that is, the ratio between stress
and strain remains constant. However, Boussinesq’s theory
assumes soil to be homogeneous, semi-infinite, and weightless,
none of which are valid assumptions for concrete. Moreover, it is
possible that the pressure distribution may look different for
cracked concrete crossties, given the stress at the cracked regions
will be zero.

Vertical load along the neutral axis is typically used for calculat-
ing the bending moments along the crosstie [6–8]. Therefore,
understanding the vertical load distribution along the neutral axis
is important for quantifying crosstie bending behavior. Fig. 7(c)
shows the vertical load distribution diagram under the left rail seat
section (highlighted square section in Fig. 7(a)). To quantify the
distribution of compressive stress below the rail seat, distribution
angles were calculated. To compare the FE results with the
assumptions made by UIC 713R, the same practice was used to
define the distribution angles. As can be seen in Fig. 7(d), lines
were drawn between the ends of the rail seat and the points on
the neutral axis where the majority of the compressive stress (over
99%) ceased to distribute. The distribution angles were defined as
the angles between the inclined lines and the vertical reference
lines. For this particular case, the distribution angle at the field
side, hf, was 31.1 degrees, and the distribution angle at the gauge
side, hg, was 23.6 degrees.

To ensure the values of the distribution angles captured the
actual behavior of concrete crossties, and did not depend on the
mesh density, four tests with different crosstie mesh densities
were completed and the corresponding hf and hg were collected.
The number of elements associated with the four mesh densities
and the angle values are shown in Table 2, as well as the absolute



Fig. 7. Zoomed-in rail seat section: (a) location of the cross section, (b) pressure distribution, (c) vertical stress distribution, (d) vertical stress distribution with distribution
angles specified.

Table 2
Effect of mesh density on angle values.

Number of Elements hf (�) Absolute Percent Difference (%) hg (�) Absolute Percent Difference (%)

9428 21.2 N/A 14.2 N/A
11,416 34.7 63.7 21.0 47.9
53,422 31.1 10.4 23.6 12.4
91,124 30.8 1.0 24.3 3.0
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percent difference between angles. The absolute percent difference
was defined as the ratio of the absolute difference between angle
values in two neighboring mesh cases to the angle value in the pre-
ceding mesh case. As can be seen in Table 2, the absolute percent
difference decreased, as the number of elements increased, and it
was believed that the difference between 53,422 elements and
91,124 elements was relatively minimal (1.0% absolute difference
for hf and 3.0% difference for hg); however, it usually took more
than triple the time to complete a test with 91,124 elements as
compared to a test with 53,422 elements. Therefore, to save com-
putation time, while maintaining accuracy, the crosstie mesh of
53,422 elements was used in the remaining tests.
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3. Model validation

To validate the FE model, laboratory experimentation was per-
formed by Rail Transportation and Engineering Center (RailTEC) at
UIUC. Experimentation was conducted at the Research and Innova-
tion Laboratory (RAIL) housed within the Harry Schnabel, Jr.
Geotechnical Engineering Laboratory. The same type of prestressed
concrete crosstie that the FE model was based on was used in this
experiment. A 6 in. (15 cm) by 9 in. (23 cm) plastic frame consist-
ing of two strain gauges (Fig. 8(a)) was attached to the intermedi-
ate vertical layer of the prestressing wires right below the rail seat
before the concrete was poured inside the form, such that the
strain gauges would be embedded into the concrete in a vertical
orientation to capture vertical compressive strains when rail seat
loads were applied (Fig. 8(b)) [14]. The wires connected to the
gauges were extended outside of the crosstie and were plugged
into a National Instruments (NI) 9235 module [15]. A NI compact
data acquisition system (cDAQ) 9174 was used to output the strain
data. The location of the strain gauges within the crosstie can be
seen in Fig. 8(c).

The Static Load Testing Machine (SLTM) at RAIL was used to
apply static rail seat loads to the crosstie (Fig. 9). Equal static loads
up to 20 kip (89 kN) were applied simultaneously at both rail seats.
Rubber pads were placed continuously along the bottom of the
crosstie to simulate the ballast support condition. Previous
research at RailTEC has proven that the stiffness of the rubber pads
was comparable to the ballast stiffness typically seen in the field
[12]. Strain data were collected as the rail seat loads increased from
0 to 20 kip (89 kN), and during the process, no crack was observed
on the crosstie.

