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PREFACE

Th is  volume i s  the th ird  of three volumes dea ling  with the 

Vehicle/Track In te ra c t io n  Assessment Techniques (IAT) which were 

developed by the Transportation  Systems Center (TSC) and i t s

con tracto rs:  A rthur D. L i t t l e ,  Inc. (ADL), B a t te l le  Columbus

Laborato rie s  (BCL),. ENSCO In c .,  Kaman Sciences Corporation (KSC), 

Systems Control Technology Inc .(SCT ),  and The A n a ly t ic  Sciences 

Corporation (TASC).

This inform ation was developed from the S t a b i l i t y  Assessment 

F a c i l i t y  fo r  Equipment (SAFE) Program. That program had d ire c t  in p u t -  

from the r a i l r o a d  a f f i l i a t e d  personnel o f  the In te rnat iona l 

Government-Industry Track Train Dynamics Research Program and the 

Federal Ra ilroad  Adm in istra t ion , Track Safety  Research D iv i s io n .

The Vehicle/Track In te ract ion  problems addressed by the IAT,

ca lled "Performance I s s u e s , "  are l i s te d

• Hunting;

• Twist and R o l l ;

• P itch and Bounce;

• Yaw and Sway;

• Steady State  Curving;

• Sp ira l  Negotiation;

- • Dynamic Curving;

• Steady Bu ff  and Draft;

• Longitud ina l Tra in  Action; and

• Long itud ina l Impact.

These problems have been re sponsib le  fo r  compromising r a i l  veh ic le  

s t a b i l i t y  in the past and are expected to be important i s su e s  fo r  

con s ide rat ion  in  fu ture  designs.

The IAT has evolved over the past few years  through experience 

gained in conducting a number of te s t s  dea ling  with veh ic le/  track  

in te rac t ion .  E s s e n t ia l l y ,  the IAT i s  a system atic  approach u s in g  a
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standardized se t  o f  procedures and t o o ls  ( i . e . ,  elements) f o r  

id e n t i f y in g ,  d iagnosing  and so lv in g  s t a b i l i t y  problems in  a r a i l  

veh ic le  a lready In  revenue se rv ice  and f o r  a s se s s in g  the s t a b i l i t y  o f a 

new or modified veh ic le  ( f r e ig h t  car, passenger ca r ,  o r  locomotive) 

p r io r  to i t s  in troduct ion  i n t o  revenue se rv ice .  The primary goal of 

the IAT i s  to provide a means o f  a s se s s in g  the adequacy o f  r a i l  veh ic le  

s t a b i l i t y  at a minimum cost .  Th is i s  accomplished by:

t  Sy stem at ica l ly  developing an approach f o r  id e n t i f y in g  

s t a b i l i t y  problems;

• Id e n t i f y in g  the te s t  procedures and to o ls  necessary to 

a sse ss  the s t a b i l i t y  c h a r a c t e r i s t ic s  ot the r a i l  veh ic le s ;

• Reducing, through the use o f  computer models, the amount 

o f  te s t in g  requ ired;

• Summarizing the s t a t e -o f - th e -a r t  in  to o ls ;

• Standard iz ing  the nomenclature in s t a b i l i t y  assessment; 

and

• P rov id ing  the a b i l i t y  to compare data from d if fe re n t  

te s t s .

Although the IAT can determine the po ten t ia l  fo r  derailment as a 

re su lt  o f excess ive  motion between the wheel and ra i 1 or because of 

undesirable  levels of w hee l/ ra il in te ra c t ion  fo rce s ,  i t  does not 

e x p l ic i t y  deal with derailments re su l t in g  from the f a i lu r e  of a 

veh ic le  or track component due to wear, fa t ig u e ,  or excess ive  s t r e s s  

caused by these fo rce s.  A lso ,  the IAT has been developed to a sse ss  

the dynamic performance of most types of f r e ig h t  c a r s ,  locomotives, 

and passenger c a r s ;  however, p a r t ic u la r  type of veh ic le  may not be 

s e n s i t i v e  to  a l l  Perform ance I s s u e s .  T h e re fo re ,  the  IAT 

incorporates a procedure fo r  id e n t i f y in g  the p r in c ip a l  Performance 

Is sue s  of concern fo r  any veh ic le  design.

The IAT i s  organized in  the form o f  Assessment Procedures. For 

each o f  three ob ject ive s  o f  the IAT, a d i s t i n c t  Procedure i s  id e n t i f ie d  

and presented in  the form o f  a flow chart. Thus, a procedure i s  

defined for:

i v



• The Mod ified Vehicle  Assessment;

t  The Veh ic le  Problem D iagno s is ;  and

• The Prototype Vehicle Assessment.

Each procedure requ ires a number of steps to be conducted in order 

to meet the S p e c if ic  Assessment Objective. Often, but not always, 

te s t  must be conducted to meet the Assessment Objective. These te s t s  

are d i s t i n c t l y  d if fe re n t  and complementary to the revenue se rv ice  

te s t in g  to which a new or modified veh ic le  i s  gene ra l ly  subjected. 

The IAT t e s t s  are designed to subject a veh ic le  or c o n s i s t  to a 

severe se rv ice  environment which i s  simulated using te s t  track s  or 

la b o ra to r y  equ ipm ent. In t h i s  way, the range  o f  dynamic 

c h a r a c t e r i s t i c s  of a veh ic le  could be brought out in a r e la t iv e ly  

short  time. Achieving the same goal by means of a revenue se rv ice  

te s t in g  procedure may require extensive  te s t in g  in many m iles of 

track.

Th is  document, which provides information on t e s t  and a n a ly s i s  

procedures incorporated in  the IAT, i s  d iv ided  in to  two pa rts.  The 

f i r s t  part in troduces the IAT and provides the ba s ic  information 'on 

va r iou s  Assessment Procedures and the steps to be taken in  performing 

them. The second part c o n s is t s  or f i f te e n  se c t io n s ,  each d e t a i l in g  one 

aspect o f  the Assessment Techniques. In t h i s  way, a po tent ia l user 

need only read Part 1 to understand the key, aspects o f  the IAT; the 

d e ta i l s  provided in  the second part can be stud ied  la te r  while  the user 

i s  ga in ing  fu r th e r  knowledge o f  the IAT or before a c tu a l ly  u t i l i z i n g  

the IAT f o r  Veh ic le  Performance Assessment.

This document was developed under the guidance o f  the ISC ,  with 

the fo l lo w in g  p r in c ip a l  con tr ibu t in g  in d iv id u a ls :

(ADL) A. B. Boghan i, P. M att ison, D. W. Palmer, C. Snyder;

(BCL) D. R. Ahlbeck, J. M. Tuten; (ENSCO) J. K. Ke s le r;  (KSC)

J. J. Angelbeck, B. W. Baxter; (SCT) S. E. Sh ladover; (TASC)

F. B. B lader; (TSC) H. Ceccon, R. Ehrenbeck, M. E. Hazel,

J. H. Lamond, S. M. P o lc a r i ,  H. M .Wong.

The o rga n iz a t io n s  invo lved  in developing the document are shown on the 

next page.
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SECTION J

ANALYTICAL TECHNIQUES

J . 1 In trodu ctio n

The data gathered in  a te s t program (o r from computer sim ulations) 

conducted under the IAT are genera lly  not very useful unless they are 

converted to a more in te rp re ta b le  format through data a n a lys is . Th is  

section deals w ith a number o f techniques which can be employed to 

accomplish th is  task. Each technique is  i l lu s t ra te d  with an example 

and references are provided to sources which contain more inform ation 

on these techniques.

Depending on the complexity of the techniques employed, a data 

ana lysis  can be considered to belong to one o f the three le v e ls  - -  

Levels 1, 2 , and 3 , which include the fo llo w in g  techniques:

Level 1

• Simple s t a t is t ic s ;  and

§ Resonant frequency a n a lys is .

Level 2

Level 1 p lu s ;

• Threshold exceedance a n a lys is ;

• Frequency spectral a n a lys is ; and

•_ Damping ra t io  ca lcu la tio n .

Level 3

Level 2 p lu s ;

• P ro b a b ility  d is tr ib u t io n  a n a lys is ; and

• Regression a n a lys is .

The se le c tio n  o f the data analysis leve l is  based on the Response 

Variab le  being analyzed, as well as on the Test Category, i . e . ,  whether 

the te s t was a Proof T e s t, D iagnostic T e s t, o r Service Environment Te s t. 

Th is is  i l lu s t ra te d  in Table J - l ,  which is  id e n t if ie d  as Table 3 -4  in

J - l
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TABLE J - l : DATA ANALYSIS  REQUIREMENTS FOR EACH PERFORMANCE ISSUE ( c o n t ' d . )

TEST CATEGORY: Diagnostic - PERFORMANCE ISSUES
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Part 1 o f the document. As shown in the ta b le , a Proof or D iagnostic 

Test requires Levels 1 and 2 data a n a lys is , whereas a Service 

tnvironment Test needs Level 3 data a n a lys is . Once a n a ly z e d ,  many o f  

these va ria b les  are used in  developing Performance In d ice s , as 

described in  Subsection 3.2 o f Part JL; the others are required fo r  

add itio na l in te rp re ta tio n  o f the te s t re s u lts .

The s p e c if ic  a n a ly tica l techniques to be applied fo r  Response 

Variab les which are to  be used fo r  ca lcu la tin g  Performance Indices are 

provided in Table 3-8 in  Subsection 3. 2. However, the techniques to be 

used fo r  the other va riab les  are not id e n t if ie d . For these va ria b le s , 

Table J -2 can guide the user to the most appropriate data analysis 

techniques.

The fo llo w in g  subsections describe the various a n a ly tica l 

techniques along w ith i l lu s t r a t iv e  examples.

J .2 Technical Discussion

The data a va ila b le  fo r  ana lysis  are genera lly  in a d ig ita l format, 

w ith d isc re te  values recorded every so many m illiseco n ds . The f i r s t  

task a fte r  obtain ing the data is  to go through a q u a lity  control 

process in which the data channels having absurd values (ze ro , much 

la rg e r than expected, and so on) are id e n t if ie d  and discarded. At th is  

stage, the lo s t  channels are synthesized from raw data, i f  at a l l  

po ss ib le . A lso , new channels are created from the e x is t in g  data 

channels. The prime examples are L/V ra t io s  and r ig id  body 

a cce le ra tio n s .

