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ABSTRACT

The design ofhe freight train truck has gone relatively unchanged over the past 150
years. There has been relatively little change to the fundamental railway truck design because
of the challenges of implementing a cost effective and reliable modification to designs that
have proven effective in decades of operation. A common U. S. raitwely consists of two
sideframes, a bolster, two spring nests, and four friction wedges. The two sideframes sit on the
axels. The bolster rides on springs on top of the sidefranié® friction wedges also ride on
springs on top of the sideframe, and are positioned between the bolster and sideframe, acting
as a damping mechanisnBetter understanding the dynamic behaviand forces on the bodies
are critical in reducinginnecessarywear on the componentsalong with potentialnegatve

behavior such as loss of productivity and increase in operating costs.

This thesis will investigate the dynamic behavior of the truck under warping conditions

using a stangilone malel created in Vidal.Lab. Thigesearch covers two main areas.

First, thefull-truck model will be developed and its simulation results will be compared
to test data from the Transportation Technology Center, Inc. (TTCI). Data was provided from
warp testing performed athe TTCfacilities in the spring of 2008. Once validated, the model
will be used to gain a better understanding of the forces and moments that are propagated
through the system, and of the dynamics of all bodies. Due tos@wst physical constraints,
not every bogie component can be instrumented during test, so the computer model will be

able toprovide valuable information not easily obtained otherwise



Second, full-truck models using different contact geometry between the wedges,
sideframes, and bolster will be compared. A model with extremely worn sideframes will allow
for investigation into the effects of wear on the damping abilities and warp stiffness of the
truck. Another model using split wedges will be compared with the previous model to
investigate into the behavior differences in the truck using different types of wedges. By
understanding the impact of different geometries on the overall performance of thektruc

better decisions on design and maintenance can be made in the future.

After creating the models, we found that the fillck model created in LMS®
Virtual.Lab compared well with the test data collected by TTCI. In the comparison with
NUCARS® we detemad that the stanealone model, which incorporates the wedges as
bodies, captures the warp dynamics of the truck better than NUCARS®, which models the
wedges as connections. By creating a model with severely worn sideframes, we were able to
determine tha the truck loses its abilities to damp bounce in the system as well as to prevent
warping when the components become sufficiently worn. The -s@ilge model behaved
similarly to the standard fullruck model for bounce inputs, but had a significantljfedient
behavior in warp. Further development will be needed on the spiitige model to be

confident that it behaved as expected.
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Chapter 1. Introduction

This thesis will investigate the dynamic behavior of freight train suspension, particularly
friction wedges, under warpingonditions. In Section 1.1, the motivation behind the research
will be discussed. Section 1.2 discusses background information about the truck design for
freight train cars. In Section 1.3, previous work that has led to the current research will be
disaussed. Section 1.4 explains the problem statements of this work. Lastly, Section 1.5

describes the research approach used in this study.
1.1 Motivation

There are a few software programs used to simulate the behavior of freight trains, such
as NUCAR$@nd VAMPIRE® While such programs are able to capture much of the dynamic
behavior of freight cars, the method of modeling the wedge simply as a force equation rather
than a body may encounter situations where the behavior of the bogie cannot be modeled
accurdely. The wedge mass and inertial properties are traditionally ignored because they are
so small compared to the other train components, that they are considered negligible. Due to
this very small mass compared to the other components, high frequen®sg nsialso a very
common problem in simulations. For these reasons, an equation that relates the load to the
damping force is used. While these equations have become more sophisticated over time, and
now are able to output more of the relevant informatipthere are still situations that these

equations fail to capture.

The staneéalone model developed in this study incorporates the friction wedges as
bodies rather than modeling their effects using just an equation. One of the important
capabilities thatthis gives us is the ability to see how the moments propagate through the
different bodies in the system. While the mass and inertia of the wedge may be negligible, the
affects of the geometry of the solid body is not. A prime example of this is thg sfutiefull-

truck under a warping condition, where one sideframe is pushing forward and the other is

'NUCARS® is a regied trademark of the Transportation Technology Center, Inc. (TTCI), a wholly owned
subsidiary of the Association of American Railroads (AAR)
VAMPIRE® is a U .K. registered trademark of DeltaRail Group Ltd.
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pushing back. In this case, the shape of the wedge creates a stiffness, which tries to keep the
truck square. This warping stiffness is greatly affeédby the shape of the wedge, and the
contact conditions between the sideframe or the bolster and the wedge. Without the
components of the truck system being properly modeled, these affects are lost. This is
problematic, because the ability to model wamngibehavior is very important to understanding

the overall dynamics of the truck, as it is a situation that can lead to dangerous conditions, such

as derailment.

Due to its ability to model the forces under the warping condition, the stallodie full-
truck model can give a researcher valuable information about the truck dynamics. Another
capability of the model is that simulations can be run for different wear levels and
configurations in the components. By monitoring the warp stiffness of differerfigumations,
decisions could be made as to when the stiffness falls below an acceptable level, which could

improve the preventative maintenance on freight train trucks.

1.2Background

The current truck assembly on freight train cars has been used, relatinehanged, for
the past 150 yearsFigurel shows a common freight car truck assembly. The simplicity of the
truck, which is held together purely lgyavity and the weight of the components, has proven to
work very well over the years. The base of the truck is composed of the two axles (1 and 2) and
wheels, which are in contact with the rails. Sitting on top of the axles are two sideframes (3 and
4); one on each side running parallel to the tracks. A spring nest (5) is situated on each
sideframe, which consists of a number of springs which carry the bolster (6) and friction
wedges. The bolster lays across the two sideframes, perpendicular toatlestr The friction
wedges sit in between the bolster and the sideframe, one at each corner of the bolster. The car
is connected to the truck by sitting on the bolster, with a pivot connection that allows rotation

between them.



6, Bolster 4, Sideframe ,2, Axle

3, Sideframe 1, Axle \

5, Spring Nest

Figurel. Common freight cartick assembly [1]

The friction wedge is used instead of a more conventional hydraulic damper in order to
reduce maintenance time and expense. The weight of freight cars puts immense loads and
stresses on all of the parts in the truck. By reducing moving parts, and keepimgsimple,
the maintenance can be completed more quickly, which is critical in a system where many
trains are sharing the same track. A singletrack breakdown or derailment can cause

significant delays if the problem is not dealt with in a very tymaanner.

Under normal operating conditions, the friction wedges gradually become worn, slowly
diminishing their damping ability. As the wedges, sideframes, or bolsters wear, the wedge is
allowed to rise with respect to the bolster. Since the damdmge is reliant on the force
exerted by the spring on which it sits, the less compression in the spring, the lower the damping
force will be. Another issue that can be detrimental to the performance of the truck with worn

friction wedges is the greatergssibility of the wedge getting stuck between the sideframe and
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bolster. This can become a very dangerous situation, because it effectively locks the entire
suspension system, making the connection between the car and the axles rigid. Without a
working sispension system, the impact forces become much greater, increasing the risk of

more serious damage to the truck, the car, and the cargo.

