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ABSTRACT

The design and performance of concrete ties and elastic fastening systems must be 
improved to meet demands placed on North America’s railway infrastructure through 
ever-increasing freight tonnages and development of its high speed rail program. In July 
2012, a field experimentation program was performed at the Transportation Technology 
Center (TTC) in Pueblo, CO by researchers from the University of Illinois at Urbana-
Champaign (UIUC).  This paper focuses on the transfer of vertical and lateral loads 
through the system, demonstrating the demands of the fastening components (e.g. 
insulators, fastening clips) and concrete crossties. Measurements of loads, strains and 
displacements were used to quantify the physical response of the system under various 
parameters (track curvature, train speed, and car weight). The experimental data provide 
validation for a comprehensive finite element model developed by UIUC.  Improvements 
to instrumentation strategies and areas of uncertainty will also be discussed. These 
experimental results will be used to guide future research in further quantifying the field 
loading demands, ultimately leading to a mechanistic design approach for the concrete 
crosstie and components within the fastening system.

INTRODUCTION

Concrete crossties provide excellent durability and capacity, which allow them to outlast 
standard timber crossties in tracks with high degrees of curvature and extreme weather 
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exposure. (1) Concrete crossties also offer improved track geometry retention for high 
speed rail and heavy freight lines. (2)

Concrete crossties are experiencing a wide variety of failure mechanisms with the 
continual increase in annual gross tonnages. In North America, the most common failure 
mode is rail seat deterioration (RSD) — the wearing out of the concrete within the rail 
seat. (3) North American Railroads ranked RSD as the most critical problem facing
concrete crosstie track. (4) Individual components of the fastening system can fail from 
fatigue and abrasion mechanisms.  Wear or failure of the fastening clips, shoulders, and 
insulators allow additional movement in the system and lead to further deterioration.

Component behavior and system demands must be investigated in order to better 
understand the behavior of the crosstie-fastener system.  This includes an understanding 
of load transfer among each component.  There is a need for the magnitude of these input 
loads with respect to the train speed, car weight, track curvature, grade, and various 
fastening systems. (5) Obtaining these measurements synchronously from field tests will 
provide insight into the more complex interactions and lead to a more purposeful, 
mechanistic design approach of the system.

The University of Illinois at Urbana-Champaign (UIUC) formulated a
comprehensive field experimental program to pursue a mechanistic design approach. The 
program conducted in July 2012 used strain gauges (surface and embedment), linear 
potentiometers, and matrix based tactile surface sensors (MBTSS).  The full-scale field 
experiment provided vertical and lateral loads, rail movements, crosstie displacements, 
and stresses within the clip and insulator. Loads were applied by the Transportation 
Technology Center (TTC) using a passenger consist, freight consist, and a specialized 
Track Loading Vehicle (TLV).  The well-characterized tests allowed for a comprehensive 
analysis of the vertical and lateral load paths.  

Objectives

The primary objective of the study was to characterize the overall behavior and quantify 
the demands placed on individual components in the crosstie and fastening system under 
varying conditions.  The analysis aimed to provide new understanding of the vertical and 
lateral load paths by mapping the magnitude of stresses at different interfaces (e.g. rail 
seat forces) and determining influencing factors. The load path mapping ultimately aided 
in the mechanistic design of the system: a design strategy dependent on both analytical 
and scientific principles. (6) Although it has not been a focus of the railroad industry in 
recent years, mechanistic design has been a common approach in many disciplines, 
including the design of highway pavements. (7) Additionally, this experimentation 
provided validation for a computational model developed by the UIUC.  This 3-D finite 
element model will be composed of multiple crossties and a detailed fastening system in 
order to perform quick parametric analyses (e.g. the effects of fastener types on system 
performance).   
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OVERVIEW OF FIELD INSTRUMENTATION

In July 2012, two sections of track were investigated at TTC in Pueblo, CO.  One test 
section was on tangent track and one on curved track with a curvature of 
approximately 5°. In both sections, 15 new concrete crossties were installed with new 
ballast, exposed to fewer than 0.1 MGT.  The loading environment consisted of a 
passenger consist, freight consist, and TLV for static loading and calibration.

