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TECHNICAL SUMMARY 

 
Title 
Laboratory Investigation of Steel Tie Performance 
 
Introduction 
Crossties are a critical component of conventional railway track structures. They hold rails to the 
correct gauge (i.e., distance apart), maintain rail surface and alignment, and transfer loads from the 
rails into the ballast. There are three predominant crosstie material types: timber; precast, pre-stressed 
concrete; and steel. Steel crossties are gaining acceptance due to (1) promise of a longer service life 
compared with timber, (2) comparable purchase cost to timber and less than concrete, (3) ease of 
transport and distribution, (4) recyclability and environmental friendliness, (5) stiffness compatibility 
with timber; and (6) resistance to gauge widening forces. However, steel crossties need special 
tamping to ensure good contact between tie and ballast, leading to higher installation and possibly 
maintenance cost than the other two ties. Steel is also susceptible to corrosion. Finally, the impact of 
increased tie contact pressures on ballast life is unquantified at present. 

The proposed research used the test pit (9 m x 9 m, located in the University of Tennessee, Knoxville’s 
John D. Tickle Engineering Building) to investigate the performance of steel railway crossties in 
conjunction with different ballasts and explore ways to improve steel tie performance and reduce track 
maintenance cost. 

Approach and Methodology 
The research evaluated multiple combinations of steel ties with different ballasts in the laboratory test 
pit. The tests simulated the traffic loading and real track environment in a realistic manner. The tests 
focused on determining the optimal ballast gradation to improve contact between tie and ballast. 
Numerical models using discrete element method (DEM) or finite element method (FEM) were 
developed to analyze the deterioration of ballast under steel crosstie loading and to verify and explain 
the results and findings from the laboratory tests. 

Findings 
A full-scale laboratory test was conducted to investigate the pressure distribution under a timber 
crosstie or a steel crosstie under static and cyclic loadings. It was found that the laboratory pressure 
measurement system was reliable for measuring the pressure distribution under the steel and timber 
crossties. In the static loading test, at a low loading level (44000 N and 88000 N), the pressure at the 
center of the steel crosstie was the highest among all the pressures measured at different locations. As 
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the applied load increased, the pressures at the halfway location between the rail seat and the center 
gradually became the highest ones. But for the timber crosstie, with the increase in the loading level, 
the maximum pressure was obtained directly beneath the rail seats. Cyclic loading could increase the 
pressure at the center of the crosstie, and significantly decrease the pressure at the halfway locations 
between the rail seat and the center. The pressures beneath the rail seats showed a slight decrease. The 
effect of the cyclic loading on the pressure distribution of the steel crosstie was more significant than 
for timber crosstie. 

One DEM-FEM framework was developed in this study to investigate the ballast-crosstie interaction 
under static and cyclic loadings. Two open source codes, OOFEM and Yade, were used in this 
modeling to realize the DEM-FEM simulation. The stress distributions under the steel crosstie and 
timber crosstie were generated and comparison was made between the laboratory test and the modeling 
test for both types of crossties under static and cyclic loadings. The normal contact forces and normal 
contact distribution in ballast particles were also explored. Results show that cyclic loading 
significantly changed the stress distribution under both the steel and timber crosstie. The pressure 
under the rail seat decreased after the cyclic loading, while the pressure at the center of the crosstie 
increased. The effect of the cyclic loading was more significant on the steel crosstie. The stress 
distribution pattern of the steel crosstie differs from the timber crosstie. 

Conclusions 
According to the full-scale laboratory test results, the pressure distribution was different for steel and 
timber crossties. Cyclic loading could change the pressure distribution under both steel and timber 
crossties, but the effect of cyclic loading was more obvious on steel crosstie than on timber crosstie. 
Stress distribution obtained by DEM-FEM simulation was consistent with the findings from the 
laboratory test. 

Recommendations 
Ballast particles with realistic shapes are recommended for future simulations. Clumping methods can 
be used in the generation of complicated shape particles. In addition, complicated particles, such as 
polyhedrons, can also be directly generated in YADE. However, considering the large number of 
particles in the simulation, the computation will be time-consuming if complicated shapes are used in 
DEM simulation. Therefore, Yade source code needs to be modified and compiled to improve the 
computation efficiency. Super computers, such as Newton clusters, can help improve the computation 
speed in future studies. 

Publications 
Song, Weimin, Shu, X., Huang, B., Sun, Y., Gong, H., and Clarke, D.B. (2017). “Pressure distribution 
under steel and timber crossties in railway tracks.” Journal of Transportation Engineering, Part A: 
Systems, 143(9): 04017046. 

Song, Weimin, Huang, B., Shu, X., Stránský, J., and Wu, H. (2019). “Interaction between railroad 
ballast and sleeper: a DEM-FEM approach.” International Journal of Geomechanics, 19(5): 04019030. 
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SECTION 1. INTRODUCTION 

1.1 Background and Motivation 

Crossties are a critical component of conventional railway track structure. They hold rails to the correct 
gauge (i.e., distance apart), maintain rail surface and alignment, and transfer loads from the rails into 
the ballast. There are three predominant crosstie material types: timber; precast, pre-stressed concrete; 
and steel. Steel crossties are gaining acceptance due to (1) promise of a longer service life compared 
with timber, (2) comparable purchase cost to timber and less than concrete, (3) ease of transport and 
distribution, (4) recyclability and environmental friendliness, (5) stiffness compatibility with timber; 
and (6) resistance to gauge widening forces. However, steel crossties need special tamping to ensure 
good contact between tie and ballast, leading to higher installation and possibly maintenance cost than 
the other two ties. Steel is also susceptible to corrosion. Finally, the impact of increased tie contact 
pressures on ballast life is unquantified at present. 

1.1.1 Interactions between crosstie and railway ballast 
Given growing traffic demands, railroads are very interested in increasing crosstie service life and 
lengthening track surface maintenance intervals. Besides being costly, maintenance is highly disruptive 
to train operations, and scheduling maintenance time is difficult on busy rail lines. Research on the 
pressure distribution under crossties offers a better understanding of the interactions between ballast 
and crossties, hopefully leading to a more stable and long-lasting track structure. 

Two main types of railroad track are used worldwide: track supported by ballast and ballastless track. 
The ballastless track is designed mainly for high speed railway transit. For the ballasted track system, 
crossties and ballast are two key components. Timber crossties account for about 90-95% of all the 
crossties in the US (Csenge et al., 2015). Steel crossties make up only a small percentage, and they are 
generally used for light density secondary track. Although timber ties are widely used in America, 
railroads need to replace a large percentage of these crossties after a service life of only 20 to 30 years. 
In contrast, steel crosstie use is steadily rising because of their long service life, easy installation, and 
cost effectiveness. 

Pressure distribution under crossties is important to a railway track system. Previous research shows 
that the tie-to-ballast pressure is not uniformly distributed under the ties. The American Railway 
Engineering and Maintenance-of-Way Association (AREMA) published recommended track design 
procedures in its Manual for Railway Engineering (AREMA, 2016). The manual recommends that the 
pressure calculation take into account distribution and impact factors. In railway track design, it 
proposes four equations describing the relationships between tie-to-ballast pressure and other 
parameters, including ballast depth and wheel load. McHenry et al. (2015) conducted one field test to 
determine the stress distribution under timber and concrete crossties and considered such factors as the 
contact area between the ballast and crossties. A number of researchers employed the discrete element 
method and finite element method to model ballast behavior under static and cyclic loadings 
(Indraratna et al., 2009; Hossain et al., 2007; Recuero et al., 2011; Kuo and Huang, 2009). Ballast 
degradations are observed under external load, especially under cyclic loading, and the crossties are 
not fully supported by the ballast, which may accelerate crosstie degradation (Vinod et al., 2009; 
Hossain et al., 2007; Recuero et al., 2011; Sun et al., 2015; Anderson and Fair, 2008). 
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1.1.2 Discrete element method 
A granular material is a conglomeration of discrete solid, macroscopic particles characterized by a loss 
of energy whenever the particles interact (Duran, 2012). Discrete and continuous models are two 
methods generally used in granular materials simulations. 

