Contract No.

DOT-FR-64113

RIDE QUALITY TEST RESULTS
CANADIAN LRC TESTING

IN SUPPORT OF -
TEST REQUEST RR-251

June 1977

Prepared for:

DEPARTMENT OF TRANSPORTATION
Federal Railroad Administration
2100 Second Street, S.W.
Washington, DC 20590

Prepared by:

ENSCO, INC.
2C South Quaker Lane
Alexandria, VA 22314



EXECUTIVE SUMMARY

Thié report describes the results of test RR-251, whose purpose
was to collect vehicle vibration data on the Canadian LRC loco-
motive and coach. Data was collected using tri-axial linear
accelerometers plaéed over both the trucks of the locomotive
and over the trailing truck of the coach. '

Details of the results are given in this report along with

short descriptions of the hardware, software and test proce-
dures. Results indicate that the LRC coach provides a
comfortable ride on both tangent and curved track. A discussion
and analysis of a banking failure'thaf’occurred during the test
is also presented in this report.
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1.0 INTRODUCTION

Ride quality is pr1nc1pa11y a subjective estimate of how well
a vehicle isolates a passenger from disturbances externally
produced by irregularities in a roadbed. Although ride quality

in this report alludes primarily to railroads, the concept is

applicable to airplanes, buses, autos, etc.

Paésenger evaluation of ride quality is generally Quantified

using a statistical approach. After riding a particular

vehicle or vehicles a number of individuals are then asked to

subjectively rate the ride as good, fair, bad, or they may

be asked to rank different vehicles against each other. The
results are assigned numerical values and averaged to obtain
a numerical values and averaged to obtain a numerical rating

of ride quality.

It has been known for many years thét vertical, lateral, and

to a lesser degree, longitudinal accelerations experienced

within the vehicle body correlate With'subjective estimates of ride
quality, although not necessarily on a one-to-one basis. Also,
only accelerations over a certain frequency range correlate

with ride quality. More recent studies have shown that the
correlation is even greater if certain frequencies are weighted

~or given more importance than other frequencies. In fact, an

ISO* Human Response Curve has emerged which can be used to
weight the acceleration signal obtained for estimating ride

quality.

The measurement of vehicle acceleration is also important in

the area of freight car operation as acceleration amplitudes
generally correlate directly with lading damagé. This 1s
because the acceleration levels are normally a direct measure
of energy input to the lading system. Where specific mechanical

#International Standardization Organization



resonances or similar frequency response phenomena are known
to exist, the measured accelerations can be weighted to obtain
a better measure of their effect. -

The Federal Railroad Administration (FRA) is involved in the
improvement of rail vehicle ride quality. As a tool to aid
in the study of ride quality, the FRA retained ENSCO, Inc.
to develop several instruments to be used in the measurement
of accelerations as a measure of ride quality.

Recently, AMTRAK has become aware of the problems of maintain-
ing high speeds for passenger vehicles in regions having much
curved track. FRA and AMTRAK are presently involved in test-
ing a Canadian LRC (Light, Rapid, and Comfortable) vehicle
which has a specially designed banking system and permits travel
at high speeds on curved track. This type of vehicle would
greatly add to the comfort of the passengers during such a

trip.

The LRC consist was made up of a locomotive and one coach.
This coach featured a newly designed tilting body suspension
system that allows high speed operation around curves. This
banking system enables the coach body to tilt up to 8—1/2
degrees. This provides a comfortable ride even on bad curves.

The locomotive weighs 218,000 pounds and is geared for 120 mph
~using 2300 horsepower. The overall height is 11'9'", the
width is 10'5" and the distance between couplers is 67'11".
The coach weight is 93,000 pounds with a height of 11'3" and

a maximum width of 10'5'". The distance between couplers is
851'0".

ENSCO's role in the testing of the LRC was to collect
vibration data on both the LRC locomotive and LRC
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coach, and determine their ride quality resﬁonse'at
designated speeds. The overall approach used in the

LRC testing is shown in Figure 1. After instrumenting the
vehicles and collecting the data; analysié was performed
Qsing basic techniques and software reduction programs. A
description of the test, reduction techniques and results are
given in this report.
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2.0 TEST DESCRIPTION

The purpose of this test was to collect vehicle vibration data ‘

on the Canadian LRC in support of FRA, Office of Passenger

Systems reqﬁirements. Locomotive and coach vibration data were Te-
corded using anélog tape recorders and tri-axial accelerometer
packages. Three aécelerometers were located at each of the‘

following locations:

1) Leading Truck of LRC Locomotive
2) Trailing Truck of LRC Locomotive

3). Trailing Truck of LRC Coach

At each:location, lateral, vertical, and longitudinal accelera-
tions were measured at the center of the truck position, as

shown in Figure 2.

Complete, handwritten logs were maintained during the testing

and are included in Appendix A.

The transducers were located over the leading and trailing trucks
of the LRC locomotive and over the trailing truck of the coach.
Data collected included the following:

© Vertical Acceleration (leading truck, locomotive)

© Lateral Acceleration (leading truck, locomotive)

® Longitudinal Acceleration (leading.truck, loco-
motive) '

° Vertical Acceleration (Frailing truck, locomotive)

o Lateral Acceleration (trailing truck, locomotive)

) Longitudinal Acceleration (trailing truck; loco-
motive)

e  Vertical Acceleration (trailing truck, coach)

[ Lateral Acceleration (trailing truck, coach)
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The runs completed for each phase of testing were as follows:

" Mode

Test No. Test Zone  Speed
1 -Tangent 60
2 Tangent 70
3 Tangent 80
4 Tangent 90
5 Tangent 95
6 Tangent 80
7 Tangent 95
8 Tangent 100
9 Tangent 105

10 Tangent 110
11 Tangent 115
12 Tangent 120
13 Tangent 50
14 Tangent 60
15 Tangent. 70
16 Tangent 80.
17 Tangent a0
18 Tangent 95
1 Curved 54
2 Curved 42
3 Curved 58
4 Curved 53
- 5. Curved —— 42
6 Curved 60
7 Curved 61
8 Curved 71
9 Curved - 73
10 Curved 75
11 Curved 82
12 Curved 80
13 Curved 90
14 Curved 87
15 Curved 75
16 Curved 55
17 Curved 67
18 Curved 67
19 Curved 60

Comment

~ Power

Power
Power

- Power

Power
Power
Power
Power
Power
Power
Power
Power
Drift
Drift
Drift
Drift
Drift.
Drift
Power
Power
Power
Power
Power-——- -~
Power
Power
Power
Power
Power
Power
Power
Power
Power
Drift
Drift
Drift

Banking Failure

Dynamic Braking
Dynamic Braking



3.0 DATA REDUCTION

The'firStAstep taken in reducing the data collected on the LRC
was to strip out data for each test section using a strip

chart recorder. For the tangent zone, the area of track
surrounding thelperturbation zone was reproduced. For the curved
zone, the entire curve was stripped out.

From these plots of raw data, several bits of data were extracted.
First, the peak-to-peak lateral acceleration was determined for
both the curved and tangent sections. Second, for the curved
sections only, the centrifugal acceleration was measured.

Plots of the raw data for several of the high speed runs are
included in Appendix D. |

Next, the data for the curved zone was digitized at a 128 Hz
rate on a RDS-500 mini-computer. A four-pole Bessel filter
was used to low-pass filter the data at 20 Hz. Plots of the

- data were then generated from the digitized data. From this

presentation of the raw data, the segments for data reduction
were selected.

The data was reduced using a digital computer program. The
output of the program includes:

® Standard Deviation (average RMS level)

° Probability Den;ity Estimates and Plots

) Distribution Function Estimates and Plots
° RMS Acceleration Plots

° ISO Ride Evaluation Format

® Power Spectral Density Plots

° WZ Ride Criteria

-11-



A full description of the software techniques is included in’
Appendix C. Appendix E contains a sample printout from the

software program

-12-



4.0 RESULTS

Analysis of the test data was done using various analytical

~techniques. The data was initially filtered at 10 Hz using

anti-aliasing filters and reprodﬁced'on strip charts. Verti-
cal, lateral, and longitudinal accelerations were plotted as
a function of time over the specified test zone "for each of
the three locations.

£

The data was then analyzed using the standard vehicle vibra-

“tion software program. Results from this program include

RMS level, 99 percentile level, Wz criteria and ISO exposure

time.

4.1 Tangént Test Site

Runs were conducted over a perturbation in the track over the
tangent test site. Because of the nature of this short term
perturbation, software analysis was not felt to be useful in
examining the results of these test runs.. The data for each
run was carefully reproduced on strip charts to determine the
effect of the track perturbation on the dynamic acceleration

levels of both the locomotive . and coach.