Vertical Wheel Loads

Vertical wheel loads were determined using an arrangement of strain gages in the crib of 
the rail (Figure 1).  Weldable strain gages were assembled in a Wheatstone bridge and 
calibrated with a TLV. Gages were placed in a chevron pattern at the neutral axis of the 
rail section as shown, oriented at 45°.  The centers of the two groups of gages were 
measured at 5” from each side of the center of the crib.  This has served as a commonly 
used methodology for determining accurate measurements of vertical wheel loads since 
its development in the 1970’s. (8)

Figure 1: Strain gage configurations for load circuits.

The vertical load, PZ, can be determined by the difference of shears in each plane:= (1)
The shear forces at each face (VZL and VZR) can be calculated as follows:= ( ) (2)= ( ) (3)

where E is the steel modulus of elasticity, I is the moment of inertia of the rail cross-
Q is static moment of area, and the principal strains

1 2) are comprised of the strains shown in red in Figure 1:= + (4)= + (5)
Thus, the load Pz could be rewritten as:= ( ) ( ) (6)

Eliminating all the constants, the load Pz is proportional to the recorded strain from the 
bridge, allowing for characterization of load with proper calibration:( ) (7)
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The strains   can be obtained by using a Wheatstone bridge. The strain 
difference ( ) can be measured directly by including each strain gage into the 
Wheatstone bridge.

Rail Seat Loads

Vertical rail seat loads were determined using the same arrangement of strain gages on 
the rail web as the vertical circuits, but located directly above the rail seat (Figure 1).  
Weldable strain gages were assembled in a Wheatstone bridge and the calibration from 
the crib was used to capture the shear difference across this circuit.  The rail seat forces 
were determined by taking the difference of this measurement and an adjacent vertical 
wheel load measured in the crib.

Lateral Wheel Loads

Lateral wheel loads were determined using an arrangement of strain gages in the crib of 
the rail (Figure 1).  Instead of measuring shear in the vertical directions, these shear 
strains were rotated about the rail section and positioned on the rail base in order to 
measure shear in the direction of the lateral loads.  

Lateral Rail Displacements

Lateral rail displacements were measured at the rail base and the neutral axis of the rail 
relative to the crosstie using linear potentiometers. These measurements captured the 
lateral movement and stiffness of the system.  The potentiometers used to measure lateral 
displacements were screwed onto a small aluminum plate epoxied to the crosstie 
(Figure 2).

Figure 2: Position of linear potentiometer on the rail web (left) and rail base (right).

Global Vertical Crosstie Displacements

Global vertical displacements of the crosstie were measured with linear potentiometers 
affixed to 6’ rods driven through the track substructure into the subgrade. These 
measurements were taken at the two ends of a crosstie (seen in the forefront on the right 
of Figure 2). These measurements captured the local stiffness of the substructure.
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Vertical Rail Strains

Vertical rail strains were measured near the base of the web.  A vertical strain gage was 
centered on each side of the rail, 2” above the rail base. These strains demonstrated the 
stress distribution of the rail along a stretch of seven crossties.

FINDINGS
The study provided new insight into the load path in the fastening system.  Discussion of 
the vertical load path and lateral load path are discussed below. 

Vertical Load Path

The highest load demands were vertical loads, especially with heavy freight traffic and 
impact loads which result from wheel profile imperfections and dynamic truck behavior.  
There is significant need to understand how this load is being transmitted through the 
system and shared between adjacent crossties and the many factors that contribute to 
demands (e.g. track modulus, track curvature).    

Vertical Wheel Loads
Vertical wheel loads are the vertical components of the wheel force acting on the head of 
the rail.  The static load of a wheel due to car weight is called the nominal wheel load,
defined as “the vertical load on the rail from a wheel when measured on level tangent 
track”. (9) The vertical load of the wheel on the rail often deviates depending on train 
speed and track curvature.  In extreme cases vertical wheel loads, called impact loads, far 
exceed nominal wheel loads primarily due to wheel flats which allows for little damping 
of the track structure. (10)
 

Vertical loads at TTC were measured from a freight consist which consisted of 
cars weighing 263 286, and 315 kips with nominal wheel loads of 33, 36, and 39 kips 
respectively.  Median vertical loads from this freight consist on tangent track were 
approximately 35 kips (Figure 3).  With the exception of one load of 60 kips, these 
magnitudes do not exceed 25% of the nominal wheel load.  There is also negligible 
correlation between the average vertical wheel loads on tangent track and train speeds.
However, there is an increase in maximum loads (excluding one 60 kip impact load at 30
mph) from increased vehicle dynamics.
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Figure 3: Vertical wheel loads imparted by a freight consist on tangent track.