Warping of the truck is another behavior seen in freight train trucks that can create an
unsafe condition. While small amount of warping can help the truck go around a turn better,
the ideal truck would not allow warping on straight track. Two very serious issues caused by
warping on straight track are track spreading and truck hunting. While the truck is wahged, t
front wheel on one side and the back wheel on the other side are pushed out against the track.
Over time this force can spread the track. Hunting occurs when due to warping the truck
begins weaving from one side of the track to the other. This alsates large forces between
the wheels and the track, which can spread the track. If hunting becomes severe enough, the
shifting weight can also lead to derailments. For these reasons, a truck with high warp stiffness

is desirable, as it would be morepable of preventing truck warp.

The safety and financial costs involved make it critical to know when a truck can no
longer operate safely. By creatindudl-truck model with all of the major components modeled
as bodies, the goal is to get a better umstanding of the dynamics of the entire system, and of
the interactions between the bodies involved. Simulations of different sideframe inputs and
part geometries will allow researchers to visualize and investigate dynamic effects in the truck,
and raiseflags that will help prevent future failures, improve the truck design, and maintain

safe operating conditions.
1.3Previous Work

Virginia TecRad wlk Af g1 & ¢ SOKY 2 begad feSearching fricolvedge NB 0 v
behavior as an Association of American iRads (AAR) affiliated lab. Initially the existing
wedge models in NUCARS® were evaluated using various inputs. The research was then

extended to creating a stardlone quarter-truck model to be compared with the NUCARS®



models. This standlone model vas created using MATLAB&nd Mambo, a freeware
dynamics program. Thguarter-truck model consisted of a sideframe, control coils, a quarter
of a bolster, and a friction wedge, with bolster inputs. Thmrter-truck model was created
with both variably @mped and constantly damped geometryigure2 shows thequarter-truck

models developed in thRTLat Virginia TeclZ].

Figure2. Quartertruck models developed at Virginia Tefdj

The standalone model was later expanded tohalf-truck model, which incorporated a
sideframe, control coils, half of a bolster, and twetion wedges. The input body was changed
to be the sideframe, to better simulate real world inputs. Again, variably damped and
constantly damped geometries were created. The data from simulations in the-atand
model were again compared with NUCAR®B®uts. Figure3 shows thehalf-truck models

developed at Virginia TedB, 4].

*MATLAB is a registered trademark The MathWorks
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Figure3. Halttruck models developed at Virginia Te[3) 4]

The standalone models showed significant differences than NUCARS® in many
parameters that were output. While there was no experimental data to compare to at the
time, it is believed that the stanrdlone model wasapturing events that NUCARS® was not
Ol otS 2F% 06S0OFdzasS 2F GKS g¢gleé& GKS 6SR3ISE I N

inertial properties.

The research discussed in this thesis is a continuation of this work that has been ongoing

atthe RTL

1.4Prodem Statement

The purpose of this research is to gain a better understanding of the dynamic behavior
2F GUKS FTNBAIKG GNIAYy (NHzO1Z F20dzaAy3a SaLISOAL
behavior. By developing a better understanding of the impartaof each of the bodies within
the truck, fuure simulation software wilbetter capture truck behavior, and therefore, overall

car behavior.

The first goal of this research was to creatéul-truck model that incorporated each

component of the truck, wh appropriate body dimensions, mass, and inertial properties.



Simulation results of this model will be compared with warp test data performed at TTCI, and

with NUCARS®.

The second goal was to creatdudl-truck model with severe wear on the sideframes.
The output data from this model will be compared with the original model to evaluate the

effects of wear on the warp performance of the truck.

The third goal was to create fall-truck model with splitwedges instead of standard
(one piece) friction wedgs. The data obtained from this model will also be compared with the
original model to evaluate the warp performance of the splédge, since there is currently no

test data available for dynamics of a truck with splédges.

1.5Approach

Each of thdull-truck models considereavill be developed in LMS® Virtual.Lab, a widely
used, general multibody dynamics modeling software. Input datel the geometry
parameters will beprovided from TTCI, and were used to create a model that accurately
representsthe full-truck used in the warp testing that was performed at TTCI in the spring of
2008. Using thislata, the model of the truck will bereated from the sideframes up. This

setup includes the two sideframes, two full spring nests, four friction wedgesa bolster.

The two sideframes will bereated as massless rigid bodies. The sidefraniébevleft
massless because they will beed as the ingt bodies, so their mass will never oppoaey
motion within the ystem. The friction wedges will leeated with the geometry, mass, and
inertial properties of a actual wedge. The bolster will lgéven the inertial properties of a real
world bolster, with the mass of the car also lumped at the bolsfEne wedges and the bolster
will be connected to thesideframe by a full spring nest. The contact with theegame and
with the bolster will bemodeled using a fivdy-five grid of contact points on each face of the

friction wedges.



Chapter 2. Review of Literature

This chapter will introduce reference neaial that was reviewed before research began.

Advanced Multibody Dynamics Modeling of the Freight Train Truck Sy3idmyn B. Ballew

This paper is a continuation of research from the Railway Technology Laboratory at
+ANABAYAl ¢SOK® st¢ dcate a stanmhtahedriiodeF vhiohdziuld capture the
dynamic behavior of the friction wedge. half-truck model was created in MATLAB® to include
four rigid bodies: a bolster, a sideframe, and two friction wedges. The model included
geometries and ingial properties of the friction wedges, and allowed them four degreés
freedom: vertical and longitudinal displacement, pitch, and yaw. Models were created for both
variably damped and constantly damped configurations, and results were compared with
NUCARS®. This paper also discusses the implementation of wedge wear as an input, by creating

aquarter-truck variably damped model that allows for curved wedge faces.

A Multibody Dynamics Approach to the Modeling of Friction Wedge Elements for Freight Train

Suspensionf?] by J. Steets

This paper investigates modeling the interactive effects of the friction wedge with the
bolster and sideframe. Auartertruck model was created using MATLAB®, which gave the
friction wedge geometry and inertial properties. This model was compared with NUCARS®, and

was shown to be capable of capturing events with NUCARS® could not.

A Multibody Dynamics Approach to the ModelingFgiction Wedge Elements for Freight Train

Suspensions: PartITheoretical Modeling5] by J. Steets, B. Chan, and C. Sandu

This paper presents the theoretical approach to producing a stdode model which
will better capture friction wedge interactits with the bolster and sideframe. This approach
uses a fully defined wedge with four degresfsfreedom, rather than the simple damping

Slidz tA2y&a dzaSR o0& Ylyeé GNIAYy Y2RStAy3 az2F¥ids!l N



A Multibody Approach to the Modeling of Friction Wedge Elements Foeight Train

Suspension: Part¢lSimulation and Analysi§] by J. Steets, B. Chan, C. Sandu, B. Ballew

This paper presents the results of the previous papers modeling approach. The results
of the standalone MATLABmodel were compared with resulisf NUCARS® simulations with
similar inputs. These comparisons showed improvements in capturing wedge behavior, and

were able to capture parameters which NUCARS® could not.

Modeling Friction Wedges, Part |: The Statgéhe-Art[7] by P. Klauser

This paperdiscusses how current software models the friction wedge element. The
author discusses how both NUCARS® and VAMPIRE® model the friction wedge as a two
dimensional force, with vertical and lateral translations. The author then compares how the
two softwaNB Q& &de8aiSya O2YLINB gAGK SIHFOK 2GKSNE |y

how the friction wedge is modeled.