Table 1 indicates the results for the tangent test site. The
test run is indicated along with the test mode (power or drift).
Both the target and actual speeds are given in miles per hour.

“The peak to peak lateral and vertical acceleration levels are

recorded in this table at the time the vehicles crossed the
perturbation in the track. These accelerations are measured
in g's and are given for the leading and trailing trucks of

~the locomotive and the trailing truck of the coach. The

maximum lateral load (in pounds) and the singlé wheel L/V,
as measured by Battelle and Klauder (1), are also given in
this table.

-13-



TABLE 1.

TEST RESULTS - TANGENT ZONE

Locomotive Locomotive Coach
(Leading (Trailing (Trailing -
Truck) Truck) Truck) Locomotive -Coach
tat | vert | Lat | Verc | Lat | Vert | Lat |single| M2
Test | Test Speed Aigel Aggel Accel Agéel A§$e1 Aggel Load wﬁ?gle pat | oengre
Run Mode Target|{ Actual (G's) (G's) (G-s) (G's) (G s) (G's) (1bs) | L/V (1bs)§ L/V
1 Power 60 57 0.24 0.08 0.20 0.12 0.16 0.08 15,000 | .48 4,000 | .63
2 Power 70 69 0.26 0.10 0.29 0.16. 0.20 0.08 18,000 | .47 6,000 .44
3 Power 80 79 0.26 0.18 0.31 0.20 0.23 0.08 23,000 | .77 10,000 A2
4 Power - 90 89 0.28 0.14 0.30 0.20 0.26 0.08 22,900- .81 10,000 .27
5 Power 95 93 0.29 0.18 0.33 0.16 0.28 0.08 22,000 ¢ .81 10,000 .36
6 Power 80 77 0.29 0.22 0.32 0.24 0.23 0.08 23,000} .72 9,000 .54
7 Power 95 95 0.28 0.18 0.33 0.22 0.27 0.10 22,000 | .81 13,000 .50
'8 Power | .100 99 0.29 0.18 0.32 0.22 0.28 0.10 24,000 | .90 12,000 .50
=9 Power 105 104 - 0.30 0.18 0.34 0.26 0.28 0.09 25,000 | .83 12,000 .55
10 Power 110 108 0.31 0.20 0.34 0.28 0.28 0.10 25,000 | .80 12,000 .72
11 Power 115 110 0.32 0.20 0.35 0.28 0.28 0.10 24,000 .72 12,000 .59
12 Power 115 117 0.32 0.20 0.34 0.26 0.29 0.14 26,000 { .72 12,000 .64
13 Drift 50 52 0.20 0.10 0.18 0.08 0.14 0.08 18,000 .60 7,000 .36
14 Drift 60 58 0.24 0.10 0.21 0.08 0.20 0.08 17,000 { .49 12,000 45
15 Drift 70 69 0.28 0.12 0.30 0.14 0.20 0.08 .19,000' .56 8,000 .55
16 Drift 80 78 0.30 0.16 0.29 0.24 0.26 0.08 22,000 | .69 8,000 .64
17 %Drift 90 87 0.30 0.16 0.29 0.18 0;26 0.09 21,0001} .78 10,000 .55
18 %Drift 95 92 0.30 0.14 0.30 0.18 0.28 0.09_ 21,0001} .78 9,000 .82
] I
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In figure 5, the peak to peak lateral acceleration is plotted
versus speed for the leading truck of the locomotive. The re-
sults for both the power and drift modes are compared. The
results’ indicate that as speed increases the level of lateral
acceleration increases. Acceleration levels tend to be slight-
1y higher (4%) in the drift mode than in the power mode.
Acceleration levels also tend to level out at speeds greater
than 85 mph. '

The equivalenf graph for the trailing truck of the coach is
given in figure 6. Again, lateral acceleration levels in-
crease as speed increases and results in the drift mode are
slightly higher than those in the power mode.

In figure 7, peak to peak lateral acceleration is plotted
versus speed for the locomotive in a power mode. The levels

of acceleration in the leading truck are compared against those
in the trailing truck. The vehicle accelerations in the trail-
ing truck are slightly higher than those in the leading truck.
This might be attributed to the coach being coupled to that
end.

Finally one can plot peak to peak lateral accelerations versus
speed for a position over the trailing truck in the power mode.
Acceleration levels in the locomotive are compared against‘those
in the coach. The locomotive vibration levels are considerably
higher than those in the coach, as would be expected. This
plot is given in figure 8.

-15-
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4.2 Curved Test Site

Data was collected on the curved track near East Lyme, CT
in the same manner as the tangent zone. Data'for each of
the tests was initially reproduced on strip charts for
preliminary examination and peak-to-peak lateral accelera-
tions were extracted from these strip charts. In addition,
the centripetal acceleration associated with the vehicles
traversing the curved zone was also determined. These
values are tabulated in Tables 2, 3, and 4.

From the wayside results [1], the maximum lateral load and
single wheel L/V are also tabulated. The data was then

 analyzed using the standard vehicle vibration software package

and the various results were again_tabulated. These results

include:
° Lateral RMS acceleration level
® Vertical RMS acceleration level
6 Vertical 99% acceleration level
© Lateral 99% acceleration level
e Vertical WZ rating
® | Lateral Wz réting
° Vertical ISO exposure time
® Lateral ISO exposure time

A complete description and explanation of these parameters can

be found in Appendix C.

In examining the data, lateral rms acceleration is plotted
against speed. This plot is shown in Figure 9. These results
indicate no difference between the leading and trailing trucks

of the LRC locomotive. The levels in the coach are substantially

lower, as would be expected. In Figure 10, we plot the peak-to-

peak lateral acceleration versus the speed over the test zone.

-18-
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TABLE 2. TEST RESULTS: CURVED ZONE

LRC LOCOMOTIVE (LEADING TRUCK) -

TEST | TEST SPEED P-P | MAX |SINGLE| LAT | VERT | 995 09% | w_| W ISO | 1SO | CENT.
RUN | MODE | TANGENT|ACTUAL | LAT | LAT | L/V | RMS | RMS | LEVEL | LEVEL | ynZm| ;2. | TIME | TIME | ACC
ACCEL| LOAD Gg's)| (g's) |(VERT) | (LaT) | VERT) LAT Y yEpr | TAT | (g's)
(g's)| (1bs) ’ _g's "(hrs) | (hrs)

1 | Power | 52 -~ {o.16 | voia| -- |0.022|o0.043}0.118 | 0.069|2.6 | 2.3| 4.6 | 5.4 0
2 | Power | 42 -~ |o.10| voia | -- |0.018] 0.041|0.106 | 0.052]2.6 | 2.1| 4.4 | 5.4 .02
35 | power| 60 | 61 |0.16 |16,000/ 0.41 {0.026) 0.046 | 0.140 | 0.080 | 2.7 | 2.4| 4.6 | 4.3 .04

4 | power | 52 56 | 0.16 |16,000| 0.40 |0.023|0.043|0.118 | 0.073 | 2.6 | 2.3 4.5 | 5.2 0

5 | power| 42 45 | 0.10 |16,000| 0.48 |0.018 | 0.041 | 0.107 | 0.053 | 2.6 | 2.1| 4.5 | 5.5 0
6 | power| 63 65 |0.18 |17,000| 0.41 |0.028 | 0.046 | 0.140 | 0.082 | 2.7 | 2.4| 4,7 | 3.3 .06
7 | Power| 67 64 |0.20 |16,000| 0.38 |0.029 | 0.048 [0.145 | 0.083|2.7 | 2.5| 4.3 | 2.6 | .06
s | power| 73 72 | o0.20 |21,000] 0.47 |0.034 | 0.053 |0.149 | 0.085|2.8 | 2.6 | 2.6 | 1.8 .10
9 | power| 76 73 |o.18 |21,000| 0.47 |0.035|0.053{0.167 | 0.086 | 2.8 | 2.6 | 2.9 | 2.0 .12
10 | Power| 76 75 10.17 |26,000] 0.53 |0.036 | 0.047 {0.122 | 0.087 | 2.7 | 2.7 | 4.5 | 1.9 .14
11 | Power| 79 83 | 0.26 |27,000]| 0.55 {0.042 | 0.061 {0.203 | 0.113|2.9 | 2.8 3.3 | 1.5 | .18
12 | Power| 79 79 |o0.22 {24,000{ -- ]0.040|0.058 |0.183 | 0.106 {2.9 | 2.7 | 3.0 | 1.6 .16
13 | Power| = 87 90 | o0.30 |38,000]{ 0.52 |0.048 | 0.060 |0.203 | 0.127 |2.9 | 3.0 | 3.4 | 1.3 .20
14 .| Power| 86 g4 | 0.24 |30,000| 0.44 {0,047 | 0.060 [0.188 | 0.125|2.9 | 2.9 | 3.0 | 1.5 .20
15 | Drift| 75 75 |o0.23 |29,000| -- |o0.036{0.053 |0.172 | 0.087 |2.8 | 2.6 | 3.1 | 1.5 .13

