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(Abstract)

In recent years, the lifetime of an insulated railroad joint in the fias decreased due to
increasing wheel loads. The goal of this research is to investigaibleochanges in insulated
rail joint design in order to improve the performance of the insujabetd The finite element
program ABAQUS is used to model the supported butt joint. In this model, theirdibars,
epoxy, and ties surrounding the joint are modeled using solid elements. Themgrhasare
modeled as an elastic foundation. The rail is subjected to a tendil@toaell as a vertical

wheel load that is applied to the rail using Hertz contact theory.

Parametric studies are performed by varying the tie width, joirebgth, and joint bar
dimensions. Two different wheel load locations are also investigaetired about the end

post, and halfway between the tie under the end post and the tie just to dhénlefend post.

The vertical displacement of the rail and insulated joint is oneureased to determine the
effect of the parameters on the insulated joint. However, sinced$tecommon cause of failure
in insulated rail joints is the debonding of the epoxy, this researchoalssels on the stresses
present in the epoxy when the joint is subjected to a static wheel lbadw® out-of-plane
shear stresses as well as the normal peel stress are used to ¢chenparieus designs of the

joint.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Rail joints are used in the rail industry to connect two lengths of ralldted railroad joints
(1Js) serve another function as well: they prevent electricalrddroam flowing between the two
rails. This electrical insulation discretizes sections of thekirwhich allows for detection of
train locations and track break detection as well as the abilitplaiessections of track, such as

those near a railroad crossing.

Insulated railroad joints are composed of the lengths of rail connectea lpgint bars. Bolts,
which are isolated from the joint bars and rails by thimbles, & tasmechanically fasten
together the joint, while epoxy is used as the adhesive betweeinthegis and rails. A layer of
insulating fabric is included in the epoxy layer. An insulated filldieddahe end post, is placed
at the termination of the two lengths of rail at the joint. A joint ¢dreebe supported, when a

tie is placed directly below the end post, or suspended.

The basic design of 1Js has been in place for 135 years, and has changedevevglitime.

Due to increasing train axle loads on higher tonnage lines, failuressef kis have begun to
occur as little as 12-18 months after installation, which is approXiyE®@o of the lifetime of

the adjoining rails. The costs, including parts, labor, and rail disrupissociated with replacing
the failed joints can be quite significant. Improvement of the curremssigrlis needed to

address this growing problem (Dillard et al., 2006).

Many factors contribute to the failure of the insulated joint, sudhsafficient quality control of
the components of the joint, the dynamic loading generated by the rail disagriresient at the
joint, and the degradation of the foundation beneath the joint. The envirocanealso impact

the bond, when adhesive cracking occurs and moisture is allowed to seep into the epoxy. Th
presence of water can cause debonding of the epoxy, resulting in the two |émgthsvbich

are subjected to high longitudinal forces as well as bending moments fraveirse wheel

loading, pulling apatrt.

Debonding of the epoxy was actually determined to be the most common failunécsiceaa
sample of twenty IJs removed from the field. In this mechanical bond failurepohg begins to
“unzip” from the rail, causing the two lengths of rail to pull apart from omher (Davis et al.,
2004).



This research focuses on a finite element analysis of standard |Jdexibjea static vertical
wheel load and a tensile axial load. The commercial finite elemernysansbftware ABAQUS
(2004) is used to model possible configurations of the standard insuldfedhtaiThe stresses
found in the epoxy layer of these various design options are examined toinlet¢timese

various design options could improve the performance of the insulate@dgibint.
1.2 Literature Review

1.2.1 Lap Joints

While the amount of research conducted on the finite element analysigaihta is limited,
much work has been performed using finite element analysis to model & jBwgdanovich
and Kizzhakkethara (1999), Zgoul and Crocombe (2004), Campilho et al. (2005), aneltdhng
(2004) used the finite element program ABAQUS to model single and doubleres joi
verifying the ability of two-dimensional and three-dimensional finiéenent models to predict
stresses and joint strength of composite lap joints under tensile llodlgksir experimental and
numerical analyses of single lap joints, Matthews et al. (1995) dematausthat high tensile peel
stresses in the adhesive are centralized in a small regiorheeside of the overlap. Hua et al.
(2006) used ABAQUS to model the environmental degradation of ductile adhesiveolnsd |

1.2.2 Rail Foundation

When the analysis of the deformation of rails under wheel loads isaddiveloped, a rail
supported by a continuous elastic foundation was used for calculations. Witbadity
increasing wheel loads, the steadily decreasing cross tie spacingse amteased rail cross-
sections utilized by the rail industry today, this assumption is enhaneed 2K03). In his
analysis of the rail as a beam on a continuous elastic foundation, Kerr (2803heigoverning
differential equations and solutions proposed investigated by Winkler (186 T)ir@her
investigated by Hetényi (1946) (which are discussed in detail in Sectipto 21@termine the
deflected shape and resulting bending moments of the rail due to the appletdbatis.

The elastic foundation approach was confirmed by Kerr and Cox (1999), in thgsisuadl
bonded insulated railroad joints, comparing their analytical resutbgperimental tests of actual
bonded joints. One drawback, however, to using an elastic foundation to model bdll@ess a
supporting a rail is that the springs used to represent the foundatioa rabdih compression
and tension. This means that not only do the elastic foundation springs mpphyard force to
rail when it deflects downward, but conversely they can apply a downward forceréal thiben

the rail deflects upward.



1.2.3 Ties and Rail Foundation

Profillidis (2000) analyzed railroad ties to ascertain the effeathafel loading on ties and
subsequently on the supporting ballast and subgrade. In examining the spaesgef t
determined that decreasing the tie spacing would better distribute thenlt@elfoundation and
result in smaller stresses in the foundation. He proposed that theupsipacing of ties is
approximately 19.6 in. to 23.6 in. His analysis also revealed that plasticdéfms in ties are

negligible and may be ignored, thus elastic behavior can be assumed ingnalymad ties.

Profillidis’ analysis of multiple ties along the length of the rhibwed that the effect of a wheel
load when applied directly above a tie is negligible beyond the third sivecieson either side
of the point of application of the load. This means that the effect of d lehdds only felt by
five ties centered about the wheel load.

In their examination of the pressure exerted by ties on the supporting batdastatna and
Wadud (2005) determined that the contact pressure between the tie andastarizaiibe
assumed to be uniform. The effective length of the contact area behedénand ballast, based
on the work of Jeffs and Tew (1991), is one-third the total length of the tie emcterail.
According to AREMA (2005), this effective length is also currentlyiaed in railroad design.

1.2.4 Contact Stresses

Hertz contact theory (Hertz, 1882), described in Section 2.3, has been used iarsthgsis for
bodies in contact, and is often applied to the contact between a wheel aflirtoh (1975)
supported the use of the Hertz contact patch in his review of the whHeslntact problem,
stating that since the “wheels and rails are never perfecitly,rtbe initial contact point between
the two should spread into a finite area and “it is essential to hamétgtiae information on the
size and shape of the contact patch, and on the distribution of thesireits immediate
neighborhood.”

The ability of the Hertz theory to correctly model the wheel-railadmear a rail end, such as at
an end post, was investigated by Chen (2003). His elastic-plastic modeédetvesilas the
wheel load moves toward a rail end, larger plastic zones with increasédises stresses occur
in the rail, which could cause deterioration of the rail end. In comparireassc-plastic model
with Hertz contact theory, he learned that the contact length insrehas decreasing the peak
contact pressure, as the center of the wheel load moves closerdi ¢imel r

Another aspect of research on wheel-rail contact has focused on thaayothe problem.
Wen et al. (2005) investigated the wheel-rail contact dynamically usiig élement analysis.

Their sensitivity studies into the effects of axle load and tra@ed on dynamic vertical forces,



stresses, and strain distributions in the railhead determined thaatimaum vertical load due to
the dynamic impact of the wheel was approximately 2.6 times the statéc fTheir work also
concluded that increasing the axle load also increased the dynamic lo@dw@tidg stresses in

the railhead, while increasing the train speed had very little effebiedodd and stresses.

Chen and Kuang (2002) investigated the use of Hertz theory as it pettainedeling the
contact stress near insulated railroad joints. Their work focuse@ aotiact pressure felt by
the rail and insulated joint when subjected to a transverse wheel$oadll as the shear stress
distributions in the rail. They demonstrated that traditional Hertzmatact theory may not be
able to predict the wheel contact stress distributions aroundirad,jdepending on the material
properties of the joint. They revealed that an 1J adhesive with a higher ¥ ooodulus, such as
epoxy-fiberglass with a Young’s modulus of 6,500 ksi, may result in a more uniforsugges
distribution than the two-dimensional parabolic distribution proposed by H&&2). The epoxy
used in this thesis has a significantly lower Young’'s modulus, 350 ksi. In tfaysas involving
epoxies with different material properties, Chen and Kuang also deterthetean epoxy with a
lower Young's modulus could result in higher maximum shear stressesdntireeinsulated
joint, especially when compared to a rail without the presence of an idinthéased shear
stress was most noticeable at the contact point between the whéed aopl of the insulated
joint, and its influence decreases along the depth of the joint. Th&fooathis maximum
shear stress, at the top of the joint bar, can also be seen in the viorkpdrby Davis et al.
(2004), which describes the mechanical failure of the bond as an “unzipping” ey
initiated at the top of the end post.