Modeling Friction Wedges, Part |l: The Stafehe-Art by[8] P. Klauser

This paper discusses the implementation of a new friction wedge modéAMPIRE®.
The new model included mass for the friction wedges, which had been seen as insignificant in
previous iterations. The model also added a grid of elements across the faces of the friction
wedges which give a pressure distribution across #me$ and allow for more accurate warp

stiffness calculations.

Dynamic Modeling and Simulation of Th#eece North American Freight Vehicle Suspension

with Nonlinear Frictional Behavior Using ADAMS/RAiby R. Harder

This paper presents the methods theised to create a friction wedge and thrpeece
bogie model using ADAMS. The author discusses the results of this model, and the challenges

of creating a model due to the complexity of the behavior of the friction wedge.

Modeling and Dynamics of Friati Wedge Dampers in Railroad Freight TrlgékEby A. Kiser, J.

Cusumano, and J. Gardner

This paper presents a model that was developed of the bolster and friction wedge
elements, using dry friction formula for contact between bodies. Their model shtveedhe
friction behavior varied significantly with different amplitudes and speed. It was determined

9



that models that use equivalent linear models for the behavior of the friction wedge may be

unable to accurately model many important cases.

After reviewing literature related to freight train suspension modeling, it was found that
the current systems being use do not adequately model the behavior of the system for some
common and important scenarios. While the friction wedge models have been impravisg,
still common practice to neglect the geometry and inertial properties of the wedge. Research
has shown that including the geometry and inertia of the wedges, the nuatdbetter capture

the behavior of the system.

10



Chapter 3. Models

This chapter b the thesis explains the different staradlone models that were
developed using LMS® Virtual.Lab. Section 3.1 describebathruck model created for
validating the implementation of the LMS® Virtual.Lab model against the MATLAB®[3hodel
Section 3.2 focuses on the development of th#é-truck model which would be used for warp
simulations. Section 3.3 highlights the changes in fthetruck model to incorporate worn
sideframes and wedges. Section 3.4 explains the-wplilge model Wwich was made to

investigate the effects of different types of wedge geometry.

3.1Halftruck Model

The first step of developing thill-truck models was to develop laalf-truck model for
comparison with the models discussed in the Previous Work seckagure4 shows thehalf-

truck model created in LMS® Virtual.Lab.

Figure4. Halttruck model created in LMS® Virtual.Lab

It was important to keep some level of continuity with the previous work done at
Virginia Tech, which made this comparison necessary. It was also important to see that the

11



results were similar, because there was no experimental data available for validation at the
time, so the best comparison possible was against these previous models. Moreover,-the full
truck model is able to predict dynamic effects for which there is xgeemental data available;
thus, it was important to gain confidence in the modeling technique by first validating the half

truck model against accepted results.

The main analysis in this study focused on warping simulations, for which the test data
came from a car with a constantly damped suspension system. Becaudalltheick model
had to have a constantly damped configuration, this was implemented in oh#itruck
model as well. The basic parameters of the model were created to match theopsev

MATLAB® modg3].

The half-truck model consists of 4 bodies: the sideframe, the bolster, and two friction
wedges. The bodies were created to closely approximate the geometries of the actual parts; in
the case of the bolster, just the portion of thlster in contact with the wedges has accurate
geometry implemented¢ KS AARSTNI YS g1 & ONBFGSR Ay -[a{t ¢
shaped lineusing the sketch functiothat was the basic shape of the part of the sideframe that
was of interestedor the simulations. Thisketchwas then extruded to give the sideframe a
depth dimension. Finally, the thick surface command was used to give the body thickness,
which was necessary for it to be used in conjunction with contact poifitse wedge was
modeled with a curved face in contact with the bolster, which would be the geometry in a new
wedge. To create the wedge, sketchof the outline of the side view of the wedge was created,
and then extruded to the appropriate depth. The bolster was createtthe same manner as
the wedges, by first creating sketchof the side view of the bolster, and then extruding the
body to the appropriate depth.Figure5 show the dimensions of the main bolster bodyhe

parameters of the bodies are listed Tiablel.
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Figure5. Sketch of bolster side view

The contact between the wedges and the bolster or sideframes was modeled as a grid
of point contacts. Each wedge had a grigoints, five rows and three columns, on the face in
contact with the bolster and the same for the face in @mttwith the bolster sideframe. Each
point was constrained to a particular position on the surface of one of the wedges. The-sphere
to-extruded surface contact type was assigned to each of these points. The parameters of
contact were then entered into the sphete-extruded surface contact window. These
parameters included the material properties of the extruded surface, which in our case was
either the sideframe or the bolster. A radius for each contact point also was required; in our
case we chose used a radius of 0.001 inchigse contact forces are calculated by determining
the relative location of the contact points to the body it is cacting. The contact forces
become active any time the distance between gghere and the respective extrudedirface
is equal to or less than zerdhis relationship determines the normal force on the sphere, and
is used to also calculate the frictionfairces on the sphere.One concession thehad to be
made by using point contaavas that only a dynamic friction coefficient could b®ut,

whereas full surface contact allowed both static and dynamic friction coefficients to be used.

Points were alsadefined on the underside of the wedges and bolster and on the
sideframe for the springs. The spring forces were defined by inputting the free length and
stiffness of the spring that connects the points. In this case, equivalent spring forces were used
rather than a full spring nest. The parameters of the contact points and spring forces are listed

in
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Table2. As in the models previously created\arginia Tech, the model was modified
to incorporate thetoe-in (-0.003 rad, wear plates slightly closer together at bottongstoe (0
rad, wear plates parallel), artde-out (0.003 rad, wear plates slightly further apart at bottom)
geometries. These gometries were created by slightly modifying the shape of the sketch used
to create the sideframe bodyThese geometries were created by slightly modifying the shape
of the sketch used to create the sideframe body. The top of the sideframe was held at a

constant width while the bottom was narrowed or widened to achieve the appropriate angle.

Tablel. Wedge and bolster properties for ttalf-truck model

Wedge K (in) 3.827
Wedge [ (in) 10.5
Wedge h(in) 6.125
Wedge facecurvature radius (in) 45
Wedge mass (Ib) 28.15
Wedge jk (Ib-in) 10.775
Wedge Jy (Ib-in) 3.803
Wedge J, (Ib-in?) 9.107
Bolster mass (Ib) 65000
Bolster k (Ib-in°) 10443
Bolster Jy (Ib-in°) 6750.8
Bolster }, (Ib-in°) 7494.9
Sideframe Q(in) 16
Sideframe h(in) 18
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Table2. Contact andpring parameters for thbalf-truck model

Sideframe coefficient of frictiongt 0.40
Bolster coefficient of friction gt 0.25
Sideframe stiffness (Ibf/in) 10°
Bolster stiffnesglbf/in) 10°
Control coil stiffness (Ibf/in) 1491
Load coll stiffness (Ibf/in) 22417.8

