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EXECUTIVE SUMMARY 

Research conducted by the Association of American Railroads (AAR), at the U.S. 

Department of Transportation, Transportation Test Center, Pueblo, Colorado, led to an 

understanding of the gage widening behavior exhibited by severa1125-ton gondola cars 

and locomotives in a 6-degree curve of the Facility for Accelerated Service Testing (FAST), 
High Tonnage Loop (HTL). For the gondola cars, the cause of the gage widening was 

attributed to truck frame warp, a condition in which the side frames of a truck rotate 
relative to the bolster and both wheel sets develop large angles of attack. The truck frames 

were found to warp due to a combination of poor wheel! rail contact geometry, insufficient 

wheel tread taper, and rail lubrication applied to only the gage face of the high rail in the 

curve. The gage widening attributed to the locomotives was found to be a consequence 

of unbalanced traction forces applied to the high and low rails in the curve resulting from 
differential rail lubrication. 

When the trucks of the gondola cars entered the curve entry spiral, the leading wheel 

set of each truck developed an angle of attack relative to the track and moved laterally 

into flange contact with the high rail. Due to high rail gage comer grirlding, the flanging 

wheel contacted the rail at two points, one point of contact on the flange and the other on 

the tread. Each contact point developed longitudinal creep forces. The flange contact 
point, being at a much larger rolling radius than the low rail tread, produced a longitudinal 

force and steering moment that was in the proper direction to turn the truck in the curve. 

However, the high rail tread contact point was at a rolling radius that was no larger than 

that of the low rail tread and thus produced a longitudinal force and steering moment in 

the opposite direction to that of the flange. This steering moment acted to oppose the 
required truck rotation. 

When both the head and gage face of the high rail were dry or uniformly lubricated, 

the longitudinal creep force developed by the wheel flange exceeded that of the tread, and 

a net steering moment was produced by the wheel set in the proper direction to turn the 

truck in the curve. However, when the gage face of the high rail was lubricated but the 

railhead remained dry, the wheel tread longitudinal creep force exceeded that of the flange 

and a net steering moment was produced by the wheel set that opposed the required truck 
rotation. Asa result, large lateral forces were developed to turn the truck in the curve. 

iii 



The large lateral forces developed to turn the truck in the curve also acted to warp 
the truck frame. When this occurred, both wheel sets of the truck developed large angles 

of attack, thereby, developing large gage widening forces. When several warped trucks 
. were grouped together in the consist, gage widening exceeding 0.5 inch was produced. 

A unique two-phase approach was used to study the gondola car gage widening 

behavior which consisted of actual track tests conducted on the H1L coupled with com-
. puter simulations of the gondola cars. The simulations were performed using NUCARS 
(New and Untried Car Analytic Regime Simulation), which is a rail vehicle dynamics 

model that predicts the response of any rail vehicle to any type of rail geometry. The 

simulations were essential to understanding this mechanism since they provided estimates 

of the wheel flange and tread contact forces that could not be measured in the track tests. 

The simulation and track test results that could be compared were found to be reasonably 

similar. 

Locomotive gage widening behavior, which has been observed previously at FAST, 

was found to be a consequence of lubricating only one rail in the curve. In this situation, 

the locomotive developed much larger tractive (longitudinal) forces on one rail than the 

other. As a result, large truck turning moments were generated. When the high rail was 

lubricated and the low rail was dry, these turning moments were produced in a direction 

that caused both wheel sets in each truck to develop large angles of attack and spread the 
rails. 

The gage widening behavior discussed above was observed in 1991 during operation 
of the FAST Heavy Axle Load (HAL) consist on the HTL. Concern over the excessive gage 

widening prompted the Federal Railroad Administration (FRA) to sponsor research aimed 

at understanding this behavior. The testing, conducted by the AAR, began in December 

1991 and was completed in February 1992. The simulation studies and test data analysis 

continued throughout 1992. As a result of this research program, the following recom­

mendations were made concerning operation of the HAL train. 

1. Severe two point contact between the w heels of the HAL cars and the rails should 

be avoided by maintaining conformal or single-point contact wheel and rail 

profiles. 

2. The combination of a dry low rail and a high rail with lubricated gage face and 

dry head in curves should be avoided by ensuring the high railhead is well 
lubricated and the low railhead is lightly lubricated. 

iv 



3. . In curves where gage corner grinding is practiced, the lateral track strength 
should be increased by installing elastic fasteners, rather than cut spikes. 

4. Some means of increasing the warp restraint of three-piece trucks, such as frame 

bracing, should be used to reduce the incidences of truck frame warping and 

production of large gage widening forces. 

The recommendations developed to address the HAL gage widening problem also 
apply to revenue serVice operations where, in curves, high rail gage corner grinding and 

flange lubrication are practiced. 
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1.0 INTRODUCTION 
During operation of the Facility for Accelerated Service Testing (FAST), Heavy Axle Load 
(HAL) train in the spring and summer of 1991 at the Transportation Test Center, Pueblo, 
Colorado, several 125-ton cars were observed to produce low railhead lateral deflections 

in excess of 0.5 inch in Section 25 of the High Tonnage Loop (HTL). The largest deflections 
were measured in the Two-point Contact Grind Zone of the 6-degree curve in Section 25. 

It was also noted that most of the low rail gage side line spikes in the zone were pulled 
up 1 to 2 inches above the rail base. These observations indicated that the low rail in the 

area had been rolled outward by large gage widening forces produced by some of the 

HAL cars. 

TIC engineers conducted an investigation to determine the causes of this unusual 
behavior. Several gage widening cars were removed from the HAL consist and inspected. 

No obvious defects were found. The cars were then assembled into a "mini-consist" and 

tested in Section 25 of the HTL. The effects of rail lubrication, train length, locomotive 
tractive effort, wheel profile, and rail profile on gage widening behavior were studied. 

The FAST investigation did not provide a conclusive explanation of the gage wid­
ening behavior; however, several key areas were identified for further study. These were 

addressed by the Association of American Railroads (AAR) in a proposal to the Federal 

Railroad Administration (FRA) which solicited funds to continue investigating the HAL 

gage widening problem. In December 1991, the FRA responded by establishing a task 
order to conduct this investigation. 

This report describes the test and modeling procedures used in the investigation, 

presents results from the testing and modeling activities, explains the gage widening 

behavior, and offers recommendations for correcting the gage widening problem. 

2.0 OBJECTIVES 

1. Confirm the essential safety of continued FAST operation. 

2. Understand the origin of the excessive rail lateral deflection measured 
during recent FAST operations. 

3. Establish guidelines, if necessary, for track strength and car mechanical 
conditions for both FAST and revenue operations. 

4. Identify a strategy for continuing the FAST operation with "normal" track 
lubrication; i.e., with the high rail well lubricated and the low rail lightly 
lubricated. 