Much of the research conducted on the wheel-rail contact problem and éfgeeztcheory has
focused on the contact between the wheel and the rail, rather than the retndtisgs in the rail
and joint. However, the work of Chen and Kuang (2003) did show that variationroasum
shear stress distribution decreased along the depth of the joint whetz ad#¢act patch was
used, and since the focus of this analysis is on the stresses found in tiheeadingsh is a
distance away from the top surface of the rail, the Hertzian contatit Ipes been used rather

than using a single concentrated force to represent the verticalloduel

1.2.5 Previous Research

This research is part of a multi-tasked project intended to improvaithent design of insulated
railroad joints. This work uses finite element analysis to exaitie stresses in the epoxy layer
of the joint, which could result in a mechanical failure of the joimevidus research also funded

by the Transportation Technology Center, Inc. has been conducted by ProfessoPdart and
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D. A. Dillard, with undergraduate students Adric Eckstein, Seth Lambrecht, alkel ltédnse-
Busch. Adric Eckstein performed a finite element analysis of both a susipgtaddard

insulated joint, and a suspended tapered insulated joint, both of which are sh€igurée 1.1.

(a)

{b)

Figure 1.1: Cross-section and Plan View of (a) Standard and (b) Taperkdddsioints

He determined that the shear strain in the adhesive was small enoughlise testilting shear
stresses transferred to the bolts were not significant enough ®tbausolts to contribute to the
failure of the joint. His work concluded that the adhesive carredidgority of the axial and
transverse loadings applied to the rail and joint, thus the bolts weirechuled in the remaining
analyses. His work also showed that a tapered joint could reduce thetsbgses in the epoxy
by two-thirds when compared with the standard IJ (Eckstein et al., 2005). &®aibihecht
continued the investigation into tapered joints, varying the taper.ahiggevork determined that
the best design of a tapered joint would have a length of at least 8 ingnagptimal length of
27 in. and an angle of 2.39 degrees. This design would yield lower stressegpaxy layer.
Heike Lohse-Busch performed numerical analyses of adhesively bondedigiimy Winkler
springs and the Rayleigh-Ritz method to calculate vertical deflectimhbending moment
distributions of both standard and tapered joints. Her results confirmdiddings of the finite
element analyses by both Adric Eckstein and Seth Lambrecht (Lambmnéelcholase-Busch,
2006).



1.3 Research Objectives

The objective of this thesis is to use finite element analysis ésfigate possible improvements
to the design of insulated railroad joints. First the finite elemenysiagdrogram ABAQUS is
tested to verify its ability to correctly model the interactiothefrail and epoxy. These results
are compared to the shear lag model of single lap joints proposed byséolk&938). The use
of the elastic foundation interaction in the ABAQUS model is also examametthe resulting
displacement curves are compared to the beam on elastic foundationreypedjposed by
Winkler (1867) and further investigated by Hetényi (1946). Convergence stfidiesh size

and rail length are conducted in order to refine the finite element modelsetén ABAQUS.

In this thesis, a supported standard insulated rail joint is modeled witHisibdidelements.

Figure 1.2 shows the cross-section of the standard joint to be modeled.

RAIL *\

JOINT
BAR

EPOXY

Figure 1.2: Cross-section of Insulated Rail Joint

Parametric studies of the widths and joint bar dimensions are condi¢tedesulting displaced
shapes of the joints as well as shear and peel stresses founddoxydager are compared for
the various designs. These will help to determine what design modifeatorbe made in

order to improve the insulated rail joint and increase its life d¢apey.



CHAPTER 2 BACKGROUND

2.1 Lap Joints

Analyzing an insulated railroad joint can be a very complex problem. Tetrgigses in the ralil
result in shear stress in the epoxy layer, while bending of the rgibiabdan produce additional

stresses in the adhesive.

2.1.1 Single Lap Joint

To begin to understand the shear stress component in the adhesive betyaphlihes and the
rail of the insulated railroad joint, a simpler model of a singlgdint was analyzed first. In a
single lap joint, two bars (adherends) are overlapped, joined togethemvatthesive, and then

subjected to a tensile load, as shown in Figure 2.1.

/P

Figure 2.1: Single Lap Joint

When the two adherends are considered to be deformable, not rigid, the phenomenon of
differential shear, or shear lag, occurs in the adhesive of the s occurrence of shear lag,

investigated first by Volkersen (1938), causes the adhesive to defohoveas Iselow.



P «—| ! |
! L |— P

Figure 2.2: Deformed Configuration of a Single Lap Joint

Due to this shear lag, the tensile strain in the adherends is at aurmaainone end of the overlap
and zero at the other. According to Adams et al. (1997), “Thus, assuming corfribiy
adhesive/adherend interface, the uniformly sheared parallelograms sivadhe become
distorted to shapes given” above, in Figure 2.2. Through Volkersen’s arwlyisesdifferential
shear, the following relationship between the shear stress in thevadined the longitudinal

distance along the overlap was determined:

P w cosh{X) LY 1 w sinh(wX)

L) =0 2 sinhwr2) Ty +1 2 coshwi2) @D
where

W= (+y ) (2:2)

Y =it (2.3)

= gtg (2.4)

X = x/I (2.5)

In this analysisP is the tensile load applied to the joibtis the width of the joint; is the length

of the joint;ty, t, t3 are the thicknesses of the upper adherend, lower adherend, and adhesive,
respectivelyG is the shear modulus of the adhesive; Biiglthe modulus of elasticity of the
adherends. The longitudinal distance along the overlap is defined by idtg#esgrwherex = 0

at the center of the joint.

Shear lag produces a shear stress profile as shown in Figure 2.3 below.
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Longitudinal Distance Along Joint

Figure 2.3: Shear Stress Profile Along Single Lap Joint

Notice that the shear stress is a maximum along the edges of thenddlerd a minimum at the
center of the overlap, according to Volkersen's analysis. Howeweiisthiresult of the material
solution proposed by Volkersen. In an elasticity solution, the shear stedghe edges of the
adherend, where x=H 2, are zero, since the air at the edge of the overlap cannot apply a shear

stress to the adhesive.

2.1.2 Finite Element Model of Single Lap Joint
A finite element model of a single lap joint was built using ABAQUS (2@0&krify the ability

of solid elements to accurately model shear deformations and siregseadhesive layer. This
model consisted of two steel bars, whose physical properties were the gaihstesl, and

epoxy, again with the same properties as the epoxy to be used in the insillfded.r The bars

had dimensions of 25 in. width, 1.6 in. depth, and 100 in. length. The epoxy had a thickness of
0.01 in. The length of the overlap was 12.5 in. The model consisted of 736,674 tiradadial
elements. Shown in Figures 2.4 (a) and (b) is the finite element mesh ofitbesiagle lap

joint model as well as a close-up of the overlap of the two adherends, resgectiv



(b)

Figure 2.4: Finite Element Mesh of Single Lap Joint (a) Entire Lap (mii@lose Up of Overlap

A side view schematic of this model is shown in Figure 2.5, to illustratectivedary load

conditions applied to the single lap joint.
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I

Figure 2.5: Schematic of Single Lap Joint Finite Element Model

In the finite element model, the upper adherend was fixed at the end awaipdrimmt, while
the lower adherend was free. Both adherends were constrained in ited dedction. The

tensile load, P, was applied as a pressure over the free end of the lowenddhe

The shear stress results of this model were then compared to thiesenofrterical model with

similar dimensions, predicted by Volkersen’s equations, as shown in Rigure

120

100 -

80 1

— Volkersen
— ABAQUS

60

Shear Stress (psi)

40 4

20 4

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Longitudinal Distance Along Joint (in.)

Figure 2.6: Shear Stress Along a Single Lap Joint
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As can be seen in Figure 2.6, the finite element model followed Volkersexdel, thus

confirming the use of solid elements to accurately model the stragbesdadhesive.

2.1.3 Combined Shear and Bending in Joint

Because the insulated railroad joint is subjected to both shear andgoleadings, a finite
element model of a simplified joint was built to investigate theacteon of these two stresses on

the epoxy adhesive. This model consisted of 89,216 linear hexahedral elements.

A cross-section and isometric schematic of this simplified jomshown below in Figures 2.7

(a) and (b), respectively. To save on computing cost, symmetry was usedyahdlbof the
simplified joint was analyzed. The plane of symmetry, meaning thatathgation in the x

direction as well as the rotation about the y and z axes are zero, is showrirbigure 7b.

Also shown are the poin@ andB, which correspond to the center of the joint bar and edge of the

joint bar, respectively. These will be used later.

Plane of Symmetry

(@) (b)

Figure 2.7: Simplified Insulated Railroad Joint; (a) Cross-section,dbjeic

First a model was analyzed in which the only load applied to the model wamtangie “rail”.
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Figure 2.8: Shear Stress Profilg, of Simplified Joint Subjected to Tensile Load

In Figure 2.8, a longitudinal distance of zero corresponds to the edge of the e@xytalthe
middle of the joint (Point C in Figure 2.7(b)), whereas a longitudinal distarmgproximately

18 in. corresponds to the edge of the epoxy farther away from the cetiitejaht (Point B in
Figure 2.7(b)). The resulting shear stress profilg A6 not symmetric about the center of the
joint. The shear stress is greater at the edge of the jointpondiag to Point B, the joint bar,
which is the thicker of the two adherends. The shear stress is thesdyge corresponding to
Point C, the rail, which is the thinner adherend. This is because theddpplids attracted to the

thicker member in order to maintain strain compatibility across theatherends.