The continuum approach averages the physics across many particles and thereby treats the material as 
a continuum on a macro scale level (Chen, 2009). In the framework of continuum mechanics, the 
mechanical behavior of granular materials have been described by several constitutive models (Wu et 
al., 1996; De Borst and Sluys, 1991; Fleck and Hutchinson, 1997). In a two-dimensional bi-axial 
geometry, some parameters, such as the shear stress, anisotropy, modulus and deformation, were 
investigated in the granular media by Luding and Perdahcioglu (2011). However, many particle 
collections have a large porosity and are inherently inhomogeneous, such as ballast. It is difficult to 
treat such materials as continuum media, especially in microscopic analysis. In these cases, the 
Discrete Element Method (DEM) is an appropriate analysis method. 

The Discrete Element Method is a discontinuous approach and a powerful numerical tool for 
computing the motion of a large number of particles such as granular material, and now it is becoming 
the main numerical tool to analyze granular materials. DEM was introduced by Cundall and Strack for 
geotechnical engineering problems (Cundall and Strack, 1979). Since their work, DEM has been 
widely used as an analysis tool to characterize the behaviors of granular materials in geotechnical 
engineering and material engineering. 

DEM, which is sometimes called soft particle molecular dynamics, is closely related to molecular 
dynamics (MD). Both methods are used to solve particle movement, mechanical behaviors, and other 
properties. Newton’s second law of motion is used to calculate particle movement. 

Unlike traditional continuum computational methods, in DEM each element is separated and can have 
independent movement. All particles are assumed rigid bodies, and the interaction only happens at 
contacts or interfaces between these bodies. Behavior at the contacts uses a soft-contact approach, and 
rigid particles are allowed to overlap one another at contact points. According to the force-
displacement law, the overlap in every contact will generate an interaction force between particles. The 
contact force will cause particle motion in accordance with Newton’s second law. The motion of 
particles consequently changes the contact situation and results in the changes of contact forces 
between particles, which continually brings about new particle motion. 

With the evolution of DEM theory, software developers have employed various programming 
languages to produce DEM codes that are being applied to solve problems concerning granular 
materials. Commercial DEM software packages such as PFC2D, PFC3D, and EDEM are widely used. 
With easy operability and strong post processing capability, commercial software gives a good user 
experience. PFC2D and PFC3D are commercial DEM packages commonly applied in granular 
materials analysis (Buttlar and You, 2001; Wang et al., 2003). For commercial software, the functions 
and features are pre-packaged and it is difficult for researchers to modify the source codes to suit 
research needs, especially in complicated analyses. 

Open source code, on the other hand, is modifiable and allows users to improve and modify the 
existing codebase according to research needs. Yade, LIGGGHTS, and ESyS-Particle are three widely 
used open source codes for DEM analysis. Yade Open-DEM is a 3-D GNU/GPL software framework 
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designed with dynamic libraries and implemented in the C++ language. New algorithms and interfaces 
can be independently implemented. After more than ten years’ maintenance, Yade provides a stable 
environment and high computing efficiency in DEM simulations. Yade has been widely used in 
geotechnical engineering, materials processing, etc. (Camborde et al., 2000; Belheine et al., 2009; 
Harthong et al., 2009; Jerier et al., 2010). With the extendable and modifiable character of open source 
code, Yade DEM code could also be coupled with other codes and methods, such as FEM (Stransky 
and Jirasek, 2012) and CFD (Chen, 2009), which expands the research scope. In this study, Yade open 
source code is used to do the discrete element modeling. Python is used for rapid and concise scene 
construction, simulation control, and post-processing. 

1.2 Study Objectives 

The objective of the proposed research is to use the 9 m x 9 m test pit, located in the UTK John D. 
Tickle Engineering Building, to investigate the performance of steel railway crossties in conjunction 
with different ballasts and to explore ways to improve steel tie performance and reduce track 
maintenance cost. 
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SECTION 2. LABORATORY EVALUATION OF PRESSURE DISTRIBUTION UNDER STEEL 
AND TIMBER CROSSTIES IN RAILWAY TRACK 

This chapter presents a full-scale laboratory test to investigate the pressure distribution beneath steel 
crossties and timber crossties under static loading and dynamic loading. Pressure distributions of steel 
crossties and timber crossties were compared. 

2.1 Introduction 

Research on the pressure distribution under crossties will offer a better understanding of the 
interactions between ballast and crossties. Research results can help refine the track design procedure, 
allowing for lower lifecycle costs and a potentially greater service life. Give the large number of 
crossties in track, this has important ramifications for track owners.  

Timber crossties account for about 90-95% of all the crossties in the US (Csenge et al. 2015). Steel 
crossties make up only a small percentage, and they are generally used for light density secondary 
track. Both behave approximately the same in track, providing adequate resistance to imparted loads 
while maintaining desired track geometry. However, timber crossties have a typical service life of only 
20 to 30 years, largely due to fungal attack that leads to decay. Steel crossties, not being susceptible to 
organic decay, offer long service life. Their installation, in-track behavior, and cost effectiveness are 
comparable to timber crossties. The elastic rail fastener systems used for steel crossties are superior to 
the rigid cut spike fasteners commonly used with timber crossties. In addition to timber and steel 
crossties, concrete crossties are also used in the US. As concrete crossties have substantially different 
physical and performance characteristics from steel and timber, this study does not consider them. 

Section 1 presented some previous research on pressure distribution under crossties. Laryea et al. 
(2014) also compared the stress distribution under concrete and steel crossties. They found that for the 
concrete crossties, the load is mainly transferred vertically. However, the steel crosstie section presents 
a large force concentration under its edge while a significant part of the load is still vertically 
transmitted through the underside of the crosstie. After one million cycles of loading on a steel 
crosstie, the stress at the center of the crosstie is higher than that beneath the rail seats. However, for 
the concrete crosstie, the stress beneath the rail seat is greater after cyclic loading, and the pressure 
distribution follows a parabolic pattern (Laryea et al. 2014, Sadeghi 2008, Sadeghi 2010). 

The testing setup of the pressure distribution measurement plays an important role in the accuracy of 
the results. In some studies, pressure cells were placed at the interface between ballast and crossties 
(McHenry et al. 2015, Sadeghi 2008, and Sadeghi 2010). In other studies, pressure cells were placed 
only on ballast, and then crossties were placed on the pressure cells. This setup may cause inadequate 
contact between crosstie and ballast, especially when the pressure cells are thick. Some researchers 
embedded pressure cells within the bottom of the ties so that the surfaces of the pressure plates would 
be flush with the bottoms of the ties (Sadeghi 2008, Sadeghi 2010). This method could give more 
reliable test results. 

