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a b s t r a c t

There is an increasing interest in the performance and serviceability of concrete crossties
and elastic fastening systems due to the loading demands of increasing freight axle loads
and the development of new high-speed passenger rail infrastructure in North America.
In the light of these increasing demands, it is essential to examine and improve current
design practices of prestressed concrete crossties and fastening systems. This study focuses
on developing an analytical framework for a 3D finite element (FE) model of prestressed
concrete crossties and fastening systems to improve the knowledge regarding its mechan-
ical behavior. Parametric studies are conducted based on the detailed FE model to analyse
the damage and load demands associated with two major failure mechanisms in concrete
crosstie and fastening system, namely the tensile-cracking failure of concrete crosstie and
the damage of fastening system. The following parameters are considered in the studies:
bond-slip behavior between concrete and prestressing strand, support conditions of
concrete crosstie, material properties of rail pad assembly, and wheel load position. The
parametric studies presented the detailed stress state of the failure mechanisms and the
thresholds for performance.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of high-speed rail corridors and ever increasing axle loads in North America, there is increasing
demand on the railroad infrastructure and its components. The dominant design approach for the concrete crosstie and fas-
tening system still remains primarily empirical. This is evident by the fact that the relation using speed and traffic to deter-
mine the design load in American Railroad Engineering and Maintenance-of-way Association (AREMA)’s Recommended
Practices has been developed empirically [1]. To ensure that freight and passengers are transported safely, components
remain in track for their intended service life, and that proper track geometry is maintained, further investigation into
the behavior and interaction of the concrete crosstie and fastening systems is needed. In addition, a mechanistic design
approach based on detailed structural analysis would be beneficial for infrastructure manufacturers to reduce costs on over-
designed components and efficiently to improve the designs of the components to next generation.
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To date, few models have been developed to address the mechanistic design and performance of concrete crossties and
fastening systems. González-Nicieza et al. [2] have developed a failure analysis of a railway track used for transporting
heavy-haul industrial freight. Based on data collected from field investigation, single-crosstie model and multiple-crosstie
model have been built to look into the cause of crosstie cracking. However the model assumed elastic material property
for all the track components, and the fastening system was ignored. Rezaie et al. [3] also used an FE model to investigate
the cause for longitudinal cracks in concrete crossties. Nonlinear material property was defined in the model, but the study
mainly focused on the concrete crosstie response under increasing shoulder insert pressure. Some mathematical and FE
models have been developed to investigate the dynamic interaction between the vehicle and the track structure. Frohling
[4] proposed a mathematical model to predict the track deterioration due to dynamic wheel loading and spatially varying
track stiffness. Kaewunruen and Remennikov [5] also presented a dynamic FE model of the concrete crosstie to investigate
its dynamic response. The model only included the concrete crosstie and all other components were replaced with springs. In
addition, many analytical/numerical studies have focused on the behaviors of the systems under the vertical wheel loading.
Among those, Yu and Jeong [6] presented a 3D finite element model including a prestressed concrete crosstie and ballast.
Prestress and direct uniaxial, static rail-seat loading were considered in the model. A quarter-symmetric model was used
to compare the performance of the concrete crosstie on different support conditions. One of the model’s limitations was
assuming full bond between the concrete and strand, hence ignoring the possibility of relative slip of strands causing the
effect of prestress to be magnified. Yu et al. [7] presented an improved finite element model of the concrete crosstie with
ballast and subgrade support. In this model, the interaction between concrete and strands was modeled as cohesive element,
and the cohesive element was incorporated between concrete and strands to simulate a linear bond-slip relationship. Dahl-
berg and Lundqivst [8] investigated the effects of different support conditions on the rail track systems using a 3D finite ele-
ment model. They concluded that the higher vertical force would be transmitted to adjacent concrete crosstie as the loaded
crosstie was poorly supported. In conclusion, using currently available models to assess the mechanical behaviors, especially
interactions of each component of the prestressed concrete crossties and fastening systems is not feasible since the models
consisted of only some of the components. Therefore, this study focuses on developing an FE model of a prestressed concrete
crosstie with detailed fastening system components that can be a tool to explore the mechanical interactions and behaviors
of the crosstie and fastening systems. Nonlinear material properties are defined for all the components, and the model con-
siders the effect of vertical loading, lateral loading and concrete prestress. Fig. 1 shows a schematic of a prestressed concrete
crosstie with fastening system on ballast (a) and a typical fastening system that consists of clips, cast-in shoulders, insulators
and rail pads (b). With the developed FE model, parametric studies are conducted to investigate the two major failure mech-
anisms of the concrete crosstie and fastening system, namely, the damage of the fastening system and the tensile cracking of
concrete crosstie.
1.1. Current design practice