The vertical wheel loads measured on curved track are higher and dependent on 
curve radius.  Additional loading demands on the high rail arise from overbalanced 
speeds due to centrifugal forces acting on the body of the vehicle.  Conversely, 
underbalanced speeds increase the loading demand on the low rail as the superelevation 
causes the center of gravity to shift nearer to the low rail.  Both these extremes are cited 
as potential contributors to the current failure modes of concrete crossties, specifically 
rail seat abrasion. (13)

The measured vertical loads imparted by the freight consist on a curved track 
(balancing speed of 33mph) showed the dependency of forces on train speed (Figure 4).
The low rail experienced a modest reduction, and the high rail experienced a slight rise in 
vertical wheel load with increasing speed.  At an overbalanced speed of 45 mph, there 
was a significant increase in the median vertical wheel loads on the high rail 
(approximately 40% higher than the average nominal wheel loads), which far exceeds the 
expected loading demands on tangent track.  This suggests that there may be a benefit of 
treating tangent and curved sections of track separately in design.  This could include 
using specialized components or practices to compensate for the increase loading 
demands (e.g. more robust fasteners or tighter tie spacing).  Also at an overbalance speed 
of 45 mph, there was a significant reduction in vertical loads on the low rail 
(approximately 20% lower than the average nominal wheel load).  This poses a different 
obstacle to design, in that there is an increased lateral to vertical load (L/V) ratio which 
demands more lateral and rotational restraint, presuming the lateral force remains 
relatively consistent.   
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Figure 4: Vertical wheel loads imparted by a freight consist on curved track.

Vertical loads were measured from a passenger consist, which consisted of cars 
weighing 87 kips with nominal wheel loads of 11 kips.  Median vertical loads from this 
passenger consist on tangent track did not deviate much from the nominal wheel loads 
(11-12 kips, Figure 5).  However, there were considerably higher impacts measured as 
high as 2.5 times the nominal wheel load.  Approximately 3% of the vertical loads 
measured exceeded 1.5 times the nominal wheel load, and 0.5% of the loads exceeded 2.5 
times the nominal wheel load from eighteen train passes on tangent track (2-102 mph).

Figure 5: Vertical wheel loads imparted by a passenger consist on tangent track.
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Vertical Crosstie Deflections

Track deflections are recognized as being a primary indicator of predicting track strength 
and quality. (14) In the railroad industry, a commonly used measure of substructure 
stiffness is the modulus of track elasticity, or track modulus.  Track modulus is defined as 
“the load per unit length of rail required to depress that rail by one unit”. (15)

Although track modulus represents an all-encompassing value of substructure 
stiffness, there are more local phenomena that cause variability in the mechanics, such as 
inconsistent support conditions from gaps within the ballast structure.  Adjacent ties 
experienced between 50-85% of the center crosstie displacement with 40 kips of static 
vertical load applied on a single crosstie.

Different distributions were seen on the low and high rail of the curved track 
(Figure 6).  The low rail showed the highest displacement of 0.14”, which far exceeded
the optimum displacement (0.05”) for quality concrete track as well as the average 
deflection of the track used in calculating track modulus. (14) These high displacements 
are evidence of low substructure (ballast, subballast, and subgrade) stiffness and could be 
a result of inconsistency in a non-uniformly tamped section with negligible tonnage. A
range of nine ties were being engaged (showing measurable stresses) at the ballast 
interface on the low rail.  Assuming a direct relationship between displacement and load 
distribution (i.e. a consistent value of substructure stiffness), the center tie of this section 
sustained approximately 20% of the load, while the center three crossties sustained a total 
of 50% of the load at the ballast interface. 

Figure 6: Vertical deflections of adjacent crossties under static loading.