3.2 Fulktruck Model

Thefull-truck standalone model was developed and simulation results were compared
to data from a warp test performed at TTCI in the spring of 2008. The model consists of seven
bodies; two sideframes, four friction wedges, and a bolster. After validatinghétietruck
model, upgrades were made to tHell-truck model. Most notably, the contact grid on the
wedges was increased to a fiag-five grid, and the equivalent springs were replaced by full
spring nests, as they appear in an actual trudke process for makg the bodies on for the
full-truck model was the same as for the halick model for the sideframes and wedgeBhe
centers of the sideframes were placed 39 inches from the center of the truck. The bolster was
considerably different for the fulruck model. As with the haHtruck model, a sketch of the
02f aGSNRA LINAYINER &akKlLIS> ¢gAdK GKS SR3ISa Fy3afts
then extruded. The bolster was extruded 47 inches in each direction so that it was able to span
across the isleframes. The bottom face of the bolster was then selected, and sketches of the
pocket walls were created. These sketches were then extruded into the existing bélgjare
6 shows a bottom view of the bolster, where the pockets are visilblggure7 shows thefull-
truck model created in LMS®irtual.Lab. Figure8 is a schematic of thaull-truck model which
AaK26a K2 GKS 02ReQa AYiGSNIOlA2ya 6SNBE Y2RSf

schematic was consistent throughout all of the models and used in the analysis.
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Figure6. Bottom view of bolster

Figure?. Fulktruck model created in LM8&Virtual.Lab
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Figure8. Schematic diagram of tHall-truck model

In the full-truck model, the sideframes were used as the input bodies for motion, since
this is a realistic input for the truck in a rddé situation. The sideframe was otherwise
constrained so that all of the motion was limited to thedixection, which would be the
direction of the tracks, with no rotation allowed, as it is the stable platform on which the
suspension sits. The four friction wedges were allowed all six degrees of freedom, three
translational and three rotational. The bolster was also given six deglad a pivot was
placed on the bolster that effectively removed the and ytranslations. This was done to
replicate the constraints placed on the bolster by the car and the sideframes, which were not

modeled as bodies in this study. The propertiethe friction wedges and bolster are listed in
Table3.
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Table3. Wedge and bolster properties for ttiell-truck model

Wedge R (in) 4.7
Wedge [ (in) 10.5
Wedge h(in) 6.125
Wedge face curvature radius (in) 126.8
Wedge mass (Ib) 28.15
Wedge Jx (Ib-in°) 10.775
Wedge Jy (Ib-in?) 3.803
Wedge J, (Ib-in?) 9.107
Bolster mass (Ib) 121500
Bolster k (Ib-in°) 20885.719
Bolster Jy (Ib-in°) 13411.58
Bolster }, (Ib-in®) 14989.861

For thefull-truck model the moments on the bodies were of greater interest, so the full
spring nest was modeled. The nest consists of 18 springs on each sideframe, in-bythree
three configuration, wh each location having an inneand outerspring. Of these springs, 14,
called the load springs, hold the majority of the weight of the bolster. The other four are used
to push the wedges up against the bolster, two springs per wedigehe full truck model the
stiffness of the bolster was increased to’16f/in® ¢ KNBES RAFTFSNBYyOG adAT¥
It was found that the results were the
a2 0KS YARWRWS® g t dzS

The properties of these springs and the contact

this model to see if they affected the warp stiffness.
same with all of the bolster and sideframe stiftn@ Q a >
shows the configuration of these springs.

properties are listed ifable4.
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Figure9. Diagram of the spring céiguration used in the LMS® Virtual.Lab model

Table4. Contact and spring parameters for thél-truck model

Sideframe coefficient of frictiongu 0.40
Bolster coefficient of friction gt 0.25
Sideframe stiffness (Ibf/in) 10’
Bolster stiffness (Ibf/in) 10

Inner control coil stiffness (Ibf/in) 480
Outer control coil stiffness (Ibf/in) 996
Inner load coil stiffness (Ibf/in) 1121.067
Outer load coll stiffness (Ibf/in) 2241.627
Inner controlcoil length (in) 12.19
Outer control coil length (in) 12.06
Inner load coll length (in) 10.313
Outer load coil length (in) 10.25

3.3 Fulktruck Model with Worn Sideframes

In order to determine the effect that wear has on the warp resistance of a truck, a
model was created with severely worn sideframdsgurel10 shows thefull-truck model with
worn sideframes created in LMS® Virtual.Lab. Based formation provided by TTCI, the

sideframes and friction wedges were made with matching curvature, which makes the
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interaction between them similar to a revolute joinT.o create the curvature of the sideframe

and wedge, simple modifications were made feeir respective sketches. Other than the
change to the sketches, the procedures for creating the model were identical to that of the full
truck model. Figurellis a side view of the worn sideframe model, in which the curvature of
the sideframes and wedges can be seen. The worn sideframe model has properties which are
identical to that of the originafull-truck model, other than the fact that the wedge face and
sideframe were given a 20 inch radius curve, which is modeled as if material were worn away

from the sideframe.Figurel2 shows the dimensions of the sideframe for the worn model.

FigurelO. Fulltruck model with worn sideframes created in LMS® Virtual.Lab
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=~ Matching sideframe
and wedge curvature

Figurell. Side view of the worn sideframe model

il

Figurel2. Dimension of sideframe geometry

3.4 Fulktruck Model with SplitWedges

The splitwedge is a variation of the friction wedge which uses two wedges on each

corner of the bolster. Figure13 shows a comparison between a standard friction wedge and
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split wedges. As well as having different shapes for the wedges, the bolster contact surface is
V-shaped rather than flat, which alles it to contact the faces of each of the spliedges. The
split wedge model was created by modifying the origifuditruck model, to incorporate the

different wedge and bolster geometriegigurel4 show thefull-truck model with splitwedges.

2. / R

Figurel3. Comparison between a standard friction wedge and a split wdd§é
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Figurel4. Fullruck model with split wedges

Each of the splivedges was created as two independent bodies, which are mirror
images of each other.As with the other models discussed, the wedges were created by
creating a sketch of the wedge shape and extruding it. Due to the more complex angles of the
splitwedges, the inner edge of the wedge then was chamfered to create the desired angle of
the fae. A contact surface was also created on the bolster with matching anglgsrel5
shows a splivedge pair that was designed for the LMS® Virtizdd model. The two halves
were modeled to allow them to separate from each other as the weight of the bolster was
placed on them. Due to the way spring forces are defined in LMS® Virtual.Lab, the halves were
not allowed independence in the other direatis or rotations in this initial attempt at creating
a splitwedge model, in order to keep the complexity of the model dowigurel6 shows one

half of a splitwedge with the parameters labeled.
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Table5 is a list of the parameter values for the split wedgé/e were unable to obtain the
inertial properties of the split wedge, so they were made to match those of the standard wedge

for the simulations performed in this research.

Figurel5. Splitwedge pair as modeled in LMS® Virtual.Lab

Figurel6. Diagram of half of a sphitedge pair
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Table5. Wedge properties for the split wedge model

Wedge R (in) 5
Wedge § (in) 3
Wedge h(in) 4.88

2 SR3IS h ORSANBSaL 23

2 SR3IS i ORS3AINBSavL 35.15
Wedge mass (Ib) 28.15
Wedge Jx (Ib-in°) 10.775
Wedge |y (Ib-in?) 3.803
Wedge , (Ib-in?) 9.107
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Chapter 4Warp Test and NUCARS® Model

In this chapter we present the methodologies used to collect benchmark data against
which we compared the results of tHell-truck model developed. Section 4.1 describes the
warp test that was performed at TTCIl. Section 4.2 describes the NUCARS® habdelst

created for a software comparison.