Besides the laboratory and field tests, the discrete element method and finite element method were 
used to research ballasts under static and cyclic loadings (Hossain et al. 2007, Indraratna et al. 2009, 
Kuo and Huang 2009, Recuero et al. 2011). Ballast degradation is observed under the external load, 
especially under cyclic loading, and the crossties cannot be fully supported by the ballast, which may 
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accelerate the degradation of the crossties (Anderson and Fair 2008, Hossain et al. 2007, Indraratna et 
al. 2009, Recuero et al. 2011, and Sun et al. 2015). 

In the research of crosstie behavior or the pressure distribution under crossties, many techniques have 
been used, including matrix-based tactile surface sensors (McHenry et al. 2015, Rapp et al. 2013, Rose 
et al. 2004), Geokon pressure cells (Anderson and Rose 2008, Jia et al. 2009, and Rose et al. 2004), 
and strain gauges (Wolf et al. 2015). This study used Geokon pressure cells to measure the pressure 
distribution. 

The objective of this chapter is to investigate the pressure distribution under steel and timber crossties 
through laboratory testing. The pressure distributions under steel and timber crossties were compared 
and analyzed. The effect of cyclic loading on the pressure distribution under the ties was also 
examined.  

2.2 System for Pressure Distribution Measurement 

This system has four components: (1) a power source that provides excitation voltage, (2) a data 
acquisition device, (3) pressure cells, and (4) a computer running the data acquisition and analysis 
software, as shown in Figure 2.1. 

 
Figure 2.1. System for pressure distribution measurement components 

 
A pressure cell is fabricated by welding two steel plates together, leaving a narrow space between them 
that is filled with hydraulic oil. The cell is connected hydraulically to a pressure transducer, where the 
oil pressure is converted into an electrical signal that can be interpreted by the computer. The area of 
the pressure cell is 0.03 m2. The NI 9203 data acquisition device has 10 input channels. 

2.3 Laboratory Tests 

The test used a single steel crosstie and a single timber crosstie. The dimension was 2.54 m by 0.16 m 
by 0.14 m (length/width/height) for the steel crosstie and 2.59 m by 0.23 m by 0.18 m for the timber 
crosstie. The thickness of the steel crosstie is 8 mm. Figure 2.2 shows the section information of the 
steel crosstie. The bending rigidities of the steel and the timber crossties are 0.73 MPa·m3 and 1 
MPa·m3, respectively. The ballast gradation, shown in Figure 2.3, is classified as AREMA #4A. 
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Figure 2.2. Section of the steel crosstie 

 

 
Figure 2.3. Ballast gradation 

 
2.3.1 Calibration of the pressure distribution measurement system 
The calibration was conducted using a Material Testing System (MTS) machine. Ballast was placed in 
a strong wooden box with the upper side open. The size of the box is 0.4 m by 0.4 m by 0.14 m 
(length/width/height). A wood block cut from a timber crosstie represented the crosstie. A pressure cell 
was placed between the wood block and the ballast, as shown in Figure 2.4. 

 
Figure 2.4. Pressure calibration test 

 
Pressures were calculated by dividing the recorded force from the MTS by the pressure cell area. The 
applied loads were transferred through the crosstie over the total area of the cell. The calculated 
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pressures were compared to the simultaneously measured values indicated by the pressure cells from 0 
to 26700 N. 

2.3.2 Laboratory testing of pressure distribution under crossties 

1) Test set up 
In this study, five pressure cells (numbered from 24 to 28) were placed under the ties symmetrically. 
Figure 2.5 to Figure 2.7 show the locations of the pressure cells and the test set up. In Figure 2.5, the 
distance between the two adjacent pressure cells was 0.38 m. The vertical load applied at the center of 
a steel beam placed on the rails produced equal vertical load on each rail.  

 
Figure 2.5. Schematic diagram of the test 

 
Figure 2.6. Pressure cell placement 
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Figure 2.7. Timber and steel crosstie set up 

Research shows that the hollow-shape steel crosstie presents a high stress concentration under its edges 
(Laryea et al. 2014). To reduce the effect of stress concentration and ensure that a relatively normal 
pressure can be obtained, pressure cells were placed at a depth of 0.13 m beneath the crosstie rather 
than at the interface between ballast and crosstie, as Figure 2.5 shows. 

Ballast was first compacted with a vibratory compactor before the placement of the pressure cell. The 
porosity after the ballast compaction was about 50%. The depth of the ballast beneath the crosstie is 
about 1 m, which meets the requirement of the AREMA specification (AREMA 2016). After the 
placement of the pressure cell, the ballast was leveled and the crosstie was installed above the pressure 
cells. Before actual test, preloading was applied to ensure good contact between ballast and the 
pressure cells.  

2) Testing procedure 

The loading and testing procedure consisted of three parts. The first part was to apply a static load. In 
this part, an external force was applied from 0 to 220000 N in five stages and then removed in the 
same manner (Figure 2.8a). The pressure values were measured and recorded at six load levels: 0, 
44000 N, 88000 N, 132000 N, 176000 N and 220000 N. To obtain stable readings of the pressure 
during the loading and unloading process, a one minute duration was used for each loading level, as 
shown in Figure 2.8(a). Sinusoidal loading is commonly used to simulate the cyclic loading in 
laboratory tests (Anderson and Fair 2008, Indraratna et al. 2009, Laryea et al. 2014). In this study, after 
the static loading test, a cyclic loading ranging from 4400 N to 44000 N was performed at 2 Hz for 
10000 cycles (Figure 2.8(b)). Because the steel crosstie is generally used in low tonnage track, the 
maximum load in the cyclic loading was selected to be 44000 N to simulate a 6-axle light weight 
loading. During this loading, the pressure development was recorded. After the cyclic loading, the 
static loading procedure was performed again in the same manner described above to evaluate the 
influence of the cyclic loading on the pressure distribution.  
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Figure 2.8. Static loading and cyclic loading procedure 

 
2.4 Results and Discussions 

2.4.1 Calibration of the pressure distribution measurement system 
The calibration was made at five loading levels, 0, 6700 N, 13400 N, 20100 N and 26800 N. Three 
repetitive tests were performed to evaluate the repeatability of the pressure cells. The relationship 
between the calculated pressures and measured pressures is shown in Figure 2.9. It can be seen that 
there is a good consistency between the calculated pressures and the measurements. The calibration 
results confirmed the reliability of the pressure distribution measurement system. 

 
Figure 2.9. Calibration of the pressure distribution system 
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2.4.2 Results of the static and cyclic loading tests 
Figure 2.10 displays the pressure distributions along the steel crosstie before and after the cyclic 
loading in the loading process from 0 to 220000 N.  

 

 
Figure 2.10. Pressure distribution along the steel crosstie 

 
For the steel crosstie during the first static loading, as the external force increased, the pressure 
increased as well. When a low external force (44000 N and 88000 N) was applied, the pressure at the 
center was higher than that at other locations. As the external force increased, the pressure at the 
halfway locations between the rail seat and the center (cell 25 and cell 26) experienced a marked 
increase and became higher than the pressures at other locations. This trend continued until the highest 
loading level. After 10000 cycles of dynamic loading, the pressure distribution was different from that 
before the cyclic test. The pressure at the center was always the highest among all the locations at all 
external loading levels, and the pressures at the two ends were the lowest, which agrees with the 
research from Laryea et al. (2014). 