The high rail showed indications of stronger substructure stiffness, generating 
displacements 40% less than the displacements at the low rail.  Approximately five to 
seven crossties were being engaged at the ballast interface.  The center tie of this section 
sustained approximately 30% of the load and the center three crossties sustained a total of 
70% of the load, assuming a consistent track modulus.
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Rail Seat Loads

Rail seat loads are the forces distributed to the concrete rail seats below the rail.  In 
practice, this rail seat load as a percentage of wheel load is commonly approximated as 
50% for 24” tie spacing. (15) Recent tests concluded that this transfer load was 
approximately 57% for a similar spacing. (16) AREMA also estimates the transfer load 
for 24” tie spacing to be just above 50%. (17)

The rail seat loads as a percentage of the wheel load showed significant variability
over adjacent ties, which correlates with track stiffness (Figure 7).  The average rail seat 
load transfer measured from the freight consist over tangent track varied from 15 to 50%.  
The three adjacent rail seats had similar load transfers (about 40-50%) and the ends of the 
crossties at those locations showed deflections of approximately 0.06”.  The rail seat on 
the opposite end of the center crosstie had a considerably lower transfer of load (about 
13%) and a vertical deflection of 0.12”, evidence of low substructure stiffness. There is 
increased flexure in the rail from a more compliant substructure and a potential gap 
between the tie and ballast.  This allows for more of the vertical load to be transferred to 
adjacent rail seats as well as the strain energy associated with bending of the rail. 

Figure 7: Percentage of load being transferred into the crosstie

Rail seat loads were plotted against vertical crosstie displacements from static 
tests (Figure 8) to illustrate their dependency on support conditions.  The high rail 
showed characteristics of high track modulus, while the low rail showed characteristics of 
low track modulus.  The rail seat on the high rail showed low displacements, resulting in 
higher rail seat loads. Conversely, the rail seats on the low rail with high displacements 
showed low rail seat loads.  The rail is allowed to displace significantly before the rail 
seat is fully engaged with weak support.  This initial and dramatic increase in 
displacement represents a gap in which the crosstie is not fully engaged until it displaces 
enough to eliminate slack in the system.  
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Figure 8: Crosstie displacements and rail seat loads from static vertical loading.

Vertical Load Distribution

Vertical load distribution was explored using the vertical crosstie displacements and rail
seat loads.  The center crosstie on the low rail of curved track made up 20% of the 
stresses at the crosstie-ballast interface and 25% of the forces at the rail seat.  This 
magnitude of load percentages suggested that about seven to nine crossties are being 
engaged and that there is damping within the system.

Vertical load distribution was investigated at the rail level using the vertical web 
strains.  The relative distribution of rail stresses showed that the load was less distributed 
in the high rail (Figure 9) than in the low rail (Figure 10) in response to a static load of 40
kips vertical and 20 kips lateral.

Figure 9: Strains in high rail from 40kips vertical and 20kips lateral load.
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Figure 10: Strains in low rail from 40kips vertical and 20kips lateral load.

There was approximately 66% of load being transferred over the center tie on the 
low rail from the 40 kip vertical load and 63% from the 40 kip load with the additional 20
kip lateral load.  These percentages demonstrate the concentration of stresses in the web 
before being further distributed through the flange and are much greater than the 20% and 
25% transfer loads determined by the vertical crosstie displacements and rail seat load 
methodology, respectively.

Lateral Load Path

Lateral loads are the most demanding on the fastening system.  In particular, lateral loads 
apply large bending moments to the rail, which requires rotational restraint from the 
fastening system. (5) In recent years, the lateral load path through the crosstie-fastener 
system has gained considerable interest in order to mitigate problems such as rail seat 
abrasion, shoulder wear, insulator post failure, etc.  These lateral demands are influenced 
mainly by curve radius, train speed, wheel-rail interface, and suspension characteristics of 
the trucks. (18)

Lateral Wheel Loads

On tangent track, most axles imposed a modest outward lateral load to the rail.  From the 
freight consist these loads were approximately 2.5 kips.  In addition, there were negative 
(inward towards the gauge) or negligible loads observed, representing about 20% of the 
total lateral loads measured from twelve train passes from train speeds of 2 to 45 mph.  
Over 75% of the outward lateral loads from freight were below 3.5 kips.  One in about 
forty axles imparted approximately a 6 kip lateral load.  However, on tangent track, there 
was negligible correlation between lateral loads and train speed.  This suggests that train 
speed should not be a heavily weighted in the design of tangent track.  

Median lateral loads on curved track from the freight consist were significantly 
greater (2-5 times as large on average, Figure 11 and Figure 12).  Additionally, lateral 
loads on curved track were heavily dependent on train speed.  Lateral loads nearly 
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doubled on the high rail as the balancing speed (about 33mph) was exceeded.  On the low 
rail, there was a slight reduction in median lateral loads, while maximum loads remained 
unchanged.  The differences in magnitude of lateral demands on each track type suggest
that there should be significantly higher lateral loading demands on curved than tangent 
track in design.