4.1Warp Test

In the spring of 2008, TTCI preformed a series of warp tests at their facility in Pueblo,
CO. Receiving data from this test was extremely important, because in the previous work at
Virginia Tech, testlata was notavailable for comparison. In Chapter 5, the data from this test
will be used as a benchmark for comparison with the stalwmhe LMS Virtual.Lafull-truck
model. Warping is a condition where the truck becomes skewed, or one sideframe moves
forward while the other moves back with respect to the center of the bolsterFigsre 17

shows.
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Figurel?. Diagram of truck warf8]
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The test setup consisted of a car, two actuators, and an instrumented truck. The car
was loaded to approximately 120 tons, the weight of a fully loaded hopper.silk&éame was
connected to actuatorgl), which were used to warp the truckrigurel8 shows the actuator
connection with the sideframe. Another aetor (1) was connected to the cai2) to induce
bouncing. Figurel9 shows the actuator connection with the car. These actuators were able to
be computer or manually controlled, with either force or displacement inputs. The truck was

instrumented to measuréhe torque resisting the forces placed on the system by the actuators.

Figurel8. Actuatorsideframe connection
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Figurel9. Actuatorcar connection

The test that will be used for comparison with thél-truck model was performed using
displacement inputs from the actuators to both warp and bounce the truck system. A
sinusoidal peako-peak bounce of 0.2 inches at 2 Hz wasuinthrough the actuator connected
to the car. The actuator controlling the warp was controlled manually in this case. While it was
not perfectly sinusoidal, the motion was estimated to have a geageak amplitude of
approximately 2.5 inches at the siflame, at a frequency of about 0.016 Hz. The results from

the test are shown ifrigure20.
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Figure20. Results from the TTCI warp test

4. 2NUCARBWarp Simulations

NUCARS® is a well establish computer software for multibody dynamics simulations of
train sysems, developed and maintained by TTCl. NUCARS® simulations were used as a second
comparison for the standlonefull-truck model. Models which match the parameters of the
standalone model were provided by TTCI, using three different evolutions of evetignent
models. The type 6.7 model is a tdonensional wedge connection, with slider dry friction.

This version allows for vertical and lateral displacements of the wedge. The type 6.8 model is
also a twedimensional wedge connection, but includesckslip friction capabilities. This
version also allows for only vertical and lateral displacements. The type 6.9 model is a three
dimensional model with sticklip friction capabilities. This version allows for vertical, lateral,
and longitudinal disfacements. All three of these wedge element models neglect mass and

inertial properties of the friction wedges.

The simulation cases run in NUCARS® were configured to match the warp and bounce
inputs of the warp test for all three wedge element modeBigure21 shows that the warp
stiffness, or the slope of the torque versus warp curve, is the same for all three NOCARS

wedge elemets, with the majordifference beindhow the different models react to the bounce
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input. The model with wedge element 6.7 shows little effect from the bounce input, while the
model using element 6.8 shows large increases in torque from the bounce input, and the model

usingelement 6.9 shows a moderate effect. These effects are likely due to the differences in

the friction formulations in the three elements.
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Figure22 shows the bolster yaw during the simulation using the three wedge elements.

The results show that all three simulations yielded similar results in the general shape of the
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bolsteryaw plot, with the exception of the effect of the bounce input. The NUCARS® simulation
using wedge element 6.9 showed the bounce input had a slight effect on the bolster yaw, which

increased as the warp reached its maximum.
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Figure22. NUCARS® bolster yaw comparison

The forces that the simulation calculated to be on the wedges were also important, as
the research is investigating the effects of modeling the wedge as a bodyigure23 we see
that the vertical force on the wedge is similar for the three wedge element models. The most
important aspect that this plot shows is that version 6.9 shows more of a variation due to the
warp input, which would be expected in real world operatiom Figure24 we see that there
are significant variations in the lateral force between the three elements. As with the warp
stiffness, these diffances are likely due to the friction models used in the weglgat

formulations
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Chapter 5Results

This chapter of the thesis will explain the results of the staluthe models developed in
LMS® Virtual.Lab. Section 5.1 focuses on the results of simulations runtwaifttrack model.
Section 5.2 discusses the results of simulations run ton fall-truck model. Section 5.3
discusses the results of the simulations run on thé-truck model with worn sideframes.

Section 5.4 discusses the results of the simulations run onfuldruck model with split
wedges.

5.1 Halftruck Model

The first gnulation in every model and configuration was a dynamic settling run. This
consisted of setting the bodies to be in contact, and running a simulation with no external
forces or displacements. This allowed the bodies to reach an equilibrium positiomvttuad
be used as the initial conditions in the simulations with external inpligiure25 is a plot of

the bolster and wedge locations during the theg run.
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Figure25. Bodies settlingositionsfor the no-toe geometry case

The half-truck model simulations were conducted with a 0.5 inch displacement of the

sideframe at 2.5 Hz. The simulation was repeated fomihxoe, toe-in, andtoe-out cases, as
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they were in the MATLAB® model developed previo{&ly4]. Figure26 is a plot of the
sideframe displacement input, dnthe bolster displacement, both relative to ground. In the
plot, a lag between the initial movement of the bolster and the steatite motion is evident.

This effect is attributed to the bodies starting at rest, and having to overcome the inerti& of th
bodies to get them to move. This also causes a background frequency, seen as the amplitude of
motion oscillating, which is damped out over time. The plot shows that this background
frequency is damped ouhe fastest in thetoe-in configuration, and reains present longest in

the toe-out configuration. This is expected behavior, as tbe-in configuration yields more

force on the wedge from the sideframe, and thus more damping.
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Figure26. Sideframe and bolster displacemeifds a 0.5 inch, 2.5 Hz input

From the same set of simulations, the vertical hysteresis of the three toe cases was
examined. Figure27 is a plot of tlke vertical hysteresis for the different toe cases. The plot
shows that at the bottom of the bounce (left side of plot), ttee-in case experiences the
greatest force while theéoe-out case experiences the least. This is an expected result, as the
sidefames are closer together at the bottom in thee-in case. This effectively creates a
situation where the further down the wedge goes, the more it is pinched between the bolster
and sideframe. Conversely, th@e-out case geometry has the sideframes further apart at the

bottom, resulting in a looser fit as the wedge moves downward. The plot also shows that the

35



motion for the toe-in case centers on a higher location than the-toe and toe-out cases.

Again, this isxpected for the reasons listed above.
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Figure27. Vertical wedge force hysteresis loops for all toe cases

In order to maintain continuity with the previous work done at Virginia Tech, a
comparison between parameters of the modeld to be performed.Figure28is a plot of the
vertical force on one of the wedges using the 0.5 inch, 2.5 Hz sideframe ifpire29is a
plot of the vertical force on one of the wedges under similar conditions in the MATLAB® model.
Although the frequency and amplitude of these two plots wditferent, resulting in different
values forthe amplitude of the forces,he shape of the force plots is very similar, which
confirms that the LMS® Virtual.Lab model captures the behavior of friction wedges similarly to
the MATLAB® model.