16 | Drift| 52 55 |o0.18 |18,000{ -- [0.025]0.043 [0.123 | 0.076 |2.6 | 2.3 | 4.9 | 3.7 0
17 | Drift| 67 67 |o0.20 |20,000| 0.44 [0.032 |0.051 |0.147 | 0.080 |2.8 | 2.5 | 3.3 | 2.6 .05
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TABLE 3. TEST RESULTS: CURVED ZONE

. e e pm———

P R T

LRC LOCOMOTIVE

{TRATLING TRUC

-

TEST| TEST SPEED p-P LAT VERT 993 995 W W IS0 | IS0 | CENT
RUN | MODE | TANGENT | ACTUAL | LAT RMS RMS LEVEL | LEVEL | ypip | pae | TIME | TIME | ACCEL
ACCEL | (g's) | (g's) VERT LAT VERT | LAT | (g's)

‘ (g's) (g's) (g's) (hrs) | (hrs)

1 | Power| 52 .- 0.16 | 0.022 | 0.039- | 0.104 | o0.064| 2.5 | 2.2 | 6.6 | 6.6 0

2 Power | 42 .- 0.12 | 0.017 | 0.038 | 0.109 | o0.046| 2.5 | 2.1 | 4.7 | 9.6 0

3 Power | 60 61 0.10| 0.028 | 0.033 | 0.083 | o0.075| 2.4 | 2.4 | 6.7 | 3.2 0

4 Power | 52 56 0.10 | 0.023 | 0.034 | 0.093 | 0.066 | 2.4 | 2.3 | 7.4 | 5.7 0

5 Power | 42 45 0.10 | 0.016 | 0.040 | 0.111 | 0.047| 2.5 | 2.0 | 5.7 | 8.4 0
6 power | 63 65 0.12 | 0.030 | 0.035 | 0.005 | o0.082| 2.4 | 2.5 { 7.9 | 3.6 .06
7 Power | 67 64 0.1z | 0.031 | 0.038 | 0.104 | 0.086| 2.5 | 2.5 | 7.1 | 3.5 06
8 Power | 73 72 0.16 | 0.036 | 0.047 | 0.136 | 0.009 | 2.7 | 2.6 | 4.3 | 2.1 10
9 power | 76 73 0.22 | 0.037 | o0.050 | 0.152 | o0.100| 2.7 | 2.6 | 3.57| 2.7 .12
10 Power | 76 95 | " o0.20| 0.037 | o0.048 | 0.136 | 0.002| 2.7 | 2.7 | 3.3 | 2.4 .14
11 Power | 79 83 0.20 | 0.045 | o0.061 | 0.188 | o0.119| 2.9 | 2.8 | 3.3 | 2.1 18
12 power | 79 79 0.20 | 0.043 | 0.058 | 0.185 | o0.110] 2.9 | 2.8 | 3.5 | 2.4 .16
13 Power | 87 90 0.24 | 0.053 | 0.063 | 0.192 | o0.150 | 2.9 | 3.0 | 3.4 | 1.7 .26
14 Power | 86 84 0.30 | 0052 | o0.063 | 0.185 | 0.138| 2.9 | 3.0 | 2.9 | 1.6 .24
15 prift | 75 75 0.25 | 0.039 | 0.048 | 0.149 | o0.104 | 2.7 | 2.7 | 3.8 | 1.9 .14

16 prift | 52 55 0.18 | 0.026 | 0.033 | 0.087 | o0.072 | 2.3 | 2.4 | 7.8 | 4.0 0
17 Drift | 67 67 0.20 | 0.034 | o0.043 | 0.120 | 0.094 | 2.6 | 2.6 | 5.8 | 3.0 .05




TABLE 4. TEST RESULTS: CURVED ZONE

_"[Z_

LRC COACH (TRAI
TEST | TEST SPEED PP [ MAX | SINGLE | LAT | VERT | 99% (99% LIN& TRUif) TS0 | IS0 | CENT.
RUN | MODE | TANGENT | ACTUAL | LAT | LAT v | RS RMS LEVEL |LEVEL |, p2o| yup | TIME | TIME | ACCEL
ACCEL| LOAD (g's) |(g's) VERT | LAT VERT | LAT. (2)
(g's)| (1bs) (g's) |(g's) (hrs) | (hrs) :
1 Power 52 -- 0.09 | Void Void| 0.013 | 0.024 0.069| 0.038/2.2 1.9 | 9.5 10.7 0
2 | Power | 42 -- ] 0.05 | Void Void| 0.010 | 0.022 | 0.057| 0.028;2.1}1.8 {10.0 | 16.9 | 0
3 | Power | 60 61 | 0.08 | .-- -~ | 0.016 | 0.027 | 0.076] 0.046]2.2 2.0 | 7.3 | 12.6 | 0
4 | Power | 52 56 | 0.07 | -- -- 1 0.014 {0.024 | 0.065| 0.039}2.2|1.9 [10.5 | 15.6 | O
5 | Power | 42 45 | 0.05 | -- .50 | 0.009|0.020 | 0.054{ 0.026{2.0 |1.7 }13.3 | 18.1 | O
6 | Power | 63 65 | 0.07 | 7,000 .41 | 0.016 | 0.025 | 0.069| 0.043|2.2 |2.0 | 8.0 /| 10.7 | O
7 | Power | 67 64 | 0.07 | 8,000 .47 | 0.019 | 0.029 | 0.083] 0.059{2.3 2.1 | 7.7 | 10.5 | O
8 | Power | 73 72 | 0.12 |10,000 .67 | 0.023|{0.030 | 0.085| 0.069|2.3}2.2 | 7.6 | 6.9 | 0
9 | Power | 76 73 | 0.12 {10,000 .45 | 0.023 {0.031 | 0.089| 0.065|2.3 2.3 } 7.3 5.3 | .02
10 | Power | 76 75 | 0.12 | 9,000 .50 | 0.026 | 0.032 | 0.086| 0.077|2.4 2.3 | 7.6 3.9 | .02
11 | Power | 79 83 | 0.14 |10,000 43 | 0.030 | 0.034 | 0.092| 0.0862.4 |2.4 | 7.3 3.2 | .05
"12 | Power | 79 79 | 0.14 | 8,000 -~ | 0.030 {0.034 | 0.089| 0.086|2.4 |2.4 | 7.5 | 3.3 1.04
13 | Power | 87 90 | 0.19 {11,000 .47 | 0.045 |0.036 | 0.097| 0.125]2.4 |2.8 | 5.5 2.5 |..15
14% | Power | 86 84 0.16 110,000 .43 | 0.046 |0.036 0.106| 0.148|2.4 | 2.8 | 6.7 2.4 | .30 Fail
15 Drift 75 75 0.16 | 8,000 -- | 0.027 |0.032 0.090{ 0.069}2.4 2.3 |6.8 5.1 0.
16 | Drift | 52 55 | 0.13 | 6,000 -~ | 0.015 |0.030 | o.085 0.048}2.3 [1.9 6.4 | 11.7 | 0+
17 | Drift | 67 67 | 0.16 | 8,000 .46 | 0.022{0.029 | 0.079| 0.064|2.3 2.2 |8.9 6.7 | 0.

*Failure




Lateral RMS Acceleration (g's)
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Figure 9. Lateral RMS Acceleration versus Speed
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Figure 10. Peak-Peak Lateral Acceleration vs. Speed
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Again it is seen that the levels of lateral acceleration in-
crease with speed and that the levels of lateral acceleration
associated with the coach are lower by a factor of 2 than

those associated with the locomotive.

Next we would like to examine a significant event that occurred
during testing on the curved zone. On Test #14, the banking
system failed at a speed of 84 mph over the test zone. Although
nothing serious resulted from this failure, personnel onboard
the vehicle were thrown about the car. Figure 11 shows a trace
of the lateral acceleration during this failure. At time

equal to O seconds, the vehicle was performing as expected on
the curve. During the next 3 seconds the system failed,. which
produced a 0.4 g jolt laterally in a time span of less than

one second. Although not dangerous to the vehicle, this would
be considered a very dangerous ride for passengers seated or
standing within the vehicle during the failure. Even though
the system failed as designed, it is felt that injuries would
occur to passengers and steps should be taken to slow down the

rate of deceleration during such a failure.