After analyzing the simplified joint with only the tensile load applied, lsrdbading was
analyzed using the same finite element model, in which only the transueestload was
applied to the center of the joint. The shear stress profile in tlesiadhayer is shown below in

Figure 2.9.
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Figure 2.9: Shear Stress Profile of Simplified Joint SubjectedndiBg

When the simplified joint is only subjected to bending, the shear steggstode in the epoxy is
greatest near the longitudinal distance of 0 in. This point correspmRdsnt C in Figure 2.7(b),

the center of the joint bar.

Finally, the simplified joint was subjected to both tensile and teassvoading. The resulting

shear stresses are shown in Figure 2.10.
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Figure 2.10: Shear Stress Profilgg, of Simplified Joint

It is interesting to notice that the shear stress of the combinekttenditransverse wheel load is

the sum of the shear stresses caused by tension and wheel load separately

2.2 Beam on Elastic Foundation

For analytical purposes, a beam supported by a soil foundation is often modeded/unkler’s
beam on elastic foundation theory, where the soil is represented by a contlistidloigtion of

springs along the length of the beam, as shown in Figure 2.11.
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COMCENTRATED FORC

\ ELASTIC FOUNDATION

Figure 2.11: Winkler's Beam on Elastic Foundation Model

According to Winkler (1867), and further investigated by Hetényi (1946)eguation
representing the deflection curve of a beam in bending supported by anfelaxiation and

subjected to a transverse loading is a fourth order differential equaiith a general solution of

y(x) = &’*(C, cos/ x+C,sin/x) + & *(C, cos/x+C, sin/ x) 2.6)

where

<
4E1

/ = 2.7)

(Hetényi, 1946)

2.2.1 Verification of Elastic Foundation in Finite Element Model

In order to implement elastic foundation theory in ABAQUS, the Elastic Faondateraction
was used to represent the ties and ballast supporting the rail.cliotesan ABAQUS are used to
model such objects as connections between two points on a model as well asicaéch
interactions between the model and its surroundings (ABAQUS, 2004). To Werifge of this
interaction, a finite element test rail model was built in ABAQUS and tbanpared to a

numerical model developed by Hetényi, which is based on Winkler’'s elagtiddition theory.

The “beam” used in both models was a 600-in.-long 136 RE Rail with a moment of in&4id of

in.* In both the ABAQUS and Hetényi models, the value of the modulus of elasticitysE, wa
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30 x 16 Ib/in.2, and the concentrated load placed at the center of the rail wagHoauteof
32,500 Ib.
This rail was placed upon an elastic foundation with a stiffness of 3,000ith/ a value

representing a wood-tie track already compacted by traffic (Kerr, 2003).

2.2.1.1 Hetényi's Model

The Hetényi numerical model used for verification was a beam of infimitgHeolaced upon an
elastic foundation composed of springs with stiffnksahich has units of
force/deflection/length. Due to the long length of the beam in the fgiment model, the
equations for the infinite beam in Hetényi’s model can be used for comparisdris nmodel, a
concentrated force was applied at the center of the beam. The model is stawyrirbFigure
2.12.

\ FULL ELASTIC FOUNDATION

3000 Ibfin.fin.

Figure 2.12: Hetényi Test Rail Model

The deflection of the beam along the length is defined by the following equatien O:
P/ .
y(X) ZEE (cos/ x+sin/x) (2.8)

The valud is defined in Equation 2.7. This deflection curve is only valid for values afatgr
than zero, those being to the right of the application point of the concentatedR (Hetényi,
1946). The deflection for< O is obtained by replacingby —x in Equation 2.8.
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2.2.1.2 ABAQUS Model

For comparison with the numerical model of Hetényi, a finite element mattedwery fine
mesh was built in ABAQUS. This was then compared to a similar numerical osidg
Hetényi's equation. The Elastic Foundation Interaction used in ABAQ\8res selecting a
face or area upon which the foundation will act, and specifying a stiffiggse this elastic
foundation acts over an area, the units of stiffness are force/deflecgn/Ehus the value of
stiffness used in the Hetényi model is divided by the width of the beam.tiffiness value of
3,000 Ib/in./in. was divided by the width of the rail section, 6 in., to become a valu@ of 50
Ib/in./in2.  The ABAQUS model is shown as a schematic in Figure 2.13.

WHEEL LOAD

\ FULL ELASTIC FOUNDATION

500 Ibfin fin2

Figure 2.13: ABAQUS Test Rail Model

2.2.1.3 Comparing the Hetényi and ABAQUS Models

A comparison of the deflections found using ABAQUS and the equations developiedényi
is shown in Figure 2.14.

As shown, the deflected shape of the rail found using the elastic foundaéicaction in
ABAQUS is very much in agreement with the deflected shape found using theyHetam on
elastic foundation model, thus verifying the use of this ABAQUS tool as wéleavalue of the

stiffness used.
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Figure 2.14: Beam on Full Elastic Foundation

2.3 Hertz Contact Patch Theory

According to Hertzian contact theory, the contact surface betweecumwed surfaces, such as a
wheel and a rail, can be represented as an ellipse with a majcaydemand a minor semi-axis
b. The pressure exerted over this elliptical area is parabolic in tectidims and is defined

according to the following equation:

X 2 2
p= po\/l' - - (2-9)
a

o<

wherepg is the maximum contact pressure at the initial central contadt poiththe coordinates
x andy refer to distances from the initial contact point along the major arisiand minor semi-

axis, respectively. The value pfis given by

w
pab

N W

Py = (2.10)
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whereW s the applied normal force.

The magnitudes af andb also depend on the applied normal force, as well as the profile and

materials of the wheel and rail. They are expressed as

1/3

a=m M (2.11)
4K,
b=pn WK, +K,) (2.12)
4K,
where
_ 2
K, =2 (2.13)
PE,,
_ 2
K, = 1o 7 (2.14)
PER
K3 :1 i+il+i+i' (2.15)
2R R R R

Here g, E, ny, andn, are the modulus of elasticity and Poisson’s ratios of wheel and rail,
respectively. Rand R are defined as the principal rolling radii of the wheel and rail,

respectively. R and R’ are the transverse radii of curvature of the wheel and rapecively.

The coefficientsn andn in Equations 2.11 and 2.12 are functiongyeind can be found in a table

in Dukkipati (2000). The variablg is defined as

K
g=cos’ —% (2.16)
KS

where

2 2
K4:% 0ttt (2.17)

R R R, R R R R R

and/ is the angle between the normal planes that contain the curvaturesd/RR. (Chen
and Kuang, 2002).
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CHAPTER 3 FINITE ELEMENT MODEL

For all of the finite element models built using ABAQUS to represennthdated railroad joint,

a single 136 RE rail with standard joint bar was used. The 136 RE rail has atnodmertia of

99.4 in% and two standard joint bars have a combined moment of inertia of 24.8ath the

rail and joint bars are made of rail steel, which has a Young’s modulus of 30,000i08Gitd a
Poisson’s ratio of 0.287. The epoxy used to bond the joint bars to the rail has a Young’'s modulus
of 350,000 Ib/irf and a Poisson’s ratio of 0.34. The rail was subjected to an axial tension of
300,000 Ib as well as a transverse, vertical wheel load of 32,500 Ib. Sedidtitrahedral

elements (designated C3D4) were used in the mesh in order to acagptesent the curved

surfaces of the rail and joint bars. The material propertiesllaczensistent with earlier work done

on this project.

Described below is the approach to modeling the ties and ballast, @s\tredl results of
investigations into simple models, varying the mesh and lengths of telresults will then be

applied to models of the insulated joints

3.1 Ties and Elastic Foundation

In the finite element models of the insulated railroad joints developthisi research, a tie was to
be placed directly beneath the end post. Since this would have a direcoeffiee displacement
at this location, it was decided to model several ties as solid rieindieu of simply

representing them as an elastic foundation.

Five ties were modeled as solid elements, with an effective leraytf tie tie (perpendicular to
the rail) of one-third the original tie length (Profillidis, 2000; BRA, 2005). The rest of the

ties, further along the length of the rail from the joint, were repredexst an elastic foundation.

The dimensions of the ties used in the models were 9 in. x 7 in. x 102 in. and 11 in. X 7 in. X 120
in. Thus the effective length of a 9-in.-wide tie was 34 in. while theteféelength of an 11-in.-
wide tie was 40 in. The effective length is placed symmetrically unakériiee rail, as shown

below in Figures 3.1(a) and (b).

21



575in | " 34in. 7' 225in. " 34in. ' | 575in.
102 In.

(a)

11.75in. ! 40 in. Y4650 40 in. ! 11.75in.
120 in.

(b)

Figure 3.1: Effective Length of Solid Element Ties; (a) 9-in.-Wide (Gk11-in.-Wide Tie

The wood used in the model was considered to be oak. Due to the small deformatiens in th
wooden ties, the wood was considered to be isotropic with an elastic modulus of 1,5307G00 |
and a Poisson’s ratio of 0.3 (Profillidis, 2000).

In order to calculate the appropriate elastic foundation stiffneskddiets and ballast, the

following equation was used:

K = (3000Ib/in.2)* (Centerto CenterTie Spacing
Areaof Tie

(3.1)

As mentioned before, the value of 3,000 I5/is.a value representing a wood-tie track, already
compacted by traffic (Kerr, 2003). The center-to-center tie spacing uskdtifotie widths was
19.5in. The area of one-third length of a 9-in.-wide tie was used in the above equiaton.
resulting stiffness, calculated below, was used to represent the balleatibthe solid element
ties of both 9-in. and 11-in. widths:

3,000Ib/in2)* (195in.)