Figure 2.11 presents the pressure increase at every loading level for the steel crosstie before and after 
cyclic loading. It can be observed that at the rail seat, the pressure increments at every loading level 
increased before and after the cyclic loading. However, the pressure increments at the halfway location 
between rail seat and the center remained unchanged at every loading level. For the pressure at the 
center, the pressure increment decreased significantly at low level loading, and at high loading level 
(132000 N, 176000 N and 220000 N), the pressure increment remained constant before and after the 
cyclic loading. 
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Figure 2.11. Pressure increase every 44000 N for steel crosstie 

 
Figure 2.12 shows the pressure distributions under timber crosstie before and after the cyclic loading. 
As in the steel crosstie testing, the pressures under the timber crosstie all experienced an increase with 
the increase in the applied load. However, the increase trend was different between steel and timber 
crossties. At the lowest loading level (44000 N), the pressures at the middle three locations were 
approximately equal and higher than those at both ends. As the external load increased, the increase in 
pressure under the timber crosstie worked from outside to inside, indicating that the four outside 
locations experienced a higher increase than the center location. The two locations midway between 
rail seat and center experienced the highest pressure at intermediate loading levels (88000 N and 
132000 N). The two rail seat locations experienced the highest pressure at high loading levels (176000 
N and 220000 N). The pressure distribution under the high external loads was generally in agreement 
with those published results (ORE 1969, Talbot 1929). As the external force increased from 44000 to 
220000 N, the pressures at two rail seats increased most quickly from 0.04 to 0.48 MPa, followed by 
those at the two locations midway between rail seat and center, from about 0.1 MPa to about 0.42 
MPa. In comparison, the center location only experienced an increase in pressure from 0.1 to 0.21 MPa 
when the load was increased from 44000 to 220000 N. After the cyclic loading of 10000 cycles, the 
pressure distribution was similar to that before the cyclic loading, and the only difference was that at 
the lowest loading level (44000N), the pressure at the center was highest, decreasing farther away from 
the center.  

Comparison of the pressure distribution under steel crossties and timber crossties (Figs. 2.10 and 2.12) 
shows that the pressure distribution under the steel crosstie was more uniform than that beneath the 
timber crosstie, especially at high loading levels. It may be because, compared with a timber crosstie, 
the edges of the steel crossties restricted ballast movement in the horizontal direction and compacted 
the ballast beneath the crosstie more. 
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Figure 2.12. Pressure distribution along the timber 

 
Figure 2.13 presents the pressure increment at every loading level for the timber crosstie before and 
after the cyclic loading. The pressure increments at the center and at the rail seat were similar to the 
steel crosstie. However, as the external load increased, the pressure increment decreased before and 
after the cyclic loading. 

To further the understanding the effect of the cyclic loading on the pressure distribution, the changes in 
maximum and minimum pressures with the loading cycles were examined. Figs. 2.14 and 2.15 show 
the changes in maximum and minimum pressures with the increase in loading cycles for steel and 
timber crossties, respectively. The maximum pressure was obtained at the external load of 44000 N, 
while the minimum pressure value was obtained at the 4400 N load. It can be observed that, with the 
increase in loading cycles, the pressure at the center of the crosstie (cell 26) significantly increased for 
both steel and timber crossties, but the pressure at the two midway locations significantly decreased. 
The pressure beneath the rail seats did not show much change. 

Figures 2.16 and 2.17 compare the pressures at different crosstie locations before and after the cyclic 
loading. Figure 2.18 displays the percentage of the pressure change after the cyclic loading. For the 
steel crosstie, after the cyclic loading process, the pressure at rail set showed a slight decrease, and 
from Figure 2.18 the decrease was about 6% at 220000 N. The pressure at the halfway location also 
showed a decreasing trend with a decrease of about 17% at the maximum loading level. The decrease 
was more significant at the halfway location than at the rail seat. Unlike pressures at these two 
locations, the pressure at the center of the steel crosstie showed a significant increase after the cyclic 
loading, which was 13% at 220000 N. This indicates that cyclic loading could improve the ballast 
support to the steel crosstie at the center location, but compromise the support at other locations, 
especially at the halfway location between the rail seat and the center. For the timber crosstie, it can be 
observed from Figure 2.17 that as the external load increased, all the measured pressures increased, but 
the increase rate at the rail seat was the greatest, followed those at the halfway and center locations. 
The pressure at the rail seat showed almost no difference before and after the cyclic loading. 
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Figure 2.13. Pressure increase every 44000 N for the timber crosstie 

 

 
Figure 2.14. Pressure development under steel crosstie during the cyclic loading 
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Figure 2.15. Pressure development under timber crosstie during the cyclic loading 

Similarly to the steel crosstie, the pressure at the center of the timber crosstie also increased after the 
cyclic loading, whereas the pressure decreased at the halfway location. The change in pressure was 
14% for the center and -10% for the halfway location, indicating that cyclic loading could enhance 
ballast support at the center of the timber and reduce the support at the halfway location. However, 
comparison of the pressures under steel and timber crossties shows the effect of the cyclic loading on 
the steel crosstie was more significant than on the timber for the center and halfway locations at the 
loading level from 44000 N to 220000 N (Figure 2.18). The bending rigidity values of the timber and 
steel crossties are 1 MPa.m3 and 0.73 MPa.m3, respectively. Under the external loading, the steel 
crosstie is easier to deform than the timber crosstie. The difference in bending rigidity between steel 
and timber crossties caused the pressure difference under the steel and timber crossties. The shapes of 
the two crossties are also different, which may contribute to the difference in pressure below the tie. 
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Figure 2.16. Pressure comparison of steel crosstie between initial condition and after cyclic loading 

 
Figure 2.17. Pressure comparison of timber between initial condition and after cyclic loading 
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Figure 2.18. Percentage pressure change after cyclic loading 

The pressures of the five cells were also recorded during the unloading process from 220000 N to 0 N. 
Figs. 2.19 and 2.20 compare pressures obtained from the loading and unloading processes. The 
pressure results were obtained during the first static loading test prior to the cyclic loading. For both 
the steel and timber crossties, the pressures obtained during the unloading process at the rail seat were 
lower than the corresponding values obtained from the loading process, but the opposite was observed 
for pressures at the halfway and center locations. Figure 2.21 shows the percentage of the pressure 
change after the unloading process. At the halfway and center locations, the general trend was that the 
percentage increase in pressure under the steel crosstie was greater than that for the timber crosstie. 
The pressure decrease percentage beneath the rail seat was similar for the steel and the timber crossties 
at the different loading levels in this study. 
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Figure 2.19. Pressure comparison of steel crosstie between loading and unloading process 

 

 
Figure 2.20. Pressure comparison of timber between loading and unloading process 
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Figure 2.21. Percentage of the pressure change after the unloading process 

2.5 Conclusions 

A laboratory study was carried out to investigate the pressure distribution characteristics under a single 
steel or timber crosstie. Five pressure cells were equidistantly located under the crossties between the 
two rail seats. First, the pressure measurement system was calibrated. The static and cyclic loadings 
were applied in the laboratory test. The difference in pressure distribution was analyzed between the 
steel and timber crossties. The effect of cyclic loading on the pressure distribution under the crossties 
was also examined. The following conclusions can be drawn from this study: 

● The pressure measurement system was reliable for measuring the pressure distribution under 
the steel and timber crossties. 

● In the static loading test, at a low loading level (44000 N and 88000 N), the pressure at the 
center of the steel crosstie was the highest among all the pressures measured at different 
locations. As the applied load increased, the pressures at the halfway location between the rail 
seat and the center gradually became the highest ones. But for the timber crosstie, with the 
increase in the loading level, the maximum pressure was obtained directly beneath the rail 
seats. 

● Cyclic loading could increase the pressure at the center of the crosstie and significantly 
decrease the pressure at the halfway locations between the rail seat and the center. The 
pressures beneath the rail seats showed a slight decrease.  