36



4000

2000

-2000

Force (Ibf)

-4000

-6000

-8000

-10000

Time (s)

Figure28. Vertical forces on the wedge from the LMS® Virtual.Lab model

2000

15400 |

500

0

500 |

Vertical Wedge Force (Ibf)

=1000 !

-1500°

1000 P

NN

o

Sl e

Time (s}

N\

Figure29. Vertical forces on the wedge from the MATLAB® model

37



5.2 Fulktruck Model

The first simulationun on thefull-truck model was the dynamisettling run, to find the
initial conditions to be used for further simulations. Becausefthletruck model is not simply
the half-truck model mirrored, buta model developedrom scratch havingminor geometry
differences with tle half-truck model, it was not safe to just assume the same settling positions.

Figure30is a plot of the settling positions of the bolster aofdthe friction wedges.

0.7
0.6 P\\\\
. 05 A “\- —
o — "=
5
e 03
[}
8 02
73
5 01 4 ----- Bolster
- = =Wedge 1
0 Wedge 2
) — — Wedge 3
0.1 — - =Wedge 4
'0.2 T T T T 1
0 2 8 10

Time (s) 6

Figure30. Bodies settling positions for tHall-truck model

To ensure that thdull-truck model has a realistic behavipit wasfirst compared with
the halftruck model. Figure31is a plot of the vertical forces on one of the wedges onftiie
truck and thehalf-truck, using the 0.5 inch, 2.5 Hz bounce input. The glhamws that thefull-
truck model performed similarly to thédalf-truck model. With the confidence that thé&ull-

truck model was performing as expected, further simulations were run.
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Figure31. Vertical wedge force comparison leten thefull-truck and thehalf-truck models

After making minor geometry changes to the wedges, to better match the system used

by TTCI in the warp test, the 0.5 inch, 2.5 Hz bewsinwulation was run again. With trgst of
simulation parameterghe smulation was run on all thredull-truck models discussed in this
thesis. In later sections, the worn sideframe and spétige models will be analyzed using the
following results from theull-truck model as a benchmarligure32 is a plot of the vertical
displacements of selected bodies of the system.the plot we can see that the bolster and
wedge have similar disptements, because they were in contact at all times during this
simulation. Figure33is a plot of the pitch angle of the friction wedgeghich showthat the flat
surface contact between the wedges and the sideframes allow for little pithure34is a plot
of the vertical force on one of theadges. As mentioned in the comparison with the halfick
model, the shape of the vertical force curve compares well with data from previous models

Figure35is a plot of the longitudinal forces on the same wedgkhe longitudinal force also
compares well with data from previous models.
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Figure35. Longitudinal force between wedge 1 and gideframe

The validation of the standlone model against the test data collected at TTCI was one
of the major goals of this research. The displacement inputs to the model were made to closely
match those of the test, with a 0.2 inch amplitude bounce?atz, and a 2.5 inch amplitude
sideframe displacement at 0.016 Hzigure36is an overlay plot of the torque on the bolster of
the standalone modé¢ and the test data. The test data was shifted to center the warp around

zero, as the instruments were not zeroed before the test. This allowed for a better comparison
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with the standalone model. The main focus was for the model to be able to accuradgbyt

the warp stiffness, or the slope of the torque versus warp plot. The plot shows a good
correlation between the test and the model until the extremes, where the test data had rapid
increases in torque. When taking the average of the center 40 mafadotion, we found a
warp stiffness of about 20 kish/mrad for both the model and the test. It is important tote

that the model does not simulatine entire sideframe structure, or the axles atm# wheel/rail
contact while the test was done on fally operational truck system. We believe that these
other components of the truck may add stiffness to the system, and could be the reason for the
sharp peaks.Another factor that we believe contributes to the sharp peaks in the test data is
that as the wedges slow down, they reach the threshold where the stick phase ofséfick
friction takes over. When the wedges begin sticking, the entire system becomes more rigid,

which increases the warp stiffness.
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Figure36. Warpstiffness comparison between Li@Sirtual.Lab model and test data

The stand £ 2y S Y2RSf Qa NBadzZ G6a 6SNBE |faz O2YLI
simulations that were run to match the inputs of the test. As discussed in the previous
chapter, three diferent versions of the wedge element in NUCARS® were used for comparison
purposes. By comparing these results, the goal was to determine if modeling the wedges as

bodies enables the stanralone model to capture the behavior of the truck better under
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warping, which has been thought to be a weakness of the current approach to modeling
wedges in NUCARSRIgure37is a plot of the calculated torque on thmlster from the stand
alone model and from NUCARS®. Based on the sdsoh the test, and the correlation
between the test and the standlone model, the plot reveals that the warp stiffness output

from all of the NUCARS® models is significantly |tveer expected.
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Figure37. Warp stiffness comparison between LMS® Virtual.Lab model and NUCARS®

To further investigate the effects of modeling the wedges as bodies with geometry

rather than connectionoint equations, other imortant output parameters from the stand
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alone model were compared with the NUCARS® outpgrtitgpure38is a plot of the yaw angle of

the bolster over the time period of the run for both the staatbne model and for NUCARS®. A
significant difference in bolster yaw is seen in the stat@he model, which is largely due to the
wedge geometry. The simulatichowed that there was a significant risetioé trailing wedges
(relativeti 2 G KSANI LI NI AOdzE F NJ AARSTNI YSQa Y2GA2y0
changing direction, at around 15 seconds. The geometry of the wedge then kept the bolsters
yaw slightly skewed for the remainder of the simulation. This case is a prime example of the

shortcomings of modeling a wedge as connection with no geometry rather than as a solid body.
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Figure38. Bolster yaw comparison between L&NArtual.Lab model and NUCARS

The vertical force on the friction wedges is an important parameter to investigate, as it
is the force that damps the movement of the system. NUCARS® defines the vertical force on
the wedge as a combination of the force finathe spring and the vertical friction force, so for
any comparisons with NUCARS®, the vertical force outputs from the stand alone model were
made to do the same. The sign convention was also switched to match that of NUCARS®.
Figure39 shows that in all of the NUCARS® simulations, the vertical force stays relatively steady
throughout the warping simulations. The staathne model, however, indicatesignificant
decreases in the vertical force at times throughout the run. It was found that these decreases

in vertical force correspond with the wedge rise mentioned before.
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Figure39. Vertical wedge force comparison betweeMS® Virtual.Lab model and NUCARS®

The lateral force onthe wedge is the force that aciserpendicular to the direction of

the track. Figure40 shows that the stanéilone model compares fairly well to wedge elements

6.7 and 6.9, while 6.8 does not appear to follow the same pattern as the others. The variation

in version 6.9 seems tde caused by the bounce input, while the stasldne model

experienced very minor lateral effects from the bounce. The variation in lateral force of the

stand-alone model appears to be almost entirely from the warp input.
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Figure40. Lateral wedge force comparison between LMS® Virtual.Lab model and NUCARS®

The longitudinal force of the wedge is an important factor in the friction wedges
performance, because it is equivalent to the normal force for theidmcbetween the wedge
and the sideframe. As discussed in the NUCARS® section, versions 6.7 and 6.8 are not able to
output the longitudinal force, so only version 6.9 was used for this compariségure4l
shows the longitudinal force between the wedge and the sideframe. The longitudinal force on

the standalone model varies as the warp angle changes, increasing and decreasing pressure on
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the wedgefrom the bolster, which is expected behavior, while the NUGNR8 RSt Q& 2 dzi LJd
did not behave as expected.