Figure 11: Lateral wheel loads imparted by a freight consist on the high rail.

Figure 12: Lateral wheel loads from a freight consist on the low rail.

It is worth developing a way to develop design lateral loads (e.g. from the design 
vertical loads) in design of fastening systems.  In order to observe the dependency of 
lateral loads on vertical loads, each load was plotted for each axle of a freight consist 
travelling at various speeds on tangent and curved track.  

On tangent track, there was no strong correlation between concurrently acting 
vertical and lateral wheel loads.  On curved track, however, there was an evident 
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relationship.  On the high rail, there was a positive correlation between lateral and 
vertical wheel loads.  The low rail showed a slight negative correlation between lateral 
and vertical loads.  

The trendlines showing correlation between lateral and vertical loads on the high 
and low rail are shown in Figure 13.  These lines represent the range of concurrent lateral 
and vertical loads from similarly weighted railcars.  Around the balancing speed (about 
30mph), the vertical loads on the high and low with no lateral load converged to 35kips 
(about the 36kip nominal wheel load). On the low rail, as the lateral loads increased there 
was less concurrently acting vertical load.  This translates to a higher L/V ratio, which 
imparts higher bending forces with less normal forces to “pin” the rail.  This places 
increased lateral and rotational demands on the fastening system.

Figure 13: Correlation between lateral and vertical axle loads on curved track.

Lateral Rail Displacements

Lateral rail displacements were measured to understand the lateral resistance of the 
crosstie-fastening system to lateral loading for a particular design.  Both the static and 
dynamic measurements resulted in similar displacement responses (Figure 14).  The
stiffness of the rail (amount of lateral load required to displace the rail) was almost the 
same as recorded from the static TLV tests and from train passes.  The only significant 
difference between the static and dynamic displacements is that the web displacements 
measured in the low rail showed a higher range of values, attributed to the displacement 
due to an eccentric vertical load.  If a similar eccentricity is not matched by a passing 
axle, this creates an offset.    
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Figure 14: Lateral displacements of the low rail from static and dynamic lateral loads.

Figure 14 also shows the linearity of the lateral loads to rail displacements.  This 
high correlation suggests that the system behaves linearly to input loads, easing the 
mechanistic and computational analysis of the system.  The slopes of these curves 
represent compliance (the inverse of the stiffness of the rail to lateral displacement).  
These compliances were generally uniform and unique to each rail seat.  This is a good 
indicator that there exists a consistent lateral stiffness per rail seat, which can be used in 
performing parametric analyses (e.g. comparing fastening systems and rail pads).  

CONCLUSIONS

This study provided useful lessons about relationships between vertical and lateral 
loading under a wide variety of conditions.  Vertical loading demands on tangent track 
showed negligible deviation from nominal wheel loads.  Measured impact loads were 
higher from the lighter-weight passenger consist as a percentage of nominal wheel loads 
than the freight consist (150% to 125%) and occurred more frequently as a percentage of 
total axles (6% to 3%).  Neglecting the effects of impact loads, the vertical loads did not 
vary as a function of train speed on tangent track.  

Vertical loading demands on curved track were significantly higher than on tangent 
track.  At an overbalanced speed of 45mph, vertical wheel loads on the high rail exceeded 
the nominal wheel load by 40% from the centrifugal forces acting on the body of the 
railcar to shift the weight nearer to the high rail.  At the same speed, loads on the low rail 
were reduced by 20% of the nominal wheel load, which represents a higher L/V ratio as 
lateral forces remained relatively consistent.      

Vertical crosstie displacements suggested high variability of stiffness within the 
curved section, with high rail displacements being 40% lower than low rail displacements 
for the same input loads.  From vertical tie deflections, compressive stresses at the 
crosstie-ballast interface were approximated to span a wide range of seven to nine 
crossties.  Assuming uniform stiffness across the same ends of adjacent crossties, 
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crosstie-ballast stresses at the center crosstie accounts for 20 to 30% of the load, and the 
center three crossties account for 50 to 70%.  These static deflections also represented the 
maximum magnitude of deflections when compared with dynamic tie displacements.

