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GENERAL DISCLAIMER

This document may be affected by one or more of the following statements

This document has been reproduced from the best copy furnished by
the sponsoring agency. Itis being released in the interest of making
available as much information as possible.

This document may contain data which exceeds the sheet
parameters. It was furnished in this condition by the sponsoring
agency and is the best copy available.

This document may contain tone-on-tone or color graphs, charts
and/or pictures which have been reproduced in black and white.

This document is paginated as submitted by the original source.
Portions of this document are not fully legible due to the historical

nature of some of the material. However, it is the best reproduction
available from the original submission.
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NOTICE

This document is disseminated under the sponsorship of
the Department of Transportation 1in the interest of
information exchange. The United BStates Government
assumes no liability for the contents or use thereof.
The contents of this report reflect the view of the
contractor, who is responsible for the accuracy of the
data presented herein. The contents do not necesarily

reflect the official views or policy of the Department
of Transportation. This report does not constitute a

standard, specification, or regulation.

The United States Government does not endorse products

or manufacturers. Traded or manufacturer's names
appear herein solely because they are considered

essential to the objective of this report.
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EXECUTIVE SUMMARY

Safety criteria tc prevent derailment or track damage under
high cant deficiency operations were gathered from world wide
sources by the Battelle Memorial Institute?. The criteria were
applied by ENSCO, Inc.l to wheel force measurements of several
modern passenger vrail wvehicles taken during a high cant
deficiency research program of the Federal Railroad
Administration and Amtrak. The vehicle overturning criterion,
which limits the unlocading of the low rail wheel, was found to be
the most restrictive of the vehicle safety criteria. The
overturning safety criterion prohibits wheel unloading greater
than 80% for transient peak occurrences and greater than 60%
steady state. The maximum wheel unloading caused by crosswinds
is to be included. Shown below is the typical wheel unloading
break down for cant deficiency curving for a coach in accordance
with the overturning criterion. Unloading is expressed as a
percent of the static wheel load.

Maximum steady state wheel unloading 42%
Maximum crosswind* effect 18%
Maximum superimposed transient wheel unloading 20%

Minimum safety margin

Q
a0

The maximum cant deficiency satisfying the steady state
overturning criterion for a particular wvehicle with a given
maximum crosswind can be determined analytically from knowledge
of the suspension characteristics, mass distribution and surface

area.

*Calculated in this example at 10 year mean occurrence level of
56 mph at Boston.



However, use of a cant deficiency 1limit based on steady
state weight transfer assumes that there are no track
perturbations capable of causing additional transient wheel
unloadiﬁg greater than 20%. The current practice is to find
curves causing excessive transient wheel unloading experimentally
by direct wheel force measurements or by less accurate
accelerometer approximations. Problem curves would receive slow

orders or extra maintenance.,

The high cant deficiency testing performed{in the past
focused on derailment safety and safety against track panel
movement. However, it 1is possible that curving accelerations
could place standing or walking passengers at an unreasonable
risk of falling within the operating limits of derailment safety.
This paper contains a review of ride quality literature studied
in an effort to separate the purely economic concerns of
acceptabie ride comfort from the safety concerns of unreasonable
risk of falling. Most literature deals with only the former, but
a transit car study by Hirshfieldl® in the 1930's provides
objective experimental data relating the ability of test subjects
on a movable platform to maintain equilibrium in an acceleration
environment. Hirshfeld designed his experiment to study start-up
acceleration rates and irregularities in acceleration of transit
cars, but the results of his measurements of human response can
also be applied to lateral acceleration and jolts at track
perturbations. An important conclusions drawn from Hirshfeld's
experiment is that smooth steady state lateral acceleration even
at elevated levels is easier for passengers to cope with while
walking than the 1likely acceleration Jjolts at track
perturbations. The allowable jolts (peak-to-peak oscillations of
acceleration) in present passenger service are great enough that
most healthy, agile passengers would require a firm hand hold. A
set of passenger ride safety criteria are recommended to prevent
the degradation of ride safety in higher cant deficiency service.

The ride safety criteria attempt to balance an increase in steady
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state lateral acceleration with a decrease in the jolt level to

limit the risk to walking passengers.

The
follows:

a)

b)

c)

d)

£)

ride safety recommendations may be summarized as

Steady state lateral accelerations up to .15g should.
not be considered hazardous unless accompanied by
strong jolts.

Jolt, measured as a peak to peak excursion of lateral
acceleration within a one second window, should be
limited +to .25g during steady state 1lateral
accelerations up to .1 g. It should be further
restricted for higher steady state lateral
accelerations as indicated in figure 1.

The peak lateral acceleration should be limited to the
value estimated as equivalent to the transient weight
vector limit for overturning safety. The limit of peak
lateral acceleration should be considered .3g unless
justified by the especially favorable weight transfer
characteristics of a particular vehicle. The lower
speed as determined by recommendations b) or c¢) should
be observed.

Since curving safety is dependent on the perturbations
peculiar to each curve, a periodic acceleration
measurement at full scheduled speed should be conducted
on a route chosen for high cant deficiency operation.
Bimonthly inspections for the first twe months are
recommended to create quickly a historical data base of
four repetitions. Unless rapid changes are indicated
by the historical database, monthly inspection
intervals should be adapted and used to maintain the
data base of track condition.

Cant deficiency increases rapidly with speed. Tighter
controls on overspeed should be adopted for trains
operating nearer the safety limit.

Convenient hand holds for walking passengers should be
recognized as necessary for present conditions and
receive more design attention in high cant deficiency
vehicles.
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RATIIL PASSENGERS RIDE SAFETY
A. Introduction

Recommended safety and comfort criteria used to evaluate the
performance of high speed passenger trains 1is discussed in
Reference 2, "Criteria for High Speed Curving of Rail Vehicles."
This reference is an ASME paper published in 1979 by F. Dean and
D. Ahlbeck of Battelle Columbus Laboratory. This paper is a
condensed version of Reference 4 "Criteria for the Qualification
of Rail Vehicles for High Speed Curving." Based on this report

and other reference material, a set of safety criteria for use in

" the LRC high cant deficiency test was defined by Ensco, Inc.

These safety criteria are described in Reference 1, "High Cant
Deficiency Testing of the LRC Train, the AEM-7 Locomoti#e, and
the Amcoach." The criteria are based on three derailment modes,
avoidance of permanent track deformation and passenger comfort
censiderations. Derailment modes considered are:

* Wheel Climb
* Rail Rollover

* Vehicle Overturning

The avoidance of permanent track defermation (Track Panel
Shift) 1s based on maximum allowable axle and truck lateral
forces. The vehicle overturning criteria to limit vertical wheel
unloading was found to be the most restrictive derailment safety
limit on modern passenger equipment.

The passenger comfort considerations address the allowable
acceleration levels imposed on the passenger riding in the
vehicle. In éome references, passenger comfort considerations are
referred to as ride quality considerations. The passenger comfort
considerations are usually based on the perceived comfort

"feelings" of seated passengers.
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The steady state and transient lateral accelerations are
known to produce feelings of discomfort for seated passengers at
certain levels, and at a high enough level would threaten the
safety of standing or walking passengers. Acceleration levels
high enough to cause walking passengers to lose balance may océur
at cant deficiencies achievable by modern cars operating within
the bounds of derailment safety. The determination of hazardous
acceleration thresholds is difficult because human balance cannot
be described mathematically in the same way as vehicle
overturning. The variation between individuals is enormous and
the presence of effective hand holds could be the dominant
element in the ride safety records of railroads and transit

systems.

The concept of cant deficiency and the derailment safety
criteria are reviewed in this study. A literature review to
identify the sources of existing ride quality criteria is
presented. The ride quality information is analyzed to attempt
to separate ride safety implications from mere comfort
considerations. The objective of this study is to review the
safety consequences of the ride quality considerations, to review
the interrelationship among various criteria applied to high
speed curving conditions, and to recommend a ride safety
criteria.