K= ( Tooin =191lb/in.’ (3.2)
3

(9in)*
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To represent the remaining ties, the area used in the above equaticnosen as the contact
area between the ties and the rail: the width of the tie multipliedebwidth of the rail. The
contact areas for both the solid element ties as well as examglestatt areas along the rail for

the remaining ties are shown in Figure 3.2, highlighted in gray.

Figure 3.2: Top View of Elastic Foundation Contact Areas

The values of stiffness used for the 9-in. and 11-in. ties are shown below:

(3000Ib/in2)* (195in.)

K= = Ib/in.? )
o)+ (6in) 1,08333Ib/in (3.3)
. 2 * H
= (30001b/in2)095in) _goepy o (34)
(11in)*(6in.)

3.2 Mesh Convergence

In order to build an accurate finite element model in ABAQUS that was thecoststffective in
terms of computer space and time, a mesh convergence study was conductedtubtyttas s
single rail on ties, utilizing the elastic foundation interaction, witbrecentrated force
representing the wheel load was built as a finite element model.

To simplify the model and decrease the computer time, only one-fourth of als36gRE rail
was built in ABAQUS, as shown in Figure 3.3.
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VWHEEL LOAD
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136 HE RAIL

\ FULL ELASTIC FOUNDATION

3000 Ibfin.fin.

Figure 3.3: One-fourth Rail Used in Mesh and Length Convergence Studies

Again, symmetry about the longitudinal center line of the rail was used.e &t of the rail
corresponding to the load application point, symmetry was applied, causingléotialein the
longitudinal direction and the rotation about the other two axes to remain Eke other end of
the rail was left free. A half length of 300 in. from the wheel load tdrdeeend was used in the
longitudinal direction.

Different meshes were used, varying the size and number of elementsoesgence study
was performed for a rail both on 9 in. and 11 in. ties. The center-to-spat@ng of the ties was
kept at a distance of 19.5 in. for both tie sizes. Thirteen different mashesised in this study,
and it was discovered that the deflected shape of the rail model followedifferent contours.
Thus, only four representative meshes were selected for furtioeisdion. The meshes were
numbered with increasing refinement, so that Mesh 1 was the coarsestihdsbsh 4 was the
finest mesh. The characteristics of the four meshes for eachetiarsishown in Table 1. A

more detailed description of the four meshes can be found in Appendix A.
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9in. Ties 11 in. ties
Mesh1l| Mesh2 Mesh3 Meshi4 Meshl Mesh2 Mesh3 Mse
Number
of 7,365 14,946| 29,017 41,74f7 6,95 14,932 28,387 41
Elements
Run Time
4 11 28 56 4 6 12 22
(s)
%
Difference
9.00% 1.70% 0.01% - 20.80% 1.79% 0.010% -
from
Mesh 4

Table 3.1: Characteristics of Meshes Considered in Convergence Study

As can be seen, as the refinement of the mesh increases, so does the nuerents as well

as the run time. The third row compares the vertical displacementdttioen of the rail at the

point of application of the wheel load of the different meshes wittofiidesh 4, the mesh with

the most refinement. Shown below, in Figures 3.4 and 3.5, are graphical repasepnfatie

deflected shapes measured along the bottom of the rail.
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Figure 3.4: Deflected Shapes of a Half Single Rail Supported by 9-in. Ties
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Figure 3.5: Deflected Shapes of a Half Single Rail Supported by 11-in. Ties

In these figures, the longitudinal distance of zero corresponds to theatippligoint of the
wheel load, while a longitudinal distance of 300 in. corresponds to the free tedrail.

As shown in both the table and in the deflected shapes, as the mesh beconmssdhcoeamrse
the stiffness of the model increases, causing the displacemenpairihef load application to
decrease dramatically.

Comparing the meshes and their respective deflected shapes, it is Babinrbbth rail
configurations, the shapes for meshes 3 and 4 were very similar, and at masy point
indistinguishable. Thus, it was decided to use Mesh 3 as a starting paavéoping the full
model of the joint, since it yielded similar results to the fidesh 1, but halved the computer run
time and would thus be easier to work with.

The mesh used for all variations of the insulated railroad joint modeakinesearch is shown in
detail in Appendix B. Shown is the mesh used for the vertical wheel load @iattes end post,
where the mesh is the most refined. When the load is to be moved to anotiten kloag the
joint, a similar mesh was used, with the refinement centered abootathepplication point.
One limitation to the mesh used for the finite element models is thapthy in the joint was

modeled with only one element through the thickness. Since singulariséslexig the edges of
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the epoxy, the stress values found in the epoxy using the finite element modgvemriy

engineering mechanics solution and do not take into account elasticity.

3.3 Length Convergence

Another aspect explored in the development of the model was the detesmofétie

appropriate length of rail extending from the joint and wheel load apiplrc

Three finite element models were built in ABAQUS to compare thetedfehe length on the
deflected shape of the rail. Again, a quarter 136 RE rail section was used,sivigle

concentrated point representing the wheel load. The boundary conditieneeame as those

used in the mesh convergence study. The mesh used to compare these leraythesyirse

mesh, similar to that used in Mesh 4 in the mesh convergence study. Thremdifegths, 300

in., 350 in., and 400 in., were compared using the two different tie widths, 9 in. and 11 in. Shown

in Figures 3.6 and 3.7 are the deflected shapes of these models.
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Figure 3.6: Length Convergence of Rail Supported by 9-in. Ties
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Figure 3.7: Length Convergence of Rail Supported by 11-in. Ties

In these graphs, a longitudinal distance of zero corresponds to the appjicatioof the wheel
load. Thus as the longitudinal distance increases, so does the distance fndraghiead.

In Figure 3.6, it can be seen that while the shapes are very similar atefldotions at the wheel
load are the same, the deflection functions are not exactly the samevéipthiese differences
are not significant enough to justify the lengthening of the rail in dodienprove accuracy in
modeling. In Figure 3.7, the deflected shapes corresponding to differetislangt
indistinguishable. The deflection curves for the rail supported by 9-inréefistinct while the
deflection curves for the rail supported by 11-in. ties are not. This is dueitztbased area
over which the 11-in. ties are in contact with the rail. This langsx acts more like a full elastic
foundation in contact with the entire bottom of the rail. Thus the differend¢he resulting

deflection curves for the three different lengths of rail supported liy. 1ies are not noticeable.

From this study, it was concluded that a rail length of 300 in. on either dilde wheel load
would be sufficient in providing accurate results. This specifiedtesglso supported by the
elastic foundation analytical model proposed by Hetényi (1946). In order to usHitiiis

beam solution to reasonably model a beam of finite length, the required létigtlbeam on
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either side of the concentrated force must be greater thg4(3. Using the value df found
earlier the required length of “beam” or rail for this model is 105 in. thereside of the wheel
load. Thus, the length of 300 in. on either side of the wheel load, which vehoubeth the
analytical and finite element models, is more than adequate to comextsl the rail and joint

subjected to a vertical wheel load.

3.4 Implementation of Hertz Contact Theory

Utilizing the equations proposed by Hertz, values of the elliptical siragh@arabolic distribution
were calculated for the finite element model. Since the wheel andera@ibaposed of the same

rail steel, the modulus of elasticity and Poisson’s ratios were thefeainath, and were 30,000

ksi and 0.287, respectively. In the model, a 36-in.-diameter wheel applying a load of 32,500 Ib
was used. The transverse radius of curvature of the 136 RE rail was Idilinth@&transverse

radius of curvature of the wheel and the principal rolling radius afahevere considered to be
infinity. The parameter from equation 2.17 was considered to be zero. Using these values, the
value ofg was calculated to be 73.398°. Reading from a chart found in Dukkipati (2000), the

interpolated values oh andn were found to be 1.2283 and 0.8319, respectively.

The result was an ellipse with a major semi-axis of 0.329 in., a minor senuf&x®23 in., and

an area of 0.23 if. The equation for the resulting pressure distribution is

2 2

_ 2[4 X ) y
p(x y) = (21.2001b /in. )\/1 i 03 (3.5)

This parabolic distribution was applied to the finite element mogpltoaimated as multiple
uniform pressures over small areas. The area of the ellipse wesaried as 88 squares with
area 0.0025 iAand 12 triangles with area 0.00125,is0 the total area was 0.235'in.The

value of the uniform pressure over each small square was taken a®kEGuatvaluated at the
center of the square. The value of the uniform pressure applied to thaltaisargas was again
Equation 3.2 evaluated at the third points of the triangle. The sum ofajhelsed uniform
pressures was calculated to ensure that the total force beingdagopihe model was still a wheel
load of 32,500 Ib.

3.5 Parametric Studies

Several parameters were investigated to examine theitetia the displacement and stress in

the epoxy.
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3.5.1 Tie Width

Two tie widths were considered: 9 in. and 11 in. The wheel load was platedemd post, i.e.,
at the center of the insulated railroad joint, for both cases, as shown bdtayuie 3.8.

Figure 3.8: Insulated Rail Joint with 36-in. Joint Bar, Load at End Post

3.5.2 Location of Wheel Load

Two locations of the wheel load were considered, to determine the &sdaffact on
displacement as well as on the pertinent stresses in the epoxyh&ékload, represented by the
contact patch as discussed above, was centered about the end post asaitwthpbétween the

tie under the end post and the tie just to the left of the end post, as showren38y
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Figure 3.9: Insulated Rail Joint with 36-in. Joint Bar, Load Between Ties

3.5.3 Joint Bar Length

Two joint bar lengths, 36 in. and 48 in., were explored to see if perhaps ajmngbar would
decrease the displacement and decrease the stresses in the epoxy. The ofioneetia of the
joint bars are the same for both cases. The 48-in. joint bar is suppottedd9-in. ties, as
shown in Figure 3.10, and the results from the earlier 9-in.-tie model (with @fainbars) are

used for comparison. The load is at the end post.