5. Improve knowledge of the factors causing lateral rail deflections and 
potential gage widening derailments. 

1 



. 3.0 PROCEDURES 

3.1 TECHNICAL APPROACH 

-; 3.1.1 Gage Widening and Rail Rollover 

. Gage widening occurs when large lateral forces are applied to both rails by the wheels of 

. a passing rail vehicle. The forces act to roll the rails outward, and, if the amount of gage 

widening is sufficient, the wheel sets can drop between the rails. 

The AAR uses a criterion called the truck-side LIV ratio as an indication of the potential 

for rail rollover. This criterion is simply the sum of the lateral forces of the wheels on one 

side of a truck divided by the sum of their vertical forces. In North America, the limit of 

an acceptable truck-side L/V ratio has been set at 0.6. Figure 1 illustrates how this value 

was derived. The positions of the wheels on the rails in the illustration represent the 

relative positions of the high and low rail wheels of a wheel set that is in flange contact 

with the high rail. For the high rail, a L/V ratio of 0.6 or larger will exceed the ratio d/h, 

and, if the rail has no torsional stiffness and is unrestrained by fasteners, it will roll over. 

For the low rail, however, the distance (d) at which the vertical load is applied is less than 

that of the high rail. This is because the high rail wheel contacts the rail with its flange, 

while the low rail wheel contacts the rail near the center of the railhead. As a result, the 

low rail d/hratio will be smaller th~m that of the high rail ratio, dropping to approximately 
0.4 for the situation where the low rail wheel contacts the center of the railhead. 

Hight (Outside) 
Rail 

L 

Lh > Vd 

L d 
- > -
V h 

Low (Inside) 
Rail 

Figure 1. Lateral and Vertical Wheel Forces Acting to Roll the Rail Over 

2 
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Much larger lateral deflections were measured on the low rail than on the high rail 
in the Section 25 curve during the earlier gage widening investigation sponsored by the 
FAST program. This result supports the idea that larger overturning moments were 
applied to the low rail than the high rail by a flanging wheel set because of the different 

lateral contact positions described above. 

3.1.2 Truck Warp 

Figure 2 shows a three-piece truck that has warped during spiral or curve negotiation. 

The truck frame has distorted in a manner that allows both wheel sets to develop large 

angles of attack .. As a consequence of their large angles of attack, both wheel sets can 

prod uce large gage widening forces. 

In order for the truck frame to distort,' as shown in Figure 2, relative rotation must 
occur between the axle bearing adapters and the side frames, and between the side frames 

and the bolster. Relative rotation between these members can occur only if a moment is 
applied to the truck that exceeds its inherent warp restraint. The total warp restraint of a 
three-piece truck has a friction component and a stiffness component. Friction between 

the bearing adapters and side frames and in the snubbers produces the frictional com­
ponent of the warp restraint. The stiffness component comes from the torsional stiffness 

of the bolster springs and from the snubbers. 

CAR CENTER-LINE 

Figure 2. Truck Frame Warped During Curve Negotiation 
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The moment that acts to distort the truck frame is called the warp moment and is 
produced by lateral forces at the wheel and rails, as shown in Figure 3. It is produced in 

reaction to two. other truck moments - the turning and steering moments. The turning 
moment is created by friction in the center bowl and side bearing connections between 
the truck and car body. The steering moment is produced by longitudinal creep forces 

developed between the wheels and rails. Figure 3 shows moment directions that are typical 
for the leading truck in a car negotiating the entry spiral of a curve. 

Because the three truck moments must balance, the warp moment may be thought 

of as the sum of the turning and steering moments. The turning and steering moments 

can be applied to the truck in either direction, thus the resulting warp moment may be 
produced in either direction. Figure 2 shows a truck that has been distorted by a positive 

warp moment. The resulting distortion is in the proper direction to allow both wheel sets 
to develop large angles of attack. This will be referred to as the warp direction. Figure 4 
shows a three-piece truck that has been distorted by a negative warp moment. In contrast 
to the positive warp moment case, the truck frame distorts in the opposite direction. The 

leading wheel set is in flange contact with the high rail and has developed a large angle 
of attack. The trailing wheel set, however, remains radially aligned with the curve. This 

. -direction of distortion will be referred to as steer. It is' important to distinguish between 

the two directions of truck distortion. Warp distortion, where both wheel sets develop 

large angles of attack, can lead to the production of large gage widening forces. Steer 
distortion, however, does not. 

I WARP MOMENT t t (LATERAL FORCES) 

(lONGITUDINAL FORCES) 

Figure 3. Moments Applied to a Three-Piece Truck 
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Figure 4. Truck Frame Steered During Curve Negotiation 

3.1.3 Tryck Moments 
As discussed in the previous section, truck distortion may occur in either the warp or steer 

direction, depending on the direction and magnitude of the warp moment. Gage widening 

be~vior, however, is associated only with truck distortion in the warp direction. 

Truck warp distortion is produced by a positive warp moment; i.e. a warp moment 
that acts in the direction to turn the truck in the curve. A positive warp moment reaction 

will be produced when the net of the truck turning and steering moments opposes the 

required rotation of the truck in the curve. This requires ,that both the turning and steering 

moments be in the direction to oppose truck rotation or that the moment opposing rotation 

exceeds that assisting rotation. 

For a leading truck, this situation is not uncommon. The turning moment applied 

to the leading truck by the car body in a spiral always opposes rotation, as shown in Figure 

5. If the net
J 

steering moment generated by the wheel sets in the truck is also in this direction, 

or is lower in magnitude than the turning moment, then a warp moment reaction will be 

produced in the direction to warp the truck. 
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Figure S. Turning Moments Applied to Trucks 

This situation is different for the trailing truck. As shown in Figure 5, the turning 

moment applied to the trailing truck by the car body always assists rotation. The only 

way to generate a warp moment reaction in the direction to warp th,e truck is to produce 

a very large steering moment tha t opposes rotation of the truck. In order to warp the truck, 
the magnitude of this "anti-steering" moment must be larger thanthe turning moment by 

an amount exceeding the warp restraint of the truck. 

The bad actor cars that produced excessive gage widening did so with both leading 

and, trailing trucks. Thus, the trailing trucks must have been producing large "anti-steering" 

moments in the test curve. The origin of these "anti-steering" moments is the focus of this 

investigation. The next section describes how these"anti-steering" moments might be 

produced. 

3.1.4 Truck Steering Moments 
In the curve shown in Figure 6, the high rail wheel of the wheel set must negotiate a longer 

rail than the low rail wheel, but because the wheels are connected by a rigid axle, the two 

wheels must rotate at the same speed. In <:Jrder to avoid slippage of one of the wheels on 

the rail, the rolling radius of the high rail wheel should be larger than that of the low rail 

wheel by the proper amount for the curve. Thus, rail wheels are given a profile ~uch that 

they have a range of rolling diameters as they shift la terall yon the rails, as shown in Figure 

7. 