● The effect of the cyclic loading on the pressure distribution of the steel crosstie was more 
significant than for the timber crosstie. 

● There was a difference in pressure distribution between the loading and unloading processes. 
For both the steel and timber crossties, the pressures obtained from the unloading process 
beneath the rail seats were lower those from the unloading process, but the pressures at other 
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locations were higher from the unloading process than from the loading process at the same 
loading level.  
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SECTION 3. INTERACTION BETWEEN RAILROAD BALLAST AND CROSSTIE: A DEM-FEM 
APPROACH 

This chapter develops a DEM-FEM framework to investigate the ballast-tie interaction. The interaction 
between ballast and steel/timber crossties is explored. 

3.1 Introduction 

Ballast is a commonly used material for transportation infrastructure. In a railway substructure, loads 
are applied on the rails and transferred through crossties to the ballast. Under long-term repeated train 
loadings, ballast may experience flow and other deterioration, which in turn will change the stress 
distributions within the ballast and between the ballast and crossties. Therefore, the interactions 
between elements in a ballast-based railway substructure are typically complex and complicated 
(Indraratna et al. 2009; Lackenby et al. 2007). For this reason, the performance of ballast has always 
been a critical factor in the design of railway substructure. A fundamental understanding of the ballast-
crosstie interaction is of great importance for railway design and maintenance. 

Numerous laboratory and field investigations have reported on the behaviors of ballast in railway 
substructures (Aursudkij 2007; Huang et al. 2009; Indraratna et al. 2009; Remennikov and 
Kaewunruen 2006; Zhai et al. 2004). Indraratna et al. (2009) found that permanent deformation and 
degradation of ballast increases with the loading frequency and the number of cycles. The ballast 
breakage mainly occurs during the initial cycles. The resilient behavior of ballast is strongly related 
with the stress level (Lekarp et al. 2000). In addition, ballast density and grading significantly affect 
the permanent deformation of a ballast-based railway substructure (Thom and Brown 1988). Under the 
long-term effect of traffic loading, fouling and contamination occur along with ballast degradation. 
Fouling agents could decrease the shear strength of ballast (Huang et al. 2009). Remennikov and 
Kaewunruen (2006) studied the effect of the ballast-crosstie interaction on the dynamic properties of 
prestressed concrete crossties, in which free-free and in-situ boundary conditions were analyzed. Free-
free condition refers to the crosstie being suspended by soft springs, while in-situ boundary condition 
is the ballast support condition in the field. The concrete crossties were tested using an impact hammer 
excitation technique over the frequency range 0 to1600 Hz. Results showed that in-situ boundary 
conditions have a remarkable effect on the modal damping and the vibration mode shape. 

Also, the pressure distribution under sleepers is an important concern in the study of ballast-crosstie 
interaction. Previous studies have shown that the crosstie-to-ballast pressure is not uniformly 
distributed. McHenry et al. (2015) carried out a field test to determine the pressure distribution under 
timber and concrete crossties and found the contact area between ballast and crosstie may affect the 
contact pressure. Pressure distribution under steel crossties was also investigated (Laryea et al. 2014; 
Song et al. 2017), and research shows that cyclic loading could significantly increase the pressure at 
the center of the crosstie and decrease the pressure at the locations halfway between the rail seat and 
the center. 

Although laboratory and field tests yield many valuable conclusions, test work conducted in those 
conditions is generally laborious and cannot provide micro-scale insights into the behaviors of ballast-
crosstie interactions. In this case, numerical methods are being used extensively to analyze ballast 
behavior. The continuum approach (e.g., FEM) averages the physics across many particles and thereby 
treats the material as a continuum on a macro scale level. The FEM has proven to be a powerful tool in 
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modeling structural elements, such as beam, pile, etc. Using the continuum approach, the ballast, 
subballast, foundation, and crossties were all regraded as the continuum media, and then the track 
deflection (Gao et al. 2016) and ground vibrations (Zhai et al. 2004) were analyzed and compared with 
the field results. However, ballast is the collection of many distinct particles and is inherently non-
continuous. Laboratory tests show that the micro parameters of ballast, such as ballast gradation 
(Huang et al. 2009; Indraratna et al. 1998), and porosity (Indraratna et al. 1997) are critically important 
influences on ballast behavior. In particular, the shape of ballast particles at micro scale play an 
important role in determining its macro mechanical behavior (Lu and McDowell 2007; Tutumluer et 
al. 2006). Under dynamic loading, ballast breakage also occurs, which affects ballast-crosstie 
interaction behaviors (Indraratna et al. 2009; Nålsund 2010). So, it is difficult to treat such ballast as 
the continuum media, especially in the analysis of the interaction between ballast particles.  

The Discrete Element Method (DEM) is a discontinuous approach and a powerful numerical tool for 
computing the motion of a large number of granular particles, and it offers one micro-mechanical 
insight into its behavior (Cundall and Strack 1979). DEMs are now widely used in the research of 
ballast behaviors, and many valuable conclusions were drawn from microscopic perspectives, such as 
the research of ballast settlement (Tutumluer 2007), the behavior of fouled ballast (Huang and 
Tutumluer 2011; Indraratna et al. 2012), the ballast-geogrid interaction (Chen et al. 2012; Ngo et al. 
2014), and others. Ballast with complex geometry can be generated by clumping spheres into one 
complex-shape aggregate (Lu and McDowell 2007; Stahl and Konietzky 2011). This approach is easy 
to realize by overlapping spheres or bonding spheres together. Clumping reduces the particles’ contact 
to spheres’ contact. Besides the clump, complex non-spherical particles, such as polyhedron particles, 
can be also directly generated in some DEM analyses (Eliáš 2014; Zhao et al. 2015). The contact 
detection is more complicated. In the calculation of normal force between polyhedron particles, the 
normal force is the product of the force density and the overlapped volume, which is different from 
force calculation of spherical particles. The collision detection and force calculation in non-spherical 
particles are more time-consuming than in spherical particles. 

The coupling method between FEM and DEM is commonly used nowadays in the research of 
complicated geotechnical problems. Stránský and Jirásek (2012) present a DEM-FEM coupling 
strategy using two open source code software programs (Yade and OOFEM), in which the coupling 
algorithm is proposed, and this method was applied to make a simple modeling of ballast-crosstie 
interaction (Stránský 2014). Tran et al. (2014) used a similar method to investigate the soil-geogrid 
interaction in which the geogrid was modeled by FEM while the soil was modeled using DEM. 
Elmekati and El Shamy (2010) used this approach to model pile installation in granular soil in which 
the pile and the far-field soil were modeled by FEM while the near-field soil, which surrounded the 
pile, was modeled by DEM. Although some studies were conducted about the behaviors of ballast and 
the interaction behaviors between ballast and crossties, the research of ballast-crosstie interaction in 
microscopic perspective is still limited, especially in the pressure distribution under crossties. In this 
study, to take advantage of both FEM and DEM, the crosstie was modeled using finite element 
methods while the ballast was modeled using DEM. The coupling of FEM and DEM allows for both 
the crosstie and ballast to be simultaneously modeled.  

The objective of this chapter is to develop a coupled FEM-DEM framework that can model ballast-
crosstie interaction at the microscopic scale level. Compared to the published research, several full-
scale modeling tests were conducted to reveal the meso-mechanisms of ballast-crosstie interaction. 
Besides, the macroscopic behaviors, such as porosity in ballast and pressure distribution beneath the 
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crosstie, were investigated from the microscopic perspective. Two different types of crossties—timber 
and steel—were selected. Full-scale ballast-crosstie load tests were performed to validate the results 
from the DEM-FEM analyses. 