Once a l l  channels, measured and synthesized, are a v a ila b le , the 

data a na lys is  can be performed according to the techniques id e n tif ie d  

in  the fo llo w in g  pages. The se lection  o f techniques to use is  d ictated 

p rim a rily  by the requirements posed by Performance In d ice s . Additional 

a n a lys is  is  gen e ra lly  performed by an ana lyst seeking fu rth e r 

understanding of the ve h ic le /co n s is t behavior.
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TABLE J - 2: ANALYTICAL TECHNIQUE SELECTION GUIDELINES

DATA ANALYSIS OBJECTIVE
TECHNIQUE WHICH CAN 

TYPICALLY BE USED
DESCRIBED IN 

SUBSECTION

Obtaining Performance Indices
• Simple S ta t is t ic s  
9 Threshold Exceedance A na lysis  
9 Damping Ratio C a lcu la tion

J . 2. 1.1
J . 2. 2.1
J . 2. 2.3

Extrapo lating  Performance to  tha t 
on Other Tracks

9 Regression Analysis J . 2. 3.2

Estimating P ro b a b ility  o f  
Derailment

9 P ro b a b ility  D is tr ib u t io n  A na lys is  
9 Threshold Exceedance A na lysis  
9 Simple S ta t is t ic s

. J . 2. 3.1 
J . 2. 2.1 
J . 2. 1.1

Diagnosis o f a Dynamic Problem

9 Simple S ta t is t ic s  
9 Resonant Frequency A na lysis  
9 Threshold Exceedance A nalysis 
9 Damping Ratio C a lcu la tion  
9 Frequency Spectral A na lys is

J . 2. 1.1
J . 2. 1.2
J . 2. 2.1
J . 2. 2.3
J . 2. 2.2

Id e n tify in g  Natural Frequencies
.

9 Resonant Frequency A nalysis 
9 Frequency Spectral A na lysis

J . 2. 1.2
J . 2. 2.2



J . 2.1 Level 1 Data Analysis

J . 2. 1.1 Simple S ta t is t ic s

The simple s t a t is t ic a l  de scrip to rs  o f a p a rt ic u la r  Response 

Variable  are ca lcu la ted  in the fo llo w in g  manner:

Mean: — L~ f ---------- , where X. is  a d ig it iz e d  time series  o f the
n 1

Response Varia b le  X containing n va lues. Th is  time se rie s  may 

represent ve h ic le  response over a te s t segment o r over the whole 

te s t  zone depending on the te s t o b je c tive s .

Maximum: peak p o s itiv e  value;

Minimum: peak negative va lue ;

Root Mean Squares: 5

Standard de via tio n  from the mean ( a ) y  (RMS) 2 -  (MEAN) 2 )

J . 2. 1 .2 Resonant Frequency Analysis

Simply s ta te d , the resonant frequency a n a lys is  attempts to 

co rre la te  the frequencies o f the input a ve h ic le  receives from the 

track perturbations w ith the natural frequencies o f the ve h ic le  in the 

modes being exc ited  by the perturbations. The re la tio n sh ip s  between 

the perturbation types and the veh ic le  modes exc ited  by them are shown 

below:

Perturbation Type

Crosslevel

P ro f ile

Alignment, Gauge

Veh ic le  Mode 

Roll

P itch and Bounce 

Yaw and Sway

J - 7



A substantia l increase in  the motion of the ve h ic le  in  a 

p a rt ic u la r  mode can be expected i f  an input frequency coincides w ith 

one of the natural frequencies in  that mode. As a simple case, assume 

that a veh ic le  w ith v e lo c it y ,  V , is  going over a tra ck  incorporating  

sinusoidal perturbations (o f  any type) w ith wavelength, X. The 

frequency of the input received by the v e h ic le , f ,  w i l l  then be:

f  = V ( J . l )
X

This input w i l l  have a.peak amplitude which is  determined by the 

perturbation amplitude,* the truck center d istance and the wheel base 

as shown in Table J - 3. These equations in d ica te  th a t , depending on the 

truck center distance,** ce rta in  perturbation wavelengths provide more 

input to one mode of ve h ic le  motion than another. Th is  is  schem atically 

shown in Figure J - l ,  in which an "even mode" (E ) represents bounce, 

sway, and r o l l ,  whereas an "odd mode" ( 0) represents p itch  and yaw. 

Thus, a veh ic le  w ith 39 fe e t truck center distance , w i l l  experience 

la rg e ly  yaw motion on a track incorpora ting  78 fe e t wavelength 

alignment p e rtu rb a tio n s , whereas the. same ve h ic le  w i l l  experience 

la rg e ly  sway motion on a track incorporating  39 fe e t wavelength 

alignment pe rtu rbatio ns. The d e ta ils  o f  these are provided in Ref. 1.

An example of the e ffe c t  of truck center distance and wheel base 

on the input amplitude is  shown in  Figures J -2 and J - 3. In these 

f ig u re s , the gains ( i . e . ,  the sine and cosine terms in  the equations 

shown in Table J - 3) fo r  a locomotive (SDP-40F) in  yaw and sway modes 

are p lo tted  as functions of wavelength. As the f ig u re  shows, an

* T h i s  assumes  t h a t  t h e  t r a c k  i s  r e l a t i v e l y  s t i f f .  A 
v e h i c l e  o p e r a t i n g  o v e r  a more c o m p l i a n t  t r a c k  w i l l  see a 
somewhat d i f f e r e n t  a m p l i t u d e .

** The e f f e c t  o f  wheel base i s  u s u a l l y  n e g l i g i b l e ,  u n l e s s  
t h e  p e r t u r b a t i o n  w a v e l e n g t h  i s  v e r y  s h o r t ,  say  l e s s  than 
20 f e e t .

J - 8



TABLE J - 3:: THE EFFECTS OF TRUCK CENTER DISTANCE AND WHEEL 
BASE ON PERTURBATION INPUT

MODE PEAK-TO-PEAK AMPLITUDE OF THE INPUT

Roll 2tan-1 I cos ^  cos 1 )
A A

radians

Pitch 2tan-1 ( f l sin irL „—  COSA f l ) radians

Bounce p 1cos ttL—  COSA
Trb | 
A 1 inches

Yaw 2tan_1
<ul si n f  cosA f l > radi ans

Sway A l cos f  cos
A

7rb |
A 1 inches

C = Crossleve l amplitude (peak-to-peak) 

P = P ro f ile  amplitude (peak-to-peak)

A = Alignment amplitude (peak-to-peak)

G = Nominal Gauge 

L = Truck center distance 

b = Wheel base 

I = Absolute value

J - 9



Mode Excitation 
(E = Even, 0 = Odd)

X = 78'

EO E0
X = 39'

►  X = 191/*'

10 20 29 49 59 68
39 78

Truck Center Distance (to nearest foot)

Note: Truck centers lying between nodal points (E, O) will excite both modes, with the
input energy being distributed between the two modes based upon how close the 
truck center ties to either node.

FIGURE J - l : RELATIONSHIP BETWEEN TRUCK CENTER DISTANCE AND
TYPE OF EXCITATION
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COMBINED RESPONSE MODES FOR YAW-SOP 40F

WAVELENGTH X (FEET)

Source: Ref. [1] Vehicle: SDP-40F Locomotive

FIGURE J-2: THE EFFECT OF PERTURBATION WAVELENGTH ON
THE YAW INPUT TO A VEHICLEi
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COMBINED RESPONSE MODES FOR SWAY-SOP 40F

WAVELENGTH A (FEET)

Source: Ref. [2] Vehicle: SDP-40F Locomoti

FIGURE J-3: THE EFFECT OF PERTURBATION WAVELENGTH ON THE SWAY INPUT TO A VEHICLE



alignment perturbation with wavelength 92 feet causes the vehicle to 

experience a large yaw motion, but hardly any sway motion.

So far, we have assumed that the perturbations are sinusoidal in 

shape. Often, they are not. In these cases, equivalent sinusoidal- 

components have to be developed using Fourier Transformation [Ref. 3], 

as shown in Figure J-4. This process w ill convert the given

perturbation shape into a number of equivalent sinusoidal components 

with d ifferent amplitudes and with wavelengths which are given by X/n

(n = 1, 2, 3, . . . ) ,  where X is  the basic wavelength. For the purpose

of resonant frequency analysis, only the components with large

amplitudes need to be selected and treated as individual sinusoidal 

perturbations.

The use of Fourier Transformation is  illu stra ted  through an 

example shown in Figure J-5. In th is, two popular types of 

perturbation, piecewise linear and rectified  sinewave, which have 

actually been used in a test program [Ref. 4], are analyzed.

The resulting values of relative  amplitudes (Cn) show that perhaps 

the f i r s t  two components of either perturbation shapes (78 ft. and 39 

ft. wavelength components for the piecewise linear and 39 ft. and 19.5 

ft. wavelength components for the other) should be studied, the others 

neglected.

To summarize, the resonant frequency analysis is  to be performed 

in the following way:

1. Transform the given perturbation shape into equivalent 

sinusoidal components using the Fourier Transformation 

shown in Figure J-2.

2. For each wavelength with sign ifican t amplitude, determine 

the input amplitude, using equations given in Table J-2, 

and input frequency using Equation J . l.

3. Compile a table of input frequencies corresponding to 

components with s ign ifican t input amplitudes.

4. Repeat Steps 2 and 3 for different test speeds.

J -1 3



Y= f (x) =-2-c0 + A
00
E

n=1
CnCos 27rnx

X

Cn + b„2

Where

X/2

3n AX / f (t) Cos

■X
2

2mrt'
X . dt

bn

X/2

A f

-X/2

FIGURE J-4 FOURIER TRANSFORM OF A PERTURBATION SHAPE



Fourier Transform:

\C
f (x) = + A ECncos i 2n7rx

Rectified Sine Perturbation

n 1 2 3 4 5 6 7 8 9 10
X 39 19.5 .13 9.75 7.8 6.5 5.571 4.875 4.333 3.9

cn 0.4244 0.0849 0.0364 0.0202 0.0129 0.0089 0.0065 0.0050 0.0039 0.0032

Peicewise Li near Perturbation

n 1 2 3 4 5 6 7 8 9 10
X 78 39 26 19.5 15.6 13 11.11 9.75 . 8.667 7.8

cn 0.4531 0.1013 0.0504 0 0.0181 0.0113 0.0092 0 0.0056 0.0041

Source: Ref. [4]

FIGURE J-5 FOURIER TRANSFORM OF TYPICAL PERTURBATION SHAPE
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The sign ifican t input frequencies for the completed speed range 

can then be compared with the vehicle natural frequencies in relevant 

modes, which are calculated as shown in Section N (Vehicle 

Characterization). I f ,  in a particu lar speed range, a s ign ifican t 

input frequency is  equal to a natural frequency, the resu lting 

resonance can explain the vehicle behavior in that speed range. Figure 

J-6 shows the relationsh ip  between the wavelengths of typical 

perturbations existing in revenue service and typical natural 

frequencies of d ifferent vehicle types.

J.2.2 Level 2 Data Analysis

J.2.2.1 Threshold Exceedance Analysis

This analysis provides information regarding the exceedance of a 

particular Response Variable above a predetermined threshold Value. 