6 



HIGH RAIL 

LOW RAIL 

Figure 6. Required High RaillLow Rail Diameter Difference 

Figure 7. Wheel Set Rolling Diameter Variation 
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Figure 8 shows the longitudinal creep forces that are generated by a wheel set as it 
.... shifts laterally on the rail. As the high rail wheel moves from tread to flange contact with 

... the rail, the direction of the longitudinal creep forces change as shown. The net steering 
J moment produced by these forces also changes direction. Now consider the situation 

shown in Figure 9 where the high rail wheel contacts the rail at two distinct points, one 

point on the flange and the other out on the tread.1 The flange contact point produces a 
forward or positive longitudinal force, and the tread produces a longitudinal force in the 

opposite direction. The net longitudinal force produced by the wheel is the difference 

between these forces .. Depending on the relative magnitude of the flange and tread lon­

gitudinal creep forces, the steering moment may be positive, negative, or zero. If the tread 

longitudinal force exceeds that of the flange, then an "anti-steering" moment, or moment 
that opposes rotation of the wheel set, will be produced. 

Figure 8. Wheel Set Longitudinal Creep Forces 

~ 
DIRECTION 

OF71'IAVEI. 

Figure 9. Two-Point Contact Longitudinal Creep Forces 
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3.2 TRACK TEST PROCEDURES 

Four track tests, referred to as the Baseline Car, Bad Actor Car, Truck Sequence and Tractive 

Effort Tests, were conducted on the FAST -HTL. The Baseline Car and Bad Actor Car Tests 

were designed to compare the truck moments, truck-side L/V ratios, and truck frame 

warp characteristics of a gage widening car (the bad actor car), and a normal or baseline 

car. The Truck Sequence and Tractive Effort Tests were originally designed to study the 

effects of adjacent gage widening trucks and locomotive tractive effort on the maximum 

gage widening. 

Figure 10 is a diagram of the FAST-HTL. Testing activities were concentrated in the 

6-degree left hand cUrve of Section 25, where the greatest gage widening was previously 

measured. This curve contains rails with various profiles in support of ongoing HAL 

experiments. 

3 

3.2.1 Baseline Car Test 

31 

SECTION 25 
6-DEGREE CURVE 

Figure 10. FAST -HTL Track 

25 

FAST car 310 was selected from the HAL consist for the Baseline Car Test since it had no 

history of excessive gage widening. Instrumented wheel sets were installed in the trailing 

truck of the car. The car was then coupled to the AAR 207 Instrumentation Car and placeq 

in the test consist, as shown in Figure 11. The test consist operated at 40 mph in the 

counterclockwise (CCW) direction on the HTL wit~out lubrication applied to the rails. 

Measurements were recorded from both the onboard and wayside instrumentation sys-
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terns. Top of rail and gage face friction were periodically measured with a tribometer. 

-_, Next, lubrication was applied to the high rail in Section 25 and the tests repeated. Finally, 

.. both rails in Section 25 were lubricated and the tests repeated. 

locomotives TIC Test Car ... Bad Actore .. 

a::Ja::J~~~~c=:J~r:=:J~c=:J~~ 

32 HAL Care • 

Figure 11. Baseline Car Test Consist 

3.2.2 Bad Actor Car Test 
FAST car 406 was selected from the HAL consist for the Bad Actor Car Test because it had 

previously produced excessive gage widening. Instrumented wheel sets were installed 

in the trailing truck of the car. The car was then coupled to the AAR 207 Instrumentation 

Car and placed in the test consist, as shown in Figure 12. The test consist operated at 40 

mph in the CCW direction on the HTL without lubrication applied to the rails. Mea­

surements were recorded from both the onboard and wayside instrumentation systems. 

Top of rail and gage face friction were periodically measured with a tribometer. Next, 

lubrication was applied to the high rail in Section 25 and the tests repeated. Finally, both 

rails in Section 25 were lubricated and the tests repeated. 

Locomotives TIC Test Car ... Bad Actors ... 

a:::Ja:::J~~Cilli:I~~C!BO~CiW:J~~ 

32 HAL Care • 

Figure 12. Bad Actor Car Test Consist 

3.2.3 Truck Sequence and Tractive Effort Tests 
The Truck Sequence Test procedure was modified to measure the performance of the test 

cars equipped with wheel sets from bad actor trucks to test the idea that the gage widening 

behavior was a consequence of poor wheel/rail contact geometry. 
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The Truck Sequence and Tractive Effort Tests were conducted together with the 

consist depicted in Figure 13. Several wheel set changes were incorporated in the Truck 
Sequence Test to demonstra te the effect of wheel! rail contact geometry on gage widening. 
The instrumented wheel sets used in the trailing truck of FAST car 406 during the Bad 

Actor Car Test were exchanged for the car's original wheel sets. Also, the original wheel 
sets of FAST car 307, a normal car, and FAST car 366, a bad actor car, were exchanged to 

study the effect of wheel profiles on gage widening behavior. 

locomotives TIC Test Car ... Bad Actors . .. 

~~r::Kl~.o~ ~1J.375=1 .319 1~~UEl~~~ 

32 HAL Cars • 

Figure 13. Truck Sequence Test Consist 

The consilSt operated in the CCW direction through Section 25 of the HAL with no 
rail lubrication, with high rail lubrication, and with both rails lubricated. Test were con­

ducted at 20 and 40 mph. Truck rotation angles and truck frame geometry were recorded 

for FAST car 406. Data were also recorded for the entire consist from the two wayside 
instrumentation sites in Section 25. 

3.3 MOpELING PROCEDURES 

Two models of the HAL cars were developed for the simulation. The first model used 

wheel profiles measured from the instrumented wheel sets. And the second model used 

wheel profiles measured from the trailing truck of the HAL car 406, a bad actor car. Both 

models used the rail profiles measured at the Two-point Contact Grind Zone wayside 

measurement site. The models were run on track with a 6-degree left-hand curve and 5 

inches of superelevation, duplicating the HAL Section 25 curve. Track lubrication con:.: 

ditions were varied from both rails dry to both railheads dry and the high rail gage face 

I ubricated. The models were operated at 39 mph to match the test consist operating speed. 