3.2 Coupled DEM-FEM framework 

In this study, the open source code OOFEM (Patzák 2012) was used to conduct FEM crosstie 
modeling while another open source code, Yade (Šmilauer et al. 2010), was used to conduct DEM 
ballast modeling. The cores of Yade and OOFEM are both written in C++ using a flexible object 
model, allowing independent implementation of new algorithms. Python is used for model 
construction, simulation control, and post-processing. 

3.2.1 FEM and DEM  
This study used the explicit dynamic formulation of the finite element method (Belytschko et al. 2013). 
Central difference time integration is used to calculate field variables at respective nodal points. Since 
only a numerical solution is possible for a non-linear ordinary differential equation, this method is 
particularly well suited for non-linear problems.  

In DEM simulations, the authors used the contact-stiffness model, which is known as the traditional 
Cundall’s linear elastic-plastic contact model (Cundall and Strack 1979). There are three parameters in 
this model: normal stiffness (KN), tangential stiffness (KS), and the friction coefficient. There is an 
elastic relationship between the normal contact force (Fc,n) and the relative displacement (ΔI). 

 Fc,n = ΔI*Kn (1) 

 𝐾𝑛 =
𝐾1∗𝐾2

𝐾1+𝐾2
 (2) 

where Kn is the normal stiffness, which is determined by the normal stiffness (K1 and K2) of the two 
contact spheres; ΔI is the invasion distance. 

In the calculation of the shear force Fc, s, a standard incremental algorithm is applied (Šmilauer et al. 
2010). It involves the correction of the shear force from the previous time step for changes in the 
normal direction and for rigid-body motion. Then, an additional shear displacement increment (Δu) 
caused by the mutual movements and rotations of ballast is calculated and the shear force is adjusted 
by the increment. 

 Fc, s = Δu *Ks (3) 
where Ks (N/m) is the contact shear stiffness of the material. 

In the calculation of shear force, the Coulomb condition (Eq. (12)) is employed when a slide occurs at 
the contact. When the shear force calculated by Eq. (11) is larger than Fc,n*tanθ, a slide occurs, and the 
shear force is reduced to Fc,n*tanθ. 

 Fc,s ≥ Fc,n*tanθ (4) 
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3.2.2 DEM-FEM coupling 
In this DEM-FEM coupling framework, the ballast behavior is modeled using DEM, while the 
behavior of crosstie is analyzed using FEM. This coupling method, also called surface-coupling 
(Fakhimi 2009; Nakashima and Oida 2004), is probably the most straightforward coupling method. 
The DEM and FEM domains are physically separated during the entire time loop and therefore 
integrate their quantities without interference. At some characteristic points, the interaction between 
DEM and FEM domains interact with each other, and necessary data is shared. If there is no contact 
between ballast and crosstie, the analysis of DEM and FEM is conducted separately. If collision is 
detected between ballast and crosstie, the contact force will act on the DEM particle and crosstie 
simultaneously. The interaction force is used as an external load for each domain.  

The computing procedure in DEM-FEM coupling is as follows. Once the contact between ballast and 
crosstie occurs, the boundary (surface) of the FEM mesh is copied into the DEM domain as special 
triangular particles. The deformed surface elements of the FEM domain are regarded as geometrical 
boundary conditions, while the forces acting on the surface elements are regarded as external loads. In 
the DEM domain, after detection of the potential contact, particle velocity and displacement will be 
obtained. In the FEM domain, FEM equations will be solved and the corresponding parameters, such 
as nodal force, displacement, etc., will be solved. Then the information for ballast and crosstie will be 
updated. The contact between ballast and crosstie will be checked again in a new timestep. The flow 
chart in Figure 3.1 shows how DEM-FEM computing is conducted. 

 
Figure 3.1. Flow chart of DEM-FEM computing 

 

3.3 DEM-FEM coupling framework set up 

The dimension of the timber crosstie is 2.5 m by 0.2 m by 0.18 m (length/width/height). The steel 
crosstie is a channel shape with dimensions shown as Figure 3.2(a). To simplify the analysis, a U-
shape was selected in the DEM-FEM analysis (Figure 3.2[b]). The dimension of the steel crosstie is 
2.5 m by 0.22 m by 0.12 m (length/width/height) and the thickness is 8 mm. The open-source meshing 
tool Gmsh (Geuzaine and Remacle 2009) was used to generate meshes for both crossties. 
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Figure 3.2. Section of steel crosstie 

 
In this study, to simplify the analysis and save the computation time, all the ballast particles are 
spheres. The number of ballast particles is 64296. The initial porosity is about 44%. The ballast 
aggregate gradation is shown in Figure 3.3, which is classified as AREMA #4A. Before the external 
loading was applied on the crosstie, ballast was first compacted by a sinusoidal loading from 0 to 
50000 N at a frequency of 10 Hz for 5 s to make the ballast particles achieve the initially compacted 
state. The dimensions of the ballast bed are 3.2 m by 1.0 m by 0.8 m (length/width/height). The depth 
of the ballast bed satisfies the AREMA specification. In this study, the research concern is about the 
interaction between ballast and crosstie, so the subgrade was not considered. Compared to the particles 
with complex shapes, spherical particles are easier to move, and the ballast settlement is very large if 
no horizontal boundary is set. So, to restrain the horizontal flow of ballast particles, the ballast particles 
were placed in a box with all the faces constrained, except that the upper face was removed. Figure 3.4 
shows the complete models of timber crosstie-ballast and steel crosstie-ballast. It should be noted that 
the crosstie settlement in this study cannot reflect the field situation because of the boundary 
conditions and the spherical particles. However, in their study of pressure distribution underneath 
concrete and steel crossties, Laryea et al. (2014) found that DEM tests using a box device could 
provide comparable pressure distribution with the laboratory tests, indicating the more conservative 
boundary could provide reliable results. Table 3.1 shows key parameters used in the DEM-FEM 
modeling. 
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Table 3.1. Parameters used in the simulation 

Properties Value 
Ballast density 2600 kg/m3 
Ballast inter-particle friction coefficient 0.6 
Time step increment 5  10-8 s 
Gravity 9.8 m/s2 
Density of timber crosstie 800 kg/m3 
Density of steel crosstie 7800 kg/m3 
Elastic modulus of timber crosstie  9 GPa 
Elastic modulus of steel crosstie 200 GPa 

 

 
Figure 3.3. Ballast aggregate gradation 

 
Figure 3.4. Initial condition of crosstie-ballast system 
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The loading procedure consisted of three parts (Figure 3.5). In the first part, an external force linearly 
increased from 0 to 132000 N. The value (132000 N) represents the axle load of lightweight 
locomotives. The pressure values were measured and recorded at two load levels: 44000 N and 132000 
N. In the second part, a cyclic loading was performed at a frequency of 100 Hz for 5 times from 4400 
N to 44000 N. After the cyclic loading, the linear increased loading was performed to evaluate the 
influence of the cyclic loading on the behaviors of ballast particles.  