One important parameter in analyzing data collected on a curve
is the centripetal acceleration sensed by the passengers. This
acceleration level can be determined by examining the strip
charts. These centripetal acceleration levels are tabulated

in Tables 2, 3, and 4. Centripetal acceleration levels in the
locomotive tend to increase above the balance speed of 52 mph.
(The balance speed is defined as that speed at which no lateral
force is experienced by the passenger).

Centripetal acceleration levels associated with the. coach remain -
near zero up to 70 mph (due to the banking mechanism). At that

point, those levels increase with speed but very slowly.

A simple model can be used to validate the data collected.
Assuming the vehicle is on a elevated track, the outward

-24-
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acceleration can be defined as:

= C + - 1 - )
3outward - %c €OS (e 6) g sin (9 §)
where
= superelevation of the track
a. = the centripetal acceleration as seen on

level track
= ViR
V = speed of vehicle
R = radius of curve

§ = angle associated with the spring system
and mass distribution (0 on level track)

First, by using the simple model, one can determine the balance

speed. At the balance speed, a 0. Then

outward

a, = VZ/R = g sin (8 - §)/cos (8 + &)

‘and
v is approximately 53 mph.

Figure 12 displays a plot of centripetal acceleration versus
speed. On this graph, the following are plotted:

° 1ocomotive results

° - coach results

® theoretical rigid body results
o theoretical soft body results.

The result of this plot is that the simple model predicts

very well the centripetal acceleration associated with the
locomotive. The model does not account for the banking system of
" the coach. ‘
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5.

0

1)

2)

3)

4)

5)

6)

7)

CONCLUSTONS

Examination of the data results associated with the banking

failure creates a need for further evaluation of the banking
system. Levels of acceleration within the vehicle along

Sy e
with a subjective description by onboard personnel indicates
that serious injuries could occur to passengers if the
banking system failed on a revenue run. Dangerous condi-
tions with respect to the vehicle and track do not seem

to exist.

On the tangent track, lateral acceleration levels tend
to level off above 100 mph.

Over both test zones, the coach rides better than the
locomotive by a factor of two, as defined by peak to peak

and RMS accelerations.

Lateral accelerations tend to increase with speed for
both the LRC coach and locomotive.

For the zones tested, the LRC coach provides a comfortable
ride, as defined by RMS acceleration levels, ISO exposure

times, and Wz raling.

The centripetal acceleration levels experienced by the LRC
locomotive can be predicted by a simple mathematical model.

Centripetal acceleration levels in the LRC coach remain

near zero up to speeds of 70 mph..
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TEST LOGS

The test logs are primarily designed as a check list to

be used when setting up the instrumentation. The proper
sequence for setting up the recorder and calibrating the
accelerometers is given. The procedure for collecting the
data is defined and the following information is requested:

1) Consist configuration

2) Personnel observing test

3) Position of accelerometers

4) Type of external signals recorded.

Messages are then recorded with respect to speed, milepost,
points of reference, and any other details that will help
identify that portion of the test. These messages are
recorded directly on the ahalog tape and are very helpful
in processing the data at a later time.
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DATE _31-23 Mar 77

TIME

OPERATOR _ J. Adair

. J. Berglund

PORTABLE RIDE QUALITY PACKAGE Milepost 44.2
USER CHECK LIST ' . Tangent

Initial set up - check out

-a.

Ensure that the record amplifier boards are inserted
with proper filters in their respective positions in
the tape recorder. FM record boards are located in
channels 1 through 6. A direct record board is placed
in channel 7. Rep 1/SW remains the same. ~

Tape speed is 1 7/8 ips. Make sure tape is threaded
properly and tape is useable.

.. Connect all cables. Plug in 115v AC line if battery

is not used.

Check if battery-is fully charged by pressing Batt on
recorder. Indiator should show a value to the + side
of 0. Make sure recorder is on.

Press 7 on recorder. Indicator should be close to zero.
This shows that direct record channels are working properly.

Switch monitor function to +15v and +7 1/2v. Reading
should be full scale on all four locations. If reading
is not full scale, internal problems exist or battery
is dead.

Set up accelerometers in place using directional axis
located on instrumentation.

"Reset message number to 0. Turn memory on. Enable

display, when pressed, will display the present message
unit.

Initial test. After each and every re-location of the
Accelerometer package an operational check of each channel
must be performed. This can be accomplished by the following
procedure:

a.

b.

Activate '""Record'" and '"Play" buttons on the tape recorder.

Select the particular channel to be checked on the monitor
function switch (roll, pitch, etc.).



c. Physically rotate the Accelerometer package in the
particular axis being tested and observe any fluctua-
tions on the signal monitor. If there are fluctuations
present, the Accelerometer package is operating properly
for that axis. .

d. Repeat steps (2) and (3) for each channel;

1 2 3 4 -5 6
X X X X X X
Roll Pitch Yaw Vert. Long. Lat.
Calibration

a. Switch recorder on (record, play). Record test 1ID,

i.e., test number, date, location, purpose, etc., on
voice channel. Enter message unit 1. -

b. Position the SW/reporduce channel selector on the tape
recorder to the channel to be calibrated (#1, #2, etc.)

c. Position the monitor function switch to the specific
channel to be calibrated (roll, pitch, etc.) Update
message number. Message numbers 2 through 7 should
indicate calibration signal. Use voice channel to
record what accelerometers are being calibrated, etc.

d. Press the calibration switch to +cal, hold for 3
seconds, switch to - cal, hold for one second, then
- release. '

e. Repeat this procedure for all six channels until all
calibration signals are recorded.

1 2 3 4 - 5 6

X X X X X X

Roll Pitch Yaw Vert. Long. Lat.

f. Unit is now ready to collect data.




Data Collection

a. Activate "Record" and ""Play'" buttons on the tape

recorder. Enter message number for beginning of
test data. : ,

b. Enter additional message numbers, vocal comments, etc.,
for points of interest, milepost numbers, speed, etc.

c. One can visually monitor the accelerations. By selecting
the appropriate channel on the monitor function switch,
the output will be displayed on the signal monitor. In
addition, by switching the position of the SW/reproduce
channel selector on the tape recorder, the output is
displayed on the SW/reproduce channel meter. A scale
factor of 10 can be activated to produce a more sensi-
tlve reading.

d. When the data is fully collected, turn. recorder off.
After disengaging cables, turn off memory and pack up
unit.

CONSIST
LRC LRC ‘
LOCO- #— COACH —— —
MOTIVE " B
- J. Berglund
J. Adair ENSCO
PERSONNEL PRESENT: W. Bennett
. E. Lombardi AMTRAK
R. Watson Klauder R. Scharr FRA
J. Jackson AMTRAK A. Lampros
G. Merakus AMTRAK F. Blader Nat. Res. Counc11
E. Conner AMTRAK R. Johnson B. Northern
D. Boria AMTRAK =
’ R. Robillard MLW
E. Barbeau MLW C. Mainville |
W. McLean MLW
J. Layton JL1 Industries
POSITION OF PACKAGE: "D" Rear Truck, Loco, Truck Center

"E" Front Truck, Loco, Truck Center

"F" Rear Truck, Coach

B Recorder - Coach (J1)

C Recorder - Locomotive
J1l - Front
J2 - Rear

Train Speed #1

Banking Displacement #2




e

Calibration 75_mph1
2. Speed Cal (Voice) 29.  wpe3s
3. - 30. -
4. - 31.  MP61
5. 65 mph 32. -
6. 69 mph 33. End of Test
7. 70 mph 34, Calibration
8. 72 mph 35. -
9. 75 mph 36. -
10. -M77 Track #2 37. Start #1 60-Power
11. .77 mph 38. -
12. 78 mph 39. Approach Zone
13. MP75 78 mph 40. Test Zone
14, MP74 41.  Stop #1
15. MP73 79 mph 42, Start #2 70-Power
16. 79 mph 43 -
17. MP72 44. Approach Zone
18. 75 mph 45. Test Zone
19. MP71 46. Stop #2
20. 78 mph . 47. Start #3 80 mph-Power
21. B 48. -
22. MP69 49. -
23, MP68 67 mph 50. Approach Zone
24. MPO7 - 51. . Test Zone
25. 63 mph 52. Stop #3
26. — 53. Start #4 90-Power
27. MP65 54, _

MESSAGES

28.