4.0 MEASUREMENTS 

The following measurements were taken during the track test and were also available from 
the simulations. 
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4.1 ONBOARD MEASUREMENTS 

'4.1.1 Baseline and Bad Actor Car Tests 
: Instrumented wheel sets were installed in the trailing trucks of the baseline and bad actor 
. cars to measure vertical,lateral, and longitudinal wheel forces. Displacement transducers 

were installed in each test truck to measure bolster rotation displacements, truck frame 

-'... 

warp displacements, and wheel set to side frame longitudinal displacements. These direct 

measurements were used to produce several synthetic data channels using the equations 
listed below. Table 1 lists all of the direct and synthetic measurements. 

where: 

M(3) - steering moment 

M(w) - warp moment 

M(/) - turning moment 
LO(I),LOct) -leading/trailing wheel longitudinal force (kips) 

LeU)' Lelr), Lell)' I(rr) - leading/ trailing/left/ right w heella teral force (kips) 
V(U)' V(lr)' "(II)' "(rr) -leading/trailing/left/right wheel vertical force (kips) 
TSL V(I) - left truck-side L/V ratio 

TSL Vcr) - right truck-side L/V ratio 

A(w) - Average truck frame warp angle (mradians) 

D(U),D(lr),D(I/),D(rr) -leading/trailing/left/right bols./s.f. lateral displ.(in.) 
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Table 1. Onboard Measurement List for Instrumented Wheel Set Tests 

M
·· ~ .. ' ...... >.. .,. .,.... .. ·c.,.:.··.... ." ................ . .. , . e~stl.rell·wnt ..••. , ...» ... ...... • . •.. . .... .... ..... .. .... .. ... . 

·····.·No.···········/>i···.··.< ...... (N(.iDle ... i)'· . ,.c.( ... .......Onits······ ····~<:>C;tiJij:iC.· 
j .... >1· •. · .•. > .. · ·, .• ·,..i·l-e8d LeJtVerticaIForce •. ·,·.·.'.· •.•.•. ··.···(·.···.> . kips .... ····., .. restTrllbk. 
Ii , .. ·2><. Lead Left L.8leraIF()rc:e>\. ....> kips>. ..Test Truck 
l .•••. ···.·.···,.,···3//···,./> ··· .• '···.· .. , •. lead·leftUVR8tiO.·.· ·· •...... if(ih .. , .. kipS<'( ·i.·TestTf\IC~··· .•. ··· 
( .. ··\.f~i .·>LeadRlght V erti6a.1F9fCe> ( •. ··· .. c .•.• ·'.··,······.···.'. .'.kips .'. ···TestTrix:k·· . 
(fji/ .. ,..... Lead Right L.ateic1l.J=otce ••.• ,........ ...... . .. kips < ....... , 'T est Truck· 

»pi ........ ) ...Lead RightUVAali9>..· .... ·.·····.kips ·.······'··TestJl't.ICk • '. 
.jL7~l >/Tiail Left VeitieaiFor6e ... ,.c. .... . . kips .... , .. TeSt.Truck 

.. :..{o ... ..••...... Bi«· .•.••...•.• ····Trail Left Giteral Force.> .•........ ·.·kiPs>..TestTruck 
l<i~J j:iT..ail LeftLlVRtitiOi_l'-l.·.· .... kips.. .. .... TestTruek ..... 

I .••. .j().. ., .. >··..Trail Right Vertical FOrce · ••.. ·..i< .... . kips Test TrUck .. 
...... ) 11 .. >. . ..... Trail Righ(LaleralForce . ..•... .......•.. .......•. I kips TeSt Truck 

1,.)12...) .•..•. Trail Right LN.RatiOi) ......, •. . ... ·kiPs i . Test Tiuck .•... 

13f. ..•...•.. .· ••. ···leadWheeISetLong.FOrce( ............•..... kips . TeSt Truck 
.....•. ·······14) iTraii Wheef Set long. Force .. ~.'~ <kipsi_TeStTruck 

.. , •... ' ....... , .15i<"{i.Lead left BAiSicteF~meLati/inch· .. , .••... '. T.estTruek> 
/ '.s. .• 16 .. ··2~/ ·~·Lead Right.BAlSKlef'rameLSt-"i. inCh •. ··. ··· •. ··.·.·.·Test Truek<·· 

.....•..... ' ....... 1 Ti ...... . ....Trail LeftBAlSide Frame l.clt.<inch· ...••..... Test Tnicki 
>te .....••... <.' . ...TrailRightBAlSideFrameLaf .............• inCh. . TestTri.ick 

1.019_/<lead LeftBAlSideFramelorig .. < .inch/Test Truck 
li.)20/iLeadRighfBAlSideFrame.Long,} . inch ···Test TrLick< 
....... ·/21 .' •.... ········Traill.eftBNSKte Fral1leLong .. _L.. inch ~ .. ·..TestTrUd( 
..../22 '., < .•...... •.• ... Trail Right SA/Side FrameLorig. . ...•.. inch . Test Truck ...... . 

/ 23 ..< S()lster/BOdyVet1ic8IDlspL .." ~ inch . T est Truck ~ 
. .....} 24 ............... ····Train $peed\ .. ............• .<mpn ..... ·lnstr.Car 
....•....... ·'25'· ....•.... . .. ALitomaticLOCcI1ionOEWice '., .................. ···.<volts ... I Test Truck 

'. .......26 . .......leftJruck.:SKte LJVR8tio.. ..... .... ····LN . ........ I Synthetic ••.•...... 
........... >2.1 .......•......•.•.. . RightTruck~SideLIVR8tiQ '.'~.... . . .... ...UV.·· . Synthetic 

..28> .•.• ·····TruckSteeringMomenf ...... ... ..• klp-mch .··········Synttletic 

........•... 29... • .•• ·rrUck Warp Momerrt(.. .' .... . •.• ki~iilChSynthetic> 
..... .30 ...•...•.•..•.. ·.···.TriJckTumingMoment).. ..•. .... ..•... ki~irlch .... Synthefic/ 

I .. ·· .... ··.31> ...•.•... AverageSideFrame/SOlsterWarp . ",radians ·Synthetic..t 
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4.1.2 Truck Sequence Test 
, '. The instrumented wheel sets were removed from the trailing truck of car 406 for the Truck 
" Sequence Test. Table 2 lists the displacement measurements that were taken during the 

test. 

Table 2. Onboard Measurement List for Truck Sequence Tests 

,·,Measur~m~llt 
,,'·}\,·'·,"··.'·.j.Jd .••• ·'/" ' ',.,' ... '.·N~~.· •• · .• ,.'·· .• ·····'··'·'··'···,'· 

·'·· •••. · •• l~dHightBAlSide. Frame lat 

., Traif LeftB.tvSide Frame Lat;". 

Trail Right BAls;& frame Lat 

, 'lead Left BAlSKf9FrameLong. 