This exceedance can be characterized by many descriptors LRef. 5], such 

as:

Lgg: 95 percentile level (that level exceeded 5% of the

time)

LT20MAX:

LT40MAX:

LT80MAX:

LT20MEAN:

The maximum level which is  exceeded for 20 msec

The maximum level which is  exceeded fo r 40 msec

The maximum level which is  exceeded fo r 80 msec

The level at which the mean of a ll the exceedance 

times is  20 msec

LT40MEAN: T^e ^eve  ̂ at which the mean of a ll the exceedance
times is  40 msec

LT80MEAN: i evel at which the mean of a ll the exceedance
times is  80 msec

LTMAX95^seconds^: The maximum exceedance at Lgs threshold level

^TMEAN95^seconds^: *̂ie mean exceedance duration at Lgg threshold 
le ve l.

J -1 6
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FIGURE J-6: THE RELATIONSHIP BETWEEN THE WAVELENGTHS OF
TYPICAL REVENUE SERVICE PERTURBATIONS AND 
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This analysis is  p a rticu la rly  useful in interpreting the wheel 

force data. This is  because the effect of a wheel force which ex ists 

for very short time [Ref. 6] on vehicle or ra il behavior is  generally 

in s ign ifican t because of ine rtia  of the vehicle and of ra i l .  Thus, Lg5 

or I-J20MAX mâ  better descriptors of the wheel force than a peak 

value. Also, a ll of the above descriptors can be obtained per 

perturbation cycle, test segment, or test zone, as dictated by the test 

objectives. "

The above descriptors can be calculated by developing arrays which 

store the intermediate data related to exceedances (see Ref., 7). An 

exceedance of a threshold occurs when the data values increase from 

below to above a threshold and then, after some time above that 

threshold, decreases to below that threshold. Such an occurrence is  

one exceedance of that threshold and has a time duration associated 

with it .  During data processing, the number of exceedances and the 

times of exceedance of each threshold value can be recorded to provide 

the following four arrays:

• Array 1, total time of exceedance; 

t Array 2, number of exceedances;

• Array 3 ,.maximum duration time of any exceedance; and

• Array 4, mean duration time of a ll the exceedances. .

From these arrays, the exceedance descriptors can be calculated in 

the following way:

Lgg: The total time of exceedance for various threshold values

are stored in Array 1, from which the level which is  exceeded 

only 5% of the time can be obtained through extrapolation.

LT20MAX’ LT40MAX’ LT80MAX: The max1numi duration times at various
exceedance levels can be stored in Array 3. Using these data, the 

peak levels which are exceeded for 20, 40, and 80 msec can be 

found using extrapolation.

J -1 8



LT20MEAN’ LT40MEAN’ LT80MEAN: Array 4 can Provide the mean
duration time of a ll exceedances at a particu lar threshold level.

From these mean times, and the corresponding threshold leve ls, the

leve ls which correspond to the mean exceedances of 20, 40, and 80

msec can be determined using extrapolation.

*"TMAX95: *̂ie rT,ax̂ mum exceedance duration time corresponding to
the Lgg level (calculated as shown above) can be determined, from 

Array 3 using extrapolation.

LtmEAN95: "^ e mean exceedance duration time corresponding to the

Lgg level can be determined from Array 4 using extrapolation.

An example of the Threshold Exceedance Analysis is  shown in 

Figures J-7 and J-8 both of which show the response of a vehicle to a 

set of perturbations. The f i r s t  of these two figures deals with 

intermediate data storage in the four arrays for the threshold levels 

of 20,000 and 40,000 lbs. The other figure  uses these data to 

calculate the various descriptors associated with the analysis. The 

re la tive  values of some of the key descriptors are compared with the 

maximum and mean values in Figure J-9, which shows the resu lts of tests 

done at various speeds between 38 and 74 mph [Ref. 5].

J.2.2.2 Frequency Spectral Analysis

The Frequency Spectral Analysis is  s im ila r to the Resonant 

Frequency Analysis discussed in J.2.1.2, except th is  technique is  

generally used for characterizing a revenue service track as opposed to 

a test track with discrete perturbations. In th is  ana lysis, "Power 

Spectral Densities (PSDs)" of the various track parameters (gauge, 

alignment, crossleve l, and so on) are calculated using a "Fast Fourier 

Transform (FFT)" algorithm [Ref. 8]. Since th is  subject is  re la tive ly  

complex, and it s  treatment is  read ily available to an interested user 

[Ref. 9, 10 and 11, for example], no attempt is  made to explain an FFT 

algorithm. The current advances in electronics makes i t  possible to 

obtain the PSD of a variable very quickly while the test is  being done 

[Ref. 10 and 11].
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LATERAL WHEEL FORCE

Threshold 
T=20,000 pounds
Threshold 
T=40,000 pounds

CHART SPEED = 1mm =0.040 seconds

CONTENTS OF THE ARRAYS 
ARRAY 1, Total Exceedance Time 
ARRAY 2, Number of Exceedances 
ARRAY 3, Maximum ,Exceedance Duration 
ARRAY 4, Mean Exceedance Duration

AT T = 20,000 
1.04 sec 
6 Exceedances 
0.20 sec 
0.17 sec

AT T = 40,000 
0.12 sec 
3 Exceedances 
0.04 sec 
0.04 sec

Respo n s e  V a r i a b l e  : L a t e r a l  W h e e l  Force, L e a d  Ax l e
V e h i c l e  : SDP-40F

Source: Ref. [7]

FIG U R E  J-7: AN  E X A M P L E  OF D A T A  A R R A Y S  F O R  TWO T H R E S H O L D  LEVELS
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SDP-40F LATERAL WHEEL FORCE, LEAD AXLE

FROM: ■ DESCRIPTION VALUE IN EXAMPLE

ARRAY 3

ARRAY 4

<D L95

(D LT20 MAX
© LT40 MAX
© LT80 MAX

LT MAX 95

© (-■ ro o MEAN
® LT40 MEAN
(D LT80 MEAN
© LT MEAN 95

a • Ref. [7]

(at LQ1., which = 35 kips) y d

(at L̂ j, which = 35 kips)

35 kips

42 kips 
37 kips 
33 kips 
.060 sec

39 kips
36 kips 
29 kips 
.038 sec

FIGURE J-8: TYPICAL EXCEEDANCE ANALYSIS RESULTS
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FIGURE J-9 A COMPARISON OF THE THRESHOLD EXCEEDANCE DESCRIPTIONS WITH 
MEAN AND MAXIMUM VALUES



A typical example of what th is analysis would generate is  shown in 

Figure J-10. The figure  shows that the PSD of the crosslevel of a 

typical bolted track has a downward slope ( i.e .,  long wavelength 

crosslevel variations have large amplitudes, short wavelength 

variations have small amplitudes). Also, peaks are observed at 

frequency values (expressed in cy/ft) between 2 x 10" and 0.1 ( i.e .,  

wavelength of 50 ft. to 10 ft .) .  These peaks would include the 

crosslevel variations with 39 ft. wavelength caused by dipped jo in ts.

Such information is  very useful in characterizing the input a 

vehicle receives from a revenue service track. This analysis can also 

be used in characterizing vehicle response. Just as high peaks at 

certain wavelengths in the PSD of a track parameter indicate 

particu larly  large input at those wavelengths, peaks in the PSD of a 

vehicle response variable at particular frequencies represent resonance 

of the vehicle at those frequencies. An example of th is  is  shown in 

Figure J .U .  Knowing thus both the input to the vehicle and it s  

response would prove helpful in evaluating it s  performance on a revenue 

service track.

J.2.2.3 Damping Ratio Calculation

As mentioned ea rlie r,  in Table 3-8 of Part 1, the calculation of 

the Performance Indices for hunting requires obtaining the damping 

ratio  of carbody and truck sway accelerations from the ir time h istory 

plots. The most common method of doing th is is  called the "Logarithmic 

Decrement Method." In Figure J-12, a variable is  shown to reduce to a 

stable value a fter being excited by a transient perturbation. I f  

successive amplitudes of th is variation are x^ and x2 , then:

Damping Ratio', (J. 2)

X1where 6 = Jin (— ) (J-3)
x2
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FIGURE J-10: TYPICAL POWER SPECTRAL DENSITY (PSD) OF
A TRACK CHARACTERISTIC
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Section 6

(a) Bounce

Piecewise Linear Profile Perturbations

Frequency, Hz 
(c) Sway

Frequency, Hz (d) Yaw

Section 8
Piecewise Linear Alignment Perburbations

Section 7
Piecewise Linear 
Crosslevel Perturbations
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Source: Ref. [5]

FIGURE J - l l :  TYPICAL PSD PLOTS OF VEHICLE RESPONSE VARIABLES
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FIGURE J-12 USING THE LOGARITHMIC DECREMENT METHOD 
FOR CALCULATING DAMPING RATIO
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This is  a linear representation of damping which in rea lity  may be 

nonlinear in nature.

J.2.3 Level 3 Data Analysis

J.2.3.1 Probability D istribution  Analysis

One of the applications of probability d istribu tion  analysis is  to 

determine the repeatability of a parameter in a test program. The 

following procedure can be applied in th is situation:

I f  i t  is  assumed that the parameter being measured through testing 

(say, the peak value of lateral force) has a normal d istribu tion , we 

can say with confidence level of (1-a) x 100% that the true mean value 

of the parameter y w ill be bounded by:
X

st,n;a/2
x (0.4)

N

where

N = sample, size (number of tests)

y = true mean
X

x = calculated mean

t n . a /2 = percentage point of student t d istribu tion

(see Table J-4)

n = N - 1

2S = calculated unbiased estimate of variance

N (0.5)

(0.6)

x
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TABLE J-4: PERCENTAGE POINTS OF STUDENT t DISTRIBUTION

Source:

Value of tn;a such that Prob[t > t ] -L n n;a

1
23
4 

' 5

6
78 
9

JO

1112n
14

15

36
17
18
1920

3.0 781.886
1.638
1.533
1.476

1.440
1 4 1 5
1 .3 97

1.383

1.372

1.363
1.356
1.350
1.345
1.341

1.337 

1.333 
1.330 

1.328 

1 .325

21 1.323
22 1.321
23 1 .319
24 1.318
25 1.316

2 6  1.315
27 1.314

28 1.313

29 1.311 
• 30 1 .310

4 0  1.303 
60 1.296

12 0 1.269

6.3 14

2 .9 2 0

2.353
2 .1 32
2.015

1.943

1.895
1.860

1.833
1.812

1.796
1.782
1.771

1.761
1.753

1.746
1.740
1.734
1.729

1.725

1.721
1.717
1.714
1.711
1.708

1.706
1.703

1.701
1.699
1.697

1.684
1.671
1.658

12 706 
! 4 .303 

3 182 
2 .7 7 6  
2.571

2 .4 47 

2 365 

2 .3 0 6  
2 .262 

2 228

2.201 2 174 
2 1(41 
2 ! 4 5 
2.131

2.1202.1102.101
2.0 93

2 .0 9 6

2 .0 3 0
2.074

2 .0 69
2.064

2 .0 6 0

2 :0 5 6
2 .0 52
2.048
2.045
2.042

21021
2 .0 -< 3 , 
1.980

31.821
6.965
4.541
3.747

3.365

3.143

2.998
2 .8 96

2.821
2.764

2.718 
2.081 
2 050 
2.634 

2 .602

2.583 

2 .5 67  

2 .5 52  
2 .539 

- 2 .528

2.518
2.508
2 .5 0 0
2 .4 92
2 .4 85

2.479 

2 473 
2 .467 

2 .4 62  
2 .4 5 7

2.4 23
2.390

2.358

63 657 
9.925 
5.841 
4.604 

4 .0 32

3.707

3.499

3.3 55
3.250

3.109

3 .1 06 
3 055 
3 012 
2 .977 
2.9 47

2.921
2.8 98
2.878

2.861
2-845

2.831
2.819
2.807
2 .7 97

2.787

2.779

2.771
2.763
2 .7 5 6
2.750

2.7042.660
2.617

a  -  0 . 9 9 5 ,  0 . 9 9 0 ,  0 . 9 7 5 ,  0 . 9 5 0  a n d  0 . 9 0 0  

f o l l o w  f r o m  t _  ,  „  “  —

Ref. [8]
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For example, the values of S and x for vertical wheel force peak 

value at 40 mph are found to be 0.423 and 42.597, respective ly, from 

the four samples available. For 95% confidence level, a = 0.05 and 

^3*0 025 = 3-182, from Table J-4. Then:

_ St3;Q-025 _ >/0T423 x 3.182

»rr ~
= 1.02.