As an element of the track structure, a crosstie is designed to transmit vertical, lateral and longitudinal forces to ballast
and subgrade while supporting rails and fastening systems. This study specifically focuses on the prestressed concrete cross-
tie since it has replaced timber crossties in certain applications and has been installed in field for last several decades [9].
Based on experimental studies and numerical models, some understanding about the behavior of the track structure has
been established. For example, the AREMA manual, Australian Standard, and UIC design standard [1,10,11] have all recom-
mended different methodologies to quantify the flexural demand of concrete crosstie. However, some of the failure mech-
anisms, including center binding and rail seat concrete damage due to insufficient prestress, are not explicitly considered in
the current standard. Using the detailed FE model, one objective of this study is to investigate the component demand and
component interaction that is related to the failure mechanism of the concrete crosstie and fastening system.

Fastening systems, which are designed to behave elastically given the nature of the materials used to construct them, are
placed to fasten rails to crossties. The main functionalities of the fastening system include gauge restraint, transferring the
Fig. 1. Schematic of a prestressed concrete crosstie and fastening system (a) and a typical fastening system (b).



Fig. 2. (a) Typical clamping force and deflection curve. (b) Tensile stress concentration on the rail clip (unit: psi, 1 psi = 0.007 MPa).
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vertical, lateral and longitudinal loads from rails to crossties, load/impact attenuation, electrical isolation and providing rail
seat cant [1]. The fastening system should be adequately designed and manufactured such that the track system would be
functional under all anticipated loading and environmental conditions. In the current AREMA Manual, some evaluative tests
are specified to ensure the quality of the fastening system, but a comprehensive design methodology is still missing.

Fig. 2.a shows the rail-seat clamping force and deflection curve of the elastic fastening system in this study. Most of cur-
rent elastic fastening systems are designed to apply about 21 kN (4710 lb) of nominal clamping force to the rail system. Since
two clips are installed on one rail seat (see Fig. 1b), 10.5 kN (2355 lb) of clamping force is applied by one clip. Furthermore, a
typical range of the clamping force is between 20 kN (4400 lb) to 25 kN (5600 lb). If the clamping force is less than a certain
ratio of the load, the clamping force is insufficient to hold the rail, but if the clamping force is greater than a certain threshold,
it indicates that the clip experience severe yielding. The output of FE model revealed that under large clamping force, the rail
clip is likely to yield in tension at some region, as shown in Fig. 2b). The safe working range of the clamping force from one
clip is determined as 10.5 kN ± 1300 N (300 lb).
1.2. Research necessity based on international survey

The Rail Transportation and Engineering Center (RailTEC) at the University of Illinois at Urbana-Champaign (UIUC) con-
ducted a survey on the international railway industry’s state of practice regarding the concrete crossties and fastening sys-
tems design, performance and research needs [12]. The results from the survey highlighted the most common failure
mechanisms of the concrete crossties and fastening systems. Fig. 3 shows the survey results on the most critical problems
related to concrete crossties and fastening systems. The survey was ranked from 1 to 8 with 8 being the most critical. The
international response and domestic responses (North America) were quite different in terms of the most prominent failure
modes. In North America, the most common failure modes are rail seat deterioration (RSD), and fastening system wear and
damage. Outside of North America, tamping damage is the most critical failure mode as well as the fastening system wear
and damage. Additionally, concrete crosstie failure due to cracking has drawn the attention of both. The cracking of concrete
crosstie due to center binding is acknowledged as a high-risk failure mechanism both internationally and in North America.
Fig. 3. The most critical concrete crosstie and fastening system problems [12].
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Based on the research necessity, in this paper a detailed 3D concrete crosstie and fastening system model was developed
and analyzed using the finite element program ABAQUS [13] under various loading scenarios including prestress force, ver-
tical wheel loading and lateral wheel loading at different ratios.

2. Finite element model configuration

In order to examine the responses of the fastening system under different loading scenarios, and to determine the center
binding mechanism of concrete crosstie, a 3D FE model that includes two sets of fastening systems on a single concrete
crosstie and simplified supports was developed. The clip model was validated previously with the clamping force–deflection
relationship provided from the manufacturer [14]. The FE system model is validated with laboratory and field experiment
conducted at the University of Illinois at Urbana-Champaign [15]. As the model validation is outside the scope of this dis-
cussion, it is not described in detail.