,"'···.AveiageTruckFrameDistortion 

4.2 WAYSIDE MEASUREMENTS 

········' •. ··.·.'~:~~ri ••• ··•·••·· 
, . TesfTn.ck ., 

Data were recorded from two wayside instrumentation sites for all of the track tests. The 

test sections selected were located in the two-point contact profile section, at tie 1000 and 

in the buffer zone, preceding it at tie 895. Instrumentation was installed to measure vertical 

and lateral rail forces, lateral rail deflections and wheel set angles of attack. Table 3 lists 

the direct and synthetic wayside measurements. 
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Table 3. -Wayside Measurement List 

Measul'en1ent .. 
···········•···· ... ·1'4'6 .•.• · •• ·.·.•···· 

.· .• · ...•. ·Wh~el Set AngrebfAttaCk··.····· 
Inside Rail Ver6caIForr;e 

.. Inside. Rail·l.ateraIForce 

..... Outside Rail Lateral force ..• 
I nsideRailhead latDiSpt. 

4.3 WHEEL AND RAIL PROFILE MEASUREMENTS 

A wheel profilori1eter was used to measure the wheel profiles from baseline car 310, ba~ 

actor cars 406, 366, 358, 334, 304, and AAR instrumented wheel sets 17 and 18. Rail profiles 

were measured with a rail profilometer at the wayside instrumentation sites located at ties 

1000 and 895. 

5.0 RESULTS 

Results from the four track tests are presented in the order: (1) Baseline Car Test, (2) Bad 

Actor Car Test, (3) Truck Sequence Test, and (4) Tractive Effort Test. The major conclusion 

from the Baseline Car and Bad Actor Car tests was that neither car exhibited gage widening 

behavior when equipped with the instrumented wheel sets. Consequently, the Truck 

Sequence Test was modified to ensure that both test cars would be equipped with wheel 

sets that had previously been observed to produce gage widening. This had the desired 

effect of inducing the gage widening behavior in the two test cars. Thus~ the behavior of 

the test cars in the Truck Sequence Test could be carefully compared to their behavior in 

the Baseline Car and Bad Actor Car tests. 
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Several comments on sign conventions are appropriate. First, the right hand rule 

. sign convention was used for all of the test results presented in this report. That is, the 

direction of motion is positive, the orthogonal direction to the left is positive, and the 

vertical (up) direction is positive. Counterclockwise rotation about the vertical axis, when 

viewed from above, is positive. Also, the plots of truck frame warp angles include a 

double-headed arrow that designates the "warp" and "steer" directions defined for the 

truck distortion discussed in Section 3.1.2. It is important to distinguish the difference. 

Truck distortion in the "steer" direction is "normal" for a trailing three piece truck. It does 

not allow both wheel sets to develop large angles of attack or gage widening forces. Truck 

distortion in the "warp" direction, however, indicates that the truck frame was distorted 

such that both wheel sets will develop large angles of attaCk and potentially produce large 

gage widening forces. 

5.1 BASELINE CAR ON DRY RAILS 

5.1.1 Onboard Measurements 

Figure 14 shows the truck moment plots for the baseline car tested on dry rails in the test 

curve. In the entry spiral, the turning moment between the truck and car body peaked at 

230 kip-in and the steering moment was 30 kip-in. Both moments were applied to the 

-truck in the CCW (positive) direction, which was the proper direction to rotate the truck 

through the curve. These moments were balanced by a clockwise (negative) warp moment 

of 260 kip-in created by lateral forces between the wheels and rails. The negative warp 

moment was in the "steer" direction and did not warp the truck frame. 
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Figure 14. Baseline Car Truck Moments on Dry Rails 

As expected, the turning moment between the car body and truck bolster peaked in 
the entry and exit spirals of the curve where the truck rotated relative to the car body. The 

truck bolster rotated -24 mradians relative to the car body in the entry spiral, as shown ill 
-Figure 15, which is approximately -3 mradians beyond radial alignment (-21 mradians 

relative rotation) in this curve, based on the car's truck spacing. The bolster rotated beyond 
radial alignment because the trailing wheel set maintained radial alignment in the curve, 

while the leading wheel set developed an angle of attack relative to the curve of approx­

imately -6 mradians. The truck bolster, located mid-way between the wheel sets, devel­

oped an angle of attack equaHo their average, or -3 mradians. 

The truck frame deformation is also plotted in Figure 15 for the baseline car on dry 
rails. In the body of the curve, the truck frame distorted, that is, the truck bolster rotated 

relative to the side frames, approximately 10 mradians in the steer direction. 
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Figure 15. Baseline Car Truck Angles on Dry Rails 

5.1.2 Wayside Measurements 

Angles of attack of -6 and 0 mradians were measured for the leading and trailing wheel 

sets, respectively, of the test tr~ck. The leading wheel set produced a low rail lateral force 

of 15 kips that deflected the low rail 0.1 inch. The trailing wheel set produced a lateral 

force of 3 kips and virtually no lateral rail deflection. 

In this test, and all subsequent tests, the low rail lateral deflection was found to be much 
larger than the high rail, so only the low rail deflections are presented. This result supported the 
idea that larger overturning moments were applied to the low rail than the high rail because of the 
difference in points of contact, as described in Section 3.1.1. 

, 5.2 BASELINE CAR ON LUBRICATED HIGH RAIL ANP DRY LOW BAIL 

5.2.1 Onboard Measurements 

Figure 16 shows the truck moment plots for the baseline car tested on a lubricated high 

rail and dry low rail. In the entry spiral, the turning moment between the truck and car 
body peaked at 240 kip-in and the steering moment was 55 kip-in. Both moments were 

applied to the truck in the CCW (positive) direction, which was the proper direction to 

rotate the truck through the curve. These moments were balanced by a warp moment of 

-295 kip-in created by lateral forces between the wheels and rails. Again, the negative 

warp moment was in the steer direction and did not warp the truck frame. 
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Figure 16. Baseline Car Truck Moments on 
Lubricated High Rail and Dry Low Rail 

Through the curve, the truck steering moment increased until the car entered the 

Two-point Contact Grind Zone, at which point it decreased from almost 80 kip-inch to 

less than 40 kip-in. The direction of the warp moment reversed in this zone. 

The bolster rotated -20 mradians (Figure 17) relative to the car body in the entry 

spiral, then rotated to -24 mradians in the Two-point Contact Grind Zone. The truck frame 

distorted by approximately 12 mradians in the steer direction. 
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Figure 17. Baseline Car Truck Angles on 
Lubricated High Rail and Dry Low Rail 

.. 5.2.2 Wayside Measurements 

820 

The leading wheel set in the test truck developed an angle of attack of -7 mradians. This 

produced a lateral force of 9 kips that did not deflect the low rail. The trailing wheel set 

developed no angle of attack and produced a low rail lateral force of -1.0 kips that did not 

deflect the low rail_ 

5.3 BASELINE CAR ON LUBRICATED RAILS 

5.3.1 Onboard Measurements 

Figure 18 shows the truck moment plots for the baseline car tested on lubricated rails in 

the test curve. In the entry spiral, the turning moment between the truck and car body 

peaked at 180 kip-in and the steering moment was 60 kip-in_ These moments were balanced 

by a warp moment of -240 kip-in created by lateral forces between the wheels and rails. 