A-5



MESSAGES

57

61,

75,

35, - ' 82. . Approach Zone
56, - . . 83. Test Zone
. Approéch'Zoné g4, Stop #6
58, Test Zone 85. Staft #7 95-Power
59, Stop #4 86. -
60 Start #5 95-Power 87, -
= 88. Approach Zone
62, T gg9. Test Zone
63. -~ gp. End #7
64, ApproachZong 91. ‘Start #8 100-Power
65, Test Zone - 92. - |
66, Stop 75 03, -
67. Calibration =~ 9q. Approach Zome
68. Spééd Cal. 95 . Test Zone
69. ‘Speecl'Cal"i 96. Stop #8
70. Speed Cal. - 97. Start #9 105-Power
‘71.  Speed Cal. 98. -
‘72. Speed Cal. 99, -
73. Speed Cal. 100. -
74. Speed Cal. 101 -
‘Speed Cal. 102. -
76. Speed Cal. . 103. -
77.: Start #6 80-Power 104. Approach Zone
78. - 105. Test Zone
79. - 106. Stop #9
80. - 107. Start #10 110-Power
81. - 108. -




MESSAGES

109, - 136. Start #14 60 mph
110, - | 137, -

111, Approach Zone 138. Approach Zone

112, Test Zone 139. Test Zone

113, Stop #10 140. Stop #14

114, Start #11 115-Power 141 . Start #15 70-Drift
115, - 142. Apprdach.Zone

116, - 143. Test>Zone

117, - 144, Stop #15

118, - Approach Zone 145, ‘Start #16 80-Drift
119", . Test Zone 146. -

120, stop #11 147. °

121, Start #12 120-Power 148, Tlest Zone

12z, - 149. Stop #16

123, - 150. Start #17 90-Drift
lz4, - 151. -

125, - - 152. -

126, - 153. -

127, - 154. Approach Zone
128, - 155. Test Zone

129, Approach Zone 156. End #17

130, Test Zone 157. Start #18 95-Drift
131, Stop #12 158. -

132, Start #13 50-Drift 159. -

133, Approach Zone 160. Approach Zone

134, Test Zone 161. End #18

135, 162.

Stop #13
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DATE 29 March 77
TIME ' '

OPERATOR J. Adair

J. Berglund

PORTABLE RIDE QUALITY PACKAGE
USER CHECK LIST

Initial set up - check out

a.

Ensure that the record amplifier boards are inserted
with proper filters in their respective positions in
the tape recorder. FM record boards are located in
channels 1 through 6. A direct record board is placed
in channel 7. Rep 1/SW remains the same. N

Tape speed is 1 7/8 ips. Make sure tape is threaded
properly and tape is useable. : : ;

Connect all cables. Plug in 115v AC line if battery
is not used. A

Check if'battery is fully charged by pressing Batt on
recorder. Indiator should show a value to the + side
of 0. Make sure recorder is on.

Press 7 on recorder. Indicator should be close to zero.
Ih;s“shqws that direct record channels are working properly.

Switch monitor function to +15v and +7 1/2v. Reading
should be full scale on all four locations. If reading
is not full scale, internal problems exist or battery
is dead.

Set up accelerometers in place using directional axis
located on instrumentation.

Reset message number to 0. Turn memory on. Enable
dlsplay, when pressed, will display the present message
unit.

Initial test. After each and every re-location of the
Accelerometer package an operational check of each channel
must be performed. This can be accomplished by the following
procedure:

a.

b.

Activate "Record'" and '"Play" buttons on the tape recorder.

Select the particular channel to be checked on the monitor
function switch (roll, pitch, etc.).



f
[P

Physically rotate the Accelerometer package in the
particular axis being-tested and observe any fluctua-
tions on the signal monitor. If there are fluctuations
present, the Accelerometer package is operating properly

LI % = 4

Repeat steps (2) and (3) for each channell

1 - 2 3 4 5 6
X X X X X X
Roll Pitch Yaw Vert. Long. Lat.

Calibration

a.

Switch recorder on (record, play). Record test ID,
i.e., test number, date, location, purpose, etc., on
voice channel. Enter message unit 1.

Position the SW/reporduce channel selector on the tape
recorder to the channel to be calibrated (#1, #2, etc.)

Position the monitor function switch to the specific
channel to be calibrated (roll, pitch, etc.) Update
message number. Message numbers 2 through 7 should
indicate calibration signal. Use voice channel to
record what accelerometers are being calibrated, etc.

Press the calibration switch to +cal, hold for 3
seconds, switch to - .cal, hold for one second, then

release.

Repeat this procedure for all six channels until all
calibration signals are recorded.

1 2 3 4 5 6
X X X1 X : X X
RolIl  Pitch Yaw Vert. Long. Lat.

Unit is now ready to collect data.



a.

[wpd

'Data Collection

Activate "Record'" and '"Play'" buttons on the tape
recorder. Enter message number for beginning of
test data.

o syl 1
ge numbers, vocal comments, et
b

milepost numbers, speed, etc.

One can visually monitor the accelerations. By selecting
the appropriate channel on the monitor function switch,
the output will be displayed on the signal monitor. In_
addition, by switching the position of the SW/reproduce
channel selector on the tape recorder, the output is
displayed on the SW/reproduce channel meter. A scale
factor of 10 can be activated to produce a more sensi-
tive reading. A ‘

When the data is fully collected, turn recorder off.
After disengaging cables, turn off memory and pack up
unit. ’ _ '
CONSIST

LOCO- L— COACH |— — —
MOTIVE

LRC - LRC

PERSONNEL PRESENT:

POSITION OF PACKAGE:

See_Tangent Test Logs

See Tangent Test Logs

A-10




MESSAGES

28.

1. Calibration C-Unit Coach MP112

2. - : B-Unit Loco. 29, Test Site (42 mph Power)
3. Speed/LVDT Signal 30. End Zone }

4. Start Data Enroute 31. Start Test #3 (60 mph—Powerjr
5. - 32. - |
6. 40 mph 33, MP112

7. 57 mph 34, Test Site (58 mph)

8. 64 mph 35 . End of Test

9. Stop 36. Start Test #4 (52-Power)
10. - start 81 mph‘ 37. = -

11. 85 mph 38. MP112
12, 85 mph 39. -

13. MP89 40. Test Site 53-mph

14. MPI1 41. End of Test

15. Stop 42, Start Test #5 42-Power
16. Test #1 52 mph Power 43 -

17. MP108 44, MP112

1s. 70 mph 45. Test Site (42 mph)

19. - 46. End of Test

20. - 47, Start Test #6 63-Power
21. -~ 48. -~

22, MPL12 49. -

23, Test Site (54 mph) 5o, MP112

24. End of Test 51. Test Site (60 mph)

25, Start #2 42 mph Power 5. End Test

26.° 53.

27. ° 54.

A-11




MESSAGES

55 Start Tesﬁ #7 ‘82. -

56, - gz. MP112

57, MP112 g4 Test Site (80 mph)

58_ Test Site (61 mph) g5, End of Test

59, End Test ge. Start Test #13 (87 Power)
60, Start Test #8 (73 power) 87. -

61. 65 mph gg, MP112

62,- - 389 Test'Site (90 mph)

63. MP112 90. End of Test

64. Test Site (71 mph) 91. Start Test #14 (87 Power)
65. - End of Test 92, MP112

66. Start Test #9 (86 Power) 93. Test Site (87) Banking Failure
67. - 94. End of Test

68. MP112 g5, Stop

69. Test Site (73 mph) gg. Calibration

70. End Test 97. Calibration

71. Start Test #10 (76 Power) gg. Calibration

72, - gg. Start Test #15 (75.Drift)
73. MP112 100. -

74. Test Site (75 mph) 101 MP112

75. End Test 102. Test Site (73 mph)

76. Start Test #11 (79 Power) 103. End Test

77. - 104. Start Test #16 (52 Drift)
78. MP112 105. -

79. Test Site (82.mph) 106. MP112 |

80. End Test 107. Test Site (55 mph)

81. Start Test #12 108. End Test




MESSAGES

109, Start Test #17 (67 Drift) 136,
110, - | 137,
111, MP112 138,
112, Test Site (67 mph) 139.
113, End of Test | 140.
114, Start Test #18 (67 dB) 141;
115, - | 142,
116, MP112 143,
117, Test Site (75-65 mph) 144.
118, - End Test 145,
119, - Start Test #19 (60 Dynamic) ¢
120; B 147.
121, MP112 148.
122, Test Site 149;
123; End Test 150.
124, Calibration 151.
125, Calibration "152.
126, 153.
127, 154.
128, 155.
129, 156.
130, 157.
131, 158.
132, 159.
133, 160.
134, 161.
135, 162.
A-13
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INSTRUMENTATION HARDWARE

| The ride quality of a vehicle is evaluated from acceleration
data. The data consist of vehicle'vibrations that are re-

o corded in analog form. The data collection system primarily

} = used is the FRA/ENSCO portable ride quality package (See

Figure B-1). Data 1is recorded using six accelerometers. De-
pending upon the requirements of the test, either six linear
accelerometers or three linear and three angular accelerometers
are used. Figure B-2 gives the relationship of the measure-

ment areas.