Vertical strain data were gathered from the FE model at the
same locations as the embedded strain gauges after tests were
completed under rail seat loads ranging from 5 kip (22 kN) to 20
kip (89 kN). Fig. 10 shows the comparisons between data from lab-
oratory experimentation and from the FE model. As can be seen in
the graph, the differences between the two sets of data were min-
imal. To be more specific, the smallest absolute percent difference
between the correlated values was less than 0.1%, and the largest
absolute percent difference was around 10%. Furthermore, for both
Fig. 8. Embedded strain gauges: (a) frame, (b) installatio
strain gauge data and FE results, the compressive strains near the
gauge side were always larger than those near the field side. The
authors were comfortable with the minimal variance between lab-
oratory data and FE results; thus, the FE model was considered to
be capable of predicting and measuring the compressive behavior
of the concrete crosstie.

4. Parametric study

In order to quantify distribution angles and investigate the fac-
tors that could affect their magnitudes, a parametric study was
conducted. The parametric study addressed two objectives. The
first objective was to quantify the relation between distribution
angles of compressive stress and varying magnitudes of rail seat
loads with a given ballast support condition. The second objective
was to quantify the relation between distribution angles and vary-
ing support conditions with a given rail seat load magnitude. Loads
at both rail seats were equal, as asymmetric loading was not con-
sidered in the study.

4.1. Effect of rail seat load magnitude on distribution angle

Based on the recommendations provided within Chapter 30 of
the AREMAManual on Railway Engineering [6], the design rail seat
load is calculated using the following equation:

R ¼ WL� DF � ð1þ IFÞ
where,

R = design rail seat load (kip)
WL = unfactored wheel load (kip)
DF = distribution factor (from AREMA Figure 30-4-1)
IF = impact factor (specified to be 200% by AREMA)

For loaded freight cars in North America, the 95th percentile
vertical wheel load is 40 kip (178 kN) [6]. With the most commonly
seen crosstie spacing of 24 in. (61 cm), the distributed factor is
found to be approximately 50% [6]. The static rail seat load is then
set to be 20 kip (89kN) without the impact factor. However,
AREMA uses 62.1 kip (276 kN) as the design rail seat load for cal-
n before concrete pouring, (c) installation locations.



Fig. 9. Static Load Testing Machine (SLTM): (a) loading frame with the 102 in. (259 cm) long instrumented crosstie, (b) schematic drawing.

Fig. 10. Compressive strain comparisons between laboratory experimentation data
and FE results.

Fig. 11. Relation between distribution angles and rail seat loads.
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culating concrete crosstie’s flexural resistance [5]. In order to cap-
ture these two load values, a range of loads between 10 kip (44.5
kN) and 62.1 kip (276 kN) were selected for running the parametric
study. By keeping the support condition constant, the direct rela-
tionship between the distribution angle and the rail seat load mag-
nitude can be established. Therefore, all the loading scenarios were
tested on the ‘‘full support” condition.
Fig. 11 shows the relation between distribution angle and rail
seat load. As the rail seat load increased, the stress became more
widely distributed within the prestressed concrete, and the distri-
bution angles increased as well. When the rail seat load was 10 kip
(44.5 kN), the distribution angle at the field side was 25.5 degrees.
And when the seat load was 62.1 kip (276 kN), the high-impact
load, the field side distribution angle was 36 degrees. As the rail
seat load increased from 20 kip (89 kN) to 30 (133 kN) kips, the dis-
tribution angle at the field side (hf) stayed the same; as the rail seat
load increased from 40 kip (178 kN) to 50 kip (222 kN), both angles
(hf and hg) stayed the same. The possible reason for this insensitiv-
ity is that the angle increase within these load ranges was not great
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enough to be captured by the model (less than 2.5 degrees). It
should be noted that neither hf nor hg ever reached or exceeded
the UIC assumed 45 degree assumption over the chosen load range
(i.e. 95% of the field-detected rail seat loads).