B. Cant Deficiency

A section of curved track can be characterized by its degree
of curvature and its cant or superelevation. Curvature is defined
as the change in heading (measured in degrees) per 100 ft of cord
length. Cant is usually measured in inches of height of the high
rail above the low rail. The effective gage of the track (between
wheel treads) is taken at 60 inches. The speed at which a train
can traverse a curve and preduce no net lateral force on the

track is called the balanced speed. The balance speed 1is achieved




when the centrifugal force of curving is balanced by the gravity
force generated by cant. Figure 1 shows this situation. The net
force on the track will be perpendicular to the track structure

when:

M V2/R cos CA - M g sin CA = 0

where M = mass of train (slugs)

V, = balance speed of train (ft/sec)
R = radius of curve (ft)
= 5730/D ,
D = curvature (degrees per 100 ft)
g = acceleration of gravity (32.17 ft/secz)
CA = cant angle (radians)
= E,/60
E, = superelevation (in)

This expression can be solved for the balance speed to provide:

VZ = R g tan CA

For small angles, tan CA is approximately equal to CA when CA is
measured in radians. Using this approximation, the balance speed

is given by:

Vi =R g CA
= (5730/D) (32.17) (E,/60)
= 3,072 E,/D
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This expression can be rewritten to provide the superelevation
for balance speed

=
i

0.0003255 V& D

0.0007000 v%mph D

where meph = balance speed in miles per hour

The concept of cant deficiency is based on this formula. For a
given train speed V and track curvature, the cant deficiency is

defined by:

_ 2
(Ey + Ey) = 0.00070 Vg D

where E,; = cant deficiency or required addition cant
to produce balanced speed conditions

Cant deficiency increases rapidly when the speed increases
above the balance speed. If a train was operating under a 3 inch
cant deficiency limit, the speed limit on a 3 degree curve with 6
inches o©of superelevation would be 65.5 mph. A 10 mph overspeed
would produce a cant deficiency of 6.0 inches or an increase of
100%.

Figure 2 shows the relationship between track curvature and
curving speed for 5 1levels of cant deficiency and a
superelevation of 3 in. Figure 3 is a similar plot for 6 inches

of superelevation.
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Cant deficiency provides an indication of the steady state
lateral force imposed on the track. The lateral steady state

force imposed on the track is related to the cant deficiency by:

Fiae = W Eu/60

where Fp,4 = steady state lateral force generated
‘ the weight of the train W

C. High Speed Curving Safety Criteria

A comprehensive high speed curving safety criteria must
consider both vehicle derailment avoidance and the safety and
comfort of the passenger riding in the vehicle. A review of the
elements of the existing high speed curving criteria are provided
below to show the relationship between elements and the

measurement requirements to apply the criteria.
1. Vehicle Overturning

An overturning type of derailment is addressed by two
criteria. The first is a steady state criterion and the second is
a transient criterion. The concept of the weight vector intercept
(WVI) is used to quantify both criteria. The weight vector inter-
cept is the distance from the center line of the track to theb
point where the resulting force acting on the vehicle crosses the
line connecting the top of two rails. WVI 1is a traditional but
awkward ﬁerm to describe the wheel load reduction of the low rail
wheel operating above balance speed. The definition of weight
vector intercept 1is shown in figqure 4. The distance from the
vehicle vertical centerline to top of the rail head is defined as

30 inches. A weight vector intecept of zero indicates balance




Figure 4,

iﬁ =



- .

speed; a welight vector intercept of 15 inches indicates a 50%
reduction in the load on the low rail wheels. A weight vector
intercept of 30 inches would mean that the lcw rail wheel forces
would be zero and rollover would be impending. The weight vector
intercept is calculated from the measured vertical wheel forces.
The weight vector intercept is calculated for a truck from the

formula given by: °

WwvI= 30 R1f * Ryyp) - (Rpe = Ryy)
(Ryg + Rip) + (Rpg + Rpyp)
where
Rig = vertical force on left front wheel
Rip = vertical force on left rear wheel
R.¢ = vertical force on right front wheel
R, = vertical force on right rear wheel

The vehicle overturning criterion established in the LRC
program allowed a maximum steady state wheel unloading of 60% and
a maximum transient peak wheel unloading of 80%. Both of these
figures include the maximum adverse effects of crosswinds. Under
the worst case conditions assumed in the LRC program for coaches
operating 1in the Northeast Corridor, the crosswind allowance by
itself could equal a wheel unloading of almost 20%. In terms of
WVI, the overturning criterion translates to 18 inches steady
state and 24 inches peak. Test measurements in still air would
indicate 12 to 13 inches steady state and 18 to 19 inches peak
with a wind allowances of 5 to 6 inches.

The 18 inch steady state WVI allowance is divided into two
parts. The first part is associated with effect of wind loading
on the vehicle. To quantify this part, the force generated by the
wind acting perpendicular to the vehicle is used. The formula for

the wind force acting on one half of the carbody is given by:

10
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F, = (S/2) [ m (FV)2/2 ] cy4

where F, = wind force acting on half carbody (lbs)
S = lateral surface area of the whole vehicle (ftz)
m = air density (0.002378 slugs/ft3)
V = wind speed (mph)
Cq = drag cocefficient (assumed value 1)

F = gust factor (usually 1.0 to 1.3)

The value of the wind velocity used in this formula shows
considerable wvariation in the literature. Table 1 summaries the

values used in various references,

The minimum wind speed was used in LRC program but it
appears to be very reascnable based on the vehicle operating
under normal conditions. The other values in Table 1 appear
overly restrictive.

Table 1. Design Wind Conditions

wWind Wind Force
wind Pressure Half Car

Speed Gust (nominal) {LRC Coach)
Source MPH Factor lb(ft2 1lb
Dean and Ahlbeck 75 1.0 15 6,700
NECPO 85 1.1 22 10,500
LRC Report 56 1.0 8 3,700
British 75 1.0 15 6,700
German 6% 1.0 12 5,700

11
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The wind force is assumed to act an height Hcp above the
rail height. The resulting weight vector intercept allowance for
wind effects is given by:

WVI (wind) = 0.0153 F2 v2mph S Hep/W

where
WVI (wind)

weight vector intercept allowance
for wind (inches for track center)
wind speed (mph)

MED e - half weight of car body plus
weight of truck (1b)
F = gust factor
S = lateral surface area of whole vehicle (ftz)
Hcp = height of center of wind force (ft)

The second part of the ailbwable welght vector intercept is
based on standard operating conditions with no wind. Field test
measurements and vehicle simulations should be compared to this
second component of the weight vector intercept specified in the
overturning safety criterion. The overturning criterion may be
summarized by an equation of wheel unloading descriptors in which
the sum of the wind allowance plus-the still air operating limit
equals the incipient overturning condition minus the safety
factor. In the case of the LRC coach in which the wind allowance
is equivalent to 5.5 inches weight vector intercept, The steady

state criterion would be described as follows:

Steady State ' Safety
Wind Allowance Allowance Critical WVI Allowance

5.5 inches WVI + 12.5 inches WVI = 30 inches WVI - 12 inches WVI

The same expression in terms of wheel unloading ratio is:

18.3% + 41.7% = 100% - 40%

12



Tables 2 and 3 summarize the components of the steady state
ana transient vehicle overturning criteria for the wvarious
vehicles investigated in the LRC program report. The wheel
unlocading is presented in terms of weight vector intercept with
the equivalent wheel unloading ratio in parenthesis. A much
lower wind allowance is required by the locomotives because they
are heavier than coaches and present a smaller surface area.,

A major gquestion 1s which of the two criteria will limit the
high speed curving performance of a vehicle. The transient
criterion may impose a lower 1limit than the steady state
criterion on a curve by curve basis depending on track

perturbations. This is not an easy question to answer even from

" test results. In a test, a curve is traversed at a given cant

deficiency, and steady state and transient WVI 1levels are
determined. If these values are below the 1limiting values, the
cant deficiency at which the limits would be encountered has to
be estimated. In the LRC testing, the steady state WVI was
observed to be highly correlated to the cant deficiency. 1In
addition, a simple mathematical model was developed to predict
steady state WVI based on vehicle suspension and inertial
properties. The transient WVI level showed a general level of
correlation with cant deficiency, but some results differed
significantly from the general trend. In most cases, these
results could be attributed to special features in the curve
such as switches, roadcrossings or undergrade bridges. Since test

data for curves showing these characteristics were analyzed at

. only one cant deficiency the estimation of the limiting cant

deficiency based on the transient overturning criteria was
difficult.