This data collection system consists of a magnetic tape re-

corder, a signal conditioning and coding unit, and an accel-

erometer package. TheQaccelerometer package details can be

found in Table B-1. The signal conditioning and coding unit

~? ~converts the current output of each accelerometer to a pro-

portional signal voltage suitable for recording. The unit

| provides metering for signal monitoring and calibration..
This unit also contains batteries, and associated charging
and regulator circuits which provide power to the system if
AC power is not available. The magnetic tape recorder ac-

{ commodates eight channels of data. Six channels are used

for recording accelerometer signals. The seventh channel

i is used for a multiplex recording of two external data sign

: signals, an internally generated digital annotation, and a

reference signal. A channel is provided for voice annota-

tion.
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Figure B-1. ‘Portable Ride Oual ity Packape
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Figure B-2. Relationship of Measurement Axes

Table B-1. Accelerometer Characteristics

Accelcrometer Full Scale
Vertical ' +1 ¢

Longitudinal flAg

Laterél +1lg

Yaw ; . +1 rad/sec?

Roll +5 rad/sec2

Pitch +1 rad/sec2 _____




In the pdst, ENSCO had the capability of collecting vehicle
vibration data using a six-axis accelerometer package.

This package provided translational and angular information
concerning the motion of the vehicle. Fach of the two pack-
ages was complete with tape recorder, coding unit and accel-
erometer package. The major advantage of this system was

that both angular and linear acceleration data could be

collected at a specified location in the vehicle. Several

disadvantages existed. The major disadvantage is that data
can only be collected at one location in the vehicle. A
second recorder must be used to collect data in two locations:
either within the vehicle or in two separate vehicles. Addi-
tional manpower is also'necessary to use a second recording
system. A second disadvantage is that the angular accelero-
meters require more maintenance than the linear ones and are
more difficult to examine. Table B-2 indicates our past ride

.quality instrumentation capabilities. Figure B-3 illustrates

package 1 or Z.

Table B-2. Previous Instrumentation Capabilities

System 1: "B Tape Recorder
' "B" Coding Unit
"B 6-Axis Accelerometers

-is able to collect 6 channels
(3 linear and 3 angular) at one
location.

System 2: "C" Tapc Recorder
"C" Coding Unit
nCr 6-Axis Accelcrometers

-is able to collect 6 channels
(3 lincar and 3 angular) at one
location.




.As further expcrience was gained, it was noted that, in

collecting data on two vehicles at the same time, it would

be more efficient to collect and record the ‘data on one
recorder. This would eliminate a second recorder and would
ignere the angular accelerometers. In this case, only -
translational. acceleration data would be collected. This

was accomplished through the use of a junction box which
separates the signals. Table B-3 summarizes the expanded
capabilities gained by using a junction box. Figure B-4 illu-

strates this system.

-Figure B-3. System 1 or 2

coding A tape
unit "] recorder
. 6 axis
- accelerometers
one
location
Table B-3. Additional Capabilities
System 3: "B'" Recorder

"B" Coding Unit

"B Junction Box

B 6-Axis Accelercmeters
"C" 6<Axis Accelerometers

-with appropriate cabling, is able to
collect data (lincar only) at two
locations within a vehicle

~with appropriate cabling, is able to
collegt data (linear only) at identical
locations in two different vehicles

-is not able to collect angular data.

..........................................................




Figufe B-4.

System 3 Capabilitics
6 axis ignore
anguler
data E
o ignore
_ 6 axis angular
T - o l data
3 11nea§ JCN Box 3 linear
L4
coding tape
unit [ recorder
OR
: )
3 linear axis
6 axis
L JCN Box 3 linear
4
coding .| tape
unit recorder Car Car
X Y
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Although System 3 is a more efficient system, it still
required the use of 2 bulky accelerdmeter systems, cach

containing 3 angular accelerometers not being used.

de a better system, a set of three (1 back-up) -
tri-axial accelerometer systems was bu11t Each tri-axial
package contains 3 linear accelerometers only.. This

system would replace System 3 by simply replacing accelero-
meter packages "B" and "C" with the smaller "D" and "E"
~units, and would provide the expanded capability of two
fully independent systems. Table B-4 defines the various
configurations that can presently be used in collecting
data. '

The present inventory of ride quality instrumentation in-

cludes the following:

(3) Tape Recorders

(2) Coding Units

(2) 6-Axis Accelerometer Systems
(3) Tri-Axis Accelerometer Systems
(2) Cables 30 feet long R
(4) Cables 150 feet long

(2) Cables 6 feet long

With a large amount of instrumentation and various configura-
tions to choosebfrom, it may be difficult at times to select
the right equipment for a particular test. Table B-5 should
be used when selecting test instrumentation. All the instru-
mentation 1is interchangeable:and requires no additional cali-

bration.




Config- : ACoding JCN Acceler- Two Two
uration.| Recorder Unit Box ometer Locations Vehicles

1 | B. B None B - No No

2 C C None C - No No

3 B B B B C Yes Yes

4 c C - C D | E Yes Yes

5 B B . B D | E Yes Yes

6 C C C B C ' Yes Yes

| B
Table B-4. V;rious Potential.Configuratibns‘




Table B-5. Selection of Instrumentation

‘ . Length
Type of test Primary of Back-up
to be conducted . Configuration Cables Configuration
Collection of
angular accel- 1 o6 (1) 2
eration data '
at one location 2 6' (1) 1
Collection of : .
linear data _ 4 30" (2) -3
- at two loca- ,
tions within 5 : 30" (2) . 5
vehicle :
Collection of : ' :
linear data at 4 150" (2) 3
identical loca-. :
tions within 5 : 150" (2) 6
two different : ‘ : '
vehicles

..............................................

Collection of

linear accel- 1 : 6' (1) 2
eration data

at one location . 2 - 6' (1) 1

.............
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SOFTWARE DESCRIPTION

1.1 INTRODUCTION

At the heart of the software pfocessing is é RDS-500 computer

which has the capability of processing any type of vehicle
vibration data. Figure C-1 is a diagram of the ENSCO RDS-500

configuration.

The processing produces two types of results: time series

results and frequency dependent results. The time series

results include the following:

e

Probability Density Estimafe
Distribution Function Estimate
RMS Acceleration Level

Average RMS Level

99 and 95 Percentile Levels

The frequency dependent results include the following:

]

Average RMS levels for 1/3 octave bands
IS0 reduced comfort ekposure times
Power Spectral Densities

Alternate ISO exposure times

Cepstrum plots of power spectfa

Wz criteria

A more complete discussion of the time series results can be
found in Appendix E. A description of the IS0 and WZ criteria

is included in this appendix.



RDS-500 Py

} Hardware Bootstraps -
: Hieh Speed Avithmetic
, Tine-of-Dayv Clock
; Memory Protection
! Power lailure Protection
Mewory Parity
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} 16 Priority Intecrrupts
| Apollo . - :j/\B 1/0 and
1 Array [~ ' ..] Interrupt
! 2. memmd 2] . - " - e St " -
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Pt ..
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{ é 65K-word =
3 ol ] 900 ns 1S
=7 Core =
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| =
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| e
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— .
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Display

NEST
Analog
1/0
Inter{ace

J

ENSCO
Analog
Interface

Figure C-1.
C-2

ENSCO RDS-500 System Configuration



1.2 IS0 CRITERIA

Human responsc to mechanical vibration is.COmplicated and
not well understood. Although human response to vibration

ivest

)

e £ : 3 .
ated for many years, no universally accepted

[WH

has been 1 g

method of evaluating ride quality from mechanical vibration
exists. However, it is generally éccepted that man's toler-
ance to vibration is frequency dependeﬁt. Many investigators
of ride quality have presented their results in terms of

acceleration amplitude-frequency curves.

One method of evaluating the ride quality of a vehicle from
acceleration environmental data is to use the ISO standard
entitled "Guide for the Evaluation of Human Responsé to
Whole-Body Vibration,'" which presents three criteria for

evaluating ride quality:

e The preservation of working efficiency
(fatigue-decreased proficiency boundary).