___J\'J___

___vr't__

Figure 3.10: Insulated Rail Joint with 48-in. Joint Bars, Load at End Post
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3.5.4 Joint Bar Moment of Inertia

The moment of inertia of the joint bar was increased from that of the eligoad bar to see if a
stiffer joint bar would decrease the maximum displacement of thegewell as decrease the
stresses in the epoxy. As shown in Figure 3.11 below, the moment of inertiawodardtjoint
bar (a) was doubled (b) and tripled (c) simply by increasing the width ofittiéofo.

(@) (b) (c)

Figure 3.11: Joint Bars with Increasing Moments of Inertia

In all three cases, the profile of the joint bar where it would fit to the E3@Rdid not change,
on the left side of the cross-sections in Figure 3.11, and thus the epoegection did not

change.
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CHAPTER 4 ANALYSIS AND RESULTS

As stated earlier, this research focuses on the stressespothe For all finite element models
of the insulated joint analyzed, the displaced shape, out-of-plane skesaestrand peel stresses

are compared to determine the influence of the parameters on the joontrerée.

The displaced shapes of the rail and joint that are plotted hereeassthting vertical
displacements of the bottom of the rail. A longitudinal distance of zercsponds to the center

of the wheel loading contact application.

In the stress contour plots, the resulting stresses have been traasiiotorthe finite element
local coordinate system. The locations of the ties are denoted by solid lctangles. The
location of the wheel load is denoted by an arrow, and circles represaitiigof maximum

stress. The curved epoxy layer is flattened out to form a verticed fda the figures.

The pertinent stresses in the analysis of the epoxy are the two out-of-planststeses and the
peel stresses. If the epoxy were to be a flat adhesive, as shown indiguhese stresses would

bet,,, ty, ands,.

Figure 4.1: Epoxy Coordinate System

As seen with the Volkersen shear lag phenomenon, the largest out-of-plargtressds in the
Y-Z plane; however, small strains, and therefore small sheasesra$o occur in the X-Y plane.

The only shear stresses not presented here are the in-plane stssatedswith the X-Z plane,
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which is parallel to the longitudinal axis of the rail. That is heeahe more significant

deformations of the adhesive and resulting stresses occur out of plane.

For the analysis cases in which the wheel load is at the end post, ordfthalfepoxy is shown
in the stress contour plots. In all of these symmetric loading case#dbges in the epoxy to the

left of the wheel load are used for comparison, as shown below.

A

Figure 4.2: Epoxy Shown in Symmetric Loading

4.1 Tie Width

4.1.1 Load at End Post

Figure 4.3 shows the displaced shapes for a standard insulated jointjaimthbar length of 36
in., the wheel load placed at the end post, and the rail supported by 9-in. or 11-ineties. Th
maximum deflection of the rail and joint supported by 9-in. ties is 0.122 Inile e maximum
deflection associated with 11-in. ties is 0.093 in., thus the ratio is 0.742 behedarot
maximum deflections. The larger effective area for the 11-in. sieses an increase in total
foundation resistance and results in a smaller deflection of the rgdiahdThis displaced
shape, which repeats in all of the finite element results, is cantsigth that of a beam on elastic
foundation subjected to a single concentrated force at the center of the lzeassati earlier in
section 2.2.1. Recall that in Figure 2.14, the maximum deflection of the maifion a full
elastic foundation was approximately 0.126 in. Thus including a joint supportethbife® has
a minimal effect on the maximum displacement of the rail, while a$oipported by 11-in. ties

decreases the maximum displacement by 24 percent.
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Figure 4.3: Displaced Shapes for Different Tie Widths

The relationship between the maximum displacements of the irduglt@ints supported by 9-
in. and 11in. ties can also be verified using the beam on elastic foundationsanahgequation

for maximum displacement given by Hetényi (1946) is

P/
= 4.1
Yimax Kk (4.1)

Recall thak is the stiffness of the elastic foundation, in units of force/deflettiogth, and,

when divided by the width the rail, becomes force/deflection/area. Thstfthess of the elastic
foundation used in these models becomes dependent on the effective area af #lerselit ties

on which the elastic foundation is applied. The I¢adnodulus of elasticity of the joinE, and
moment of inertia of the joint, are the same for both the 9-in. and 11-in. tie models. Using the
earlier definition of from equation 2.7, the relationship between the maximum displacements of
the IJs on the two tie widths, which is dependent on the valkiebetomes dependent on the
effective area of the solid element ties discussed in sectio8i4.calculation and resulting

ratio between the two maximum displacements are shown below:
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Yo.in. Ties _ Areag—in.Ties %_ (9In)(34|n) %

y11— in. Ties Area.l.l— in. Ties (11 I n )(40 In)

=0.762 (4.2)

The ratio between the two maximum displacements found using finiteeiemalysis was
0.742, thus confirming that increasing the tie width does decrease the maxisplexatnent of
the rail and insulated joint by approximately the same ratio in both tyembyfsis.

Earlier research on suspended joints supported by 9-in. ties, performed b¥&kkiein and
Heike Lohse-Busch, yielded a maximum displacement of the insulatedfj@ippmximately
0.16 in. Supporting the joint by placing a tie directly under the end post thuaskscthe

maximum deflection by approximately 25 percent.

In all of the 1J finite element models, the solid ties were considered to be waict, was
assumed to be isotropic. In actuality, wood is an orthotropic material. Shawnibd=igure
4.4 is a side view of the displaced shape of the middle tie correspondingJdartbdd| with a
36-in. standard joint bar, supported by 9-in. ties. Also shown is the location ofl the waall as

the application point of the vertical wheel load, depicted by an arrow.

Vertical
Displacement (in.)

-0.1145
-0.1151
-0.1157
-0.1163
-0.1169
-01173
-0.1182
-0.1188
-0.1194
-0.1200
-0.1206
-01212
-0.1218

Figure 4.4: Deflected Tie Shape

As can be seen above, the slope of the tie deflection across the lengthieoistingnimal, almost
acting in rigid body motion. Thus it was not necessary to include the orthotapie of the
wood. Modeling the ties surrounding the joint as solid elements in lien efastic foundation

was done to more accurately model the supported joint.

Figures 4.5 through 4.8 show the out-of-plane shear strégsasdt,,, of the epoxy for an 1J

composed of a standard 36-in. joint bar, supported by 9-in. and 11-in. ties and subjected to a
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vertical wheel load at the end post.. The maximum out-of-plane sheaestrgsfor IJs

supported by 9-in. and 11-in. ties are 4,647 psi and 4,296 psi, respectively. In both the 9-in. and
11-in. tie configurations, this maximum out-of-plane shear strgseccurs below the vertical

wheel load where the vertical deflection is a maximum. At thastioe, the epoxy has a high
curvature in order to follow the cross-sectional shape of the rajbamidar. The maximum out-
of-plane shear stressesg,, for 1Js supported by 9-in. and 11-in. ties are 1,157 psi and 1,043 psi,
respectively. While these maximum shear stresses occur at thepary curvature point as the
out-of-plane shear stresseg, the maximunt,, shear stresses have now shifted to the outer edge
of the epoxy away from the end post. However, for the out-of-plane sheat giregess
concentrations can also be observed along the same outer edge, but at theruapee point in

the epoxy.
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Figure 4.5: Out-of-Plane Shear Strdss,in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars; Load

at End Post
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Figure 4.6: Out-of-Plane Shear Strdss, in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars;
Load at End Post
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Figure 4.7: Out-of-Plane Shear Strdsg,in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars; Load
at End Post
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Figure 4.8: Out-of-Plane Shear Strdsg,in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars;
Load at End Post

As confirmed by the earlier investigation of Volkersen’s equatioesyidgnitude of the major
out-of-plane shear streds,, along the joint is greatest at the edges and least at the cetfier of
epoxy in both tie width cases. This is confirmed bytthehear stress profiles shown in Figure
4.9. In these stress profiles, a longitudinal distance of 0 in. correspond®tigthef the joint
adjacent to the end post, while a longitudinal distance of 18 in. correspohdstige of the

joint away from the end post.
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Figure 4.9: Shear Stress Profiles of Epoxy Along Joint

The stress profiles of the epoxy follow closely the shape prediatidréoy the simplified joint,
shown in Figure 2.7. Note that the shear stress along the top of the jogdtissgat the outer
edge and lower at the edge closer to the gap. Again this is a result dfahiegistiffnesses
between the rail and joint bars. The load is attracted to the stif@bar and thus the shear
stress is greatest at the edge corresponding to the joint biardifference is less noticeable
along the bottom of the epoxy. This is due to the additive properties of thestaased by the
different loadings. While the bending stresses will magnify the asympiethe shear stresses
(due to the tensile load) at the top of the epoxy, they will almost cancéleoasymmetry at the
bottom of the epoxy. From Figure 4.9, one can also see that the shear stresses tpreglties
of the epoxy for both models are almost indistinguishable in magnitude. Howewer tlad
bottom edge, the shear stress of the joint supported by 9-in. ties is calyssigintly greater
than that of the joint supported by 11-in. ties.