Thus, we are 95% confident that the true value l ie s  between 42.597 

±1.02 kips. An example of such repeatability estimation using the 

probability d istribu tion  analysis is  shown in Table J-5.

As mentioned above, th is  procedure is  va lid  only i f  the variable 

being measured has a normal d istribution. This can be checked using 

the Chi-square goodness-of-fit test described in Appendix J-A.

The other area in which the probability d istribu tion  analysis is  

useful deals with estimating the probability of derailment based on a 

lim ited revenue service testing. There are two requirements to be able 

to do th is:

• A derailment crite rion  should be available; and

• Test data on the variables used by the crite rion  should 

be available.

Much work has been done and is  being done to develop re liab le  

derailment c r ite r ia  (see Ref. 6 and 12). A sim plified  crite rion  puts 

lim its on the wheel lateral force (L), wheel vertical force (V), and 

the ratio  of the two (L/V ra tio ). This can be represented as shown in 

Figure J-13. In th is diagram, a value of L and V combination which 

l ie s  in the hatched area would be considered unsafe.

Now, to estimate the probability of derailment, one must determine 

the probability of L and/or V ly ing in the unsafe zone. Let:

Z = f(L,V) (J.7)

2
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TABLE J-5: AN EXAMPLE OF THE USE OF PROBABILITY DISTRIBUTION FOR
CALCULATION OF REPEATABILITY OF TEST VARIABLES

V a l u e s  o f  K ,  w h e r e  K i s  d e s c r i b e d  a s :  We a r e  95% c o n f i d e n t  t h a t
a c t u a l  mean v a l u e  o f  d e s c r i p t o r ‘ i s  w i t h i n  ± K  o f  m e a s u r e d  mean v a l u e .

( 1 2 0 8 0 1
T e s t s  S e l e c t e d  35 mph < 1 2 0 8 0 3

( .1 2 0 8 1 4

Source: Ref. [5]

A0 mph {12080A 
1 2 081 3 
121A02 
121A03

CHANNEL
NUMBER NAME SPEED

RMS +  K

1+ 2+

MAXIMUM +  K 

1+ 2+

1 V e r t i c a l  W h e e l  F o r c e  
( i n  k i p s )

35
40

2 9 . 3 2  +  0 . 6 1  2 9 . 2 0  +  0 . 4  
: 2 9 . 4 1  +  0 . 8 2

4 1 . 3 7 + 1 . 9 4  4 3 . 3 7 9 + 1 . 2 1  
t 4 2 . 6 0  +  1 . 0 2

2 L a t e r a l  W h e e l  F o r c e  
( i n  k i p s )

35
40

4 . 3 5  +  3 . 3f?* 5 . 7 5  +  0 . 8 8 *  
5 . 8 9  +  0 . 9 8

1 0 . 5  +  4 . 4 6 * *  1 4 . 3 9  +  10 .2 *# 
1 5 . 5 8  +  l . l

26 L o c o m o t i v e  V e r t i c a l  A c c e l e r a t i o n  
( i n  g )

35
40*

0 . 0 2 6  + 0 . 0 0 2 5  0 . 0 2 2  + 0 . 0 0 1 4  
0 . 0 2 8  + 0 . 0 0 0 8

0 . 0 7 9  +  0 . 0 1 3 6  0 . 0 8  +  0 . 0 1 9  
0 . 0 7 2  +  0 . 0 1 1

30 L o c o m o t i v e  L a t e r a l  A c c e l e r a t i o n

( i n  g )

35
40 *

0 . 0 4 3  +  0 . 0 0 2 5  0 . 0 5 2  +  0 . 0 0 2 8  
0 . 0 6 0 + 0 . 0 0 2 4

0 . 0 2 9  +  0 . 0 1 1  0 . 0 6 6  +  0 . 0 0 6 ;
0 . 0 9 7  + 0 . 0 1 1

60 B a g g a g e  C a r  V e r t i c a l  A c c e l e r a t i o n  

( i n  g)
35
4 0 *

0 . 0 1 7  +  0 0 . 0 1 3  +  0 . 0 0 1 4  
0 . 0 1 8  +  0 . 0 0 0 8

0 . 0 4 8 + 0 . 0 2 2  0 . 0 2 7  + 0 . 0 1 3  
0 . 0 5 3  +  0 . 0 1 9

63 B a g g a g e  C a r  L a t e r a l  A c c e l e r a t i o n  
( i n  g )

3 5
4 0 *

0 . 0 4 3  + 0 . 0 0 7 6  0 . 0 5 6  +  0 . 0 1 2 4  
0 . 0 7 5  +  0 . 0 0 3 9  

-----------------------------------------------1

0 . 0 5 1  +  0 . 0 1 4  0 . 0 5 6  +  0 . 0 0 4 9  
0 . 0 9 3  +  0 .0093

*May show e f f e c t  o f  c o n f i g u r a t i o n  c h a n g e  f r o m  1208 t o  12 1A .

^ R e p r e s e n t s  S e c t i o n  No. ( 1  =  p i e c e w i s e  ( l i n e a r  C r o s s l e v e l ,  2 =  P i e c e w i s e  L i n e a r  A l i g n m e n t )

**
May b e  du e  t o  r a i l  s u r f a c e  c o n d i t i o n  c h a n g e  o r  i n s t r u m e n t a t i o n  
e r r o r .



FIGURE J-13 A SIMPLIFIED DERAILMENT CRITERIA
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where L and V are the absolute lateral and vertica l wheel forces and Z 

is  the probability of occurrence of the L and V pair. One candidate of 

f(L,V) is  the B ivariate Normal equation given by:

f(L,V) =
1

o

2irâ â /l- ir
exp

[2(1 -*)'
L-y, ? L-y, V - y u V-y,,
(— ~r - 2a (— 4  (— 54 + (— 54 (J.8)

V V

where y^

yV
aL

a\l

a

mean value of L;

mean value of V;

standard deviation of L;

standard deviation of V; and

correlation coefficient between L and V.

For a set of experimentally obtained L and V values, the f i r s t  

four of these parameters can easily  be calculated using techniques 

shown in Subsection J .2.1.1.-. The la st parameter can be calculated in

the following way:
00 00

Z )  Pl j  <L-| - *'L) (Vj - uv)

V = 0 L = 0 (J. 9)
a -------------------------------

aL aV

where P^. = number of observations in ± 6L and Vj ±6V divided by 

the total number of observations. I f  both 6L and 6V are assumed 

to be 0.5 kips;  ̂ = 1 kip and Vj - V.  ̂ = 1 kip.

Once the expression fo r the probability d istribu tion  is  obtained, 

the probability of L and/or V being in the unsafe safe zone can be 

found as:

p = i _
unsafe

Lc L/a

/ /
L=0 V=0

Lc Vc

I  f
L=0 V=Lc

a

P (L,V) • dL dV

P (L,V) * dL dV

(J .10)
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Ref [13] shows that the test data f i t s  the B ivariate Normal 

d is t r ib u t io n . better i f  L is  replaced by /ET I f  L ' = /T*, then the 

following values are obtained for a ll the curves on a particu lar 

revenue service track.

y£ = 1.79 kips

y^ = 28.18 kips

CT̂ = 0.55 kips 

= 4.12 kips 

£ = 0.342

J.2.3.2 Regression Analysis

Regression analysis is  a technique used to determine the 

relationship between a dependent and one or more independent variables. 

In the case where only one independent variable is  involved, regression 

analysis is  simply a "le a st squares f i t "  of one variable to the other. 

A typical case would be to derive the relationsh ip  between height and 

weight for adult males. Multiple variable or m ultivariate, regression 

analysis is ,  simply stated, the "lea st squares f i t "  of one dependent 

variable to more than one independent variable. An example of 

m ultivariate regression analysis would be to determine the rate at 

which track geometry degrades in terms of physical parameters which 

might affect track degradation such as t ra f f ic  density (in  M illion  

Gross Tons), ra il weight and tie  condition.

In addition to quantifying the relationship  between a dependent 

variable and multiple independent variab les, regression analysis 

quantifies the strength of the relationship (correlation coeffic ients 

and coeffic ients of determination - R2), the sign ificance of the 

relationsh ips (t-value and F-value) and the confidence interva ls fo r 

each regression coefficient.

Although regression analyses can accurately determine the 

sta t is t ic a l re lationsh ip  between variables, i t  is  encumbent upon the 

analyst to determine the physical sign ificance of that relationsh ip. A
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Other lim itations which should be considered in applying 

regression analysis include:

1. Sample size determines accuracy and confidence lim its for 

the results. (As a general rule, sample sizes of less 

than 20 are unacceptable - 50 to 100 is  preferred 

minimum.)

2. Measurement errors which d irectly  affect the accuracy and 

confidence lim its of the results are d if f ic u lt  to account 

for.

3. Application of the resu lts cannot (re liab ly ) be 

extrapolated beyond the range of the data base from which 

the regression was derived.

4. D ig ita l data acquisition  and processing is  required.

The specific  application of regression analysis presented in th is 

section involves the evaluation of the relationship between wheel/rail 

forces and track geometry. The data which supported th is analysis were 

collected during the Chessie Test of Locomotives Ref. L14]- A general 

summary of the procedure fo r conducting vehicle/track regression 

analysis is  shown below (Table J-6). A flowchart fo r the overall 

approach used in the case study analysis is  shown in Figure J - 14.

The specific  objective in th is  example was to determine what track 

geometry characteristics contributed to excessive lateral wheel/rail 

forces and L/V ratios. Measurements of track geometry data and SDP-40F 

locomotive wheel/rail force data were made separately over the same 

track. Data were selected from 37 curves in the test zone. 