The limiting factof on the vast majority of curves is based
on the steady state criterion. Based on maximum allowable speed
of 110 mph (New York-Boston Amtrak route), only three curves were
found where the transient criteria was the limiting factor for

13




Table 2.
Components of Steady State Vehicle Overturning

Criteria in Terms of Weight Vector Intercept (inches)
and Wheel Unloading Ratio (%)

Still Air Incipient

Wind + Operating = Rollover - Safety
Allowance Limit Condition Factor

ILRC Coach 5.5 12.5 30 12
(18.3%) + (41.7%) = (100%) - (40%)

LRC locomotive 1.7 16.3 30 12
(5.7%) + (54.3%) = (100%) - (40%)

Amcoach 5.2 12.8 - 30 12
(17.3%) + (42.7%) = (100%) - (40%)

AEM-7 1.8 16.2 30 12
(6.0%) + (54.0%) = (100%) - (40%)

Table 3.
Components of Transient Vehicle Overturning

Criteria in Terms of Weight Vector Intercept (inches)
and Wheel Unloading Ratio (%)

Still Air Incipient

Wind + Operating = Rollover - Safety
Allowance Limit Condition Factor
LRC Coach 5.5 18.5 30 6
(18.3%) + (61.7%) = (100%) - (20%)
IRC locomotive 1.7 22.3 30 12
(5.7%) + (74.3%) = (100%) ~- (20%)
Amcoach 5.2 18.8 30 12
(17.3%) + (62.7%) = (100%) - (20%)
AEM-7 1.8 22.2 30 12
(6.0%) + (74.0%) = (100%) - (20%)

14




the LRC train. On two of these curves, the transient weight
vector actually exceeded the still air operating 1limit of 18.0
inches. On the third curve it was projected to be the limiting
criteria. For the LRC locomotive, the speed was limited by the
transient criteria on only three curves. In no case was the
transient limit of 22.3 inches weight vector intercept exceeded
during testing. In all cases tested, the Amcoach speed on a curve
was limited by the steady state criteria based on the projection
scheme used in the LRC report.

The AEM-7 was run over a different test zone than the rest of
the vehicles because of the need for electrification. A 4.7 inch
cant deficiency limit was projected on one curve with a rough
switch which was tested at only 1.5 inches cant deficiency. The
transient wvehicle overturning criteria did not 1limit any other
curve in the Washington-New York test zone below 7.4 inches cant

deficiency. Table 4 presents the results from the LRC testing.

Table 4.

- Cant Deficiency Limits
(Results of LRC Test Program)

Steady

State Transient

Limit Limit#*
LRC Coach g9.3" g.7"
LRC Locomotive 12.2" 10.6"
Amcoach 8.3" > 8.3"
AEM-7 10.5" 4.7"

*Based on the single worst curve in the test zcne.

15
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An observation from the LRC testing is that when the
transient WVI is the limiting factor a significant transient is
usually observed in the lateral acceleration level. If a lateral
acceleration always occurs when the transient overturning
criterion is the limiting factor, a linkage between the transient
overturning criterion and ride quality might be determined. This
would be advantageous since it is much easier to measure lateral
acceleration in a vehicle than to measure wheel/rail forces. The
steady state overturning criterion can be applied based on track
curvature, superelevation and vehicle characteristics, because
steady state welght transfer can be mathematically predicted on
perfect track. The extra safety factor included in the steady
state criterion is .meant to account for the effects of typical
track perturbations. The few curves limited by the <transient
overturning criteria presumably contained perturbations more
severely affecting peak wheel unloading.

2. Rail Rollover

A rail rollover type of derailment occurs when the outside
rail is rotated with the head of the rail moving to the outside
of the curve. The criteria to prevent rail rollover is based on
the total truck forces on the high rail and is expressed in ternms
of the total lateral tec vertical force ratic on the outside rail.
The expression is given by:

Peak truck L/V < [0.5 + 2,300/P for T> 50 msec

wl

Peak truck L/V < 0.133 (0.5 + 2,300/p,] T~0-728

for T< 50 msec

where P, = nominal vertical wheel load

lé



Application of this criterion is based on knowing the
magnitude of the wheel lateral and vertical forces. This usually
means instrumented wheels must be used in testing. During the LRC
program the maximum truck L/V ratio measurements were about half
the limiting values. Mocdern passenger vehicles with two axle
trucks were operated up to 15 inches cant deficiency in this
program, and it was observed that the increased vertical lcad at
high cant deficiency tended to balance the increased lateral

forces.
3. Lateral Track Shift

The lateral track shift criterion 1is related to the
prevention of permanent lateral movement of the ties relative to
the ground. The criteria for track shift has two parts. The first
part addresses the axle lateral force and the second part
addresses the truck lateral force. The criteria for part 1 is
based on limiting the lateral axle force to:

Fpay(axle) = .61P + 5,800 - 0.00128 S (F V)2
where

Foax (axle) = maximum axle lateral force (1b)

ma
P = nominal axle vertical force (1lb)

S = lateral surface area of vehicle (ft2
V = wind speed (mph)
F = gust factor

The criteria for part 2 is based con limiting the truck 1lateral

force to:
Frax(axle) = 0.7N [.61P + 5,800 - 0.00128 S (F V)2]
where N = number of axles per truck

Table 5 shows limiting truck and axle loads.
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Table 5.

Limits for Truck and Axle Loads (1b)
Set by Lateral Track Shift Safety Criteria

Nominal

Axle Lateral Ioad Limit

Load AXle Truck
LRC Coach 26,400 18,200 26,900
LRC Locomotive 62,700 41,300 58,900
Amcoach 26,100 18,600 27,300
AEM-7 49,500 34,000 48,400

The maximum lateral truck forces measured at the most severe
curves during the LRC test program were less than 65% of the
maximum set by the track shift safety criteria for the above

vehicles,
4. Wheel Climb

The descriptor for wheel climb derailments is the wheel L/V
ratio. The criterion is based on limiting the L/V ratio to:

I/V < 0.056 T-9:227 for T < 50 msec

L/V < 0.90 for T > 50 msec
where
L = lateral force at wheel/rail interface
V = vertical force at wheel/rail interface

T = time duration above force level

The lateral forces generated by the wind are not included in
this expression. The experience from the LRC program is that
wheel L/V ratios of modern passenger vehicles remain belcw about
0.5 during high cant deficiency curving. Higher L/V ratios were

measured at switches in high speed low cant deficiency curves.
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5. Ride Comfort

The ride comfort or ride quality criteria limits the
acceleration levels to which the passenger is exposed. For high
speed curving, two criteria are used. Both are based on measuring
the 1lateral acceleration at the floor 1level of the vehicle.
Figure 5 shows a typical time history of the lateral acceleration
for cant deficiency operation and very good track geometry
conditions. The average level of lateral acceleration in the
body o©f the curve 1s called the steady state lateral
acceleration. The ride quality criteria from the Dean and Ahlbeck
paper for steady state lateral acceleration is 0.1 g's. The
average slope of the acceleratipn during the entry and exit
spiral is called the spiral jerk. The units of spiral jerk are
g's/sec. The ride quality criteria from the Dean and Ahlbeck
report is 0.04 g/sec. Table 6 from the Dean and Ahlbeck paper
show ride quality values specified used by various organizations.