) The preservation of health or safety
(exposure limit).

e The preservation of comfort (reduced-
comfort boundary) .- '

Based on each criterion, two sets of amplitude-frequency curves
are defined. One curve is for longitudinal acceleration (foot-
to-head direction), and the second is for transverse accelera-
tion (back-to-front or side-to-side direction). For each
amplitude-frequency curve, a set of boundaries is defined and
denoted by exposure times. The tolerable acceleration level
increases with decreasing exposure time. The acceleration
1imits for transversc acccleration as a function of frequency
for various exposurc times (for the fatigue-decreased pro-
ficiency criteria) are shown in Figure C-2. Similar curves

for the longitudinal direction are shown in Figure C-3.



e

For the set of curves associated with the exposure limit
criteria, a factor of 2 (or 6 dB) times the. values for the
decreased proficiency criteria shown in the curves is
introduced. Correspondingly, a factor of 0.315 (or -10 dB)

is introduced. Correspondingly, a factor of 0.315 (or -1OVdB)
is introduced to obtain the set of curves for the reduced-

comfort criteria.

These curves are defined for a sinusoidal acceleration
signal. In practice, this form of acceleration is not
likely to occur, and one-third octave band filtering is
defined as the appropriate method for applying the standard

to random (broadband) vibration signals.

The standard is defined over the frequency range from 1 Hz
to approximately 90 Hz. A set of 20 one-third octave band
filters is required to cover this ffequency band. The one-
third octave band filtering provides an rms acceleration
level for each of the 20 filters. The standard is used to
convert each rms acceleration level to exposure time. The
minimum exposure time from the 20 bands is taken as the
description of the ride. For instance, the reduced-comfort
criteria would be used to evaluate a passenger vehicle.

The ISO standard provides a means of assigning a single
number (say, 5 hours) to the ride, based on the accelera-

tion environment. The exposure time is for a 24-hour period.
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3.3
o

8.0C

T 4.0

Acceleration aZ(WJS)

0.2~
| - exnosure Limins 6 ST Tehe
| '
i - reduced gonfort 170
—t= bountnny ‘
‘ ' ' ;
0.1 | LRSI

1.9 2.0 1.0 ConLn
Frequency or CenteY Freguency of Thiz! Actave Band, Mz
Figure C-3. Longitudinal Acceleration Limits as o Mampetion o Hresues oon
nxnosure Time (Fatiquc—Decrcased Proficiancy Bourlovy)
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1.3 WZ'RATING OF RIDE QUALITY

1Yy A : E
ng (1) developed a procedure for

pde

In 1941, Helberg and Sperl
appraising the running qualities of railroad cars. A series
of experiments was conducted to establish the relationship .
between vibrations and the response of an individual to those
vibrations. Tests were conducted in a seated position on a
vibrating table at frequencies between 1 and 12 Hz and at
amplitudes up to one inch. Participants in the experiments
were limited to employees of the railroad who had experience

in vehicle vibrations. A total of 1,800 tests were conducted.

A formula for computing WZ was derived. from these experimental
results. W  was defined as a function of both acceleration
level and frequency. ‘There are several points to be noted.
First, no distinction was seen between vertical and horizontal
vibrations in the frequency domain. This gonclﬁsionm was
drawn as a result of testing, as tests were conducted in both

vertical and lateral directions. Second, for a given frequency,

WZ only increases by 23% when the acceleration level doubles
in amplitude. Third, on a five point scale, where 1 is an
excellent ride and 5 a dangerous one, 3 was selected as the

upper limit for passenger cars.

In 1968, Sperling (2) wrote a paper which updates the W,

method with respect to automatic computation on a railway
vehicle using more modern methods. He describes how the

method is used by'fhe German Federal Railway.

In recent times, sceveral articles have been written concern-
ing the WZ method. Pribnow (3) states that the method is use-
ful but somewhat coarse. Andrew (4) fecls the method is



outdated and that poor experimental procedurcs were used

in developing thé mefhod( However, he does feel that

'modificationsAtp'the'method (weighihg factors and integra-

tion over the entire ffeqUency range) have improved the

method.

Theiwzmethod of rating the ride of a rail vehicle has been

widely used in recent decades.

number to describe the quality of the ride.
acceleration is measured and weighted in the frequency domain.

This value is squared, averaged over time and the 6.67
This final number is the W, rating.

is taken

shows a flowchart of the process.

This method applies a single

The instantancous

th

The working units are

cm/sec2 for acceleration.
Figure C-4. Flowchart of W, Method
' G 6 y w
a*v . . a- T A
g BN BB o 88y
In general
_ T
W= 6.6\7/—‘-§—9—-6—f G- A2 at
A T o w
where -
Wz = criteria number
T = total time of data sampled
G, = weighting function
A = acceleration level

W

root

Figure C-4



The rating scheme for WZ is as follows:

Condition of Ride

v,

1 Excellent

2 Good

3 Satisfactory

4 Car in Working Order
5 Dangerous

One advantage to the Wzrating process 1s that a single
number can be applied which can describe the quality of
the ride. Another advantage is that ‘the Wz method 1is

- weighted in the frequency domain and takes into account

experimental studies involving actual passenger reactions.

There are slight differences between the W, and ISO criteria.
In the W, method, the frequency band of greatest passenger
discomfort occurs at 5 Hz for both lateral and vertical
accelerations. In the ISO standard, the frequency band of
greatest passenger discomfort occurs at 1-2 Hz for lateral
accelerations and at 4-8 Hz for vertical accelerations.

1.4 COMPARISON BETWEEN ISO AND WZ

In making comparison of the Wz Method and the Alternate ISO
Standard, one must first investigate the weighting function
used with each method. A comparison between the lateral and

vertical weighting functions for the ISO criteria is shown

in Figure C-5. Figure C-6 shows the same comparison for the

W7 rating scheme. It can be seen that therc are major

differcences in the weighting functions. Figurcs C-7 and

C-8 compare the weighting functions of the two methods. In

O
1
O



e i ey

the vertical channel, the two are ncarly identical. In the
lateral directions, there is a notable difference. The |
greatest, sensitivity in the ISO Standard is 1-2 Hz. The
greatest sensitivity in the W, Method is 6-8 Hz.

Next, we can make a comparison between the two methods.
Flgure C-9 gives a flowchart depicting this comparison.

There is, in general, no difference in the manner in which
the two methods are used. However, the two major differences
jnvolve the shape of the weighting function and the final
conversion to exposure time or W rating. We can investigate

a direct comparlson of the two mcthods by plotting the re-

" sults versus A, an intermediate value of rms acceleration.

These results are shown in Figure C-10.

Finally, we can make a comparison between the ISO and
Alternate ISO Standards. A flowchart is seen in Figure C-11.
The greatest discrepancy‘occurs'in the method of determining
the final exposure time. In one, the results are summed over
all frequencies. In the other, there is no summation con-
ducted. The exposure time is computed for each frequency

and the least exposure time is given for the final criteria.

C-10



COMPARISON BETWEEN LATERAL AND VERTICAL ISO WEIGHTING FUNCTION
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Alternate ISO Standard

o

Raw accelera-
tion in g's

ST-0

-
; C cwa)2 T '
§ M (aswy) %_L (a*Wl)zdt= A% Vi Convert to
“3 Weight ~2:Square Result §=*%j Sum over time 1 - QXPSSUTG
é Acceleration (Rms) g time
g rms
. -
3
a
. 3 ¥ IR i T
asvz 4 1 (anwp)? L [Tlawwytat = 24 .
L é 2 T s (2 wz) a A2 ~ T Convert to W:
- e ' o 2 , a. ]
Weight {™{ Square result Sum over time A, rating
Accelerationg (Rms)
: ms
: e

Figure C-9.

WZ Method of Rating

Comparison Between the WZ and Alternate

IS0 Standards
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RAW DATA SECTIONS

In the course of analyzing data collected on any test, the
first step is to reproduce the signals on a strip chart ’
recorder. This enables the analyst to validate the follow-

ing:

1) To insure that data was physically recorded
on tape

2) To c¢onduct a preliminary analysis and obtain
a better understanding of the dynamic move-
ments of the vehicle

Stripped out segments of the high speed runs are included
in this Appendix. Signals from the lateral, vertical, and
longitudinal accelerometers are indicated. One second time

increments and message units are also shown.
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APPENDIX E
SAMPLE SOFTWARE OUTPUT



VEHICLE VIBRATION DATA REDUCTION PACKAGE (VIBES)

The input to this program consists of six channels of data
per run. This data is set up in records containing 128 scans

Liztl o

(1 second).

sists of 22 pages of summaries, graphic estimatés, and plots.