S ta t ist ica l descriptors were developed fo r each parameter over each 

curve. The descriptors included minimum, 5th percentile, mean, 95th 

percentile, maximum, standard deviation and variance. The s ta t is t ic a l 

data base, by curve, for vehicle response and track geometry were 

merged and a quality control check was performed to eliminate any

d e s c r ip t io n  o f  re g re s s io n  a n a ly s is  te rm s  and fu n d a m e n ta ls  i s  c o n ta in e d
in  A p pen d ix  J -B .
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TABLE J -6: SUMMARY PROCEDURE FOR VEHICLE TRACK REGRESSION ANALYSIS

1. Define the independent (o r  con tro l)  v a r ia b le s  o f  in te re s t ,  

based on the te s t  ob jective s.

2. Define the dependent (o r  response) v a r ia b le s  fo r  the se lected

performance is sue s .  ■ ■■'■

3. Se le c t  data segments fo r  p rocess ing, check data qu a l ity .

4. Compute s t a t i s t i c a l  de sc r ip to rs  (e .g . ,  mean, standard 

d e v ia t ion )  fo r  each va r iab le  o f  in t e re s t  over the se lected 

data segments.

5. Merge track  geometry and veh ic le  response (independent and 

dependent) va r iab le  data bases.

6. Perform q u a l i t y  assurance check f o r  s t a t i s t i c a l  data base.

7. Define va r ia b le s  and de sc r ip to rs  f o r  re g re ss ion ,  define 

re g re s s ion  type and l im i t s  fo r  te s t  o f  s ig n if ic a n ce .

8. Perform reg re ss ion s .

9. Analyze r e s u l t s  and modify re g re ss ion ,  i f  requ ired, and rerun.
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FIGURE J-14:

GENERAL FLOW CHART FOR EMPIRICAL EVALUATION 
OF VEHICLE - TRACK RESPONSE



o u t l i e r s ,  due to instrumentation f a i lu r e s  ( t y p ic a l l y  f Un  sca le  and 

zero v a l u e s } ,  from the a n a ly s i s .  The s p e c i f ic  parameters and 

d e sc r ip to r s  f o r  a n a ly s i s  were selected and c ro ss  products of some 

d e sc r ip to r s  were ca lcu la ted  to id e n t i f y  any combined e f fe c t  ( i . e . ,  a 

curvature and mean AE-underbalance).

Stepwise re g re ss ion s  were performed using  the data base prepared 

and a reg re ss ion  a n a ly s i s  software program developed to support 

maintenance o f  way p lanning research Ref. [15].

The re su l t s  f o r  the SDP-40F show that the 95th pe rcen t ile  level of 

la te ra l  fo rce, Lg^, i s  re lated to track geometry as fo llow s:

Lg5 = 6290 + 1940(AE) + 6700(ac ) - 1170(D)

where

Lgg = the 95th pe rcen t ile  level o f la te ra l  force ( lb s )

AE = underbalance of operation ( in )

ac = standard devia t ion  of curvature (degrees per 100 feet)

D = 0 fo r  r i g h t  curves, 1 fo r  l e f t  curves

A more de ta iled  d isc u s s io n  of t h i s  case study can be found in 

Appendix J-C.
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APPENDIX J -A

TESTING A DISTRIBUTION FOR NORMALCY

In performing p ro b a b i l i t y  d i s t r ib u t io n  a n a ly s i s ,  we often assume 

that the values o f  a va r iab le  obtained during a te s t  fo l low  a normal 

d i s t r ib u t io n .  Described b r ie f l y  in  th i s  appendix i s  a method to 

evaluate th i s  assumption.

The te s t  most commonly used to determine i f  a se t o f  data f i t  some 

assumed d i s t r ib u t io n  i s  ca lled  the x (Chi-squared) t e s t  [see Ref. A . I  

and A .2, fo r  example]. This te s t  invo lve s  grouping the data in to  a 

number o f  in t e rv a l s  and then comparing the number o f  data in  the ith  

in te rva l (n .) to the number expected (n .) i f  the hypothesis  of01 o cl
normalcy were true. The value of x i s  then ca lcu la ted  as:

x2 ' I n  (n° V . nei>2 (j-A-D
i n t e r v a l s  ei2

Knowing the value o f  x and the number o f  in t e r v a l s ,  one can

determine from F igure  J.A-1  whether the hypothesis  o f  normalcy i s  good

or not. In the f ig u re ,  the number o f  degrees o f  freedom i s  the number

of in te rv a ls  minus three. A lso ,  the values o f  P in  the f ig u re  re fe r  to2
the p ro b a b i l i t y  le ve l.  For example, i f  the value o f  x l i e s  on the 

l in e  marked P = 0 .1 , there i s  only one chance in  ten that i f  the data 

does f i t  the hypothesis  ( i .e ., i f  the p ro b a b i l i t y  d i s t r ib u t io n  i s  

normal), a value o f  x as. large as th i s  would have been observed. 

For a p ro b a b i l i t y  level of <1% (P =  0.01), the hypothesis  i s  assumed 

to be disproved. A lso ,  fo r  the p ro b ab i l i t y  leve l o f  >99%,. the data are 

assumed to be too good, i . e . ,  the data may have been "ad justed " [Ref.

A. 1].

A couple o f  aspects o f  t h i s  technique need to  be d iscu ssed  

fu rther:

1. How to define in te rv a l s ,  and

2. How to obtain the expected number of data po ints in each 

in te rv a l .
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FIGURE J-A-1 EVALUATING THE VALIDITY OF A HYPOTHESIS 
USING THE VALUE OF x2
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There are b a s i c a l l y  two ways to define in t e rv a l s .  The f i r s t  way 

i s  to se le c t  them in  such a way that the expected number o f  data po ints  

in  each in te rva l  i s  equal. For a normal d i s t r ib u t io n ,  t h i s  would lead 

to the in t e r v a l s  being la rg e r  at two ends and sm alle r  near the mean 

value. The second way i s  to se le c t  in te rv a l s  o f  equal width, in  which 

case the number of data po ints in the middle (near the mean) w i l l  be 

h igher than tha t  a t  e ith e r  end. Since the second way i s  s l i g h t l y  

e a s ie r  to implement then the f i r s t ,  we w i l l  h ig h l ig h t  i t  in  the 

i l l u s t r a t i v e  example shown la te r .

In order to se le c t  the in terna l width by the second way, we f i r s t  

need to ca lcu la te  the mean (x) and standard dev ia t ion  (a) o f  the data 

in a manner shown in  Subsection J .2 .1 .1 . Once these va lues are 

obtained, Ref. A . 2 recommends that the in te rva l  width should be 0.4 

times standard dev ia t ion .  A lso ,  i t  i s  de s irab le  to have at le a s t  f i v e  

data po in ts  in  each in te rv a l .  Thus, the in te rv a l s  at the two ends may 

need to be grouped together to achieve t h i s  requirement.

Once the in t e r v a l s  are defined, the expected number o f  data po in ts  

in  each in te rv a l  can be ca lcu lated  as fo llow s:

z. = h J L l  (J -A .2 )l a

where x^ i s  the lower value of the i t h  in te rv a l ,  

x i s  the mean value o f  the data se t,  and 

a i s  the standard devia t ion  o f  the data set

yi = p ( z i ) (J-A.3)

where p( ) i s  the ord inate  o f  the standardized normal den s ity  function  

obtained from Table J -A . l .

F in a l l y ,

ei = Yn
E

a l l  i

(J .A -4)
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TABLE J - A . l ORDINATES OF THE STANDARDIZED NORMAL DENSITY FUNCTION

P (*) =  -7 ==y/2ir

z 0:00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 0.3989 0.3989 0.3989 0.3988 0.3986 0.3986 0.3982 0.3980 0.3977 0.3973
0.1 0.3970 0.3966 0.3961 0.3956 0.3951 0.3945 0.3939 0.3932 0.3925 •0.3918
0.2 0.3910 0.3902 0.3894 0.3884 0.3876 0.3867 0.3857 0.3847 0.3836 0.3825
0.3 0.3814 0.3802 0.3790 0.3778 0.3765 0.3752 0.3739 0.3725 0.3712 0.3697
0.4 0.3683 0.3668 0.3653 0.3637 0.3621 0.3605 0.3589 0.3572 0.3555 0.3538

0.5 0.3521 0.3503 0.3485 0.3467 0.3448 0.3429 0.3410 0.3391 0.3372 0.3352
0.6 0.3332 0.3312 0.3292 0.3271 0.3251 0.3230 0.3209 0.3187 0.3166 0.3144
0.7 0.3123 0.3101 0.3079 0.3056 0.3034 0.3011 0.2989 0.2966 0.2943 0.2920
0.8 0.2897 0.2874 0.2850 0.2827 0.2803 0.2780 0.2756 0.2732 0:2709 0.2685
0.9 0.2661 0.2637 0.2613 0.2589 0.2565 0.2541 0.2516 0.2492 0.2468 0.2444

1.0 0.2420 0.2396 0.2371 0.2347 0.2323 0.2299 0.2275 0.2251 0.2227 0.2203
1.1 0.2179 0.2155 0.2131 0.2107 0.2O83 0.2059 0.2036 0.2012 0.1989 0.1965
1.2 0:1942 0.1919 0.1895 0.1872 0.1849 0.1826 0.1804 0.1781 0.1758 0.1736
1.3 0.1714 0.1691 0.1669 0.1647 0.1626 0.1605 0.1582 0.1561 0.1539 0.1518
1.4 0.1497 0.1476 0.1456 0.1435 0.1415 0.1394 0.1374 0.1354 0.1334 0.1315

1.5. 0.1295 0.1276 0.1257 0.1238 0.1219 0.1200 0.1282 0.1163 0.1145 0.1127
. 1.6 0.1109 0.1092 0.1074 0.1057 0.1040 0.1023 0.1006 0.0989 0.0973 0.0957

1.7 0.0940 0.0925 0.0909 0.0893 0.0878 0.0863 0.0848 0.0833 0.0818 0.0804
1.8 0.0790 0.0775 0.0761 0.0748 0.0734 0.0721 0.0707 0.0694 0.0681 0.0669
1.9 0.0656 0.0644 0.0632 0.0620 0.0608 0.0596 0.0584 0.0573 0.0562 0.0051

2.0 0.0540 0.0529 0.0519 0.0508 0.0498 0.0488 0.0478 0.0468 0.0459 0i0449
2.1 0.0440 0.0431 0.0422 0.0413 0.0404 0.0396 0.0387 0.0379 0.0371 0.0363.
2.2 0.0355 0.0347 0.0339 0.0332 0.0325 0.0317 0.0310 0.0303 0.0297 0.0290
2.3 0.0283 0.0277 0.0270 0.0264 0.0258 0.0252 0.0246 0.0241 0.0235 0.0229
2.4 0.0224 0.0219 0.0213 0.0208 0.0203 0.0198 0.0194 0.0189 0.0184 0.0180-