Table 6.

Ride Quality Parameters

Spiral
: Lateral Jerk
Organization Steady State Remark
BR 0.074 0.042 50% satisfied
AAR 0.100 0.030 50% satisfied
JNR 0.080 ¢.040 90% satisfied
OHSGT 0.080 0.030
SNCF 0.150 0.100
DB 0.066 - Max. speed 124
0.031 - Max. speed 186

The LRC experience suggests that the relationship between
cant deficiency and steady state 1lateral acceleration can be
predicted from a simple mathematical model. The input parameters

for the model can be determined from published vehicle geometric
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and suspension characteristics or calculated from suspension
deflections during a static lean test. A static lean test is a
test where the vehicle 1is parked on track with high
superelevation and the movement of the suspension elements and

carbody are measured.

Table 7 contrasts the vehicle overturning safety limits of
several vehicles tested during the LRC Program to the cant
deficiencies at which they reach the AAR ride comfort criterion
of 0.1 g steady state lateral acceleration., As mentioned before
the transient limit of the AEM-7 was at least 7.4 inches weight
vector intercept at but one curve in the Washington-New York test
zone. The locomotives are included in the table as examples of
known vehicle behavior although they are not involved in the
passenger ride safety issue. Clearly the 0.1 g steady state ride
comfort criteria is much more restrictive than the derailment

safety criteria for the non-banking equipment. Even at 0.15 g

Table 7.

Results of LRC Test Program
Cant Deficiency Limits for Vehicle Overturning

Cant Deficiency Limits
for Vehicle Overturning

Steady Cant Deficiency
State Transient at.lg** at .1lsg
Limit Limit Steady Steady
(in) (in) State State
LRC Cocach
(banking) 9.3 8.7 ) 9.5 12.0
LRC Coach
(nonbanking) 9.3 8.7 4.0 6.0
LRC Locomotive 12.2 10.6 5.0 7.5
Amcoach 8.3 > 8.3 4.0 6.0
AEM-7 10.5 4.7 5.2 7.6

*Based on single worst curve in the test zone.
**AAR Ride Comfort Criterion
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the steady state ride comfort criteria would remain more

restrictive than the derailment safety criteria.

The relationship between ride comfort and ride safety must
be made wisely. Reliance on steady state measurements emphasizes
the advantage of tilt equipment. However, transient lateral
accelerations imposed on passengers at track perturbations may be
the greater hazard, and tilting does not reduce transient jolts.
Track perturbations were also the reason why the transient
vehicle overturning criterion set a lower cant deficiency limit
than the steady state criterion at several curves in the cited

test results.
D. Ride comfort/Safety Research

Two studies conducted in the early 1950's, one by a joint

committee of AREA® and AAR and one by the Track Committee of the

Railway Executives of British Railwaysle, established ride

gquality standards for rail vehicles.
1. British

The objective of this study was to establish limits (based
on comfort and safety considerations) for:
* the maximum permissible cant

* the maximum rate (with respect to time)
of gain and loss of cant

* the maximum permissible cant deficiency

¥ the maximum rate of gain and loss of
cant deficiency

* the steepest permissible cant gradient

In a preliminary set of tests, the engineers were seated or
standing, facing forward in a vehicle which accelerated at a

constant rate. Initial runs were made with an electric train and
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a second series conducted in a trolley bus. The results of
testing were to establish 3.5 ft/sec2 (0.11 g's} as the
limiting acceleration level from train operations and 4 ft/sec2
(0.12 g's) from the trelley-bus operations. Note that facing to
the inside of a curve during curving with a cant deficiency
results in a similar feeling of constant acceleration.
A more extensive series of tests were conducted in October
of 1949. This test series consisted of 3 runs over a series of 52
curves. The speeds were 30 mph, 40 mph and 45 mph. The 12
members of the Track Committee and one other observer rated the
ride according to the scale shown in Table 8. The results of this
experiment were analyzed to determine the relationship between
track cant deficiency and a Ride Index. The averaged results are
plotted as shown in Figure 6. The abscissa of this curve is the
"cant deficiency of the track. Tests were conducted to relate the
cant deficiency of the track and the cant deficiency of the
coach. The difference is the rotation of the carbody towards the
outside of the curve. The cant deficiency referred to in the LRC
Program and in most other literature is track cant deficiency
which 1is not a function of vehicle properties. For the coach
used in the test, the rotation of the carbody corresponded to a
loss of cant deficiency of 1.8 in for a 6 inches track cant. This
indicates that the vehicle would have a carbody roll angle of 1.8
degrees when operating at a 6 in cant deficiency. The 6 degrees

of cant deficiency is equal to a lateral acceleration level of:

Table 8.

Sensation Numbers Adopted
(Ride Index Number)

Nothing noticed

Just noticeable
Noticeable

Pronounced

Very pronounced but not
at all uncomfortable
Strong and slightly
uncomfortable

6 Rather uncomfortable

WP O

811

23




- “
1 - T T
\YR ! _ o
ML ! T
T
v |2 . 4 - | o] [ Wz
e _ ‘. nr ~ n
- = Q
R ol A M. Bt
X - Mm M
L 11 - * p B - i
- . [0}
: PR 1] 2
a]* MR 'k H
e ﬂl - . (L] ‘ - o "
- 4 i8]
r -4 1 - LaQ
: :
a°- M = = u
] TNz . e le]
N | . m 28
-
f : : o i
n.‘......,v m m >0
- % U}
- U
4 T3
- o O
O H N
b o
- T b - Q
T O
" prys s -~ Z
el =
0
h
4
- ™ - ~ ™ - - - - - - ] .l 4 =3
VRSMNN NOLLYSNDE BDYNIAY YHHNN NOWYINIE OVYAY o
-
=]



Aja¢ (g's) = (Ey/L)( 1 + DPG/57.3)
; DPG = 1.8/[(6/60 )]
- DPG = 18 degrees per g

where Aj, ¢ = lateral acceleration in g's-at the carboedy floor

E, = cant deficiency measured in inches
- L = track gage = 60 in
DPG = degrees of carbody roll per g of lateral lcad

For the vehicle used the relationship between cant deficiency and

lateral acceleration measured in g's is given by:

Ajae (g's) = .022 E, ( in)

The conclusions drawn from the cant deficiency test and the
reasons for these conclusions are best expressed by quoting the
report:

Results "show that discomfort was not
experienced until the deficiency in cant reached
as much as 7 inches and, in this respect, the
results of the trails in North Wales confirm
very satisfactorily those obtained from the
preliminary tests. It is recognized, however,
that standing passengers would experience
discomfort at deficiencies of less than 7 inches
and that passengers who were trying to walk
along corridors or through luggage vans would be
unconvinced at even smaller cant deficiencies.
It is also recognized that the curves for which
a greater permissible cant deficiency would be
most desirable were the sharper ones; in these
cases a small increase in speed would increase
appreciably the cant deficiency and the lateral
thrust, and result in increased maintenance and
shorter life of track. At the same time, the
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sensations of discomfort would be increased
perhaps even more than cant deficiency.
Consideration alsc had to be made of the ability
of rail fasteners to withstand indefinitely the
lateral thrusts which would be imposed on them
when the fastest trains were running regularly
at speeds associated with appreciable cant
deficiencies, and the problem ¢f maintaining
good alignment. In the end, these two items
influenced the Committee perhaps more than any
other because, apart from a few abnormal cases
where exceptional circumstances justify the
frequent renewal of track, reasonably long life
of the track is essential for reason of economy.