Different from the assumptions made by UIC 713R, the dis-
tributed vertical load was not symmetric across the center line of
rail seat, as the distribution angles, hf and hg, never had the same
value. The asymmetry can most-likely be attributed to the cant
of the rail seat regions. UIC 713R also assumes that the rail seat
load is uniformly distributed along the neutral axis of the concrete
crosstie. However, it can be clearly seen in Fig. 12 that even though
the stress was spread out below the rail seat, the majority of the
stress exerted on the neutral axis was concentrated about the cen-
ter line of the rail seat. Because the compressive stress below the
rail seat was neither 45-degree inclined nor uniformly distributed,
the negative bending moment that the compressive stress induced
should be less than what is suggested by UIC 713R. Since the pos-
itive moment induced by ballast stayed the same (assume uniform
reaction force for both cases), the resultant positive rail seat
moment according to FE modeling was greater than UIC 713R’s
recommendation. Therefore, the equation that UIC 713R uses to
calculate the design rail seat positive bending moment should be
considered as less conservative, as UIC 713R assumes the compres-
sive stress to be spread over a greater length along the neutral-axis,
leading to its overestimation of the negative bending moment
induced by the compressive stress and its underestimation of the
resultant rail seat bending moment. The authors believed that
the accurate rail seat positive bending moment under a high-
impact rail seat load of 62.1 kip (276 kN) should fall within the
area between the blue and yellow curves shown in Fig. 3.
4.2. Effect of support condition on distribution angle

It has previously been documented that a concrete crosstie’s
flexural behavior is very sensitive to changes in support condition
[5]. Understanding the stress distribution within the crosstie is
essential to quantifying its flexural capacity. Previous research
has been performed at RailTEC to measure a concrete crosstie’s
bending moments with five different support conditions [12].
The parametric study incorporated these support conditions, illus-
trated in Fig. 13, into analysis by assuming the geometry of the bal-
last was made of discrete rubber supports. Notice that the ballast
support is shown as several shaded square bins, each of which is
12 in. (30.5 cm) by 12 in. (30.5 cm) in the FE model.
Fig. 12. Compressive stress distribution along the neutral axis under ‘‘full support”
condition and 20 kip (89 kN) of rail seat loads.
Both 20 kip (89 kN) and 62.1 kip (276 kN) vertical rail seat loads
were applied on the rail seats for each support conditions, so a total
of 10 tests were conducted. For both of the applied loads, different
support conditions were the only factor that could potentially
affect the values of both distribution angles.

Table 3 provides a comparison of the values of distribution
angles found in all 10 tests. As shown in the table, the support con-
ditions affected the distribution angles in the same way for both
load cases, that is, when the distribution angle increased from
one support condition to another under the 20 kip (89 kN) rail seat
load, the angle would also increase for the 62.1 kip (276 kN) rail
seat load, and vice versa. The consistency between the two load
cases indicated that changing the support conditions would alter
the compressive stress distribution in certain ways, regardless of
the magnitude of load applied at the rail seats. However, the sen-
sitivity of load distribution to changes in support conditions
depended on the magnitude of the rail seat loads, as the percent
difference between angles of two support conditions did not stay
the same for both load cases.

The stress distribution below the rail seats was impacted as the
ballast reaction shifted toward the center region of the crosstie, as
is evident from the results from the ‘‘light center binding” and
‘‘high center binding” support conditions (Fig. 13(b) and (c)).
Specifically, as the support conditions moved from ‘‘full support”
to ‘‘light center binding”, both of the distribution angles increased,
but as the support condition moved from ‘‘light center binding” to
‘‘high center binding”, the distribution angles at the field side (hf)
decreased to values that were lower than those under ‘‘full sup-
port”, while the angles at the gauge side (hg) increased to almost
90 degrees. The dramatic change of stress distribution was possibly
caused by the movement of ballast reaction. When the ballast was
shifted towards the center, but the rail seat sections were still fully
supported, the compressive stress at the field side tended to be dis-
tributed towards the end of the ballast, where the reaction force
went to zero; meanwhile, the compressive stress at the gauge side
was spread over a greater length to counter the concentrated reac-
tion force at the center. The combination of these two stress behav-
iors led to an increase in both hf and hg. When the ballast reaction
was concentrated at the center and the rail seat sections were no
longer supported, most of the compressive stress was spread
towards the center region, resulting in a decrease in hf and an
increase in hg.

For ‘‘lack of rail seat support”, both distribution angles
decreased compared to those found in ‘‘full support”, but the
angles at the field side (hf) were exactly the same as those in ‘‘high
center binding”. This behavior corresponded closely with the
hypothesized behavior referenced earlier. Given the rail seat sec-
tions were not supported in either the ‘‘lack of rail seat support”
or ‘‘high center binding” cases, the compressive stress in the field
side tended to be distributed narrowly. This narrow distribution
resulted in the same distribution angles for both cases. However,
the compressive stress in the gauge side could no longer reach
the center ballast under ‘‘lack of rail seat support”, as the concen-
trated ballast reaction in the center region was further away from
the rail seat sections, thus leading to a decrease in hg.