Typical rail seat forces measured from a freight consist on tangent track ranged from 
44-56% of the vertical wheel load.  However, with low substructure stiffness and/or slack 
below a particular rail seat, transfer forces were generated as low as 15%.  In all cases, 
higher substructure stiffness (low crosstie deflections) resulted in higher rail seat loads.  
In the most extreme case of static loads as high as 95% of the wheel load was transferred 
to the rail seat on the high rail of a curved track.  On the low rail 25% of the load was 
transferred to the rail seat with the same loading conditions and tie deflections measured 
40% higher.  The variability of rail seat forces also increased with increasing speed, as 
vertical loads are more susceptible to increases from vehicle dynamics.  

Vertical web strains suggest a slightly smaller zone of influence than the crosstie 
displacements (about five crossties).  The vertical compressive stresses in the web above 
the center crosstie represents about 65% of the total load transferred within the rail web.  
This represents the undamped flow of forces above the rail base.  

Lateral loading demands are significantly higher on curved track than tangent track, 
with median lateral loads two to five times as high as those on tangent track.  In contrast 
to tangent track, lateral loads show a significant dependence on train speed for curved 
track.  On the high rail, as train speeds exceed balancing speed the lateral loads double 
with respect to the lower speed magnitudes, which are already twice as high as lateral 
loads measured on tangent track.  On the low rail, lateral loads are 2.5 times as high as 
those on tangent track and decrease slightly with increasing train speed.       

The lateral displacements of the rail base and web were closely correlated to
lateral wheel loads.  This suggests a lateral stiffness exists unique to the rail seat, which 
can be used in parametric studies to compare factors that influence resistance to rail 
translation and rotation.  Also, measured web displacements were 4 times larger than 
base displacements, suggesting significant rigid body rotation of the rail.
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Figure 1: Strain gage configurations for load circuits. 
Figure 2: Position of linear potentiometer on the rail web (left) and rail base (right). 
Figure 3: Vertical wheel loads imparted by a freight consist on tangent track. 
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Figure 5: Vertical wheel loads imparted by a passenger consist on tangent track. 
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Figure 10: Strains in low rail from 40kips vertical and 20kips lateral load. 
Figure 11: Lateral wheel loads imparted by a freight consist on the high rail. 
Figure 12: Lateral wheel loads from a freight consist on the low rail. 
Figure 13: Correlation between lateral and vertical axle loads on curved track. 
Figure 14: Lateral displacements of the low rail from static and dynamic lateral loads. 
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Outline
Introduction

Components
Purpose for Research 
Project Structure 

Field Experimentation 
Objectives
Instrumentation Strategy 
Testing at Transportation Technology 
Center (TTC) 

Experimental Results and Preliminary Findings 
Vertical Load Path 
Lateral Load Path 

3D Finite Element Model 
Future Work 

© 2013 AREMA
September 29 – October 2, 2013 

Indianapolis, IN 

General Assembly Rail

GaugeField

Concrete
crosstie 

Shoulder 
Shoulder 

Clip
Clip Insulator 

Insulator

Rail pad 
assembly 
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Common Concrete Crosstie and Fastener Failures 

Rail seat positive 
flexural cracking 

Center negative 
flexural cracking 

Insulator post wear Fastener fatigue 

Broken shoulder Prestress wire  
bond loss 

Rail seat 
deterioration Pad wear 
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Data Collection 

Document Depository 

Groundwork for  
Mechanistic Design 

International Survey Report 

Load Path Map 

Parametric Analysis 

State of Practice Report 

Validated Tie and  
Fastening System Model 

Data Collection 
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Load Path Map 
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Fastening System Model 

Comprehensive
Literature Review 
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Fastening System Survey 

Loading Regime (Input) 
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Rail Seat Load  
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Methodologies

Involvement of Industry 
Experts

Comprehensive 
Literature Review 

International Tie and 
Fastening System Survey 

Loading Regime (Input) 
Study 

Rail Seat Load  
Calculation 

Methodologies 

Involvement of Industry 
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Study
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Study
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proved Recom

m
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Study

FRA Tie and Fastener Project Structure 
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Goals of Field Instrumentation 
Lay groundwork for mechanistic design of concrete 
crossties and elastic fasteners 
Quantify the demands placed on each component within 
the system 
Develop an understanding into field loading conditions 
Provide insight for future field testing 
Collect data to validate the UIUC concrete crosstie and 
fastening system FE model 
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Areas of Investigation 
Fasteners/ Insulator 