2.5 0.0175 0.0171 0.0167 0.0163 0.0158 0.0154 0.0151 0.0147 0.0143 0.0139
2.6 0.0136 0.0132 0.0129 0.0126 0.0122 0.0119 0.0116 0.0113 0.0110 0.0107
2.7 0.0104 0.0101 0.0099 0.0096 0.0093 0.0091 0.0088 0.0086 0.0084 0.0081
2.8 0.0079 0.0077 0.0075 0.0073 0.0071 0.0069 0.0067 0.0065 0.0063 0.0061
2.9 0.0060 0.0058 0.0056 O.OQ55 0.0053 0.0051 0.0050 0.0048 0.0047 0.0046

3.0 0.0044 0.0043 0.0042 0.0040 0.0039 0.0038 0.0037 0.0036 0.0035 0.0034
3.1 0.0033 0.0032 0.0031 0.0030 0.0029 0.0028 0.0027 0.0026 0.0025 0.0025
3.2 0.0024 0.0023 0.0022 0.0022 0.0021 0.0020 0.0020 0.0019 0.0018 0.0018
3.3- 0.0017 0.0017 0.0016 0.0016 0.0015 0.0015 0.0014 0.0014 0.0013 0.0013
3.4 0.0012 0.0012 0.0012 0.0011 0.0011 0.0010 0.0010 0.0010 0.0009 0.0009

3.5 0.0009 0.0008 0.0008 0.0008 0.0008 0.0007 0.0007 0.0007 0.0007 0.0006
3.6 0.0006 0.0006 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0004
3.7 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0003 0.0003 0.0003 0.0003
3.8 0.0003 0.0003 0.0003 0.0003 0.0003 0.0002 0.0002 0.0002 0.0002 0.0002
3.9 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001

Source: Ref. [A .2]

Note: Above values are v a l id  fo r  both p o s i t iv e  and negative  values
o f  Z.
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where N i s  the tota l number o f  data po ints  and n . i s  the expected 

number o f  data po ints  in the ith  in te rva l.

An example of t h i s  procedure i s  shown in Table J.A -2. In t h i s  

example, a se t of 162 data po in ts ,  with values ly in g  between 0 and 18, 

i s  tested fo r  normalcy. F i r s t ,  the mean and standard dev ia t ion  f o r  the 

data se t  are obtained. Since a i s  3.12, an in te rva l  which i s  1 un it  

wide i s  considered appropriate. Next, the values of z . ,  y.., and n . 

are ca lcu la ted  u s in g ,  equations J-A .2, J -A .3 , and J-A .4. The

corresponding observed values are obtained by c l a s s i f y in g  the data set 

in to  the nineteen in te rv a ls .  Now, as suggested e a r l ie r ,  the in te rv a l s  

at  the two ends need to be grouped together, because some of them hold 

le s s  than 5 data po ints. Thus, in te rv a ls  0 -4  and 16-18 are grouped 

together and a new set of n . and n . values are e stab l ished .  The next 

three columns show how the value of x can be obtained from n .. and 

n .. Th is  value i s  p lotted in F igure J -A . l  as shown. According to the 

boundaries shown in  the F igure, there i s  no reason to suspect that the 

data presented does not fo llow  a normal d i s t r ib u t io n .
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TABLE J -A .2 : SETTING UP A x2 CALCULATION

X.
1 x - i - x

zi=_
x. - X 

i Ordinate y. 
■  p (2 l )  1

n expected,
i . e ., n .

p i

n Observed, 
i . e . ,  nQi

X.
l n .

01
. n .

ei (no i - ne1-> (no r ne i )2 ( V r ne i )2/"e ia

0 -9.65 -3.09 0.003 0.2 1
1 -8.65 -2.77 0.009 0.5 1
2 -7.65 -2.45 0.020 1.0 0 0-4 6 7.8 1.8 3.24 0.41
3 -6.65 -2.13 0.041 2.1 2
4 -5.65 -1.81 0.077 4.0 2
5 -4.65 -1.49 0.131 6.8 4 5 4 6.8 2.8 7.88 1.16
6 -3.65 -1.17 0.201 10.4 9 6 9 10.4 1.4 1.96 0.20
7 -2.65 -0.85 0.278 14.4 22 7 21 14.4 6.6 43.6 3.03
8 -1.65 -0.53 0.347 18.0 18 8 18 18.0 0 .0 0
9 -0.65 -0.21 0.390 20.2 25 .9 25 20.2 4.8 23.0 1.14

10 +0.35 +0.11 0.397 20.6 23 10 23 20.6 2.4 5.8 0.28
11 +1.35 +0.43 0.364 18.9 15 11 15 18.9 3.9 15.2 0.;81
12 +2.35 +0.75 0.301 15.6 7 12 7 15.6 8.6 74.0 ,4.74
13 +3.35 +1.07 0.225 11.7 12 13 12 11.7 0.3 0.9 0.08
14 +4.35 +1.39 0.152 7.9 8 14 8 7.9 0.1 0.1 0.01
15 +5.35 +1.71 0.092 4.8 8 15 8 4.8 3.2 10.2 2.13
16 +6.35 +2.04 0.050 2.6 2
17 +7.35 +2.36 0.025 1.3 2 16-18 5 4.5 0.5 0.25 0.56
18 +8.35 +2.68 0.011 0.6 1

Sum = 14.55 = xc

Total number o f  Data Po in ts ,  N = 162; Mean, x = 9.65; Standard Dev ia t ion , a = 3.12.

Source: Ref. [A . l]



APPENDIX J-B
VEHICLE/TRACK REGRESSION ANALYSIS 

CASE STUDY

J-B-l INTRODUCTION
This appendix to the analysis techniques section of the IAT 
Handbook describes the . data measurement, instrumentation, 
recording, data processing and data analysis techniques available 
for the empirical derivation of statistical relationships between 
track geometry inputs and vehicle response. These techniques are 
presented and discussed within the framework of a case study 
involving the determination of the statistical relationship 
between track geometry inputs and locomotive wheel/rail force 
response. The data used were collected during the test of SDP- 
40F and E-8 locomotives on Chessie track in 1977. (see Ref. B-1 
for a complete description of these tests).

This case study presents a practical application of regression 
analysis techniques to stability assessment. A rail vehicler the 
SDP-40F locomotive, was believed to have a higher than normal 
accident rate. A simulated revenue service test was conducted 
during which recordings of both track geometry and vehicle 
response data were made. An E-8 locomotive, believed to have a 
good accident record, was also evaluated as a baseline for com­
parison with the SDP-40F. Statistical summaries of the data were 
developed and regression analysis was used to determine which, if 
any, aspects of the vehicles' operating environment (i.e., track 
geometry conditions) could be linked to known derailment indica­
tors (i.e., excessive lateral wheel rail force).

During the test, track geometry data were collected using the FRA 
track geometry measuring cars (T-1/T-3). These cars ran in 
consist with an E-8 locomotive which was instrumented to measure 
lateral and vertical wheel/rail forces. The track geometry data 
and wheel/rail force data were simultaneously recorded onboard an 
FRA data acquisition car (T-7).
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The results of the case study presented here show, as expected, 
that high levels of lateral wheel rail force are strongly related 
to underbalance operation in curves. As with earlier studies 
performed on curves of 2° to 3°, the SDP-40F appears to be
affected more strongly by underbalance than does the E-8 
locomotive, the baseline unit. Also the SDP-40F is more affected 
by long wavelength alignment disturbances (as indicated by
variations in curvature) while the E-8 is sensitive to shorter 
wavelength alignment disturbance (as indicated by variations in 
gauge).
This appendix seeks to acquaint the reader with regression
analysis techniques and demonstrate their applicability in
determining the causes and/or conditions related to the poor
dynamic performance of a rail vehicle.

/

J-B-2 TECHNICAL APPROACH TO. CASE STUDY
In planning the test, track geometry inputs, train operating 
conditions, and vehicle maintenance conditions were identified as 
the primary independent test variables. Only the effects of 
track geometry are addressed in this appendix. Two simulated 
revenue consists, one with an instrumented SPD-40F locomotive and 
a second with an instrumented E-8 locomotive were used during the 
test. The E-8 locomotive was used as a baseline for comparison 
with the SDP-40F because of its perceived relatively good safety 
record.

In order to get a variety of track geometry inputs, a test zone 
was selected which included 500 miles of typical class 3 track. 
To evaluate the effects of train operating and maintenance condi­
tions a single test site, four miles in length, was selected for 
repeated testing. Lateral and vertical wheel rail forces, as 
indicators of derailment tendency, were selected as the primary 
dependent (or response) variables of interest. In order to mea­
sure wheel/rail force, strain gauged wheelsets were installed on 
both the E-8 and SDP-40F instrumented locomotives. The FRA track 
survey cars, T-l/T-3 were run in the E-8 consist to measure track 
geometry conditions throughout the test zone.
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To enable correlation between the SDP-40F consist data and the 
track geometry data, accurate determination of track location was 
required. Therefore, the test operations plan specified that 
manual entries of milepost locations would be made for each data 
tape during the test. Ah Automatic Location Detection System 
(ALD) was installed on each consist to detect the location Of 
switches and''road crossings as a further aid to location identi­
fication.

The following sections describe the measurement requirements, 
test procedures, data processing and data analysis techniques 
used for the test. For additional information on test planning 
and test design the reader is directed ' to Section E, Test Plan 
Summaries, and Section M, Field Test Planning.

J-B-2.1 INSTRUMENTATION AND RECORDING REQUIREMENTS
The track geometry data measured by the FRA track geometry mea­
surement consist T-l/T-3 and the E-8 wheel/rail force data were 
recorded on the same digital tape. The sample rate for the track 
geometry measurement systems was one sample every 2.42 feet. The 
data from this system was subsequently recorded in the vehicle 
response data stream at a sample rate of 250 Hz. Thus, the 
shortest wavelengths of track which could be measured were around 
5 to 8 feet, which is adequate for evaluating most vehicle track 
interaction issues. The highest vehicle response frequency which 
could be resolved was around 100 Hz, which is more than enough 
range for any rail vehicle rigid body response mode. The track 
geometry data recorded included gauge, crosslevel, curvature, and 
left and right profile.

To facilitate data processing, speed, distance, milepost number 
and the location of switches and road crossings were also 
recorded with the track geometry data. An Automatic Location 
Detector (ALD), basically a capacitive proximity detector, was
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used to identify the location of the switches and road cross­
ings. Location identification for the E-8 consist was quite 
simple because the geometry data could be used to clearly iden­
tify the location of each curve in the test zone. The instru­
mented E-8 locomotive preceeded the geometry cars by 282 feet in 
the consist. For the SDP-40F consist, accurate location of the 
data for each curve depended upon the manual entries of milepost 
numbers made every time a milepost was passed by the locomo­
tive. Calculated distance, in feet, beyond each milepost was to 
be used to. help locate curves, however, errors and dropouts in 
the onboard speed measurement precluded this. Therefore, strip 
charts of lateral wheel force, from milepost to milepost were 
used to identify curve locations. A summary description of the 
track geometry measurements can be found in Table JB-1.