Fig. 4 illustrates the layout of the fastening system in the FE model. As shown, the fastening system is fixed to the concrete
crosstie to transmit loading from the rail to the concrete surface and maintain uniform track geometry. The fastening system
modeled in this paper includes embedded iron shoulders, clips, nylon insulators, and a rail-seat pads system consisting of a
resilient polyurethane pad for load attenuation and a nylon abrasion plate to mitigate abrasion of the concrete. The embed-
ded shoulder provides support for other components. The clip is deformed initially and inserted into the shoulder to prevent
longitudinal and lateral displacement of the rail. The insulator is placed between the clip and the rail to provide electrical
isolation between the two rails to ensure the signal system is not shunted. In the working environment, the wheel loading
can be divided into a vertical load, which is applied on the top of the head of the rail, and a lateral load, which is applied at
edge of the head of the rail. In this model the geometries of all the components were simplified based on manufacturer
design to improve calculation efficiency.

The whole track structure is included in the model to evaluate the system response under the asymmetric loading sce-
nario on curved track. The design of concrete crosstie and fastening system modeled in this study is widely installed on
heavy freight track in North America. The dimension of the crosstie is 2.59 m (102 in.) (length) � 0.28 m (11 in.)
(width) � 0.24 m (9.5 in.) (height) with 20 embedded prestressing strands. The section area of the prestressing strand is
22 mm2 (0.034 in.2), and the distribution of prestressing strands in the concrete crosstie is shown in Fig. 4.

The modeling work was carried out using ABAQUS Standard. The rail, fastening system, concrete crosstie and supporting
ballast were all modeled with eight-node brick element that has three translational degrees of freedom (DOF) at each node,
and the prestressing reinforcement was modelled with 1-D truss element that only had stiffness along the longitudinal
direction. Based on the geometry of the components, different mesh densities were assigned to different components based
on the result of mesh sensitivity analysis. For the clip, as large deformation occurred and the component response was sen-
sitive to mesh density when applying clamping forces, dense mesh was assigned; and as the ballast only served as the gen-
eral representation of the track substructure, it was coarsely meshed. Fig. 4 shows the relative density of mesh.

2.1. Constitutive relationships

Concrete damaged plasticity model was used to define the concrete material property. In this material model, two main
failure mechanisms were considered, namely, tensile cracking and compressive crushing. Under uniaxial tension, concrete
first goes through a linear-elastic stage, and when stress reaches cracking stress it follows a softening stress–strain
Fig. 4. Configuration of the 3D concrete crosstie and fastening system model.



Table 1
Material properties of model components considered in the study.

Component Young’s modulus (MPa) Poisson’s ratio Yielding strength (MPa) Ultimate/peak strength (MPa) Cracking strength (MPa)

Concrete 29,970 0.2 NA 48 5
Clip 158,585 0.29 1261 1393
Shoulder 168,928 0.3 1,261,310 448
Strand 223,274 0.3 1758 1758
Rail 206,850 0.3 1034 1034

RPS1 RPS2 RPS3
Insulator 7520 2507 2507 0.39 64 84
Rail pad 2379 792 238 0.49 8 35
Abrasion plate 7520 2507 2507 0.39 64 84
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relationship. Under uniaxial compression the initial response is linear until the yielding stress is reached. In the plastic stage,
the response is first characterized by strain hardening and then strain softening after reaching its compressive peak stress. As
cyclic loading is not included in the current model, damage parameters related to stiffness reduction in the unloading pro-
cess are not defined.

For all the components of the fastening system including shoulder, clip, rail pad, abrasion plate, insulator as well as rail, a
two-stage material property model was assigned. In the beginning it follows an elastic relationship, and the plastic stage
consists of a strain-hardening range followed by a strain-softening range. Critical parameters used in the definitions of
the constitutive relationships for fastening system components are summarized in Table 1. Herein, wide range of the elastic
modulus of pad and plate were considered and parametric studies were carried out with three different rail-seat pad sys-
tems, since the material properties of the pad systems greatly vary depending on temperature, manufacturing process, com-
posite materials, etc. The nomenclature of the different rail-seat pad systems (RPS1, RPS2, and RPS3) and their elastic
modulus selected in the following parametric study on the fastening system are also summarized in Table 1.