• Strain of fasteners 

• Stresses on insulator 

• Moments at the   
rail seat/tie center 

• Stresses at rail seat 

• Vertical/Lateral 
displacements of 
crossties  

Concrete Crossties

Rail
• Stresses at rail seat 
• Strains in the web 
• Displacements of web/base 
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2 4 A B C D G H1 3 E I 5 6 7 8

9 10 11 12 P Q R S T U V W X Y Z 13 14 15 16

Rail Displacement Fixture 

Rail Longitudinal Displacement/Strains 
Pad Assembly Longitudinal Displacement 

Insulator Longitudinal Displacement 
Insulator Vertical Displacement 

Steel Rods MBTSS

Embedment Gages, Vertical Circuit, 
Clip Strains 

Vertical Web Strains 

Shoulder Beam Insert (Lateral Force) 
Pad Assembly Lateral Displacement 

Vertical and Lateral Circuits 

F

Crosstie Surface Strains 

2013 Field Instrumentation Map 
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Field Instrumentation Locations (TTC) 

High Tonnage Loop (HTL) 
Curve (~5°)
Design balance speed of 
30 mph 
Safelok I Fasteners 
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Field Instrumentation Locations (TTC) 

Railroad Test Track 
(RTT) 

Tangent  
Safelok I Fasteners 
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Loading Environment 
Track Loading Vehicle (TLV) 

Static
Dynamic 

Track Loading A-Frame 
Vertical: 0 – 50 kip 
Lateral: 0 – 10 kips 

Freight Consist 
6-axle locomotive (393k) 
Ten cars 

Empty, 263, 286, 315  
GRL Cars 

FAST Train 
Passenger Consist 

4-axle locomotive (255k) 
Nine coaches 

87 GRL 
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Full Instrumentation 
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Slide 13 Field Testing of the Crosstie-Fastener System 

Vertical and Lateral Crosstie Displacement 

Vertical and Lateral Web Strain 
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Fully Instrumented Rail Seat 

Longitudinal Pad Displacement 

Lateral Rail Displacement 

Lateral Pad Displacement 

Instrumented Clip 
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Lateral Shoulder Load Instrumentation 
• Instrumented shoulder face insert 

– Original shoulder face is removed, grinded away 

– Insert designed as a beam and optimized to replace  
removed section 

– Measures bending strain of beam under 4-point bending 

• Measuring bending strain is a proven technique g gg gg g
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Field

Gauge

Rail

Concrete Crosstie 

Rail Seat Pressure Distribution Instrumentation 

Pad/Abrasion Plate  
Mylar: 0.007”
Teflon: 0.006”
Sensor: 0.004”
Teflon: 0.006”
Mylar: 0.007”

Concrete Crosstie 

Cast-in Shoulders 

MBTSS 
Setup Matrix Based Tactile Surface Sensor 
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Select Experimental Results 

Vertical Loading Path 
Crosstie Support Conditions 
Rail Seat Loads 
Vertical Load Distribution 
Rail Seat Pressure Distribution 

Lateral Loading Path 
Lateral Rail Loads (Tangent and Curve) 
Lateral Shoulder Loads 
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Crosstie Support Variability:  
Vertical Crosstie Displacement – HTL 

E

S U W

GC

• Curve track 
• Static vertical loads 
• Max applied load =  

40 kips 
• Low rail: weak support 

(slack or gap in support 
system) 

• Modulus according to 
Kerr ranges from  
3,600 – 10,000+ lb/in^2 

Low Rail

High Rail
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Crosstie Support Variability:  
Vertical Crosstie Displacement – HTL  with 10 kip zero 

E

S U W

GC

• Curve track 
• Static vertical loads 
• Max applied load =  

40 kips 
• Subgrade modulus 

ranges from  
6000 – 12,900 lb/in^2 

• Range is only 
6000 – 7,800 lb/in^2 if 
rail seat C is discarded 

Low Rail

High Rail
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Rail Seat Load Variability:  
Vertical Rail Seat Load - HTL 

E

S U W

GC

• Curve track 
• Static vertical loads 
• Max applied load =  

40 kips 
• Rail seat load transfer 

percentages range 
from 42 – 94%

Low Rail

High Rail

94%

49%
45%
42%
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Vertical Strain Distribution in the Rail 
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Vertical Load Distribution at Rail Seat 
• Curve track 
• Static vertical loads of 

40 kips applied 
• Vertical distribution of 

load among 3 – 5 
crossties
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Rail Seat Pressure Distributions Under  
Varying L/V Force Ratios 

L/V Force 
Ratio 0.0 0.1 0.2 0.3 0.4 0.5 0.55

Rail Seat 
3F 
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Rail Rotation under Varying Lateral Load 
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Lateral Loads Acting on Tangent Track 
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train (263, 286, 315 GRL Cars). 
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Lateral Loads Acting on Curved Track 
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- Median loads can 
be 4 times larger 
than loads on 
tangent track. 