Lateral and vertical wheel/rail forces were measured using strain 
gauged, instrumented wheelsets installed in both the E-8 and 
SDP-40F locomotives. Carbody accelerations were measured on both 
locomotives and suspension displacements were measured on the 
SDP-40F. Only the wheel/rail force measurements are addressed 
here. (See Ref. B-l for a complete description of the instrumen­
tation and test). A summary description of the vehicle response 
measurements is contained in Table JB-2.

J-B-2.2 TEST PROCEDURES
In conducting a diagnostic type test with two consists (one base­
line) over many miles of track special care must be taken to 
control the independent variables and to ensure data from the 
consists is selected from the same track locations.

The effect of acceleration as an independent parameter was mini­
mized during the test by maintaining a nearly constant speed 
throughout each test curve.

To enhance the ability to compare performance of the two locomo­
tives, the consists were intended to pass through each test zone
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TABLE JB-1
TRACK GEOMETRY MEASUREMENTS DESCRIPTION

Data Recorded - Left and Right Profile (62
foot MCO)

- Gauge
- Crosslevel
- Curvature
- Automatic Location Detection
- Speed and Distance

Sampling Rate 2.42 (ft/sample) or 0.413 
(sample/ft)

Instrumentation
Profile
Gauge

Crosslevel

Curvature

Location

Milepost

Speed & Distance

- Inertial Profilometer
- Non-contacting Servo Magnetic 
Gauge System

- Compensated Inertial Cross­
level System

- Inertial based Curvature 
System

- Capacitive Automatic Location 
Detector

- Manual Entry (Forward 
Observer)

- Axle-driven Optical Encoder
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TABLE JB-2
VEHICLE RESPONSE MEASUREMENTS DESCRIPTION

Data Recorded Lateral W/R Force
- Vertical W/R Force
- L/V Ratio
r- Automatic Location Detector 

(ALD)
- Speed and Distance
- Milepost

Filter ing 100 Hz Corner on 4-Pole Bessel 
Filter (12 Db/octave)

Sampling Rate 256 Hz

Instrumentation
Wheel Forces Strain Gauge Instrumented 

Wheelset
Location Capacitive Automatic Location 

Detector (ALD)
Milepost Manual Entry (Forward 

Observer)
Speed & Distance - Axle-driven Optical Encoder
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at the same speed. This was not always possible since slow 
orders, local traffic conditions and instrumentation calibra- 
tion/maintenance stops varied, even though the consists were run 
on the same day to minimize the effect of changing conditions.

Every effort was made to eliminate data biases (zero offset) and : 
scale factor errors which can directly affect the results of the . 
subsequent regression analysis.

J-B-2.3 DATA PROCESSING AND ANALYSIS
A general flowchart for the data processing required to perform, 
the vehicle track interaction regressions isr; shown in Figure 
JB-1.

This flowchart is shown for separate track geometry and vehicle 
response data tapes as recorded for. the SDP-40F consist. For . the 
E-8 consist, the geometry and vehicle response data were recorded 
on the same data tape. The geometry and vehicle dynamics mea­
surements for the E-8 consist were, however, displaced in time 
due to the distance between the locomotive and the geometry car 
(282 feet).

J-B-2.3.1 LOCATING DATA FOR PROCESSING
Test segments were identified for processing which included the 
bodies (distance between spirals) of 99 curves for the E-8 con­
sist and 38 curves for the SDP-40F consist. To ensure that the 
independent track geometry variables are controlled, each curve 
in the test zone was treated as a separate statistical sample. 
Only the data from the bodies of the curves was introduced into 
the analysis. If.data from the spirals or adjacent tangent track 
were included in the statistics for a given curve then the means 
and standard deviations of the geometry parameters, particularly 
curvature and crosslevel, would be "contaminated" with the non­
curve data. The same holds true for the response data. There­
fore, it too had to be selected from the body of the curve
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GENERAL FLOW CHART FOR EMPIRICAL EVALUATION 

OF VEHICLE -  TRACK RESPONSE

Figure JB-1



only. If spiral performance analysis is desired the data should 
be filtered to include only the wavelengths of interest prior to 
statistical processing.

Summaries of the track geometry data tapes were created which 
defined the location, in milepost plus feet, of the approximate 
start and end of each curve. From the test logs, the tape num­
bers, and approximate record numbers, for the dynamic data for 
each curve were identified. Time history plots of crosslevel, 
curvature, wheel forces and ALD data were produced in the vicin­
ity of each curve for both test consists. For the E-8 consist 
data tape, which included the geometry measurement, the location 
and duration of the curve body data was precisely located ±50 
feet using the crosslevel plot. Given the location of the track 
geometry data on tape, the E-8 vehicle response data was easily 
located by advancing (in the data stream) a time equal to the 
distance between the wheel force and geometry measurements (282 
feet) divided by the average speed through the zone (in feet per 
second). (See Figure JB-2).

For the SDP-40F consist, without geometry measurements, the ap­
proximate location of curves were identified by the manual mile­
post entires (accurate to ±100 feet). Lateral force and ALD data 
were plotted for the SDP-40F consist on a mile by mile basis for 
each mile which contained at least one test curve of interest. 
The approximate location of the curve was estimated knowing the 
time elapsed between mileposts. The duration of the curve is 
known in feet from the geometry data. Knowing the speed of the 
consist in the vicinity of the curve the approximate duration, in 
seconds, of the data within the curve was calculated.

Knowing the approximate location and duration of the SDP-40F data 
for the test curve of interest, the time history plots of the 
lateral force channels were searched in the vicinity of the curve 
for lateral force activity of the duration (in seconds) expected.
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GEOMETRY CONSIST NON-GEOMETRY CONSIST

Figure J.B-2 Location of Data Segments for Quality
Control (Q.C.) and Processing
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The caveat to this approach is that the identification of the 
curve is dependent upon an indirect measurement, lateral force. 
However, this is a fairly reliable means of detecting curves 
where high levels of lateral force are experienced. Also ALD 
events, such as road crossings or switches, can be used as a 
secondary check of location. A more direct way of determining 
location would be to integrate the measured speed to get the 
distance from the last milepost. This in fact was used where 
practical. However, data dropouts due to an instrumentation 
failure in the speed measurement prevented its use for many seg­
ments in this test.

To further identify curve locations for a non-geometry consist 
the measurement of truck to carbody yaw angle (as an indicator of 
curvature) or manual entries for the start and end of curves can 
also be helpful but they were not used in this test.

J-B-2.3.2 STATISTICAL DESCRIPTORS
Once the test curves were located the plots were examined to make 
sure that the data contained no noise or unusual signatures such 
as spikes or drop outs. Data bases were then compiled which 
contained the track geometry and vehicle response statistical 
descriptors for each test segment (see Table JB-3^.

The statistical descriptors calculated for each test segment were 
the mean, standard deviation, maximum, minimum, 5th percentile 
and 95th percentile values. The 95th percentile is the value 
below which the data remains below 95% of the time for a given 
test segment. The 5th percentile is the value below which the 
data remains 5 percent of the time for a given test segment. The 
95th percentile and 5th percentiles are perhaps better indicators 
of extreme values than are the minimum and maximum values because 
they are not as susceptible to short duration data drop outs and 
spikes. (See Figure JB-3.)
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TABLE JB-3
STATISTICAL DESCRIPTORS

INDEPENDENT VARIABLES

Variable
Number Parameter Descr iptor Symbol

X 1 Speed Mean V

x2 Curvature Mean c"
X3 Curvature Standard Deviation 0 (c)
X4 Curvature Variance a2 (c)

X5 Gauge Mean TT
X 6 ■ Gauge Standard Deviation a .(G)
X7 Gauge Variance a2 (G)
X 8 Crosslevel Standard Deviation 0 (XL)

X9 Unbalance Mean
X 10 - - V*CT(c)
X 11 - - AE*a(c)

DEPENDENT VARIABLES

Variable Parameter Descriptor Symbol
Y High rail lateral 95th Percentile L95
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NOISE  S P IK E S  IN DATA

E R R O N E O U S  
P E A K  V A L U E

9 5  %  
L E V E L

5 %  
L E V E L

n
d5

■<—

d 95

d95 d95 d 95 

T  (S E C O N D ) -

d95 djj

--------------------------- ►

E X A M P L E  T IM E  H I S T O R Y  
S H O W IN G  5 %  AND 9 5 %  L E V E L S

95% Level = level which the data is below 95% of the
T - Edgg

time. Level is selected such that ---=---- = .95.

5% Level = level which the data is below 5% of the
t-a5time. Level is selected such that ——  = .05.

Note: Because of their short duration, noise spikes
have little effect on the calculation of 5% and 95% 
values.

Figure JB-3. Description of 5% Level and 95% 
Level Statistics
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T h e  s t a t i s t i c a l  d a t a  b a s e  f o r  t h e  S D P - 4 0 F  a n d  t r a c k  g e o m e t r y  d a t a  

w e r e  m e r g e d  b y  c u r v e  n u m b e r .  A s  a  f i n a l  q u a l i t y  c o n t r o l  c h e c k  

p r i o r  t o  r e g r e s s i o n  a n a l y s i s  t h e  d a t a  b a s e  w a s  e x a m i n e d  t o  m a k e  

s u r e  t h a t  n o  f u l l  s c a l e  o r  e r r o n e o u s  z e r o  v a l u e  d a t a  h a d  b e e n  

i n c l u d e d .

S e p a r a t e  d a t a  b a s e s  f o r  l e f t  a n d  r i g h t  c u r v e s  w e r e  c r e a t e d  f o r  

e a c h  l o c o m o t i v e .  T h i s  w a s  d o n e  s o  t h a t  r e g r e s s i o n s  c o u l d  b e  

p e r f o r m e d  f o r  t h e  h i g h  a n d  l o w  r a i l  ( o u t s i d e  a n d  i n s i d e )  w h e e l  

f o r c e s  s e p a r a t e l y .