Figures 4.10 and 4.11 show the peel stresses for these insulated joinirediofig. The location
of the maximum tensile peel stress is shown with a red circle and #i@uma compressive peel

stress (i.e., the most-negative value) is shown with a blue circle.
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Figure 4.10: Peel Stress in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars;tLbad Bost
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Figure 4.11: Peel Stress in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars;tLExaad Rost

In both the joint supported by 9-in. ties and the joint supported by 11-in. ties, thaumaxi

compressive peel stress occurs directly under the vertical whdelTdus is due to the fact that

the vertical wheel load is pressing the rail head down, compressing thevadietsieen the rail

head and the joint bar. For the joint supported by 9-in. ties, the maximum cdugpess stress

is 3,710 psi, while the maximum compressive peel stress for the 11-in. tieimsligitly lower

at 3,032 psi. Both models also have a compressive peel stress concentratszhldetow the

wheel load application point at the bottom of the rail. This is due tetwation force from the

tie and ballast pressing the rail base up, compressing the epoxy. Sirtlikarcbmpressive peel

stress, the maximum tensile peel stress for both models occurs imghéosation, the edge of

the epoxy away from the end post. The maximum tensile peel stressestgppdged by 9-in.

and 11-in. ties are 1,617 psi and 1,615 psi, respectively. Small tensile peal@icsgrations

can also be observed in the lower part of the epoxy at the edges of ties.
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4.1.2 Load Between Ties

Shown in Figure 4.12 are the displaced shapes of the joint supported by both 9-in. and $1- in. tie
with the load placed at the end post as well as between two ties. Farabetparison,
displaced shapes of the models with the off-center load have been shiftedight, so that the

locations of the center of the wheel loads for both models are at ted@agitudinal location.
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Figure 4.12: Displaced Shapes for Different Tie Widths with Load af®stand Load
Between Ties

The maximum displacement for both the 9-in. ties and the 11-in. tie jointsadesrgightly
when the load moves away from the end post. The difference is most rietiogthle joint
supported by 11-in. ties. Also, the maximum vertical deflection does not ocecitydbelow the
center of the wheel load when the load is off-center. This is due toytnenasry of the “rail-
joint beam” surrounding the load. To the right of the load, the joint bar dna/in&ch combine
for a larger moment of inertia, occur for a length of 27.75 in., while to theHef larger moment

of inertia only occurs for a length of 8.25 in.

The values of these maximum displacements for the 1J subjected to offioadiag and
supported by 9-in. and 11-in. ties are 0.118 in. and 0.091 in. respectively. The ratio of these

maximum displacements is 0.77, close to the expected value of 0.76 as disaussed
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Again, the maximum deflection is consistently less for the 1J when geshpathe native rail.

Figures 4.13 through 4.16 depict the out-of-plane shear stregsasit,,, of the epoxy for an 1J
composed of a standard 36-in. joint bar, supported by 9-in. and 11-in. ties and subjected to a

vertical wheel load between two ties.
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Figure 4.13: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars;
Load Between Ties
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Figure 4.14: Out-of-Plane Shear Streéss,in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars;
Load Between Ties
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Figure 4.15: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars;
Load Between Ties
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Figure 4.16: Out-of-Plane Shear Streégg,in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars;
Load Between Ties

As with the load at the end post, the maxintypshear stress occurs at the edge of the epoxy
nearest the end post and at the lower bend in the epoxy. The maijnsi@ar stress of the
joint supported by 9-in. ties is 4,178 psi, and the maxirnshear stress of the joint supported
by 11-in. ties is 4,009 psi. The phenomenon of shear lag is again present imthesescsince
the magnitude of the shear stress along the joint is greatestegigth® and least at the center of
the epoxy. Also, as with the load at the end post, the maxiggushear stress occurs at the
edge of the epoxy away from the end post and at the lower bend in the epoxy. Thanmgxi
shear stress of the joint supported by 9-in. ties is 1,212 psi, and the maxisiv@ar stress of
the joint supported by 11-in. ties is 1,205 psi. All of these maximum out-of-planessiesar

values are lower than those found when the wheel load was centeredrat ploste

Figures 4.17 and 4.18 show the peel stress contours for the off-center load withdiit-ia.
ties, respectively. In both cases, the maximum compressive peelatrés$ore, occurs just
below the application point of the wheel load. The maximum tensile pexd &reboth cases
occurs in the epoxy on the rail not loaded by the wheel. This tensiledbesssccur at the edge
closest to the end post, and at a place of high curvature in the epoxy. Ximumaompressive
peel stress for the 9-in. tie model is 2,264 psi, while for the 11-in. tie mog&,#53 psi. These
values are also lower than those for the earlier models in which the widmplaced at the end
post. Again, compressive peel stress concentrations can be seeocatitim$é. The maximum
tensile peel stresses, however, are 1,659 psi and 1,624 psi for the 9-in. and Thedets
respectively. The location of the maximum tensile peel strefgmiicant due to the fact that

many “unzipping” bond failures tend to initiate near the end post.
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Figure 4.17: Peel Stress in Epoxy; 9-in. Ties; 36-in. Standard Joint Bars; etvaele Ties
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Figure 4.18: Peel Stress in Epoxy; 11-in. Ties; 36-in. Standard Joint Bars; étveekeB Ties

4.2 Joint Bar Length

4.2.1 Load at End Post

The 48-in. joint bar is supported by 9-in. ties, and the results from the @airlictie model with
36-in. joint bars in section 4.1.1 are used for comparison. As seen in Figure 4.19, the
displacement of the 1J and surrounding rail is barely affected by the iedreast bar length.
However, both of these displaced shapes again illustrate the poirtethail that includes a joint
has a slightly smaller maximum displacement than the native rail.
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Figure 4.19: Displaced Shapes for Different Joint Bar Lengths

Again, due to symmetry, only one-half of the epoxy from this model is shown forele str

contour plots. Out-of-plane shear stress contours are depicted in Figuresd42Pla and peel
stress contours in Figure 4.22. As with the 36-in. joint bar, the 48-in. jointdabel imas the
maximumt , shear stress occurring just below the wheel load at the lower bédmeepdxy, as

well as the maximurty,, shear stress occurring at the edge away from the end post in the lower
bend of the epoxy, with anothigg, shear stress concentration located along this edge in the upper
bend of the epoxy. This again demonstrates the phenomenon of shear lag. The nuaxiofum
plane shear stressseg,andt,,, have magnitudes of 4,620 psi and 923 psi, respectively. Both of
these values are slightly lower than the maximum out-of-plane sheaestfeand with a 36-in.

joint bar.
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Figure 4.20: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 48-in. Standard Joint Bars;

Load at End Post
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Figure 4.21: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 48-in. Standard Joint Bars;
Load at End Post

I

7 i § \/ \ = Peel Stress (psi)
VVAVAV.V.VAVLVAVN 1800
VWVVWVWM/WVVWVVVWVVWVVWVWVVVM/ e N ; [3)[0)0

+300

e e o
S=cc e e e e 1200
AT AT VATV AT AV oY VR AV AN AV AV VA AV AVAVAV AT AV AN FAVAVANAVAV AN VAN ¥ VAV AV e
1 P N -2200

AT VAVAVAVAVA AV AVAVAVAY AN ATAYANAVAVAVAVANAVAVAVAVAYAVAVAVAVAVAVAVAVAVAVAAVAAVAY 2700

:3?00
I — o s
Figure 4.22: Peel Stress in Epoxy; 9-in. Ties; 48-in. Standard Joint Bars;tLBad Rost

Figure 4.22 shows the peel stresses associated with the 48-in. jointiikar. i the 36-in. joint
bar model, the maximum compressive peel stress occurs below the wheeitload,

compressive stress concentration also observed below the wheel loathwethpart of the
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epoxy. The maximum tensile peel stress occurs at the edge of the epoxy awthefieheel
load, with small tensile peel stress concentrations at the edgetiglsthEhe magnitudes of the
maximum compressive and maximum tensile peel stresses are 1,726 psi dmbi3,85

respectively. These stresses are slightly higher than those found @&ifig. joint bar.
4.3 Joint Bar Moment of Inertia

4.3.1 Load at End Post

The displacements of the 1Js using joint bars with increasing momengstid iare shown in
Figure 4.23.
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Figure 4.23: Displaced Shapes for Different Joint Bar Moments of Inertia

Since deflection is inversely related to the moment of inertia of i eraincreased moment of
inertia over the joint bar length decreases the maximum deflecttoe @int bar. However, this
effect of the increased joint bar moment of inertia is not significa@r the entire model, since
the 300 in. length of rail on either side of the end post is much greater ¢h ith half length
of the joint bar surrounding the end post. The deflected shapes of ajbihtdears are

indistinguishable after a longitudinal distance of 18 in. on either side@rd post. The
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maximum deflection for a standard joint bar was 0.122 in., and the maximuntide8dor the

doubled and tripled moment of inertia joint bars are 0.118 in. and 0.115 in., redpective

Shown in Figure 4.24 is a plot of the bending moment distribution through thadail for the

increasing joint bar moments of inertia.

500000

400000 | —— Std. Joint Bar
—— 2xStd. Joint
Bar
— 3xStd. Joint
300000 Bar

<

g

— 200000

c

[0}

€

o

=

= 100000 -

=

o

c

[0}

m

o T T T T T T T
-4D0 -300 -200 <100 0 100 200 300 400

-100000

-200000
Longitudinal Distance (in.)