Again, the negative warp moment was in the steer direction and did not warp the truck 

frame. 
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Figure 18. Baseline Car Truck Moments on Lubricated Rails 

As shown in Figure 19, the bolster rotated -19 mradians relative to the car body in 

the entry spiral. The truck frame distorted approximately 5 mradians in the steer direction. 
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Figure 19. Baseline Car Truck Angles on Lubricated Rails 

21 



· 5.3.2 Wayside Measurements 

The leading wheel set in the test truck had an angle of attack of -7 mradians. This produced 

a lateral force of 7 kips that did not deflect the low rail. The trailing wheel set developed 

no angle of attack and produced a low rail lateral force of 1 kip that did not deflect the low 

rail. 

5.4 BAD ACTOR CAR ON pRY RAILS 

5.4.1 Onboard Measurements 

Figure 20 shows the truck moment plots for the bad actor car tested on dry rails in the test 

curve. In the entry spiral, the turning moment between the truck and car body peaked at 

100 kip-in, and the steering moment was 40 kip-in. These moments were balanced by a 

warp moment of -140 kip-in, created by lateral forces between the wheels and rails. As in 

the Baseline Car Test, the negative warp moment was in the steer direction and did not 
warp the truck frame. 
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Figure 20. Bad Actor Car Truck Moments on Dry Rails 

As shown in Figure 21, the bolster rotated -24 mradians relative to the car body in 

the entry spiral, which is approximately -3 mradians beyond radial alignment in this curve. 

The truck frame distorted approximately 7 mradians in the steer direction. 
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Figure 21. Bad Actor Car Truck Angles on Dry Rails 

5.4.2 Wayside Measurements 

The leading wheel set in the test truck had an angle of attack of -6 mradians_ This prod uced 

a lateral force of 10 kips that, in turn, deflected .the low rail 0.1 inch. The trailing wheel 

set developed no angle of attack and produced a low rail lateral force of 2 kips that did 

not deflect the low rail. 

5.5 BAD ACTOR CAR ON LUBRICATED HIGH RAIL AND DRY LOW RAIL 

5.5.1 Onboard Measurements 

Figure 22 shows the truck moment plots for the bad actor car tested on a lubricated high 

rail and dry low rail. In the entry spiral, the turning moment between the truck and car 

body peaked at 140 kip-in, and the steering moment was 50 kip-in. These moments were 

balanced by a warp moment of -190 kip-in, created by lateral forces between the wheels 

and rails. Again, the negative warp moment was in the steer direction and did not warp 

the truck frame. 
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As shown in Figure 23, the bolster rotated -24 mradians relative to the car body in 

the entry spiral, which is approximately -3 mradians beyond radial alignment in this curve. 

The truck frame distorted approximately 9 mradians in the steer direction. 

30 

20 

10 
iii" 
Ii 
'i 
.§. 0 

III -g. 
< 

·10 

·20 

·30 

STEER 
Average Warp Ange 

Bolster Rotation 

, En1ry 
jSpb"al Curve 

125 127 129 1.31 1.33 

TIme (sec-lhousands) 

Figure 23. Bad Actor Car Truck Angles 
on Lubricated High Rail and Dry Low Rail 

24 



5.5.2 Wayside Measurements 

. The leading wheel set in the test truck had an angle of attack of -4 mradians. This produced 

a low rail lateral force of 12 kips that deflected the low rail 0.1 inch. The trailing wheel set 

developed no angle of attack and produced a low rail lateral force of 2 kips that did not 

deflect the low rail. 

5.6 BAPACIOR CAR ON LUBRICATEP BAILS 

5.6.1 Onboard Measurements 

Figure 24 shows the truck moment plots for the bad actor car tested on lubricated rails in 

the test curve. In the entry spiral, the turning moment between the truck and car body 

peaked at 120 kip-in, and the steering moment was 50 kip-in. These moments were bal­

anced by a warp moment of -170 kip-in, created by lateral forces be~een the wheels and 

rails. Again, the negative warp moment was in the steer direction and did not warp the 

truck frame. 
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Figure 24. Bad Actor Car Truck Moments on Lubricated Rails 

As shown in Figure 25, the bolster rotated -24 mradians relative to the car body in 

the entry spiral, which is approximately -3 mradians beyond radial alignment in this curve. 

The truck fram~ distorted approximately 4 mradians in the steer direction. 
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Figure 25. Bad Actor Car Truck Angles on Lubricated Rails 

5.6.2 Wayside Measurements 
The leading wheel set in the test truck had an angle of attack of -6 mradians. This produced 

a .lateral force of 8 kips that did not deflect the low rail. The trailing wheel set developed 

no angle of attack and produced a low rail lateral force of 2 kips that did not deflect the 

low rail. 

5.7 TRUCK SEQUENCE TEST 

For this test, wheel sets from car 366, a former bad actor, were installed in the baseline car 

(310). The bad actor car (406) was equipped with its original wheel sets. The first test 

series was conducted after the FAST-HAL train made several laps through the test zone 

to dry the track. Both railheads were very dry (u>O.5), but the gage face of the high rail 

remained lubricated. 

Figure 26 shows low rail lateral forces and deflections measured when the bad actor 

cars and test cars passed over the Two-point Contact Grind Zone instrumented rails. Some 

of the bad actor trucks prod uced lateral forces exceeding 25 kips and low rail displacements 

approaching 0.5 inch. When the lubrication level increased until the head of the high rail 

became lubricated, however, the gage widening diminished, as shown in Figure 27. 
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The largest gage widening displacements were produced by the sequence of four 

trucks, beginning with the trailing truck of car 304 and ending with the leading truck of 

car 334. Note that both trucks of the middle car (358) were spreading the gage. Comparing 

the gage widening produced by this sequence of trucks to that produced by the trailing 
truck of car 375 and the leading truck of car 319 clearly demonstrates the rail restraining 

effect of an adjacent non-gage widening truck. 
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In- contrast to the earlier tests with instrumented wheel sets, the trailing trucks of 

both the bad actor car and the baseline car produced excessive gage widening when 

equipped with wheel sets from previous bad actors. The leading wheel set in the trailing 

truck of car 406 developed an angle of attack of 6 mradians and a low rail lateral force of 

15 kips. The trailing wheel set developed an angle of attack of 4 mradians and a low rail 

lateral force of 19 kips. Together, the low rail wheels produced a low rail truck-side L/V 

ratio of 0.55 and a low rail lateral deflection of 0.33 inch. The leading wheel set in the 

trailing truck of car 310 developed an angle of attack of 8 mradians and a low rail lateral 
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force of 19 kips. The trailing wheel set developed an angle of attack of 5 mradians and a . 
low rail lateral force of 22 kips. Together, the low rail wheels produced a low rail truck-side 

L/V ratio of 0.6 and a low rail lateral deflection of 0.40 inch. 