The Track Committee therefore decided that
3.5 inches cant deficiency, corresponding to
sensation No.2 (noticeable), was the maximum
which should be tolerated in the design of
curves in the more important and better
maintained lines...

In turnouts, transitions cannot often be incorporated so that
the entrance directly cnto a circular curve imposes a sudden
lateral thrust on the passenger, the vehicle.and the truck. The
Committee, therefore, felt that it was not desirable to eXceed
2.5 inches cant deficiency in these cases. | '

In deciding on these figures, the Committee made allowance
for drivers' errors in estimating their speeds where restrictions
exist. "...The Committee also decided to make the permissible
cant deficiency a function of cant. In the cases of the more
important lines the maximum permitted deficiency decreased by a
straight-line law from 3.5 inches at zero cant to 2 inches at 6
inches (maximum) cant..." _

During the testing the ride was also evaluated based on the
time rate of change of cant deficiency. The recommended limiting
value was 2.25 inches per sec. Based on the relationship between
cant deficiency and lateral acceleration, this 1s equal to 0.05

g/sec when the motion of the carbody is taken into consideration.
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Table ¢S

Summary of Results

Units Limit Desired
cant in 6.00
Rate of gain/loss of cant in/sec 2.25
Cant deficiency in 3.50/2.0%%
(class A* and B)
Cant deficiency in 2.50/1.0%% 1.5
(class C and D)
Rate of gain /loss of in/sec 2.25
cant deficiency
Cant gradient in/in 1 in 300 1 in 450
Steady state lateral
~ acceleration g's 0.08
Spiral jerk g's/sec 0.05

*A is the highest quality track.

**The maximum cant deficiency was limited based on the amount of
superelevation. For class A and B track, the permitted cant
deficiency was decreased by a straight line law from 3.5 in at
zero cant to 2.0 in at 6 in of cant deficiency and for class C
and D from 2.5 in for zero cant to 1 in for 6 in of cant
deficiency. :

Table 10
AAR Ride Index

. Lateral
Definition Ride Index Acceleration
Not perceptible 0 to 1 0.00 to 0.04
Perceptible 1 to 2 0.04 to 0.11
Strongly Noticeable 2 to 3 0.11 to 0.19
Uncomfortable 3 to 4 > 0.19
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2. AAR/AREA
The objectives of this study6 were to:

* recommend permissible speeds on curves
* recommend the lengths of curves for passenger comfort

* establish clearance requirements on curves

Based on more than 30 observers, 300 curves and tests on two
railroads, a relationship between the steady lateral acceleration
on the floor of the carbedy and a Ride Index was determined. A
curve, called the Master Curve (see Figure 7) was established to
define this relationship. The Ride Index is defined in Table 10.

The limiting level of lateral acceleration of 0.1 g's was
selected based on the transition from the "perceptible" level to
the "strongly noticeable" level with some consideration for
scatter in the base data. )

This program had the advantage of using 11 different
vehicles in the test program. This c¢learly allowed the
relationship between 1lateral acceleration and track cant
deficiency to be investigated. Operating under a given level of
cant deficiency, the carbody roll angle varied by a factor of 3
between the "best" to the "worst" car. Characterizing the test
vehicles in terms of degrees per g (DPG), the vehicles showed a
range from 48 tco 18. Based on the 0.1 g limit on lateral
acceleration, the limiting cant deficiency as a function of DPG

is given by:

.1

I

(E,/60) [1+DPG/57.3]

Ey, = 6/(1 + DPG/57.3]

For the vehicle with a DPG =48, the limiting cant deficiency
is 3.2 in. For the vehicle with a DPG = 18, the limiting cant
deficiency is 4.6 in. The level of DPG = 18 would appéar to the
practical lower limit on roll characteristics of a rail vehicle.
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The value of spiral jerk was based on the British work and
set at a conservative 0.03 g/sec. Based on this limit, the minimum
length of a spiral was established. The equation for the spiral
length is given by

Lmin = (B1a¢/.03] V
where

Laipn = Minimum spiral length in feet

A steady state 1lateral acceleration
lat ;
in body of curve g's
V = vehicle speed in ft/sec

For a maximum lateral acceleration of 0.1 g's, this expression

becomes:

Lpin = 4-88 Vpon

This is the expression for the minimum spiral length used by AAR

since 1963. This expression is very sensitive to the allowable

jerk level. A less restrictive value of 0.04 would reduce the
spiral lengths by 25% and a value of 0.05 g's would result in 40%
reduction.

3. Spiral Length

From the very early 1900's to 1965, AREA used a rule for the
minimal spiral length give by:

Lmin = 1-17 E4 vmph

This formula is based on 1limiting the rate of change of
superelevation to 1.25 in/sec.

In 1965, AREA adopted the formula:

Lpin = 1-83 Ey Vmph
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This formula was based on a spiral jerk of 0.03 g/sec. The

expression can be derived from:

T = L/V
Ajae = Ey (1 + DPG/57.3)/60

where T = time in spiral, sec

L = length of spiral, ft
V = vehicle speed, ft/sec
Ajat = lateral acceleration in body of curve, ft/sec2
DPG = Degrees of roll per g of lateral loading

For jerk rate of 0.03 g's/sec, we have:

.03 T = Alat

L=VE, [1+DPG/57.3]/(60 x .03)
0.814 (V 60/88) E, [ 1 + DPG/57.3]
0.814 V E, [ 1 + DPG/57.3]

mph

For a worst case vehicle DPG = 57.3 and the equation becomes:

L =1.63 vmph E,

For a modern coach with a .DPG of abocut 20 degrees per g, this

equation becomes:

(
I

0.814 Vpop Ey [ 1 + 20/57.3]
1.34 V

mph Ey

This represents a 18% reduction in spiral 1length based on a

modern coach.

If the allowable jerk was increased to point 0.04 g/sec, the

equation would beccome
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This represents a 36% reduction in spiral length compared to the
present AREA formula.

4. Transit Car Acceleration Experiments

A report entitled "Disturbing Effects of Horizontal
Acceleration" was published in 1932 by the Electric Railway
Presidents' Conference Committee. The author was C.F.Hirshfeld.
The following paragraph was taken from the report:

"Demand upon the part of the pubic for ‘'increased
agility' in street cars undoubtedly arises through
comparisen with the performance of the modern
automobile. If the public is to be fully satisfied
with rail transportation, the car must at 1least
approach the performance of the automcbile in ability
to hold its place in traffic, But, the automobile
passenger 1is seated and in an ideal position to
resist the forces of horizontal acceleration, while
the street car must transport many passengers in a
standing position in which they are much less capable
of resisting these accelerating forces. The tolerance
of standing passengers to such forces has become,
therefore, a very vital factor in street car design
and operation."”

The study addressed the ability of the standing passenger to
maintain equilibrium while standing in a cart which was

accelerated élong a track. The acceleration level of the cart

-could be closely controlled. The subjects were ask to stand in

the center of the cart with their feet as shown in Figure 8.
There was a switch put under the toe of the front foot and under

‘the heel of the back foot. Motion of either foot was detected by

the switch opening. Many types of acceleration time histories
were used 1in the study. For the purpose of the present
application, the acceleration time histories shown in Figure 9

was selected.
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Figure 8. Standing Position in Hirshfeld Tests_
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Figure 9. Acceleration Time Histories in Hirshfeld Tests
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The results of the tests for the starting method A (figure
9) are shown in Figure 10. This plot shows the percentage of
passengers maintaining equilibrium as a function of the
acceleration level attained. Two curves are plotted, one for a

'lgvel of 0.046 g's/sec and one for 0.077 g's/sec.