To provide a realistic support for the concrete crosstie, a ballast section of 0.61 m (24 in.) depth was also included in the
model. However, the modeling of track substructure itself was quite intricate as it consisted of multiple layers of granites and
soil (ballast, subballast, subgrade, etc.) of inhomogeneous material property. Discrete element method (DEM) provides an
alternative to accurately capture the response of a track substructure and relevant research work has already been published
[16]. However, the DEM simulation is often computationally expensive. As the emphasis of this research work lies in the
modeling of concrete crosstie and fastening system, the ballast model herein mainly served as a general representation of
the track substructure, and the material property was defined based on the track stiffness (vertical load increment divided
by vertical deflection increment of concrete crosstie) measured in Transportation Technology Center Inc. at Pueblo, CO. [17].
In the field test, the vertical deflection of concrete crosstie was measured under monotonic static vertical load, and it was
observed that the track stiffness considerably increased at higher vertical wheel load. To capture this nonlinear behavior,
the hyperelastic material model was used for ballast, in which the stress–strain relationship can be calibrated point-by-point
according to the result of field experimentation.
2.2. Component interaction

Interaction between different components of the fastening system was defined with contact pairs in ABAQUS [13]. A mas-
ter surface and a slave surface of different mesh densities were identified. Some of the coefficient of friction (CoF) values
were based on a series of large-scale abrasion resistance tests that were conducted recently at the University of Illinois at
Urbana-Champaign (UIUC) [18], and others are determined based on empirical data [19,20].

The interaction between the concrete crosstie and shoulder inserts was relatively complex as it involves multiple pairs of
surface interaction. To avoid numerical singularity and to simplify the mesh of concrete, ‘‘embedded region’’ in ABAQUS was
used to model the interaction. With this constraint, the translational DOF of the embedded element (shoulder element) is
restrained by the corresponding DOF of the host element (concrete element). And with ‘‘embedded region’’ the bond char-
acteristics between concrete and shoulder insert can be reasonably represented until damage occurs.

Based on the manufacturer design, the gap between an insulator and shoulder could not be explicitly determined, since
the degree of the uncertainties of the gap is significant. In the 3D model, the gap was set to be 0.05 mm (0.002 in.), as a rel-
ative sliding between concrete and abrasion plate has been often observed in a laboratory setting. This is important because
the interaction between the shoulder and insulator considerably affects the load path through the fastening system under
lateral load. Due to this gap, under lateral wheel load lateral resistance first comes from the friction between the abrasion
plate and concrete, and the uneven clamping force due to rail sliding. As the insulator and shoulder comes in contact, the
lateral resistance from the shoulder shares some portion of the lateral load.

Connector element was used to define the interaction between the concrete and prestressed strands. Concrete was
meshed in a way that element nodes along the line of the strands coincided with strand nodes and a connector element con-
nected coincident concrete and strand nodes. Cartesian connector section was assigned to the connector element, and the
connector element acted as a spring based on the relative displacements of the connected nodes. For simplification the
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bond-slip behavior is averaged over the length of reinforcement, and an elastic force–displacement relationship was defined
for all the connectors. The stiffness along the direction of the strands was defined based on the pull-out test results of iden-
tical materials [21], and it was determined as 137,888 kN/m/m (20000 lb/in/in) (spring stiffness over unit length of the rein-
forcement). The stiffness will be varied later in the parametric study to investigate its effect on the release of prestress. In
addition, nearly rigid connection was defined in the other two directions of connector elements.

2.3. Boundary conditions and loadings

In total, seven static analysis steps were carried out. The loading sequence is as shown in Fig. 5. At the beginning of anal-
ysis, based on manufacturer design a total prestress force of 623 kN (140 kips) was assigned to the 20 strands, which is 80%
of the total tensile capacity of the strands, and prestress was released in the first step. At the same time, clips were lifted with
pressure loading while the clip base was restrained with separate boundary conditions. This is to prepare the clips for further
installation. In the second step, clips were inserted into shoulders with displacement boundary condition and clip toes
started to be in contact with insulators applying clamping force to the system. In the following three steps, stabilizing
boundary conditions and loadings were gradually removed from the model, and at the end of the fifth step the model
was ready for loading. At this time the only boundary condition applied was at the bottom of ballast to provide support
to the system. Identical vertical loading was applied at the top of the two rails as surface traction in the sixth step, and
the loading linearly increased to the maximum value. While the vertical loading remained constant in the seventh step,
the lateral loading was applied on the lateral surface of one rail, which is assumed as the high rail in a curve, and linearly
increased to the target value. The loading magnitude and position varies according to design loading scenarios and is elab-
orated in the corresponding subsection.
3. Study on the factors related to tensile cracking of concrete crosstie