The net truck warp moments were calculated from the wayside lateral forces for the 

trailing trucks of both test cars. The warp moments were found to have reversed in 
direction from the previous tests, measuring +100 and +290 kip-in in the warp direction, 

respectively, for the baseline and bad actor cars. These results indicated that the net truck 
steering moments had reversed to the negative, or "anti-steering", direction. To derive the 

truck steering moments, the trailing truck turning moments previously measured for the 

baseline car (approximately +250 kip-in) and the bad actor car (approximately +100 kip-in) 

were added to their measured warp moments. The results were "anti-steering" moments 

of -350 kip-in for the baseline car and -390 kip-in for the bad actor car. 

As shown in Figure 28, the trailing truck bolster of car 406 rotated -29 mradians 
relative to the car body in the two point contact grind zone, which is approximately -8 
mradians beyond radial alignment (-21 mradians relative rotation) in this curve. The 

bolster rotated well beyond radial alignment because the truck frame warped and both 

wheel sets developed a negative angle of attack. A -8 mradians bolster rotation beyond 

radial alignment indicates that the trailing wheel s.et developed an angle of attack of 
approximately 5 mradians. The truck frame distorted by 12 mradians in the warp direction, 

L 

indicating that the truck frame had indeed warped. 
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Figure 28. Car 406 Truck Angles 

5.8 WHEEL AND RAIL PROFILE MEASUREMENTS 

Wheel profiles measurements were taken from AAR instrumented wheel sets 17 and 18, 
baseline car 310, and bad actor cars 406, 366, 358,334, and 304. In general, wheels of the 

bad actors were found to have practically no conicity or taper across the tread when 
compared to the instrumented wheel sets and the wheel sets of baseline car 310. Rail 

profile measurements were taken at the two wayside instrumentation locations; in the 

Two-point Contact Grind Zone and in the preceding buffer zone. 

When overlaid, the instrumented wheel sets and baseline car 310 wheel sets appeared 

to conform much more closely to the Two-point Contact Grind Zone rail than the wheels 

of the bad actor cars (see Figure 29). This supported the idea that two-point contact between 

the wheel and rail caused, under certain lubrication conditions, a reversal of the steering 

moment as described in Section 3.1.4. 
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Figure 29. Instrumented Wheel Set and Car 406 Wheel Profiles 

5.9 MODEL WITH INSTRUMENTEP WHEEL SET PROFILES 

Figure 30 shows the trailing truck turning moments predicted by the HAL car simulation 

using instrumented wheel set No. 17 wheel profiles and operated in a 6-degree curve with 

the low and high railheads dry (u=0.6) and the high rail gage face lubricated (u=O.l). A 

friction moment of 100 kip-in between the car body and truck bolster was used to represent 

the 100 kip-inch turning moment measured for the bad actor car. The steering and warp 

moments were approximately 25 and -20 kip-in, respectively, in the body of the curve. 

The negative warp moment reaction was in the steer direction and did not warp the truck 
frame. 
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Figure 31 shows the truck bolster rotation and truck frame distortion angles predicted 

: by the NUCARS model. The truck bolster rotated -19 mradians relative to the car body, 

and the truck frame distorted approximately 6 mradians in the steer direction. 

The NUCARS model predicted that the leading wheel set would develop an angle 

--of attack of 6 mradians and the trailing wheel set would remain in radial alignment with 

the curve. As a result, only the leading wheel set developed large lateral forces. The 
trailing wheel se~ developed virtually no lateral force, and the truck-side L/V ratio, which 

is used to assess rail rollover potential, remained low. 

These results are consistent with the results of the Baseline Car and Bad Actor Car 

tests, where the instrumented wheel sets were used. 
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. 5.1 0 MODEL WITH CAR 406 WHEEL PROFILES 

Figure 32 shows the truck turning moments predicted by the HAL car simulation using 
car 406 wheel set No.4 wheel profiles and operated in a curve with the low and high 

railheads dry (u=0.6) and the high rail gage face lubricated (u=0.1). The steering moment 

of -200 kip-in is now reversed from that predicted by the instrumented wheel set model. 

It is applied to the truck in the direction opposing proper rotation in the curve. This 
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"anti-steering" moment was balanced by the turning moment of approximately 40 kip-in 

and the warp moment of approximately 160 kip-in. The positive warp moment reaction 

was in the warp direction and acted to warp the truck frame. 
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800 

Figure 33 shows the truck bolster rotation and truck frame warp angles predicted 

by the NUCARS model. The truck bolster rotated -23 mradians relative to the car body, 

and the truck frame distorted -6 mradians in the warp direction. These indicate that the 

160 kip-in warp moment was sufficient to warp the model truck frame such that both 

wheel sets developed significant angles of attack. 

The leading wheel set developed an angle of attack exceeding 9 mradians, and the 

trailing wheel set developed an angle of attack of 3 mradians. As a result, the predicted 

truck-side L/V ratio reached 0.5, approaching the AAR Manual of Standards and Recom­
mended Practices, Chapter XI maximum limit for this criterion of 0.6. 
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These predictions are consistent with the results of the Truck Sequence Test, where 

the bad actor car 406 was equipped with its original wheel sets. In both cases, the truck 

warped and both wheel sets developed large angles of attack. The modeling study further 

demonstrated that the very low taper or conicity wheel profiles of car 406 developed a 

negative longitudinal creep force on the tread and a positive longitudinal creep force on 

the flange. On dry rails, the positive flange longitudinal creep force exceeds the negative 

tread longitudinal creep force and, thus, the net longitudinal wheel force is positive. But 

when the gage face of the high rail is lubricated, and the top of the rail remains dry, the 

positive flange longitudinal creep force is drastically reduced. As a result, the negative 

tread longitudinal creep force exceeds that of the flange and the net leading wheel set 

steering moment becomes negative. Combining this with the negative trailing wheel set 

. steering moment produces a large net negative steering moment that exceeds the positive 

turning moment. The magnitude by which it exceeds the turning moment is larger than 

the truck's warp restraint, thereby warping the truck. 
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5.11 TRACTIVE EFFORT TEST 

Figure 34 shows the lateral forces and rail deflections produced by the locomotives passing 

over the Two-point Contact Grind Zone when both rails were dry. In Figure 35, the low 

rail was dry and the high rail was lubricated. The trailing wheel set lateralforces increased 

dramatically during the second test, producing a maximum truck-side L/Vratioexceeding 
0.5. The resulting rail deflections approached 0.4 inch on the low rail. 
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. Figure 36 illustrates how, under conditions of differential rail lubrication, a large 

truck moment can be developed that causes the wheel sets to produce large gage widening 

forces. When the low rail is dry and the high rail is well lubricated, the tractive or longi-
- tudinal force developed by the wheel on the low rail is much larger than that developed 

on the high rail. As a result of this imbalance in longitudinal forces, a large moment is 

applied to the truck in the direction shown. This moment is reacted by lateral wheel forces 

that are produced when all of the wheel sets in the truck develop angles of attack. As a 
consequence of this, large gage widening forces are produced. 