Although these graphs were generated for passengers facing
forward in a car accelerating on tangent track, they can' also
represent standing passengers facing the windows on the low rail
side of a car curving above balance speed. Experiments
describing the experience of passengers facing the opposite way
indicated at 20% loss in equilibrium ability. The most common
posture of passengers standing in a curving train is to be facing
forward or backward which is analogous tc facing the side in the
experimental apparatus. Those experiments showing a 15% increase
in ability to maintain equilibrium relative to the data shown in
figure 10 without optimizing the foot positions. Experiments
with passengers facing forward in the experimental apparatus
holding onto straps or stanchions showed increased equilibrium
abilities of 40% to 64%, and Hirshfeld speculated that even
greater increases would have been likely had these passengers
been facing the side of the experimental apparatus.

Hirshfeld designed these experiments to indicate the ability
of passengers to maintain equilibrium under steady state
acceleration, but he used a gradual increase in acceleration for
the sake of experimental practicality. He reported similar
results for experiments with acceleration increasing between 0.03
g/sec to .2g/sec. It is a coincidence that the entire range of
likely spiral jerk rates is included in the lower end of the
test arrange. It is significant that rates of change of
acceleration in this range where not associated with loss of
equilibrium. Only the absolute value of acceleration was
considered to cause loss of equilibrium. Therefore, spiral jerk
may not be important in determining ride safety.

Hirshfeld was also concerned with the effect of sudden
spikes 1in acceleration caused by motor characteristics of

contemporary transit cars. These acceleration spikes are
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analogous to the lateral acceleration spikes at track
perturbations in the case of curving. The passengers were facing
the axis of the acceleration in Hirshfeld's experiments
summarized in table 11. Presumably about a 15% improvement in
equilibrium response would have occurred had the passengers been
subjected to a lateral acceleration spike. The duration of the
descending acceleration was about .25 sec, and many experimental
subjects lost balance under quite small spikes. Hirshfeld
indicates that equilibrium would not be lost as easily if the
duration of the spike was shorter. He concludes that the key to
using starting accelerations of .l4g or better in transit cars is
to reduce the spikes in the acceleration.

Table 11

Results of Method J Acceleration Tests
Results for Standing Passengers

Negative Percentage of Tests in
Acceleration Which Equilibrium
Spikes, gq's Maintained
.03 to .06 100
.06 to .09 50
.09 to .12 40
.12 to .14 20
.14 and more 0

5. Highway Design Approach

The design of highway curves presents a similar design
problem to the design of curves for rail vehicles. The design
procedure for horizontal alignment is defined in the text as "A
Policy on Geometric Design of Highways and Streets." This is a
publication c¢f the American Association of State Highway and
Transportation Officials (AASHTO). The model for the highway
approach 1s shown 1in Figure 11. The side friction factor 1is
related to the concept of cant deficiency. The maximum side
friction allowed is a function of the design speed and has been
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Figure 11. Side Friction Factor
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established based on driver feeling of discomfort due to lateral
acceleration. Figure 12 shows the results of several studies to
determine limiting values of side friction force. The first point
to notice is that the allowable side friction force tends to
decrease with increased speed. The curve marked "assumed for
curve design" is used for the AASHTO design. The maximum design
speed valueﬂshown is 70 mph, which corresponds to a level of .1
side friction factor. The side friction factor would be equal to
the lateral acceleration measured in g's if an automobile did not
roll during high speed curving. Including the roll of the
vehicle, the estimated lateral acceleration corresponding to a
side friction factor of .1 is 0.12 g's.

Highway agencies use a ball-bank indicator (see Figure 13)
to check designs and to set safe speeds on curves. The ball-bank
indicator consists of a curved sealed glass tube and steel ball.
The ball rolls in the 1liquid filled tube which is marked in
degrees. The ball-bank indicator measures the combined effects of
carbody roll, centrifugal force and roadway superelevation. The
ball-bank indicator reading and ﬁhe amount of carbody roll are
used to calculate the side friction factor.

o = Ball bank indicator angls,
P - Bady roll angle,

L = Centifugsl force angle,
g = Supersiewtion angie

A = & -

Figure 13. Ball-Bank Indicator.
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€ are shown in

Results of a series of experiments by Ritchiel
Figure 14. In these experiments, drivers were allowed to

determine their own limit of lateral acceleration.
E. Discussion of Ride Safety Criterion

A ride safety consideration should be based on providing an
environment in which the passenger can move about the vehicle
safely. A ride safety criteria must therefore take into
consideration the ability o©f the passenger. Abilities of
passengers are expected to vary greatly. The approach taken in
this paper is based on an average 'passenger" standing or
walking. No special consideration is given for passengers with
special difficulty maintaining their equilibrium. A passenger who
has difficulty in maintaining equilibrium would be provided a

safe environment by remaining in a seated position.

With the exception of the transit car experiments, the ride
quality information available was developed in the context of
ride comfort and perception and track maintenance. The
perceptions of the cited automobile drivers also appear to be
most influenced by the consequences of potential accidents since
the acceptable lateral acceleration declines rapidly at highway
speeds.

The ride safety issue should be kept distinct from the
ride quality economic issues. Many passengers may prefer the
ride quality of slower trains, and high cant deficiency curving
may increase the costs of track maintenance. A legitimate ride
safety requirement should protect the public from unconscicnable
risks. It should not casually prevent innovation in service by
railroads even if some innovations are sure to be rejected by the
public as poor tradeoffs between comfort and time saving.

Hirshfeld's transit car acceleration experiments offer an
objective basis for considering ride safety criteria. He was
concerned with longitudinal rather than lateral acceleration, and
experiments with his subjects standing sideways correspond most
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Figure 14. Results of Ritchie Experiment
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closely with passengers passing through intercity cars in curves.
His objective for determining loss of equilibrium was the
subject's need to readjust the position of his feet. This is a
vastly superior test criteria compared to asking subjects for a
rating from 1 to 10, but it is very conservative in quantifying
the danger of falling. The need to readjust foot position
implies falling only in the case of a person whose agility is too
impaired for normal movement, and the availability of a hand hold
was shown to increase the ability to maintain standing
equilibrium by about 50%.

The typical person at risk of falling in an intercity coach
is walking in the aisle. Since the act of walking can be viewed
as a series of losses of equilibrium, it is reasonable to expect
that the foot movements and balancing feats necessary to walk
naturally fulfill some of the reguirements for regaining
equilibrium in the presence of guasi-static lateral
accelerations.

Figure 10 indicates that about half of the standing subjects
in the transit car experiments would require_moving their feet to
regain balance at .15g gquasi-static lateral acceleration if they
were facing the low rail windows. About 40% of standing
passengers facing the aisle would require movement to regain
equilibrium because of the better lateral stability of a standing
person. If these people were walking, it 1is 1likely (but
speculative) that they would not require any further movement to
avoid falling even without recourse to hand holds. It would
appear, then, that most people could walk a straight line along
the center of a car, empty of seats and luggage railings, curving
at six inches cant deficiency. Of course, casual train riding
experience tells the reader that this scenario is ridiculous.
Even a healthy agile person would want to walk near the wall to
brace himself against the irregular jolts he expects at most
curves. If the car were parked on six inches crosslevel (causing
the same steady state lateral acceleration) he would not fear
walking along the center although he would feel awkward; but he
would not take the risk in a moving car.
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The point of describing the empty car ekample is to suggest
that even elevated smooth steady state lateral accelerations do
not pose as great a risk to passenger safety as the Jolts
encountered in service now. A definition of 3Jjolt and a
comparison between recent ride guality measurements of the
(French-built) Amtrak RTG train and the Hirshfeld acceleration
spike experiments will be introduced to make the same point mere
scientifically. The .15g steady state example level was chosen
to include the operation of most coaches at around 6 inches cant
deficiency. A ride safety requirement below that 1level would
have the effect of requiring tilt equipment for meaningful
increases in cant deficiency. But if the jolts are a greater
safety concern than steady state acceleration, ride safety would
not justify favoring tilt equipment at moderate levels of cant
deficiency. If jolts are the issue, a jolt critericn should be
presented directly. Tilt equipment has no inherent advantage in
protecting passengers against jolt, and jolts have the potential
to cause control difficulties in tilt equipment. However, at
very high cant deficiency the 1lower steady state lateral
acceleration provided by a tilt coach may‘be required to enable
passengers to endure the additional jolts at perturbations.