3.1. Prestress and bond-slip behavior

The bond-slip behavior between concrete and strands is crucial to the performance of the prestressed concrete crosstie as
it determines the initial stress state of concrete before any loading. To investigate the effect of the bond-slip behavior
between concrete and reinforcement on the prestress state of concrete crosstie, a component model of concrete crosstie
was built. The component model was the same as described above, and only one loading step was defined, which included
the release of prestress. As mentioned before the bond-slip behavior was simplified and an elastic force–displacement rela-
tionship was defined for the connectors. The elastic stiffness of connectors served as the varying parameter in this parametric
study. Based on some available pull-out test results in literature [22–25], four elastic stiffness values were chosen for this
parametric study including 137,888 kN/m/m (20000 lb/in/in), 275,777 kN/m/m (40,000 lb/in/in), 413,665 kN/m/m
(60,000 lb/in/in) and 551,553 kN/m/m (80,000 lb/in/in). The four cases were generated to represent a realistic range of pos-
sible bond-slip behavior in prestressed concrete crosstie.

During release of the concrete crosstie, one critical parameter is the transfer length, which is defined as the length from
the end of the strand to the point where the effective stress is developed. In the field, the wheel loading is applied at the two
Fig. 5. Loading sequence of the model.



Fig. 6. Concrete surface strain distribution along the length of concrete crosstie.
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rail-seat regions, and it would be desirable to have fully transferred prestress in the rail-seat regions. As the four cases rep-
resent the range of possible bond-slip behavior in prestressed concrete crosstie, the output of the four cases were used to
evaluate the range of transfer length of existing prestressed concrete crossties. The transfer lengths of the four models
are summarized in Fig. 6. The transfer lengths were determined based on the concrete surface compressive strain in the lon-
gitudinal direction at the centroid height of prestressing strands using 95% Average Maximum Strain (AMS) method, as
shown in Fig. 6.

Considering the end of concrete crosstie as the origin point, the distance of the rail-seat region of the concrete crosstie
falls between 0.39 m (15.4 in.) and 0.61 m (24 in.). In 2012, Murphy and Peterman presented the transfer length measure-
ment of 220 prestressed concrete crossties. The crossties were provided by four major manufacturers of concrete crosstie
in North America [26]. In comparison, the transfer length of the cases generated in this parametric study is within the range
of the laboratory measurement. In the two cases where the bond-slip stiffness was defined as 137,888 kN/m/m (20,000 lb/
in./in.) and 275,777 kN/m/m (40,000 lb/in./in.), the rail-seat region was partially included in the transfer-length region; and
in the other two cases where higher bond-slip stiffness was defined, the transfer length was shorter than 0.39 m (15.4 in.)
and the concrete prestress was fully transferred in the rail-seat region. When the elastic stiffness of connectors increased
from 137,888 kN/m/m (20,000 lb/in./in.) to 275,777 kN/m/m (40,000 lb/in./in.), the transfer length reduced from 0.56 m
(22 in.) to 0.41 m (16 in.). However, when the elastic stiffness of connectors was relatively high, further increase in the elastic
stiffness only resulted in a small reduction in transfer length. In summary, the case with bond-slip stiffness of 275,777 kN/m/
m (40,000 lb/in./in.) is the threshold for desirable transfer length, and the any weaker bond between concrete and prestress-
ing reinforcement results in insufficient prestress in the rail-seat region. The threshold can also be expressed as 16,501 MPa/
m (60.6 ksi/in.), which is the equivalent pullout stress divided by reinforcement end slip.
3.2. Center binding

The cracking of concrete crosstie due to center binding has been identified as one of the critical problems that result in the
failure of the concrete crosstie and fastening system. The mechanism for center binding begins as the support of ballast
under the crosstie is initially concentrated at the rail-seat rather than uniformly distributed [27]. Over time as the cyclic
loading of the vehicles is applied, the depression and abrasion of the ballast is most severe under the rail-seat area of the
crosstie. As a result, firm support of the ballast is only provided at the center of the crosstie, and the crosstie cantilevers over
its two ends. Under the new support condition, when wheel loading is applied, large negative moment exists at the midspan
and results in tensile cracking at the top surface. Fig. 7 shows an example of the tensile cracks due to center binding in con-
crete crossties.