36 



.~ 
Of ria..., 

H/GHRAlL 
~.2 

Figure 36. Locomotive Truck Turning Moment 

6.0 DISCUSSION OF RESULTS 

During the Truck ~quence Test, gage widening forces were produced by both test cars 
and many of the bad actor cars. Measurements indicated that the gage· widening trucks 

. had warped, which allowed both of their wheel sets to develop large angles of attack and 

lateralforces. The trucks warped when excessive positive warp moments were generated 
by the wheel sets in reaction to a net negative truck steering moment. The net truck steering 

moment was negative because both wheel sets produced negative steering moments. This 

is in contrast to the previous tests, with instrumented wheel sets, in which the leading 

wheel set produced a positive steering moment that exceeded the negative steering 
moment of the trailing wheel set. Three combining factors caused the leading wheel sets 
of the bad actor cars to produce negative steering moments: (1) two-point contact occurred 

between the high rail and wheel, (2) the bad actor wheels had low conicity or taper across 

the wheel treads, and (3) the coefficient of friction between the high rail and wheel flange 

was reduced by lubrication. 

The high rail wheel of the leading wheel sets in each truck contacted the rail in the 

two-point grind zone at two points, one point on the flange and the other on the tread. 

Longitudinal creep forces were produced by both the tread and flange contact points of 

the high rail wheel. The direction and magnitude of these creep forces varied, depending 

on the contact between the rail and wheels. 

Examination of the wheel profiles in conjunction with the model predictions indi­

cated that the instrumented wheel sets produced a positive longitudinal creep force on 

both contact points of the high rail wheel. This was due to the high conicity, or taper of 
the instrumented wheel sets that caused both contact points of the high rail wheel to have 
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a significantly larger rolling radius than the contact point of the low rail wheel. The bad 
actor wheel sets, however, had very low conicity. As a result, the high rail wheel tread 

contact point was located on a rolling radius similar to that of the low rail wheel. This 

caused a negative longitudinal creep force to be produced by the tread contact point of 

the high rail wheel. 

When the high rail was dry or uniformly lubricated; i.e., the gage face coefficient of 

friction was approximately the same as that of the railhead, the longitudinal creep force 

developed by the high rail wheel flange exceeded that of the tread, and the wheel set net 
steering moment was positive. But when the gage face of the high rail was lubricated and 
the head remained dry, the tread longitudinal creep force exceeded that of the flange. With 

the instrumented wheel sets, a positive net longitudinal high rail wheel force was still 
produced because the tread produced a positive longitudinal creep force. With the bad 
actor wheel sets, however, a negative net longitudinal wheel force was produced because 

the deficient tread taper produced a negative longitudinal creep force. This caused the 

steering moment of the leading wheel set to become negative. 

This explains why the test trucks exhibited gage widening behavior only when 
equipped with bad actor (low conicity) wheel sets and only when the gage face of the high 
rail was well lubricated, and the railheads were dry .. 

7.0 CONCLUSIONS 

1. In both the Baseline and Bad Actor Car Tests, the test truck with 

instrumented wheel sets exhibited "typical" behavior for a trailing truck 

during curve negotiation; thatis, the leading wheel set developed an angle 

of attack while the trailing wheel set remained radially aligned with the 
curve. 

2. In both the Baseline and Bad Actor Car Tests, the test trucks exhibited 
truck moments that were typical of a trailing truck during curve nego­

tiation. The turning and steering moments were applied in the proper 

directiort to turn the truck through the curve and were balanced by a warp 

moment in the opposite direction. 

3. In both the Baseline and Bad Actor Car Tests, varying the track lubrication 

did not cause the test cars to exhibit gage widening behavior. 
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4. In the Truck Sequence Test, replacing the instrumented wheel sets in the 

test cars with bad actor wheel sets appeared to instigate gage widening 
behavior when the gage face of the high rail was lubricated and the 

railheads were dry. Several bad actor cars· also exhibited gage widening 
behavior. 

5. In the Truck Sequence Test, the gage widening trucks warped when their 

steering moments reversed from the desired positive direction and 

caused a large positive warp moment to be produced. 

6. In the Truck Sequence Test, where several gage widening trucks were 

adjacent in the consist, large sustained gage widening was produced with 
displacements exceeding 0.5 inch. 

7. In the Truck Sequence Test, when lubricant migrated to the head of the 
high rail, the gage widening diminished because the net truck steering 
moments were once again in the positive direction. 

8. The NUCARS-HAL car model predictions demonstrated that the steering 

moment in the truck could be reversed if the high rail contacted the wheel 
flange and tread simultaneously. The high rail tread contact point pro­

duced a negative longitudinal creep force due to low conicity, and the 

tread longitudinal creep force exceeded that of the flange due to gage face 
lubrication. 

9. The current practice at FAST of providing some lubrication to both the 

high and low rail should prevent the generation of large lateral creep 

forces on the low rail, as long as the lubricant is applied to the head of the 
low rail. 

10. The gage widening behavior observed at FAST could occur in revenue 

service, since two-point contact, low conicity wheels and high rail gage 

face lubrication are often encountered. It is common practice, in fact, to 

grind off the gage comer of the high rail in curves, forcing two-point 
contact, and lubricate only the high rail gage face. 

11. In all tests, the low rail lateral deflections were much larger than the high 

rail because larger overturning moments were applied to the low rail than 

to the high rail. The difference in low and high rail overturning moments 
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was due to the different points of contact between the wheels and rails. 

In general, much large overturning moments will be applied to the low 

rail than the high rail in a curve by a flanging wheel set. 

12. Under conditions of differential lubrication, the tractive effort forces 

generated by the locomotives produced truck turning moments that were 
reacted by large lateral forces at the rails. As a result, gage widening 
displacements exceeding 0.5 inch were produced. The magnitude of the 

lateral gage widening forces was proportional to the tractive effort of the 

locomotives. 

8.0 RECOMMENDATIONS 
1. Severe two-point contact between the wheels of the HAL cars and the 

rails should be avoided by maintaining conformal or single-point contact 
wheel and rail profiles. 

2. The combination of a dry low rail and a high rail with lubricated gage 
face and dry head in curves should be avoided by ensuring the high 

railhead is well lubricated and the low railhead is lightly lubricated. 

3. In curves where gage corner grinding is practiced, the lateral track 

strength should be increased by installing elastic fasteners, rather than 
cut spikes. 

4. Some means of increasing the warp restraint of three-piece trucks, such 

as frame bracing, should be used to reduce the incidences of truck frame 

warping and production of large gage widening forces. 
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