 
Figure 3.5. Loading procedure 

 
3.4 Laboratory test 

A full-scale laboratory test was also conducted to investigate the pressure distribution under steel and 
timber crossties. In the laboratory tests, five pressure cells were placed equidistantly between the two 
rails. Pressure cells were placed at a depth of 0.13 m beneath the crosstie to obtain the pressure 
distribution. A vibratory compactor was first used to compact the ballast before the placement of the 
pressure cells. After the placement of the pressure cell, the ballast was leveled, and the crosstie was 
installed above the pressure cells. Before the actual test, preloading was applied to ensure good contact 
between the ballast and the pressure cells. The calibrated data acquisition system consists of four parts: 
data logger, power supply, laptop and pressure cell (Figure 3.6). Error! Reference source not found. 
showed the setup for the timber and steel crosstie tests. 
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Figure 3.6. Data acquisition system 

 
The loading and testing procedure consisted of three parts. The first one involved applying a static 
loading. An external load increased from 0 to 220000 N, and the pressure values were measured when 
the load was 0, 44000, 88000, 132000, 176000, and 220000 N. After the static loading, a cyclic 
loading ranging from 4,400 to 44,000 N was performed. It should be noted that unlike the procedure in 
the DEM-FEM simulation, the frequency was 2 Hz and the loading cycle was 10000. After the cyclic 
loading, a static loading test was performed again in the same manner as the first part. More details 
about the laboratory test can be seen in Song et al. (2017). 

3.5 Test results 

3.5.1 Pressure distribution 
Considering the computation of the pressure under the crosstie, the stress tensors (σij) of per-particle 
can be directly generated in YADE. A weighted average of per-particle stresses will give the average 
stress inside the ballast. To simplify the analysis, the stress at one given location can be generated by 
the following equations (Catalano et al. 2014; Šmilauer et al. 2010): 

 σij =
1

𝑉
∑ f𝑖

𝑒𝑥𝑡,𝑝
𝑥𝑗
𝑝

𝑝∈∂𝑉  (5) 

 σ𝑖𝑗
𝑠𝑜𝑙𝑖𝑑 =

1

∑ (𝑉+𝑉′)𝑁
𝑚=1

∑ (σij ∗ 𝑉)
𝑁
𝑚=1  (6) 

where σij is the Love–Weber formula of the average Cauchy stress tensor for one single-particle within 
a granular assembly in equilibrium under the effect of the external forces (𝑓−𝑒𝑥𝑡,𝑝). f𝑖

𝑒𝑥𝑡,𝑝 is the contact 
force acting at the point P, 𝑥𝑗

𝑝 the branch vector [joining centers of the bodies] (Love 1906; Mehrabadi 
et al. 1982; Weber 1966), V is the volume of the particle, V’ is the porosity volume of the particle and 
can be calculated by the Voronoi tessellation method, N is the particle number in given volume, σ𝑖𝑗𝑠𝑜𝑙𝑖𝑑 
is the average stress of the N particles. 
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In this study, five points were selected to investigate the pressure distribution under the steel and 
timber crossties. As shown in Figure 3.7, the five points are located beneath the crosstie ends, rail seats 
and the middle of the crosstie. Research (Laryea et al. 2014) has shown that the hollow-shape steel 
crosstie presents a high stress concentration under its edge. To reduce the effect of stress concentration 
and to ensure that a relatively uniform pressure can be obtained, pressure was obtained at a depth of 
0.13 m beneath the crosstie rather than at the ballast-crosstie interface. Nos. 1 to 5 represent five 
cuboid volumes from left to right in which the stress will be calculated. The dimension of the cuboid is 
0.22 m by 0.22 m by 0.1 m (length/width/height). 

 

 
Figure 3.7. Schematic of pressure detection 

 
Figs. 3.8 and 3.9 give the stress distribution results under the timber and steel crossties. Note that, 
because of the large amount of computation, the loading frequency in the cyclic loading in the DEM-
FEM modeling was larger than that in laboratory tests. In addition, the loading time in DEM-FEM 
modeling was also different from the laboratory tests. Results show that there was some difference in 
the pressure obtained from the laboratory test and DEM simulation especially before the cyclic 
loading. The difference may be caused by two reasons: (a) although the compaction was made before 
the DEM simulation, the compaction condition between the simulation and the laboratory test was 
different; (b) the spherical particles were ideal models and cannot represent the actual complicated 
shapes. Before the cyclic loading, at 44000 N, for both the steel and timber crosstie, the largest 
pressure value was beneath the center of the crosstie in the laboratory test. The locations under the rail 
seat exhibited the largest values in the DEM-FEM simulations. After the cyclic loading, for both the 
steel and timber crosstie, pressure distribution showed a consistent trend in laboratory and DEM-FEM 
tests at 44000 N. The trend was along the crosstie and pressure increased from the side to center. At 
the high-level external loading (132000 N), for the timber crosstie (Figure 3.8), no matter before or 
after the cyclic loading, the largest pressure was obtained beneath the rail seats. Compared to the 
timber crosstie, pressure distribution under the steel crosstie showed significant difference at 132000 N 
before the cyclic loading. In this case, both the laboratory and simulation show the maximum pressure 
present under the center of the crosstie. The DEM-FEM results and laboratory results agreed with the 
published results (Laryea et al. 2014). 
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Figure 3.8. Pressure distribution under timber crosstie 

 
Figure 3.9. Pressure distribution under steel crosstie 

Figs. 3.10 and 3.11 compare the pressures at different locations of the crosstie before and after cyclic 
loading. For the timber crosstie, the laboratory test (Figure 3.10[a]) showed that cyclic loading 
increased the pressure beneath the center of the crosstie, and slightly decreased the pressure under the 
rail seats. The DEM-FEM tests (Figure 3.10[b]) present the similar results with the laboratory tests. In 
addition, it can be observed that cyclic loading significantly decreased the pressure under the crosstie 
ends from the DEM-FEM simulation. The effect of cyclic loading on the pressure distribution under 
the steel crosstie (Figure 3.11) is similar to the timber crosstie.  
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Figure 3.10. Pressure comparison of timber crosstie before and after cyclic loading 

 
Figure 3.11. Pressure comparison of steel crosstie before and after cyclic loading 

Figure 3.12 shows the percentage of the pressure change underneath the timber and steel crosstie. The 
laboratory tests (Figure 3.12[a]) show that the percentage increase of point 3 under steel crosstie was 
larger than that under the timber crosstie, while the percentage decrease of point 2, 4 under the steel 
crosstie was greater than that under the timber crosstie, indicating the effect of cyclic loading on the 
steel crosstie was more significant. The bending rigidity of the timber crosstie is larger than that of the 
steel crosstie (Song et al. 2017), which makes the steel crosstie easier to deform. In addition, the 
shapes of the steel and timber crossties are different, which may contribute to the differences in ballast 
bearing pressure. However, in Figure 3.12(b), the increase percentage of point 3 under the steel 
crosstie was lower than that under the timber crosstie, especially at 132000 N. The decrease percentage 
of other four points under the steel crosstie was less than that under the timber crosstie, indicating the 
cyclic loading was more obvious in the pressure distribution under the timber crosstie. The compaction 
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condition difference and the particle shape difference between the laboratory and DEM-FEM tests lead 
to the percentage change difference. 

 

 
Figure 3.12. Percentage change of the pressure distribution 

3.5.2 Force chain 
Figure 3.13 and Figure 3.14 show the force chain development of the timber and steel crosstie. The 
color and the thickness of the chains represented the amplitude of normal force. At the initial stage, the 
external load was very small and the force chains in the ballast particles were not obvious. As the 
external loading increased, the force chains beneath the timber and steel crosstie became significantly 
obvious. For the timber crosstie, the external load mainly transferred vertically. On the other hand, for 
the steel crosstie, load still transferred vertically. Figure 3.14(d) presents stress concentration under its 
edges. 