It is noticeable that among all five support conditions, the angle
difference between ‘‘full support” and ‘‘lack of center support” was
the smallest, especially for hg in the 62 kip (276 kN) rail seat load
case, in which there was only a 0.4-degree difference between
the two support conditions. ‘‘Lack of center support” can also be
considered as the newly tamped support condition. Based on the
data measured from the previous laboratory testing, it was con-
cluded that tamping at the rail seat sections is beneficial for cross-
ties subject to center binding because it helps reduce the center
negative bending moment experienced by the crosstie without
changing the rail seat positive moment (or the changes are very



Fig. 13. Different support conditions: (a) full support, (b) light center binding, (c) high center binding, (d) lack of rail seat support, (e) lack of center support (12).

Table 3
Comparison of distribution angles in different support conditions.

Support Condition 20 kip (89 kN) 62.1 kip (276 kN)

Rail Seat Load Rail Seat Load

hf (�) hg (�) hf (�) hg (�)

Full Support 31.1 23.6 36.0 32.4
Light Center Binding 40.5 26.7 50.9 39.6
High Center Binding 28.3 –* 25.5 –*

Lack of Rail Seat Support 28.3 20.4 25.5 23.6
Lack of Center Support 33.5 26.7 38.3 32.8

* Note: the stress was spread too widely that the angle values were hard to be determined.
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minimal) [12]. This behavior is consistent with the FE results. Even
though there was a slight increase in the distribution angles from
‘‘full support” to ‘‘lack of center support”, the effect of having a lar-
ger range of compressive stress distribution under ‘‘lack of center
support” case could be countered by the more concentrated ballast
reaction at the rail seat sections, thus it is highly possible that the
rail seat positive bending moments between the two support con-
ditions would stay the same.

Based on the results from the parametric study, one potential
explanation of the rare occurrence of rail seat positive failures
could be found in the nature of UIC 713R’s design methodology.
Since the design method is geometry-based, mainly depending
on the depth of the rail seat sections, as long as manufacturers
design the crossties with very deep rail seat sections, the design
rail seat bending moment can be large enough that it will not be
exceeded during the entire service life. Therefore, more field and
laboratory data are needed to determine the maximum rail seat
positive bending moment a crosstie can potentially experience,
then design the geometry of the rail seat sections based on this
value. For AREMA and AS, since load distribution below rail seats
is not considered in their design methodologies, their design rail
seat bending moments are overestimated, leading to over-
designed rail seat sections. Reducing rail seat depths or rearranging
the prestressing wires can potentially lower the flexural capacity at
rail seat sections. However, continuation of this research project
has to be done to be able to optimize the design methodology of
concrete crossties.

5. Conclusions and discussions

AREMA, AS, and UIC all have different assumptions as how the
rail seat load is transferred inside the concrete crosstie in their
design methodologies. In order to better understand the load path
going through prestressed concrete crosstie and investigate the
vertical compressive stress distribution below the rail seats, a para-
metric study using three-dimensional FE modeling technique has
been performed and the FE model used in this study was also val-
idated through laboratory experiments. Several conclusions can be
drawn based on the limited results from this study as follows:

FE results show that compressive stress is indeed distributed
over the neutral axis of the concrete crosstie at certain angles.
Under the same support condition, an increase in rail seat load
magnitude could increase stress distribution angles on both field
and gauge sides, and therefore increase the range in which the
compressive stress is distributed over the neutral axis. Addition-
ally, the distribution of stress below the rail seats was found to
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be sensitive to varying support conditions. However, the distribu-
tion angles of the ‘‘full support” case and the ‘‘lack of center sup-
port” case were relatively similar, indicating the rail seat positive
bending moments experienced by both cases would be similar as
well.

The findings from this parametric study also suggest that some
of the assumptions made by UIC 713R may not be applicable to all
scenarios. To be more specific, UIC 713R assumes the stress to be
uniformly distributed along the neutral axis of the crosstie at 45
degree angles at both field and gauge sides and the stress distribu-
tion was assumed to be symmetric along the center line of the rail
seat. However, the findings from the parametric study indicate the
compressive stress to be more concentrated about the center line
of the rail seat, and under the support condition chosen by UIC
713R for calculating the design moment (‘‘lack of center support”),
both distribution angles were below 45 degrees, even when the
high impact load was considered. In addition, the stress distribu-
tion was found to be asymmetrical (the percent difference between
distribution angles at field and gauge sides ranges from 10% to
31%) in this study, likely due to rail seat cant. Those assumptions
mentioned above could lead to less-conservative design of flexural
strength at rail seat.
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