Figure 4.24: Bending Moment Distribution with Increasing Joint Bar Monadritertia

Again, one can see the localized effect of the increased joint barnhofiigertia. The shape of
the bending moment distribution is consistent with that found by Heike LalsehBLambrecht
and Lohse-Busch, 2006), in which a discontinuity of the bending moment exists at the

longitudinal distances corresponding to the ends of the joint bars.

Figures 4.25 and 4.26 show the out-of-plane shear strégses the epoxy for an 1J composed
of a 36-in. joint bar with a doubled moment of inertia and a tripled moment ahiner
respectively. Both joints are supported by 9-in. ties and subjected tocalweheel load at the
end post. Figures 4.27 and 4.28 show the out-of-plane shear strgs$msthe same two joint

models.

In both models, the maximum out-of-plane shear sttgs$ias now moved to the edge of the

epoxy away from the end post. The larger moments of inertia increasdftiesstis of the joint
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bars, attracting more load and causing the maximum shear stressnldgatiove. This change
in location places both maximum out-of-plane shear streissesidt,,, at the edge of the epoxy

away from the end post, in the lower curve of the epoxy.

As with earlier models, the phenomenon of shear lag, where the sheasstressiinimal at the
center of the epoxy and maximum at the edges, is illustrated. Also, outiefgblaar streds, is

again concentrated at the upper bend of the epoxy, along the edge awdayefeord post.
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Figure 4.25: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*Std.
Joint Bar Moment of Inertia; Load at End Post
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Figure 4.26: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*Std.
Joint Bar Moment of Inertia; Load at End Post
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Figure 4.27: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*Std.
Joint Bar Moment of Inertia; Load at End Post
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Figure 4.28: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*Std.
Joint Bar Moment of Inertia; Load at End Post

The maximunt, out-of-plane shear stresses for the doubled and tripled moment of jimiettia
bars are 4,575 psi and 4,917 psi, respectively. While the doubled moment ofdn@rbar sees
a decrease in this shear stresstjhshear stress for the tripled moment of inertia joint bar

increases from the standard joint bar, which had a value of 4,647 psi.

The maximunt,, out-of-plane shear stresses for the doubled and tripled moment of jmiettia
bars are 1,513 psi and 1,684 psi, respectively. These values have increasedioadiyotith
the increasing moment of inertia, from thgout-of-plane shear stress of the standard joint bar,

which had a value 1,157 psi.
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The peel stresses associated with the increased moment of irettimjs subjected to loading

at the end post are shown in Figures 4.29 and 4.30.

O

Figure 4.29: Peel Stress in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*$nd Blr Moment of
Inertia; Load at End Post

O

Figure 4.30: Peel Stress in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*S$td Blr Moment of
Inertia; Load at End Post

As with all of the other 13 models discussed earlier, the maximum essipe peel stresses for
both the doubled and tripled moment of inertia joint bars occur below theaai point of the
vertical wheel load, as well as compressive stress concentriatithveslower portion of the epoxy
above ties. Also, similar to the standard joint bar, the maximum teresilestress occurs at the
edge of the epoxy away from the end post. The maximum compressive peetstetse
doubled and tripled moment of inertia joint bars are 4,896 psi and 5,057 psi,ivetpedthe

maximum tensile peel stresses for the doubled and tripled moment of jiiettizars are 2,896
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psi and 3,445 psi, respectively. As with the out-of-plane shear stgesgse maximum peel

stresses observed in the epoxy increase with the increasing joinbipents of inertia.

The increasing peel stresses with increasing moments of iasrt@nsistent with the work of
Hart-Smith (1973). In that investigation into the elastic peel str@ssiegible-lap joints, it was

proposed that the maximum peel stress in the adhesive be defined by thengpiquation:

=t 3Ec'(1_ nz)to .

S 4.3
e £ f (4.3)

wheret is the peak bond shear stress in the adheSiveand/ are the Young’s modulus and
thickness of the adhesive, respectively; Bpds, andt, are the Young's modulus, Poisson’s
ratio, and thickness of the outer adherend, respectively. The relationsigebehe non-
dimensionalized geometric thickness parameter, defined by equation 4.4, aatitbéthe peak
bond peel stress to the peak bond shear stress, is shown in Figure 4.31. The afgutaxilnes

of the parameter associated with the joint bars of increasing moimesttia are also shown.

Non-Dimensionalized Geometric Thickness Parameter:

3E,'(1- n?)t,

=7 (4.4)
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Figure 4.31: Elastic Peel Stresses in Double-Lap Joint
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In the finite element model of the 1Js with increasing joint bar momelteia, it was
determined that the maximum out-of-plane shear stressed, paridt,, , had very similar

values for the varying moments of inertia. Thus, assuming that thépedlshear stress is
constant, maximum peel stress is directly related to the thickh#ss auter adherend, meaning
that as the stiffness of the outer adherend, or joint bars, increaslises the peak maximum peel

stress, as shown in Figure 4.31.

Hart-Smith also determined that the critical location, where the nuaxipeel stress and
maximum shear stress occur, is at the termination of the outer adhef@ls consistent with
the locations of maximum tensile peel stresses found in the finiteeetenodels throughout

these results.

4.3.2 Load Between Ties

The displaced shapes of insulated joints composed of 36-in. joint bars wiasimg moments
of inertia, supported by 9-in. ties and subjected to an off-center wheel loadparted in Figure
4.32.

N\ o T~

= 6-64
N—r
g —— Std. Joint Bar
1= 0:06 2*Std. Joint Bar
% \ / 3*Std. Joint Bar
o
@ -6168
: \ /
®
o
= 5
> 6
- \/

-400 -300 -200 -100 0 100 200 300 400

Longitudinal Distance (in.)

Figure 4.32: Displaced Shapes for Different Joint Bar Moments of Inecizal Between Ties
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Again, the longitudinal distance of zero corresponds to the centerwhted load application.
As with the end post loading, the maximum deflections of the joint decvddsincreasing
moments of inertia. The maximum deflections of the standard, doubled, and tripreshtrad
inertia joint bars are 0.118 in., 0.116 in., and 0.114 in., respectively. Howevelethimse in
deflection is still over a small portion of the length, with the deftesteapes of the three models
becoming indistinguishable at longitudinal distances close to the centerlofding. Also, as
observed earlier, the maximum displacement of the joint does not occulydiedotv the center

of the loading, due to the asymmetry of the “rail-joint” beam surrounding &lde lo

Figures 4.33 and 4.34 show the out-of-plane shear strégses the epoxy for an 1J composed
of a 36-in. joint bar with a doubled moment of inertia and tripled moment of inesigectively.
Both joints are supported by 9-in. ties and subjected to a vertical lwhdet between two ties.

Figures 4.35 and 4.36 show the out-of-plane shear strégsést these two joint models.

l

O

Figure 4.33: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*Std.
Joint Bar Moment of Inertia; Load Between Ties

O

Figure 4.34: Out-of-Plane Shear Stregs,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*Std.
Joint Bar Moment of Inertia; Load Between Ties
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As seen with the end post loading, the maximum out-of-plane shear stresfsfts locations,

from at the end post to the edge of the epoxy away from the end post. Thissagdated to the
increased stiffnesses of the joint bars and causes the both maximunptarieofhear stresses to
occur at the edge away from the end post, in the bottom curve of the epoxy. The maxinu
of-plane shear stressgg for the standard, doubled, and tripled moment of inertia joint bars are
4,178 psi, 4,854 psi, and 5,209 psi, respectively. As opposed to the matxinsivear stresses
found under the end post loading, these maximum values increase with annggeasbar
moment of inertia. The maximum out-of-plane shear stresgefor the standard, doubled, and
tripled moment of inertia joint bars are 1,212 psi, 1,554 psi, and 1,701 psi, reslgeciive
monotonic increases of these maximugnshear stresses are consistent with the increging

shear stress values found with the end post loading of the same 1J models.

l

O

Figure 4.35: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*Std.
Joint Bar Moment of Inertia; Load Between Ties

O

Figure 4.36: Out-of-Plane Shear Streégg,in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*Std.
Joint Bar Moment of Inertia; Load Between Ties
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Figures 4.37 and 4.38 show the peel stresses associated with the increasetoiimetia joint
bars subjected to loading between ties. Again, maximum compressistrpeses occur below
the vertical wheel loading. While the maximum tensile peel sseggEn occur along an edge of
epoxy away from the end post, with the increased moment of inertia jointheas maximums

now occur in the epoxy connecting the joint bar to the unloaded length of rail.

The maximum compressive peel stresses for the standard, doubledpladdrioment of inertia
joint bars are 2,264 psi, 2,527 psi, and 2,594 psi, respectively. While the compsessises do
increase with increasing moments of inertia, the rate of change fiocteasing maximum
tensile peel stresses is much more dramatic. The maximum teredistrpeses for the standard,
doubled, and tripled moment of inertia joint bars are 1,659 psi, 2,870 psi, and 3,464 psi,

respectively.