40000

20000

0 N A S TaA ST m‘,.\,_‘.‘.Hmhm«mm'm-u,ur.- iIh

na

YhaATiath “.,.,w,;\mwmmmw

-20000

-40000 -

Force (Ibf)

------- NUCARS 6.¢

-60000 {4—fieimnmientgty - - - Virtual.Lab

-80000 -

-100000 -

-120000 .

0 20 40 60 80 100 120
Time (s)

40000

————— NUCARS 6.

20000 - - = Virtual.Lab

O P B I R I S e I R

-20000

-40000

Force (Ibf)

-80000

R I SR E N
] L Ly [puippu P P
it s s t TS

]
cccdeccde==t===r"
PR [Ny Uy M .
el cac|emee===q="
AR Ry S S R .

-
[}
1
[}
[}
[}
']
]
]
)
+
]
[}
[}
L]
)
[}
]

]
|
]
]
]
]
]
ll
-60000 1
',
]
]
Il

-100000

e oo o e - - - e - - - - o - -

e el el bl TS

-120000 .

20 21 22 23 24 25
Time (s)

Figure41. Longitudinal force comparison between L®\8rtual.Lab model and NUCARS

With the benchmarking against the test data and NUCARS®, variations of the warp and
bounce inputs were used to investigatthe combined effect of these inputs othe
performance of the truck.Specifically we looked at the displacement, torque, and yathef

bolster. In Figure42 we can see that the amplitude of the bolsters displacement is similar for
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the pure bounce and warp/bounce inputs, with tiearp/bounce oscillation centered on the
displacement location from the pure warp casEigure43 shows that the warp stiffness was
affected very litte by the bounce input that was used in these simulations. It was also found
that the bolster yaw angle was affected minimally by the bounéggure44 show the yaw

angle of the bolster from the two simulations.

0.2
0.1
5
= 0
c
(O]
g '0 1 ";l’\;:;f | \:I::g'rl.rjﬁ ‘ﬂ
3 o I"” III'H;‘! 'll
3 I'|| \l'|' |tk
% 0.2 '|l|| I|'
5 =U.
——————— Bounce
-0.3 - ik,
: - --- Warp and Bounce
- - =Warp
0.4 : , . . | |
0 20 40 60 80 100 120
Time (s)
22 - nn000@ooc7T==C Bounce
- — = Warp and Bounc
- - =War
0.1 2% A 7 A Y A I M A P A
!\ "“ 'l“ {3 'l‘| l"| ! I\ "‘\ :"\
= ] I ! vV \ v h Vo
SR T o S A S A - A W W
= \ \ ]
3 Y R Y Y VARV Y
1= 01 4 v ] W/ \J \ v v/ \J! v v
S -
3 A A N
2 oL NP W B S W A AR
2 0.2 —-.-T‘,_-_,L_‘I|‘_:,|l‘_’\,\i
° v N “l’ v, \":"","i,"\‘:‘\';'
\ ] V! \ )\ \ P
/
-0.3 \ o \/ " ‘l \l \'I \l \‘l
0.4 : , . | |
15 16 17 18 19 20
Time (S)

Figure42. Bolster vertical displacement comparison between pure warp, pure bounce, and

warp with bounce
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Another point of interest was to see how the forces on the wedge are affected by the

combination & warp and bounce. By plotting data from pure bounce against warp/bounce,

and pure warp against warp/bounce, we can determine the effects of the interaction.

vertical force comparison between versions of the stahohe model, this force is the vertl

For

friction force between the sideframe and the wedge only, the spring force was not included.

Figure45 is a comparison of the vertical force onmeedge with a warp and a warp/bounce
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input. The plot shows that the bounce creates an oscillation in the force plot, centered fairly
close to the force values for the pure warp case. The exception to this seems to be around the
20-30 seconds and 880 seonds, where the amplitude of this oscillation shrinks. This
indicates an area where there is less vertical force available to damp the bounce of the bolster.
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Figure45. Wedge ‘ertical force comparison between pure warp awdrp/bounce

Figure46 is a comparison between the vertical force on a wedge with a bounce and a
warp/bounce input. The plot shows a significant dese@ the amplitude of the force as well

as a decrease in the total force when the system is being both warped and bounced, which is
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especially evident in the sections previously mentioned. This indicated that the ability of the

friction wedges to damp th system is diminished while the system is being warped.
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Figure46. Wedge ertical force comparison lie&veen pure bounce and warpbunce

The longitudinal forces were also plotted for the same casEgjure47 shows the
comparison of longitudinal force between the pure warp and warp/bounce inputs. The plot
indicates that the force from the warp/bounce case oscillates around the value of fortleefor
warp case, with a relatively constant amplitudeFigure 48 shows the comparison of

longitudinal force between the pure bounce and warp/bounceuts. By comparing the
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longitudinal force plot to the vertical force plot, it was found that in the timeframe where the
amplitude of the vertical force dropped, the amplitude of the longitudinal force also saw a
drop. This is expected, as the verticalc® is dependent on the longitudinal force, because it

acts as the normal force in the friction equation.
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Figure47. Longitudinal force comparison he¢en pure warp and warfpounce
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5.3 Fulktruck Model with Worn Sideframes

As with the standardull-truck model, a settling simulation was run to find the initial

conditions of the bolster and wedgeg&igure49 shows the settling position of the bodies.
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Figure49. Bodies settling positions for tHall-truck model with worn gdeframes

Simulations were run on thill-truck model with worn sideframes with inputs to match
the standardfull-truck model, as there was no available test data to compare with. The first set
of simulations was run with inputs of 0.5 inch bounce atazon the sideframesFigure 50
shows the displacements of the bolster and one of the wedges for both models. This plot
shows that with the severelyworn sideframes, the bolster and wedge are allowed significantly
more motion than the unworn system. This indicates a dramatic decrease in the amount of
damping the wedges providdzigure51 shows the pitch angle of the wedges during the bounce
simulation. Only two of the wedges were plotted, because they were representative of the
others. The plot shows that the wedges were able to pitch ordémmagnitude more than in
the unworn configuration. The pitch of both wedge 1 and wedge 2FRmgure51 stays nearly
constant around zero.This is because the wedg@leframe interactions become almost like a

ball jointfor the worn wedgesallowing the wedges to rotate within the system.
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Figure50. Displacement comparison between standard and worn mo(belance)
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Figure51. Wedge pitch comparison between standard and worn mog¢®isince)

By analyzingthe forces on the wedge, we can better understamhat happens
throughout the bounce simulationFigure52 shows the vertical forces on the wedge, while
Figure53 shows the longitudinal forcesWhat these plots show is that for the worn model, the
F2NOSa |INB f26SN dzyiAt GKS @GSNB o20G2Y 2F GK

getting stuck between the bolster and sideframe, causing a sudden large spike in force.
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Figure53. Longitudinal force comparison between standard and worn mog@elance)