To simulate the support condition that causes center binding, the geometry of the ballast was changed according to the
field observation described in Ref. [27]. Firm support was provided at the midspan of the crosstie, and two slopes were
placed close to the rail seat, which allowed a gap between the concrete crosstie and the ballast at the rail-seat area. Based
on the model deflection of concrete crosstie and literatures regarding the depression of the ballast [16], four models with
firm support (i.e. no gap), 1.27 mm (0.05 in.) gap, 2.54 mm (0.1 in.) gap, and 3.81 mm (0.15 in.) gap were built and compared
in terms of the concrete crosstie response. The FE model with exaggerated gaps under rail-seat regions is shown in Fig. 8. A
vertical loading of 267 kN (60 kips) was applied in increments to both rail-seats, and a lateral loading of 133.5 kN (30 kips)
was applied to one rail-seat to simulate the loading scenario of curved track. The loading scenario was determined based on
the load environment specified in AREMA Chapter 30 for mainline freight traffic in North America.

To evaluate the effect of support conditions on the behavior of crosstie, the relationship between the vertical load and
midspan concrete flexural stress was generated and shown in Fig. 9. Due to prestress release, a compressive stress of
16.7 MPa (2421 psi) was applied at the top surface of crosstie midspan. When there was no gap between the crosstie and
the ballast, the crosstie performed as a beam on elastic foundation. The top-surface concrete flexural stress at midspan



Fig. 7. Cracked concrete crosstie due to center binding.

Fig. 8. Layout of the FE model with exaggerated gap under rail-seat regions.

Fig. 9. Relationship between vertical loading and concrete crosstie midspan tensile stress.
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gradually decreased and remained compressive under the full vertical load. However, when there was initial gap before load-
ing, the crosstie performed as a beam that was firmly supported at the midspan and cantilevered over the two ends. The
midspan concrete flexural stress on the top surface rapidly increased until the bottom of concrete was in contact with
the ballast. With a gap of 3.81 mm (0.15 in.), the identical load resulted in tensile cracking at the midspan of concrete cross-
tie. At the same time, the maximum compressive stress of concrete took place at the shoulder insert, as shown in Fig. 10.

In this parametric study, it can be observed that gaps between concrete crossties and ballast at the rail-seat region con-
siderably increased the flexural demand at crosstie center. For the type of prestressed concrete crosstie in this study, a gap of
2.54 mm (0.1 in.) is the threshold for allowable gap size, and any larger gap between the crosstie and ballast at the rail-seat
region will result in tensile cracking at crosstie midspan. Although center binding rises as a structural problem in concrete
crosstie, a possible solution to the problem is more related to the ballast surface profile than to the design of the concrete
crosstie. Regular track surfacing work including tamping, stoneblowing, or undercutting eliminates gaps between concrete
crosstie and ballast, and provide desirable uniform support condition for the crosstie [27].
4. Study on the factors related to the damage of fastening system

In this section, damage of the fastening system was investigated in terms of changes of the clamping force under different
loading scenarios, and lateral load demands on field-side shoulder using the described FE model.

A wheel load can be divided into a lateral and a vertical load. Due to the conical shape of the wheel, the load is usually
applied at the top of the rail in the gage side (see VG in Fig. 11). However, due to the hunting and/or the hollow-worn wheel,



Fig. 10. Compressive stress contour of loaded concrete crosstie with 3.81 mm (0.15 in.) gap between concrete crosstie and ballast (unit: psi,
1 psi = 0.007 MPa).

Fig. 11. Three different possible locations of vertical loading.
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the load can be shifted to the field side or the center of the rail [28]. Fig. 11 shows the three different locations of the vertical
loads considered in the study and the lateral load. VF indicates the vertical load applied at the field side of the rail, VC indi-
cates the vertical load applied at the center of the rail, and the VG indicates the vertical load applied at the gage side of the
rail. After vertical load was applied, lateral load was applied at the gauge side of the rail head.