O

Figure 4.37: Peel Stress in Epoxy; 9-in. Ties; 36-in. Joint Bars with 2*$nd Bl Moment of
Inertia; Load Between Ties

O

Figure 4.38: Peel Stress in Epoxy; 9-in. Ties; 36-in. Joint Bars with 3*$nd Blr Moment of
Inertia; Load Between Ties
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CHAPTER 5 SUMMARY AND CONCLUSIONS

This goal of this research was to consider various designs of the sdgpettiated railroad joint
to determine what practical changes could be made to the current desiderito increase the
life expectancy of the 1J. Finite element models of these configuratienesamalyzed, varying
tie width, joint bar dimensions, and wheel load locations. The resultipicisnents, shear
stresses, and peel stresses of these various arrangements wereeddmascertain each

parameter’s influence on the joint.
5.1 Summary of Results

5.1.1 Tie Width

Increasing the tie width from 9 in. to 11 in. decreases the maximum displacaintiee joint by
24%. The effect of increasing the tie width on the maximum shear andrpesekstis very

minimal, as shown below in Figures 5.1 and 5.2.
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Figure 5.1: Comparing Maximum Stresses for Different Tie Widths; End @aslirg
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Figure 5.2: Comparing Maximum Stresses for Different Tie Widths; Loadd®et Ties

5.1.2 Joint Bar Length
Increasing the joint bar length from the standard 36 in. to 48 in. has lyirtoagffect on the
maximum deflection. Similarly, the increased length has very litleence on the maximum

stresses observed in the epoxy, as seen in Figure 5.3.
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Figure 5.3: Comparing Maximum Stresses for Different Joint Bar Lengths
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5.1.3 Joint Bar Moment of Inertia

Increasing the joint bar moment of inertia has a small effect on tkienona displacement, as
shown below in Figure 5.4. The first bar corresponds to a continuous rail wilmty@upported

by 9-in. ties, similar to the joint bar models also shown in the figure.
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Figure 5.4: Maximum Displacements for Increasing Joint Bar Momentsbiline

As one would suspect, adding the joint bars to the single length of single ral, wtiieases the
moment of inertia and thus the stiffness of the “joint-rail beamredses the maximum

deflection. This trend continues with doubling and tripling the moment ofaredrthe joint bar.

Shown in Figure 5.5 is a plot of the relative displacement for to theerraiivfor the joints with
increasing joint bar moments of inertia, longitudinally along tHe fidiis shows the values of the
displacement found in the 1J finite element models, when the wheel loatthéseatd post as well
as when it is placed between two ties. The displacements along tiaingnengths of rail are
values from the earlier analysis of a single rail subjected to aalestieel load. As seen in the
figure, when the end post of the joint is supported by a tie, a bump exists ttelargth of the
joint. The relative height of this bump increases as the joint baemtashinertia increases. The
existence of such a bump could cause the train to accelerate as st drarethe joint, increasing

the impact forces on the joint from the wheel.
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Figure 5.5: Relative Displacement Longitudinally Along Rail

However, as shown in Figure 5.6, the maximum peel stresses observed in thmepase
dramatically with the increasing moment of inertia, and the maximum streases also tend to
increase. This monotonic increase in stresses is also seen wheadtlsemoved to a location

halfway between two ties, as shown in Figure 5.7.
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5.1.4 Wheel Load Location

Placing the vertical wheel load directly between the tie beneatmtheost and an adjacent tie
decreases the maximum displacement. This wheel load location also yielaisraamimum
shear and peel stresses, as well as similar relationshipsebetvese stresses for varying
parameters, as when the loading was placed at the end post. Howevernmthkaevheel load
between ties for the standard 36-in. joint bar models, the maximum teesllstress occurs at

the end post, which may help cause many bond failures to initiate near the end post.

5.2 Conclusions

For all insulated joint finite element models analyzed, the displttagke of the joint and
surrounding rail follow the shape predicted by Hetényi's beam on elastiddtion theory for an

infinite beam subjected to a single concentrated load (Hetényi, 1946).

In the epoxy between the joint bars and the rail, maximum out-of-plane siesaest as well as
maximum tensile stresses, are consistently located along an etigeepbiy, with the maximum
shear stresses typically being found in the upper and lower curves pbtherear the top and
bottom of the joint bar. The phenomenon of shear lag, as predicted by Volkerseni€lak6
observed for the out-of-plane shear stresses. The maximum compEssistress in the epoxy
is found to be located just below the center of the application of theatavtieel load.

Compressive peel stress concentrations also tend to be located albmegibes.

From this research, increasing the tie width, the joint bar length, anpditi bar moment of
inertia does not significantly decrease the maximum stressesifpretiee epoxy of the insulated
rail joint. Increasing the joint bar moment of inertia has the opposget efiramatically

increasing the stresses found in the epoxy.

In comparing these results of a supported 1J composed of standard 36-in. jcapparted by
9-in ties with a wheel load placed at the end post, with those of a suspentedtioihe same
components found by Adric Eckstein in earlier research, supporting the joieagesithe

maximum displacement by 15% and decreases the maximum shear stress by 28%.

5.3 Recommendations for Further Research

While this thesis focused on the static loading of the insulatedirai] yery little research has
been performed using finite element analysis to model the dynamic loadhgjoirtt. Impact

loads can be significantly higher than static loads, especially whenmesnbith larger
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displacements. From this research it was determined that by increadiiegvtitith, the
maximum displacement of the joint was significantly decreased, Wiglstresses were
minimally affected. This deflection decrease and resultingsetsesould become more
significant when impact loading is taken into account. Repeated dynaicgad the joint also
results in fatigue of the IJ, causing damage and wear on the rail heatl as degradation of the

ballast and subgrade supporting the joint. This topic should be investigated.

The dynamics related to the wheel passing over the insulated joint caedbe usodeling not
only the standard butt joint, but the tapered joint as well. Earliearels conducted by Adric
Eckstein, Seth Lambrecht, and Heike Lohse-Busch showed that by tapermgtiitbe shear

stresses in the epoxy could be reduced by two-thirds.

Finally, implementation of the design recommendations resulting fromrtisséated work must

ultimately be tested in the field to determine if in fact the life ebgrexy of the insulated railroad

joint can be increased by varying some of the parameters considered here.
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Appendix A

Mesh Convergence Study Details

The meshes used for the convergence study are described in thanakfigsires below. All
meshes were composed of solid tetrahedral elements of varying sheesgn i@ Figure A.1 is an
isometric view of the finite element model rail used in the mesh convergtrme The yellow
arrow shows where the vertical wheel load was applied, which is alsertter of the length of
rail.

Figure A.1: Isometric View of Rail Model Used in Mesh Convergence Study

The following tables list the length of the region over which an el¢siee was specified, as
well as the distance from the center line of the rail (where thieafertheel load and symmetry
were applied) to the start of the region. Also noted in the tables istherdl size used over the
region, which is the length of the sides of the solid tetrahedral elemsed in the finite element
model. The figures depict both the entire mesh of the rail, as well as aiplogawv of the

region of the rail adjacent to the center line of the rail. The viaweofmeshes is of the plane of

symmetry along the length of the rail, which is the Y-Z plane in Figure A.1.
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A.1 Mesh1

Distance from Center , _
_ ) Length of Region Element Size
Line to Start of Region _ ,
_ (in.) (in.)
(in.)
0 1 0.5
1 4 0.75
5 15 15
20 30 3
50 75 5
125 75 6.82
200 100 10

Table A.1: Mesh 1 Details

(@)

(b)

Figure A.2: Mesh 1: (a) Entire Rail Model, (b) Close-Up Near Load Apjiit&oint
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A.2 Mesh 2

Distance from Center , _
_ ) Length of Region Element Size
Line to Start of Region _ ,
_ (in.) (in.)
(in.)
0 1 0.25
1 4 0.5
5 15 0.75
20 30 15
50 75 3
125 75
200 100

Table A.2: Mesh 2 Details

(@)

(b)

Figure A.3: Mesh 2: (a) Entire Rail Model, (b) Close-Up Near Load Appcdtoint
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A.3 Mesh 3

Distance from Center , _
_ ) Length of Region Element Size
Line to Start of Region _ ,
_ (in.) (in.)
(in.)
0 1 0.25
1 4 0.5
5 175
180 120 5

Table A.3: Mesh 3 Details

(@)

(b)
Figure A.4: Mesh 3: (a) Entire Rail Model, (b) Close-Up Near Load Appmicdtoint
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A.4 Mesh 4

Distance from Center

_ ) Length of Region Element Size
Line to Start of Region _ ,
_ (in) (in.)
(in.)
0 1 0.25
1 4 0.5
5 295 1

Figure A.5: Mesh 4: (a) Entire Rail Model, (b) Close-Up Near Load Apjiit&oint

Table A.4: Mesh 4 Details

(@)

(b)
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Appendix B

Details of Mesh Used in Finite Element Models of In  sulated

Railroad Joints

The following figures depict the mesh used for the insulated railodaidgomposed of a 136 RE
rail and a 36-in. standard joint bar, subjected to a vertical wheel |tlael @abd post, and
supported by 9-in. ties. Similar meshes were used for all other configuratithesinsulated
railroad joints investigated in this research.

Figure B.1 shows an isometric view of the 1J mesh used in this research.

Figure B.1: Isometric View of 1IJ Model Mesh

Since the finite element mesh is symmetric about the center lihe gint, only half of the 1J
and the extended rail are shown in Figures B.2 (a) and B.2 (b). Again, Figye) Bebicts the
entire mesh of the rail, and Figure B.2 (b) shows a close-up view of tha fghe rail adjacent
to the center line of the joint. The view of the meshes is of tine piasymmetry along the
length of the rail, which is the Y-Z plane in Figure B.1.
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(@)

(b)

Figure B.2: IJ Model Mesh: (a) Half of Model, (b) Close-Up Near Load Apptin Point (End
Post)
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Figure B.3: Cross-section of IJ Model Mesh
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