The full-truck model with worn sideframes was then run tmatch the pure warp
simulations run on the standaréull-truck model. Figure54 is a comparison of the warp
stiffness between the two models. The2pi &K2g¢ga GKI G GKS 62Ny Y2R:
orders of magnitude lower than that of the standard unworn model. This indicates that
without maintenance, the performance of the truck becomes greatly diminisiegureb5is a

comparison of the bolster yaw angle for the two models. The worn model was able to keep the
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bolster more centered, which is a result of the wedge having a very loose fit batwe
bolster and sideframe. This loose fit meant that the forces were not large enough for the

wedges to prevent the bolster from reaching its natural equilibrium point.
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Figure54. Warp stiffness comparison between standartd worn models (warp)
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Figure55. Bolster yaw comparison between standard and worn models (warp)

In Hgure56 we see that wth the worn sideframe model, the frequency of the vertical force plot
is about double that of the standard model. The same behavior is sdeigune57, which is a

plot of the longitudinal force. These high peaks in force happen twice as much in the worn
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model due to the curved surface of the sideframe. At both the top and bottom of the motion,
where the sideframe and bolster are closer togethdre tvedge is getting squeezed between
the sideframe and bolster, and then some of the pressure is removed in the center of the
motion, where the sideframe is further from the bolster. On the vertical force plot, we also see
that the worn model does not exbit the negative force on the wedge seen with the standard
(new wedge)model. This is believed to also be an affect of the sideframe curvature, where

there is a vertical contact force as well as the purely frictional force seen in the standard model.
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Figure57. Longitudinal force comparison between standard and worn models (warp)
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A comparison between the pure warp, pure boenand warp/bounce inputs was not
possible with this set of inputs, because the warp/bounce simulation reached an unsolvable
state only seconds into the simulation. The contact points all have a maximum penetration
depth, which corresponds to a maximunrde on that point. With the drivers of the system
being displacement controlled, one or more of the contact points reached that limit and
stopped the simulation. In the staralone models, the maximum penetration depth was set at
a depth that would corrspond to a force many times greater than the weight of the car, so we
feel it is reasonable to believe that the system would lock up well before that force was

reached.

5.4 Fulktruck Model with SplifWedges

A settling simulation was run on the sphtedge model, as with the other models.

Figure58 shows the position of the bodies during the settling slation.
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Figure58. Bodies settling positions for tHall-truck with splitwedges model

Simulations were run on thtill-truck model with splitwedges with inputs to match the
standardfull-truck model, as there was no aNable test data for benchmarking Similar tahe
worn modelcase the first set of simulations was run with inputs of 0.5 inch bounce at 2.5 Hz

on the sideframes.Figure59 shows that the amplitude of displacements of the wedges and
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bolster are very similar foboth the standard andhe split-wedge models for a bounce input.
The slight offsets seen in the plate a product of the geometry and initial conditions of the
bodies. InFigure60 we see that the pitch of the wedges is very similar between the two
models. This would be expected as both models Hatesurface contact between the wedge

and sideframe, allowing for little pitch.
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As with the other parameters discussed, the forces on the wedge are similar for the
standard and sphtvedge models. Ifrigure61 we see that the overall amplitude of force is
slightly greater on for the split wedge model. This can be explained by the larger longitudinal
forces seen irFigure62. The longitudinal force plot show that the sphiedge model sees
more force at all times, which is because the settling position of the system was slightly lower,

causinghe springs under the wedges to exert more force.
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Figure61. Vertical force comparison between standard and spbtdge models
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Figure62. Longitudinal force comparison between standard and spditige nodels
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The inputs of the model were then set to match those of thél-truck model
warp/bounce simulation.Figure63 shows the warp stiffness of thgplitwedge and standard
model. The interesting thing to note about this plot is that the warp stiffness of thewptige
model stays almost constant for each direction of warp. We believe that the reason for this
behavior is due to the wedges yawirgg, that only one edge was in contact with the sideframe.
This is due to the interaction between the bolster and the wedge, in which each of the wedges
in the pair get stuck in their respectivestiaped pocket of the bolsterSince the two halves are
constrained by the way the spring connection was created in this model, when one of the
wedges is being pushed into the bolster pocket, the other is also constrained to move into the
bolster pocket. This effectively constrains the wedge to yaw with the baistinFigure64 we
see that the spliwedges keep the bolster centered better than the standard wedges. This is a
result of the wedges being stuakthe pocket. By not allowing the wedges to rise as much with

respect to the bolster, the bolster more closely follows the warp input from the sideframes.
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Figure63. Warp stiffness comparison between standard and spitigemodels (warp)
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Figure64. Bolster yaw comparison between standard and spétige models

When we compare the forces on the spliedge system versus the standard wedge
system we find a distinct difference in behavior. It is imi@ot to note, that the forces shown
are for both wedges in the split wedge pair. Higure65 we see that the slitvedges do not
exhibit the same smath force loading behavior as the standard wedge. Most notably is the
spikes around 30 and 90 seconds. These spikes occur when the warp causes the force to shift

from one wedge to the other.
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In Figure66 we also see that the forces rise during this occurrence. The longitudinal force also
differs in that while the warp is pushing the bodies in the opposite direction than the wedges,
there isnot a large decrease in force on the wedge pair. This is a product of the contact

geometry between the bolster and the wedge pair.
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Figure66. Longitudinal force comparison between standard and spditige models

The interactiveaffects of warp and bounce were also investigated for the spditige
model. InFigure67 we can see that the amplitude of displacement is very sintietween the
pure bounce and warp with bounce case, with the oscillation in the warp with bounce case
centered on the displacement of the pure warp caségure68 shows that the addition of the
bounce input to the warp input generated an oscillation around the warp stiffness values from
the pure warp simulation. This is an expected affect, as each model has shown an overall
increase in force whenhe springs are compressed, and a reduction of force when they are
decompressed. IRigure69 we see that the yaw of the bolster is not affected by the bounce.
As was previously mentioned, the wedges are almost constrained to move with the bolster due
to the geometry, so even with a bounce input, the wedges are not able to add additional yaw to

the bolster.
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Figure68. Warp stiffness comparison between pure warp and warp/bounce
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Figure69. Bolster yaw comparison between pure warp and warp/bounce

When we look at the vertical force on the wedge pdtigure 70 shows that the
oscillation of the force for the warp/bounce input is centered on the vertical force of the pure
warp input, as expectedFigure71 shows that the amplitude of the oscillation is fairly similar
for the pure bounce and the warp/bounce inputs. The exception is that with the warp/bounce
input, the amplitude of the vertical force oscillation grows right before the force is shifted from

one of the wedges to the other in the wedge pair. After this occurs, the amplitude quickly
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returns to the amplitude of the pure bounce inpuiVe also see that there are points during
the run where there is a decrease in the total vertical force. Thisatebcthat there is a
decrease in the ability of the wedges to damp the system while being warped and bounced, but

it appears to be less significant for the split wedge model than for the standard model.
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Figure70. Vertical fore comparison between pure warp and warp/bounce
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Figure71. Vertical force comparison between pure bounce and warp/bounce

When determining theaffects of the combined warp and bouncen the longitudinal
force, Figure72 shows that the amplitude of the warp/bounce force oscillation is centered on
the force values for the pure warp input, as it was for the vertical forceFignre73 we see
that the warp input increases the longitudinal force oscillation amplitude slightly at the
beginning of the motion, and again around $&conds, but then the amplitudes become more

similar.
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