On a very smooth curve, the lateral acceleration would build
up slowly (at a spiral jerk rate of .03 g/sec to .05 g/sec under
present ride quality standards) and remain constant in the body
of the curve. The smooth increase warns the walking or standing
passenger to assume a stable posture. An agile person would
merely increase the distance between his feet slightly to improve
balance and a feeble person would find adequate stability by
using a hand hold. A ride safety requirement limiting steady
state lateral acceleration below .15 g is not recommended in view
of the ease of passengers in adjusting themselves, if necessary,
to curving events of short duration. The most sericus effect of
elevated steady state lateral acceleration may be to make it more
difficult for passengers to endure additional unexpected Jjolts,
but a jolt criterion is the proper mechanism to address jolts.
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The term 'jerk' is reserved to mean the low frequency
{approx.«O.l Hz) build up of acceleration in spirals, and it has
been referred to in this study as spiral jerk to avoid ambiguity.
The Hirshfeld experiments'indicate that spiral jerk is not a ride
safety issue for track designed to the conventional 3 inch cant
deficiency rules even for trains running at higher cant
deficiency. Hirshfeld considered accelerations increasing at
greater than 0.1 g/sec to adéquately represent steady states, and
the responses of the human subjects were relatively invariant
between .01 g/sec and .l g/sec. No ride safety criterion is
required for spiral jerk.

Hirshfeld measured the effect of "negative" acceleration
spikes in his "method J" tests, and this paper attempts to apply
his findings to spikes 1in 1lateral acceleration at curve
perturbations. Spikes in thelbody of the curve are usually
"positive" and result in about a 25% overshoot on the trailing
edge. The increasing and decreasing slopes of lateral
acceleration jolts have about the same time duration as the
Hirshfeld experiments (figure 9), and they roughly approximate
the mirror image of the Hirshfeld experiment. Spikes at the exit
of curves are frequently more oscillatory and have a larger time
duration. Tables 12 and 13 present the measurements of steady
state and peak accelerations and acceleration spikes, occurring
in the RTG power car running at between 3 to 6 inches cant
deficiency between Boston, MA and New Haven, CT.

Hirshfeld referred to the acceleration spikes in his

experiment as 'Jjerks', contributing to the ambiguity of that
term. The term jolt has been adopted in this paper to mean
higher frequency (approx. 2 Hz) perturbation "jerks." Tables 12

and 13 describe jolts encountered on a typical high speed
passenger route in terms of a rate of change of acceleration with
a time duration and also as a peak to peak measurement. Except
for the occasional oscillatory acceleration trace at spirals,
most of the acceleration spikes had durations between .2 and .3
sec. Hirshfeld noted that spikes with smaller time durations
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West-

bound

Curve
No.

24
25
26
45
46
50
52*
53
66
70
71
72
73
79
86
88
90
100
101
106
107
109
110
111
113
115
120
126
127
134
137
141
142

Table 12

Lateral Acceleration in Westbound Curves, NEC
Boston-New Haven Measured in RTG Train at 3 to

Steady
State Peak
.13 .20
.14 .22
.11 .28
.07 .15
.11 .18
<11 .25
.11 .38
.08 .14
.13 .17
12 .18
.11 .16
.14 .21
.12 .18
.15 .25
.14 .22
.10 -18
.10 .16
.12 .16
.14 .26
.12 .18
.10 .20
.08 .23
.12 .19
.08 .14
.12 .20
.09 .16
.15 .25
13 .24
.11 .20
12 .18
.13 .27
.13 .16
.12 .18

6 Inches Cant Deficiency

Lateral Accel-
eration g's

Jolt

Peak-Peak

a's.

.14
.19
.28
.18
.08
.25
.38
.10
.10
«10
.10
.17
.09
.19

26
112

.08
.10
.14
.10
.10
.21
<12
.10
+15
.16
.22
.18
.14
.11
.28
.07
.14

Slope
of Jolt
Jolt Duration
d's/sec sec
.50 .20
1.00 .15
1.40 .20
.45 .40
.40 " .20
1.00 .25
1.90 .20
.25 .40
.66 .15
.66 .15
.12 .80
.85 .20
.45 .20
1.30 .15
.50 .b0
.60 .20
.28 .30
.40 .25
.70 .20
.10 .10
1.00 .20
1.40 .15
.60 .20
.40 .25
.30 .45
.30 .50
1.10 .20
.90 .20
.50 .30
.45 .25
1.40 .20
.35 .20
.35 .40

*Limited by estimated transient wheel unlocading
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Subjective
Character-
ization

Average
Average
Harsh
Rough
Smooth
Harsh
Very Harsh
Average
Smooth
Smooth
Smooth
Average
Smooth

Rough

Harsh Exit
Average
Very Smooth
Very Smooth
Rough

Very Smooth
Reough
Harsh
Smeoth
Average
Average
Average
Rough
Rough
Average
Average
Harsh

Very Smooth
Rough



Table 13

Lateral Acceleration in Eastbound Curves,
New Haven-Bostcon Measured on RTG Train at 3 to

East- Lateral Accel-~
bound eration g's
Curve Steady
No. State Peak
143 .14 .21
142 .12 .20
141 12 .18
137=* .14 .34
134 .14 24
127 .14 .24
126 «.12 .30
122 .14 .30
121 .12 .24
120 «15 .20
118%* .14 .38
116 .12 .18
113 .12 .21
112 .12 .26
111 .12 .20
110 .10 .18
109 .12 .22
108 12 .18
107 .10 .18
106 .11 .17
105=* .12 .38
101 .14 .30
100 .10 .19
S8 .14 « 30
75 .13 .22
71 .10 .28
70 .14 .29
68 .11 .20
67%* .13 .33
66 .10 14
64 .11 17
63 .10 .30
52% .11 54
50 .11 22
46 P .16
37 .08 .12
28 <11 .18
26 .10 .16
24 .09 .15

Jolt
Peak=Peak

gq's

.13
.26
.12
.37
.20
.26
.24
.25
.20
.10
.38
.18
.18
.26
.15
.13
.20
.10
.16
.13
.40
.29
.13
.25
.17
.24
.30
.15
.32
.08
.22
.30
.49
.22
.08
.06
.14
.08
.08

6 Inches Cant Deficiency

Slope
of
Jolt

q's/sec

.35
.52
.60
1.50
.50
.52
1.20
1.00
1.00
»33
1.90
+90
.90
1.30
.60
.52
1.00
.50
1.00
<43
2.00
.60
.40
1.25
.85
.98
1.50
.50
1.10
.41
.44
1.00
2.45
.70
.40
.30
.94
.40
.20

Jolt
Duration
sec

.40
.50
.20
.25
.40
.50
.20
.20
.20
.30
.20
.20
.20
.20
.25
.25
.20
.20
.15
.30
.20
.50
.25
.20
.20
.25
.20
.30
.30
.20
.50
.30
.20
.30
.20
.20
.15
.20
.40

*Limited by estimated transient wheel unloading.
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NEC

Subjective
Character-
ization

Average
Harsh
Average
Very Harsh
Rough
Rough

Harsh
Harsh
Rough
Smooth
Very Harsh
Average
Average
Harsh
Average
Average
Rough
Smooth
Average
Smooth

Very Harsh
Very Harsh
Smooth
Harsh
Average
Rough

Harsh
Average
Harsh
Smooth
Average
Harsh

Very Harsh
Rough

Very Smooth
Very Smooth
Average
Very Smooth
Very Smooth



than he used would cause less disturbance to passengers, but the
results in table 10 were generated with a spike duration typical
also of curving perturbations. It should also be assumed that a
person facing the direction of the aisle would maintain
equilibrium at about 15% greater accelerations than shown in
table 10 because a perscn is more stable under lateral than
longitudinal acceleration. The peak to peak measurement will be
taken as the standard unit of 3jolt because it is the mnmost
convenient measurement, because it includes the effects of both
rate and duration and because it allows a comparison with
Hirshfeld's experimental results.