Figure 3.15 to Figure 3.17 present the polar histograms of the normal contact orientation in XZ section 
for timber and steel crossties. At the initial condition, there was no significant difference in the normal 
contact distribution between the crosstie types. The contact angles between the ballast particles were 
very uniform. At 132000 N, the contact orientation was different for the two types of crossties. For the 
timber crosstie-ballast interaction, more contacts between the ballast particles showed larger contact 
angles. The edges of the steel crosstie separate the force transmission while there was no edge effect 
for the timber crosstie. After the cyclic loading, although there was ballast movement, there was still 
difference in the normal contact orientation. 
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(a) Initial condition 

   
(b) Force chain at 132000 N (before cyclic loading)         (c) Force chain on xy section 

 
(d) Ballast-crosstie interaction 

Figure 3.13. Force chain of timber crosstie-ballast 
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(a) Initial condition 

    
(b) Force chain at 132000 N (before cyclic loading)               (c) Force chain on xy section 

 
(d) Ballast-crosstie interaction 

Figure 3.14. Force chain of steel crosstie-ballast 
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(a) Timber crosstie                   (b) Steel crosstie 

Figure 3.15. Histograms of normal contact orientation at initial condition 
 

  
(a) Timber crosstie                              (b) Steel crosstie 

Figure 3.16. Histograms of normal contact orientation at 132000 N (before cyclic loading) 

  
(a) Timber crosstie                                  (b) Steel crosstie 

Figure 3.17. Histograms of normal contact orientation at 132000 N (after cyclic loading) 
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3.5.3 Porosity 
Porosity is an important parameter for the discontinuous media. It reflects the compaction condition of 
the ballast layer. The larger the porosity, the looser the compaction and the greater the crosstie 
settlement, and vice versa. Understanding the porosity change underneath crossties could provide a 
direct impression about the ballast compaction. Besides, a reasonable porosity is necessary to provide 
adequate water drainage. Porosities at point 1 to point 5 could be obtained for both timber and steel 
crossties. In Figure 3.18, it can be observed that, for both crossties, at the initial condition porosities 
under the crosstie were relatively uniform. After the external load linearly increased to 132000 N, 
porosities beneath the rail seats were the lowest, while porosities beneath the crosstie ends were the 
largest. Comparing the porosities at the same location between the two crossties, porosity under the 
steel crosstie was lower than that of the timber crosstie.  

Figure 3.19 shows the force chain at the external load 44000 N before the cyclic loading. The force 
chains between particles or between a particle and boundary are demonstrated by the thickness of 
chains and color which represent the magnitude of the normal contact force. It can be clearly observed 
that for the timber crosstie, the inter-particle forces show that most of the external load transferred 
vertically, with the inter-particle forces also spreading horizontally. For the steel crosstie, the vertical 
edges provide the moving resistance of the ballasts in horizontal direction, so more vertical load was 
transferred. It contributed to the porosity difference between timber and steel crossties. After five 
cyclic loadings, porosities under the crosstie decreased. 

 

 
Figure 3.18. Ballast porosity under crosstie 
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Figure 3.19. Section view of the force chain 

 
3.6 Conclusions  

In this study, a 3D numerical approach for the analysis of ballast-crosstie interaction has been 
presented, combining DEM modeling of the ballast behavior and FEM modeling of the crosstie. The 
steel crosstie and timber crosstie were selected. The stress distributions under the steel crosstie and 
timber crosstie were obtained and comparison made between the laboratory test and the modeling test 
for both types of crossties. Porosity beneath the crosstie was also obtained.  

At a large external loading level (132000 N), the maximum pressure existed underneath the rail seats 
for timber crossties, while the maximum value was present beneath the center of the steel crosstie. In 
the laboratory tests, at low or large external load, cyclic loading cannot change the pressure 
distribution patterns for both timber and steel crossties. Laboratory tests and DEM-FEM simulations 
gave consistent pressure distribution patterns under both timber and steel crossties at the large loading 
level (132000 N), while at the low load (44000 N), pressure distribution patterns between the 
laboratory and DEM-FEM tests showed an obvious difference before the cyclic loading test. The 
differences in compaction state and the particle shape between laboratory and DEM-FEM tests were 
responsible for the pressure difference. 

Cyclic loading significantly changed the pressure values under both the steel and timber crossties. For 
both the timber and steel crosstie, pressures under the rail seats and the rail ends decreased after the 
cyclic loading, while cyclic loading increased the pressure underneath the center of the crosstie. 
Laboratory and numerical tests present consistent conclusions on the effect of cyclic loading. 

For both the steel and timber crosstie, porosity beneath the crosstie end was the largest, while the 
porosity beneath the rail seat was the lowest. At the same location and loading condition, porosity 
beneath the steel crosstie was lower than that of the timber crosstie. 

In this study, the ideal spherical particles and a more conservative boundary condition were employed 
in the DEM-FEM tests. Complex shapes of the ballast are recommended to represent the field 
conditions to obtain the pressure distribution under crossties. 



37 
 

SECTION 4. CONCLUSIONS 

This chapter summarizes the research, highlights its contributions, and proposes directions for future 
research.  

4.1 Summary  

In this study, a full-scale laboratory test was conducted to investigate the pressure distribution under a 
timber crosstie or a steel crosstie under static and cyclic loadings. One DEM-FEM framework was 
developed to simulate the ballast-crosstie interaction. Based on the results obtained from the 
aforementioned studies, the following conclusions can be made:  

1. The laboratory pressure measurement system was reliable for measuring the pressure 
distribution under the steel and timber crossties. In the static loading test, at a low loading level 
(44000 N and 88000 N), the pressure at the center of the steel crosstie was the highest among 
all the pressures measured at different locations. As the applied load increased, the pressures at 
the halfway location between the rail seat and the center gradually became the highest ones. 
But for the timber crosstie, with the increase in the loading level, the maximum pressure was 
obtained directly beneath the rail seats. Cyclic loading could increase the pressure at the center 
of the crosstie, and significantly decrease the pressure at the halfway locations between the rail 
seat and the center. The pressures beneath the rail seats showed a slight decrease. The effect of 
the cyclic loading on the pressure distribution of the steel crosstie was more significant than for 
the timber crosstie. 

2. One DEM-FEM framework was developed in this study to investigate the ballast-crosstie 
interaction under static and cyclic loadings. Two open source codes OOFEM and Yade were 
used in this modeling to realize the DEM-FEM simulation. The stress distributions under the 
steel crosstie and timber crosstie were generated and comparison was made between the 
laboratory test and the modeling test for both types of crossties under static and cyclic loadings. 
The normal contact forces and normal contact distribution in ballast particles were also 
explored. Results show that cyclic loading significantly changed the stress distribution under 
both the steel and timber crosstie. The pressure under the rail seat decreased after the cyclic 
loading, while the pressure at the center of the crosstie increased. The effect of the cyclic 
loading was more significant on the steel crosstie. The stress distribution pattern of the steel 
crosstie is different from the timber crosstie.  

4.2 Future Research Directions  

Ballast particles with realistic shapes are recommended for future simulations. Clumping methods can 
be used in the generation of complicated shape particles. In addition, complicated particles, such as 
polyhedrons, can also be directly generated in YADE. However, considering the large number of 
particles in the simulation, the computation will be time-consuming if complicated shapes are used in 
the DEM simulation. Therefore, the Yade source code needs to be modified and compiled to improve 
the computation efficiency. Super computers, such as Newton clusters, can help improve the 
computation speed in future studies.  
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