© 2013 AREMA
September 29 – October 2, 2013 

Indianapolis, IN 

Lateral Loads Acting on Curved Track 
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- Highest loading 
demands 

- Twice as high as high 
rail at low speeds 
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Analysis of Lateral Load Distribution 

Location: RTT 
Equipment: TLV 

V = 40 kip (177.9 kN) 
L = 20 kip (89 kN) 

L/V = 0.5 

© 2013 AREMA
September 29 – October 2, 2013 

Indianapolis, IN 

Distribution of Lateral Loads 
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Distribution of Lateral Loads 
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Findings and Potential Design 
Considerations

Vertical loading 
Measured static loads had a distributed response over 5-7 crossties at the 
wheel rail interface, and as low as 3 crossties at the rail seat 
Vertical loading demands were highest at higher speeds on high rail 
Rail seat forces are highly dependent on the stiffness of the substructure 
and support conditions and range from 20% to 90% of the wheel-rail load  
Design of crossties and fastening systems should incorporate probabilistic 
loading conditions (wide variations of loading inputs) 

Lateral loading 
Static lateral loads were distributed over 3 rail seats (approximately half 
of the load distribution area compared to vertical loads) 
On average, loads were found to be 3-6 times higher on curved track than 
on tangent track 
Design should consider transfer of lateral loads and the potential for use 
of specialized components on curves 
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Future Work 
Continue analysis of data to understand the governing 
mechanics of the system by investigating the: 

Factors that determine vertical and lateral load 
distribution  
Bending moments of the crossties 
Pressure magnitude and distribution at the rail seat 
Stresses and displacements in the fastening system 

Complete construction and begin experimentation with 
full scale track loading system at UIUC 
Complete validation of the UIUC finite element model 
using field and laboratory results 
Develop a simplified design tool to facilitate mechanistic 
design of concrete crossties and fastening systems 
Small-scale, evaluative experimentation on Class I 
Railroads
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Modeling of Concrete Sleeper and 
Fastening System Rail

Concrete Sleeper 

Clip
Insulator
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Multiple-Crosstie Modeling 
• Model is validated using field data from TTC experiments 
• Both global model and sub-model are used to provide accurate 

representation of interaction of multiple crosstie systems 
• Objective for sub-model technique: Have identical or similar global 

behaviors (load distribution, displacement) in both models 

Global Model Detailed Sub-Model 
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Full-Scale Track Loading System (Under Construction) 

© 2013 AREMA

September 29 – October 2, 2013 
Indianapolis, IN 

Acknowledgements

Funding for this research has been provided by the 
Federal Railroad Administration (FRA) 
Industry Partnership and support has been provided by 

Union Pacific Railroad 
BNSF Railway 
National Railway Passenger Corporation (Amtrak) 
Amsted RPS / Amsted Rail, Inc. 
GIC Ingeniería y Construcción 
Hanson Professional Services, Inc. 
CXT Concrete Ties, Inc., LB Foster Company 
TTX Company 

Monticello Railway Museum (Tim Crouch) 
Transportation Technology Center, Inc. 

Dave Davis, Ken Laine, Dingqing Li, Steve Luna 
For assistance in instrumentation preparation: 

Harold Harrison and Michael Tomas 

Ackno
FRA Tie and Fastener BAA 

Industry Partners: 

© 2013 AREMA
September 29 – October 2, 2013 

Indianapolis, IN 

Contact Information 

David A Lange 
Professor 

dlange@illinois.edu 

Marcus S. Dersch 
Research Engineer 

mdersch2@illinois.edu 

Ryan G. Kernes 
Research Engineer 

rkernes2@illinois.edu 

Rail Transportation and Engineering Center - RailTEC 
Department of Civil and Environmental Engineering 

University of Illinois at Urbana-Champaign 
205 North Mathews Avenue 

Urbana, Illinois 61801 

© 2013 AREMA

September 29 – October 2, 2013 
Indianapolis, IN 

Questions?

© 2013 AREMA

© AREMA 2013® 247