A subjective characterization cf the acceleration traces of
each curve is also given in tables 12 and 13. The subjecfiqe
characterization generally relates to the degree of geometric
perfection of the curve as experienced by the car.. Very smoocth
curves contained: no perturbations which disturbed the measured
car while very harsh curves contained perturbations causing
abrupt significant lateral motions of the carbody. Curves rated
as average were typical of the route.

Allowing for the 15% advantage in taking lateral jolts,
table 10 indicates that 80% of passengers would lcse eguilibrium
at a 0.l4g jeolt and all the passengers would lose equilibrium at
a 0.1l6g jolt. Jolts of this magnitude are considered only
slightly above average for the RTG train at 3 to 6 inches cant
deficiency. Even at lower cant deficiency they would not be
unusual. The steady state accelerations in the same curves would
cause fewer than 40% of the passengers to lose equilibrium. Two
conclusions can be drawn: a) passengers already rely on hand
holds to negotiate the aisles because of jolts and b) the jolts
pose a greater hazard to ride safety than do steady state
acceleration levels.

Amtrak's current ride quality inspectibns use peak to peak
lateral acceleration measurements at 10 Hz (tables 11 and 12 are
12 Hz measurements) to detect track perturbatiens. Peak to Peak
jolts of .259g are considered unacceptable. The Hirshfeld
experiments indicate that even a passenger with a hand hold would
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experience difficulty maintaining eguilibrium at Jjolts that
severe. The .25g jolt level, superimposed on steady state
lateral accelerations up to 0.lg, represents the most severe
present ride safety condition, and it appears to reflect a
boundary in ride safety that should be maintained despite
increases in cant deficiency. In order to maintain the minimum
present level of ride safety, which includes circumstances
requiring standing passengers to maintain a firm hand hold, it is
obvious that Jjolts should be limited as steady state lateral
accelerations are increased. Since there are no objective test
results which relate the additive effects of 3jolt and steady
state lateral acceleration, a common sense rule will be proposed.
Combinations of steady lateral acceleration and Jjolt which
result in the same peak will be assumed to have equivalent ride
safety for the purpose of estimating appropriate jolt limits for
curving at greater than .lg steady state lateral acceleration.
In order to adjust the 3jolt level to maintain constant peak
lateral accelerations while increasing the steady state lateral
acceleration, the shape of a typical jolt acceleration pattern
must be assumed. A typical Jjolt will be assumed (based on
observations of test data) to have three-fourths of its peak-to-
peak magnitude directed in the same sense as the steady state
acceleration upon which it 1s superimposed. Figure 15
illustrates equivalent combinations of steady state accelerations
and jolts. The resulting rule of thumb relating egivalent
combinations of steady state acceleration and jolt is:

Steady State 1 + 3/4 (jolt 1) = Steady State 2 + 3/4 (jolt 2)
In order to maintain steady state and jolt combinations
equivalent to .25g jolts at .lg steady state, the rule indicates:

.1g + 3/4(.25g) = .288 = Steady State + 3/4 jolt

47




GT 2anbtg

ANIL
0
3
¢ 3ASVO L ASVO
s AQvasor | 5
3 ’ _‘HIM_
>
—
4 m
m
m
170r 40 L7or 170r 40 5
/€ bse: /g 1z m
=z
IIIIIIIIIIIIIIIIII HIIIIII%IIIIIHIIIIIL
88 | ..

L170r dNV NOILLVYHI 130DV TvHILVYT
JLVIS AAVILS 40 SNOILVYNIGWOO LNITVAINOA

) o e Sh S IS TE BE WI B8 SN EE s s s ws of



and the equivalent jolt at .15g steady state lateral acceleration

is:

Jolt = 4/3 (.288-.15) = .183g

Figure 16 presents a recommended ride gafety criterion which
balances jolt and steady state lateral acceleration to maintain
today's minimum ride safety conditions while allowing for higher
cant deficiencies. It uses the above rule of thumb equation to
adjust jolt for higher lateral acceleration. The criterion
would be used to evaluate 10 hz accelerometer data measured on
the floor near the truck center pin. Steady state and Jjolt
levels may be determined independently. The distribution of the
jolt excursion about the steady state 1level in figure 15 was
assumed to be typical in formulating a rule of thumb, but the
criterion does not require the Jolts to match this pattern. A
separate criterion for peak acceleration is required because the
extreme points of the jolt can vary with respect to the steady
state level for actual measurements.

During the ride quality test of the RTG train an effort was
made to use accelerometer data to estimate lateral load transfer
for comparison to the vehicle overturning criteria. A 'simple
steady state curving model (refernce 1) was used to determine the
steady state relationship between weight vector intercept from
peak lateral acceleration. The same relationship was used to
estimate the peak weight vector intercept from peak lateral
accelerations. The relationship is not exact because of certain
dynamic effects including the mechanical filtering of the car
suspension, but it was hoped that the estimate would err on the
conservative side. Tables 11 and 12 show that several curves
were marked for speed restrictions from a six inch cant
deficiency schedule because the transient WVI limit of 18.6
inches (for that particular car) was estimated to be equivalent
to .33g peak lateral acceleration. As mentioned earlier in this
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paper a .15g steady state lateral acceleration limit (allowing at
least six inches cant deficiency) was more restrictive for éll of
the non-banking vehicles during the LRC test when the WVI was
actually measured with instrumented wheels in the same test zone
as the RTG test. Since the estimated peak weight vector
intercepts for the RTG were higher than the actual measured WVI's
for similar vehicles tested in the past on the same route we can
conclude that either the estimation method errs on the
conservative side or the test zone has deteriorated substantially
since 1980. The first conclusion is more likely since the trend
has been toward track improvement in the past decade.

The ride safety recommendations may be summarized as

follows:

a) Steady state lateral accelerations up to .15g should
not be considered hazardous unless accompanied by
strong jolts.

b) No ride safety restriction on spiral jerk is required
because track design considerations are more
restrictive than human factors, assuming that a spiral
jerk rate of .lg/sec greatly exceeds practical track
layout limits.

c) Jolt, measured as a peak to peak excursion of 1lateral

acceleration within a one second window, should be
limited to .25g during steady state 1lateral
accelerations up to .1 g. It should be further
restricted for higher steady state lateral
accelerations as indicated in figure 16.

d) The peak lateral acceleration should be limited to the
value estimated as equivalent to the transient weight
vector limit for overturning safety. The limit of peak
lateral acceleration should be considered .3g unless
the characteristics of the particular vehicle justify a
higher acceleration equivalence estimate of the
critical transient WVI. The lower speed as determined

- by recommendations c¢) or d) should be observed.
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f)

g)

Since curving safety is dependent on the perturbations
particular to each curve, a periodic acceleration
measurement at full scheduled speed should be conducted
on a route chosen for high cant deficiency operation.
Bimonthly inspections for the first two months are
recommended to quickly create a historical database of
four repetitions. Unless rapid changes are indicated
by the historical database, monthly inspection
intervals should be adapted and used to maintain the
database of track conditicn.

Cant deficiency increases rapidly with speed. Tighter
controls on overspeed should be adopted for trains
operating nearer the safety limit.

Convenient hand holds for walking passengers should be
recognized as necessary for present conditions and
receive more design attention in high cant deficiency
vehicles.
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