Wheel loadings of different vehicles, speeds, and track degrees of the curves are provided in the AREMA manual chapter
30 [1]. According to the manual, the maximum vertical load is 533 kN (120 kips). It is well known that the single vertical load
would be transmitted to several adjacent crossties. When the spacing of the concrete crosstie is 0.61 m (24 in.), based on the
vertical load distribution recommended for concrete crosstie in AREMA Manual, 50% of the vertical load would be transmit-
ted into one single crosstie [1]. Therefore, in this study vertical loads of 67, 133, 200, and 267 kN (15, 30, 45 and 60 kips) were
applied at the three different locations to cover a wide range of loading scenarios with different spacing, speed, curve con-
ditions and different support conditions underneath each crosstie. The lateral load gradually increased while the vertical load
remained constant until the fastening system failed as it was designed.
4.1. Damage in the clips

To prevent the plastic deformation in the rail clip, based on the FE analysis the adopted failure criterion of the fastening
system is that the change of the clamping force should be less than ±1300 N (300 lb). A total of 12 simulations (three loca-
tions of the vertical force � four different magnitudes of the vertical load) were carried out to examine the effects of vertical
load location and magnitude on the changes of the clamping force in the clips. The rail-seat pad system 1 (RPS1) was used for
all 12 simulations (see Table 1).

Fig. 12 demonstrates the relationship between the changes of the clamping force with respect to the L/V ratio for the sim-
ulation cases, when a vertical load of 200 kN (45 kip) was applied at the gage side (V200G), at the center (V200C), and at the



Fig. 12. Changes of the clamping force of the gage and field clips with respect to L/V ratio under various vertical loading positions.

Fig. 13. Critical L/V ratio of fastening system (a) with RPS1 versus vertical load applied at various locations and (b) with different rail pad system and
vertical load applied at gauge side.
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field side (V200F). As shown in the figure, the critical L/V ratios where the change of clamping force started to exceed 1300 N
(300 lb) criteria were found to be 0.78, 0.49, and 0.44 for V200G, V200C and V200F, respectively. Furthermore, the result
demonstrated that the change rate of the clamping forces was not severe up to certain L/V ratios, and after those points,
exponential changes were observed. When the vertical load was applied toward the field side on the rail head, the fastening
system became more vulnerable due to extra rotation of the rail.

Fig. 13 shows the critical L/V ratios of all 12 simulations where the changes of the clamping force exceeded the 1300 N
(300 lb) limit. When the L/V ratio was higher than the critical L/V ratio, yielding of the clips was observed. In general, when
the vertical load was applied at the gage side, the fastening system was able to bear a higher L/V ratio because the vertical
load at the gage side delayed the overturning of the rail. In other words, the vertical force applied at the field side exacer-
bated the fastening system due to increased moment. This study indicated that the worst scenario is observed at an L/V ratio
of 0.40 when a 267 kN (60 kips) vertical load is applied at the field side. However, in normal service conditions, i.e. when the
vertical load is applied at the gage side of rail head, the fastening system would be sustainable up to an L/V ratio of 0.74.
However, this might not be the case should the vertical force is applied at the field side or center of the rail head due to irreg-
ularities of the track structures and defects of the wheel (e.g. hollow-worn out wheel and truck hunting).

The responses of the fastening systems with different rail-seat pads systems were also investigated in terms of the critical
L/V ratio (Table 1). The cases with the vertical force at the gage side were discussed since the effects of the location of the
vertical forces were described in the previous section. The critical L/V ratios are presented in Fig. 13.b for the three different
pad systems. The results indicate that the softer the pads system, the smaller is the critical L/V ratio. The change of clip
behavior was not so severe when the RPS 1 was replaced by the RPS 2, while the change became noticeable with the RPS
3. The critical L/V ratios when using RPS 3 was found to be 0.05–0.08 less than in the cases when RPS 1 is used. Considering
all the variation of wheel load magnitude and location, and the material property of pad system in this parametric study, it
can be observed that an L/V ratio of 0.4 is the threshold for possible clip yielding. In other words, for an L/V ratio less than 0.4,
the rail clips will behave elastically in most cases.
4.2. Lateral load demands on shoulder

The Shoulder of the fastening system is an important component that holds the fastening system together (see Fig. 1).
However, shoulders tend to be damaged due to complex interactions within the system. Most of the previous studies have
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Fig. 14. Schematics of the lateral reaction forces.

Fig. 15. (a) Maximum principal stress contour of field-side shoulder (unit: psi, 1 psi = 0.007 MPa) and (b) the relationship between shoulder bearing force
and maximum principal stress when a vertical load of 267 kN (60 kips) is applied on the gauge-side rail head.
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focused on identifying vertical load path within the fastening system, and due to the complexities of the system, identifying
lateral load path was hindered. In this section, the lateral load path was identified with the aim of quantifying the lateral load
demands on the shoulder.