The output'includes:

e Probability density estimates and plots
e Distribution function estimates and plots
-] One-third octave band RMS levels

-] The ISO ride quality exposure time for the
reduced comfort criteria

e Power spectral density levels and plots
e Cepstrum plots for PSD levels

o RMS levels

The format of the otuput is explained below.

Pages 1 and 2  describe the probability density estimate. ‘The
y is a funection of thé number. of data locas
and the channel scale
ch channel.

probability densit
tion bins, the total number of samples,

factor. This page has twelve columns, two for ea

The first column of each channel gilves a specified engineering

setting which corresponds to an acceleration level. The

h channel gives the value of the pro-
when multiplied by the width
each bin.

second column of eac
bability density function which,
of the bin, provides the probability associated with
The heading for each of these six channels 1is an alphanumeric
input and can include both the channel numbcf éhd‘aééﬁéff
description of what data was recorded on the channel. The

" heading shown at the top of each pagc .is an alphanumeric

input applicable to points of interest (such as typ

date and location of test,

E-1

¢ of test,

number of scans and record numbers).



The units are g's for linear acceleration channels and
radians/second/second for rotational acceleration channels.
At the end of page 2, the standard deviation of the six
channels is given. Thé standard deviations of the data are
given in engineering units (such as g's and radians/second/
second) based on the scale factor for each channel. The
scale factor relates the voltage level to the measured en-
gineering units (g/volt). The data is digitized at a rate

of 128 Hz and one second of data is recorded per record.

_ Thus, the number of scans (data points) corresponds to the

number of records times the digitizing rate. This value 1is

also shown at the top of page 1.

Pages 3 and 4 contain the distribution function estimate.
Again, two columns are given for each channel, with column
one corresponding to a voltage setting and column two to
an estimate of the distribution function.

For ride quality data analysis, one-third octave band filter-
ing provides a correspondence to the International Standards
Organization (ISO) standards for determining the quality of
the ride. Pages 5 and 6 of the standard Ride Quality Data
Analysis Package give the RMS acceleration for the filtered
data. For center frequencies ranging from 1 Hz to 31.5 Hz,
results are given for longitudinal, lateral, vertical, roll,
pitch, and yaw accelerations. For each'band, the mean is
reported .(expected va-ue - EV) along with the mean plus or
minus one standard deviation (UB - upper band, LB - lower
band) . ’

The one-third octave band filtered results for ride comfort
are shown on pagc 7. TForvr center frequencies ranging from
1.0 to 31.5 Hz, time limits for reduced comfort are given



for longitudinal, lateral, and vertical accelerations. In
addition, a summary section reports the minimum exposure
limits along with the frequencies at which it occurs.

gh 10 give the power spectral density level
(PSD) in dB which corresponds to a given frequency. These

levels are printed for each channel and for frequencies

from 0.25 to 40.0 Hz.

®

Page 11 is a short summary of the results. First, a
description of the test run is given. Then, for the linear
acceleration channels, the following information is given:

e standard deviation

® 99 percentile level

© 95 percentile .level

® reduced comfort eéxposure time

e center fredﬁenéf

-] alternate exposure time (frequency weighted)

e WZAmethod (frequency weighted) where 1 is a
good ride and 5 is a bad ride

Cepstrum plots of power spectral density in one-third octave
bands are given on page 12. These plots indicate the amount
of change in each one-third octave band over a period of time.

Plots of the probability density estimate and the distribu-
tion function estimate are given on pages 13 and 14. These
graphs are plotted as a function of acceleration level.



Power spectral densities are presented on pages 15 through
20. The PSD's are developed using a stacking operation and
the Fast Fourier Transform, which operates on blocks of

data containing 512 points. The x-axis is'é frequency axis
which varies from 0 to 40 Hz. The y-axis prints out the
power spectral density (SPD) level in dB relative to 1lg (RMS)
squared per Hertz RMS. The plots are titled as to which
channel is represented and what phase of testing is repre-
sented. In addition, the RMS level, computed by summing

up the PSD levels, 1s given.

On the next pages, a time history of the RMS acceleration
level is given for each of the channels. Page 21 gives a
description of the channels and the scale factors used in
the plots. Page 22 gives the RMS plots which are useful in
determining relative amplitudes and an overall profile of

the parameters being recorded.
A flow chart of the processing is shown in Figure 12.

A sample copy of the output is given in Appendix B.
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PPOBABILITY DENSITY ESTIMATE
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TIME LIMITS -~ REDULCED C OMFORT

LRC TEST CURVED LOCOMOTIVE RUN 17 67 MPH DRIFT RU
: rq : .. . .
CEMTER FREQ LOMGLA% " LATL . UERT1 CENTER FREQ LONG1 LATL UERT1
LE 24,8 24.2 24,9 LB 24.Q 4.0 Q.7
1.6 HZ EM 4.0 5.0 13.3 6.3 HZ EU 24.0 24.0 5.2
UE 24.0 3.0 8.4 LB 21.0 24.0 3.8
. LB 24.0 6.1 14.9 LB 24,0 24,0 7.1
1.3 HZ EU 24.0 3.1 6.1 8.0 HZ EU 14.2 24.0 5.7
UE 24.0 2.1 4.2 )z 10. 4 24.0 4.8
LE 4.0 5.4 7.5 LE 24.0 24.0 24.0
1.6 HZ EU 24.0 2.6 3.3 10.0 HZ EU 24.0 24.0 21.7
UB 4.0 1.7 2.2 LB 24.6 4.0 18.7
LB 24,0 17.7 11.7 LE 24.0 24.0 24.0
2.6 HZ EU 24.0 5.0 €.5 12.5 HZ EU 24.9 24.0 24,0
UR 24,0 3.2 4.8 : "B 24.0 24.0 21.2
LB 24.0 13.0 11.6 LB 24,0 24,0 24.0
2.5 HZ EU 24,0 7.4 8.4 16.0 HZ EY 24.0 24.0 24.0
LR 24.0 5.4 .8 LB 24.0 24.0 24.0
LB 24.0 24.0 13.6 LB 24.0 24,0 24,0
3.1 HZ EU 24,0 14.0 9.2 20.0 HZ EU 24.0 24.0 24.0
: UE 24.0 9.6 7.3 LB 24.0 24.0 24.0
LE o4 24.0 23.1 LB 24.0 24,0 24.0
4,0 HZ EU 24.0 24,0 15.5 25.0 HZ EU 24,0 24.0 24.9
_ UR 24,8 18.9 12.2 UB 24.9 24.0 24.0
LE 24,0 24.0 168.8 LE - 24.9 24.0 24.0
5.0 HZ EU 23.6 24.0 4.5 31.5 HZ EU 24,0 24,0 24.0
LR 15.1 24,8 2.9 LB 24,0 24,0 24.9
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EXFOSURE TIME (HRS): 14.2 2.6 3.3
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FREQ(HZ) UERT1L LONGL LAT1 UERTZ LONG2 LAT2
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2.59 —~35. 144 ~53.683539 ~35. 4769 ~52. 4544

2.7 -41.1749 ~54., 4775 —322.8733 —52. 3924

3.00 —49. 7ol ~55. 4269 -39, 6475 —53. 9063

3.2 -38.8283 —52.83823 - 39 5 ~52.8177

3.59 —-38. 4762 -52.9711 —52.32297 g
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VIBRATION ANALYSIS
FILE1S '
: RUN 17

SUMMA
LRC TEST CURVED LOCOMOTIVE RUM 17 67 MPH DR

LOMNG1
E!

R Y
IFT

PAGE 11

LAT1L VERT1
S . B'S G*'S
STAMDARD DEUVIATION 254E-01 2.032 @.051
95 FER CENT LEVEL 8. 050 G, 064 ©.097
93 FER CENT LEVEL Q. 067 0. @8R ©.147
_ HOUES HOURS HOURS
MINIMUM EXPOSURE TIME (REDUCED COMFORT) 1ﬂ;2 Eiﬁ 323
z
rln CEMTER FREQUENCY BAND 8.0 1.6 ] 1.6
Y
-~
: HOURS HOURS HOURS
ALTERNATE METHOD EXPOSLRE TIME (REDUCED COMFORT) 7.5 1.@ .
r e u;~;41;3¢&xaaa, ST R A
WZ RATING LAT ) ‘ . 2.5 FALIR i g i
- . WZ FATING UERT - o - . . .. . i 2.8  QDEGUATE .- FAIR -~ —. 2o H B

|
|
i . R TIME PROCESSED 24 SECONDS
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