Fig. 14 depicts schematics of the lateral reaction components: F1 is the lateral frictional force between rail-seat pads sys-
tem and concrete crosstie, F2 is the lateral reaction force between the shoulder and insulator, and F3 is the lateral reaction
force between the shoulder and the pads system. The total lateral load demand on a shoulder is the sum of F2 and F3.

Fig. 15 shows the tensile stress contour of field-side shoulder, and the change of maximum tensile stress under increasing
shoulder demand (i.e. bearing force = F2 + F3), when a vertical wheel load of 267 kN (60 kips) was applied on the gage side of
the rail head. Due to the reaction of clamping force, high tensile stress is observed at the bottom of shoulder inserts before
the application of lateral wheel load. Under lateral load the shoulder behaves similar to a cantilever beam in flexure, as the
shoulder is fixed at the shoulder inserts. As a result, the tensile stress at the joint between the shoulder and the inserts con-
tinued to increase until yielding is reached.

This failure mechanism of shoulder is directly related to the magnitude of shoulder demand, and the shoulder demand is
affected by the L/V ratio, and the material property of rail pad. Fig. 16 shows the change of F1, F2, and F3 reactions with
respect to L/V ratio when using pad systems RPS 1 and RPS 3. For the cases shown a vertical load of 200 kN (45 kips) was
applied at the gage side. The solid line with the square marks represents the results with the RPS 1, and the dashed line with
the cross marks represents the results with the RPS 3. When the L/V ratio was relatively low, most of the lateral force was
resisted by the friction F1. However, the lateral load demand on the shoulder gradually increased and more than half of the
lateral force was transmitted to the shoulder at higher L/V ratios. The magnitude of frictional force mainly depended upon
the contact area between the concrete and the rail pad, and the contact area became very narrow under high L/V ratio due to
the rotation of the rail. This trend was observed for all simulation cases. When the soft pad system (RPS 3) was used in the
fastening system, one of the most noticeable changes was that the frictional force decreased, while the lateral load demand
on shoulder increased. It was observed that larger portion of the lateral load was resisted by the shoulder when softer pad
system was used.
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5. Conclusions and recommendations

This study focused on the analysis of some critical failure mechanisms of the concrete crosstie and fastening system using
a validated FE model. A detailed FE model that included one prestressed concrete crosstie and two sets of fastening system
was presented and analyzed under various loading scenarios. Some important mechanisms that could affect the performance
of concrete crosstie and fastening system were considered in the FE model. These mechanisms included: (1) Contact behav-
ior at the interfaces between different model components, (2) Prestress release of the concrete crosstie and bond-slip behav-
ior between concrete and prestressing strands, and (3) Nonlinear constitutive behavior of component materials. Parametric
studies were carried out to investigate two major failure mechanisms of the concrete crosstie and fastening systems, namely
the tensile cracking of the concrete crosstie and the damage of the fastening system in clip and shoulder. The following are
the main conclusions of this study:

� The transfer length of prestressed concrete crossties gradually reduced with higher bond-slip stiffness between concrete
and prestressing strands. For prestressed concrete crossties of similar dimensions, the threshold of reinforcement bond-
slip stiffness to develop sufficient effective prestress at the rail-seat region is 16,502 MPa/m, which is the equivalent pull-
out stress divided by the reinforcement end slip.
� Gaps between the concrete crosstie and ballast at the rail-seat region considerably increase the flexural demand at the

crosstie center. For the crosstie type considered in this study a gap larger than 2.54 mm (0.1 in.) resulted in tensile crack-
ing of concrete at the top surface of crosstie midspan.
� The critical L/V ratio was defined as the threshold that clip yielding was observed for higher lateral wheel load. The critical

L/V ratio decreased with higher vertical wheel load. When the vertical wheel load was applied on the gage side as
designed, loading scenarios of L/V ratio lower than 0.74 did not result in damage in the clips.
� Both the location of vertical wheel load and the material property of the pad system affect the critical L/V ratio of the sys-

tem. Under an L/V ratio less than 0.4 the clips behaved elastically in most cases.
� Under high shoulder demand, tensile yielding is observed at the joint between the shoulder and the inserts on the field-

side shoulder. The shoulder demand increased with the magnitude of lateral wheel load, and higher shoulder demand
was observed with softer rail pad system.

To further investigate the wheel load path through the concrete crosstie and fastening system, static analysis was used in
this study. It should be noted that based on the FE model presented in this study, further work using dynamic analysis is in
progress. In addition, current FE model only captures the response of a single crosstie. In further studies the model will be
improved to consider the distribution of vertical and lateral wheel load among multiple crossties in track condition.
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