J - B - 3  R E G R E S S I O N  A N A L Y S I S

R e g r e s s i o n  a n a l y s i s  p r o v i d e s  a  s i m p l e  m e t h o d  f o r  t h e  d e t e r m i n a ­

t i o n  o f  f u n c t i o n a l  r e l a t i o n s h i p s  b e t w e e n  v a r i a b l e s .  T h e  r e s u l ­

t a n t  l i n e a r  r e l a t i o n s h i p s  b e t w e e n  a  d e p e n d e n t  v a r i a b l e  a n d  m u l ­

t i p l e  i n d e p e n d e n t  v a r i a b l e s  i s  g e n e r a l l y  e x p r e s s e d  i n  t h e  f o r m :

y' = + 3, x. + 30x0 + ... 3,,x
0 1 1  2  2 m m

w h e r e

y '  =  t h e  e s t i m a t e d  v a l u e  o f  t h e  d e p e n d e n t  v a r i a b l e

=  t h e  r e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  i fc** i n d e p e n d e n t  

v a r i a b l e

3q =  t h e  c o n s t a n t  t e r m

T h e  r e g r e s s i o n  a n a l y s i s  p e r f o r m e d  i n  t h e  c a s e  s t u d y  w a s  b a s e d  o n  

s o f t w a r e  d e v e l o p e d  b y  E N S C O  i n  s u p p o r t  o f  t h e  m a i n t e n a n c e  o f  W a y  

p l a n n i n g  s y s t e m  p r o g r a m  f o r  t h e  F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n ,  

O f f i c e  o f  R e s e a r c h  a n d  D e v e l o p m e n t .  C o m p l e t e  d o c u m e n t a t i o n  o f  

t h i s  s o f t w a r e  c a n  b e  f o u n d  i n  V o l u m e  I I I ,  S o f t w a r e  D o c u m e n t a t i o n  

( R e f .  B - 2 ) . B e f o r e  r e v i e w i n g  t h e  r e g r e s s i o n s  p e r f o r m e d  i n  t h i s  

s t u d y  i t  w i l l  b e  h e l p f u l  t o  r e v i e w  t h e  t e r m s  u s e d  i n  d e s c r i b i n g  

r e g r e s s i o n  a n a l y s i s  i n  t h i s  r e p o r t .
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D e p e n d e n t  V a r i a b l e  ( y ) : A  v a r i a b l e  w h i c h  i s  e s t i m a t e d  u s i n g  o n e  

o r  m o r e  i n d e p e n d e n t  v a r i a b l e s .  W h e e l / r a i l  f o r c e  d e s c r i p t o r s  a r e  

t r e a t e d  a s  d e p e n d e n t  ( o r  r e s p o n s e )  v a r i a b l e s  i n  t h i s  s t u d y .

I n d e p e n d e n t  V a r i a b l e  ( x )  ; A  v a r i a b l e  w h i c h  i s  u s e d  t o  e s t i m a t e  

t h e  d e p e n d e n t  v a r i a b l e .  T r a c k  g e o m e t r y  p a r a m e t e r s  o f  g a u g e ,  

c r o s s l e v e l ,  c u r v a t u r e  a n d  o p e r a t i o n a l  p a r a m e t e r s  o f  s p e e d  a n d  

u n d e r b a l a n c e  a r e  t h e  i n d e p e n d e n t  v a r i a b l e s  i n  t h i s  s t u d y .

D u m m y  V a r i a b l e : A  d u m m y  v a r i a b l e  i s  u s e d  t o  d e s c r i b e  a  v a r i a b l e  

w h i c h  h a s  t w o  o r  m o r e  d i s t i n c t  l e v e l s .  A  d u m m y  v a r i a b l e  " D "  w a s  

u s e d  i n  t h i s  s t u d y  t o  i d e n t i f y  d i r e c t i o n  o f  c u r v a t u r e ;  f o r  r i g h t  

c u r v e  D = 0 ,  f o r  l e f t  c u r v e s  D = l .

R e g r e s s i o n  A n a l y s i s ; R e g r e s s i o n  a n a l y s i s  i s  a  t e c h n i q u e  u s e d  t o  

d e v e l o p  t h e  r e l a t i o n s h i p  b e t w e e n  a  d e p e n d e n t  a n d  o n e  o r  m o r e  

i n d e p e n d e n t  v a r i a b l e s .  T h e  t e r m  m u l t i p l e  l i n e a r  r e g r e s s i o n  i s  

u s e d  w h e n  t h e  r e l a t i o n s h i p  i n v o l v e s  m o r e  t h a n  o n e  i n d e p e n d e n t  

v a r i a b l e  i n  s o m e  l i n e a r  f o r m .

S t e p w i s e  r e g r e s s i o n : i s  t h e  p r o c e d u r e  w h e r e b y  a  s u b s e t  o f  t h e  

i n d e p e n d e n t  v a r i a b l e s  i s  i n c l u d e d  i n  t h e  r e g r e s s i o n  e q u a t i o n .  

T h e  s e l e c t i o n  c r i t e r i a  i s  b a s e d  o n  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  

i n d e p e n d e n t  v a r i a b l e s  i n  e x p l a i n i n g  t h e  v a r i a t i o n  o f  t h e  d e p e n ­

d e n t  v a r i a b l e .

R e s i d u a l : A  r e s i d u a l  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  o b s e r v e d  v  

a n d  t h e  y '  p r e d i c t e d  f r o m  t h e  e s t i m a t e d  r e g r e s s i o n  e q u a t i o n .  B y  

a n  a n a l y s i s  o f  r e s i d u a l s ,  o n e  c a n  t e s t  t h e  a d e q u a c y  o f  t h e  p r e ­

d i c t i v e  m o d e l  a n d  t h e  a s s u m p t i o n s  u n d e r l y i n g  t h e  r e g r e s s i o n  

a n a l y s i s .

O u t l i e r ; A n  o u t l i e r  i s  d e f i n e d  a s  a  d a t a  p o i n t  t h a t  d o e s  n o t  

a p p e a r  r e a l  a n d  r e s u l t s  f r o m  e r r o r s  i n  r e c o r d i n g  o b s e r v a t i o n s .  

O u t l i e r s  c a n  b e  t r a c e d  b y  a n  a n a l y s i s  o f  r e s i d u a l s .  I f  t h e  a b s o ­

l u t e  v a l u e  o f  a  r e s i d u a l  i s  f a r  g r e a t e r  t h a n  t h e  r e s t  a n d  p e r h a p s
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l i e s  t h r e e  o r  f o u r  s t a n d a r d  d e v i a t i o n s  a w a y  f r o m  t h e  m e a n  o f  t h e  

r e s i d u a l s ,  t h e  c o r r e s p o n d i n g  o b s e r v a t i o n  i s  m o s t  l i k e l y  a n  o u t ­

l i e r .

A n a l y s i s  o f  V a r i a n c e ; T h i s  i s  a n  a p p r o a c h  w h e r e b y  t o t a l  v a r i a t i o n  

i s  d i v i d e d  i n t o  m e a n i n g f u l  c o m p o n e n t s .  i n  r e g r e s s i o n  a n a l y s i s ,  

t h e  t o t a l  v a r i a t i o n  i n  t h e  r e s p o n s e  v a r i a b l e  i s  d i v i d e d  i n t o  

r e g r e s s i o n  a n d  e r r o r  c o m p o n e n t s .  T h i s  a p p r o a c h  i s  v a l u a b l e  i n  

e s t i m a t i n g  t h e  q u a l i t y  o f  a  r e g r e s s i o n  e q u a t i o n .

F  V a l u e : A n  F  v a l u e  i s  t h e  s t a t i s t i c  w h i c h  m e a s u r e s  t h e  s t r e n g t h  

o f  t h e  r e l a t i o n s h i p  b e t w e e n  t w o  q u a n t i t i e s .  I n  r e g r e s s i o n  a n a l y ­

s i s ,  t h e  F  v a l u e  i s  u s e d  t o  e v a l u t e  t h e  r e l a t i v e  m a g n i t u d e  o f  

v a r i a t i o n s  e x p l a i n e d  b y  t h e  r e g r e s s i o n  e q u a t i o n  a n d  t h o s e  v a r i a ­

t i o n s  w h i c h  c o u l d  n o t  b e  e x p l a i n e d  b y  r e g r e s s i o n .  A  l a r g e  F  

v a l u e ,  s u c h  a s  3 . 0  o r  m o r e ,  i n d i c a t e s  t h a t  t h e  r e g r e s s i o n  m o d e l  

e x p l a i n s  a  s i g n i f i c a n t  a m o u n t  o f  v a r i a t i o n s .

C o r r e l a t i o n  C o e f f i c i e n t : I t  i s  a  m e a s u r e  o f  t h e  l i n e a r  d e p e n ­

d e n c y  o f  t w o  v a r i a b l e s .  T h e  c o r r e l a t i o n  c o e f f i c i e n t  v a r i e s  f r o m  

- 1  t o  1 .  A n  a b s o l u t e  v a l u e  c l o s e  t o  u n i t y  i n d i c a t e s  a  s t r o n g  

l i n e a r  d e p e n d e n c y .  O n  t h e  o t h e r  h a n d ,  a  v a l u e  c l o s e  t o  z e r o  

i n d i c a t e s  n o  l i n e a r  r e l a t i o n s h i p .

C o e f f i c i e n t  o f  D e t e r m i n a t i o n  ( R  ) ; I t  i s  t h e  p r o p o r t i o n  o f  t o t a l  

v a r i a t i o n  e x p l a i n e d  b y  t h e  r e g r e s s i o n  e q u a t i o n .  I t  c a n  b e  u s e d  

a s  a  f i g u r e  o f  m e r i t  f o r  t h e  e s t i m a t e d  r e g r e s s i o n  e q u a t i o n .  F o r  

e x a m p l e  a n  R- v a l u e  o f  0 . 8  m e a n s  t h a t  8 0  p e r c e n t  o f  t h e  t o t a l  

v a r i a t i o n s  a r e  e x p l a i n e d  b y  t h e  r e g r e s s i o n  m o d e l .

A d j u s t e d  C o e f f i c i e n t  o f  D e t e r m i n a t i o n  ( R2 ) : T h i s  i s  t h e  R2 v a l u e  

a d j u s t e d  f o r  t h e  num ber o f  in d e p e n d e n t  v a r i a b l e s .  R2 v a l u e s  

i n c r e a s e  w i t h  ea ch  a d d e d  v a r i a b l e .  H o w e v e r ,  t h e  a d j u s t e d  c o e f f i ­

c i e n t  o f  d e t e r m i n a t i o n  i n c r e a s e s  o n l y  i f  t h e  a d d e d  v a r i a b l e  i s  

s i g n i f i c a n t .  A l l  R2 v a l u e s  u s e d  i n  t h i s  r e p o r t  a r e  a d j u s t e d  

c o e f f i c i e n t s  o f  d e t e r m i n a t i o h .
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t - V a l u e : I n  r e g r e s s i o n  a n a l y s i s ,  a t - v a l u e  p r o v i d e s  a m e a s u re  o f  

t h e  s i g n i f i c a n c e  o f  an e s t i m a t e d  r e g r e s s i o n  c o e f f i c i e n t .  A l a r g e  

t - v a l u e  s u c h  a s  2 .0  o r  m ore i n d i c a t e s  t h a t  t h e  c o r r e s p o n d i n g  

r e g r e s s i o n  c o e f f i c i e n t  i s  s i g n i f i c a n t ,  i . e . ,  i s  n o t  z e r o .

C o n f i d e n c e  I n t e r v a l ; A  c o n f i d e n c e  i n t e r v a l  f o r  a n  e s t i m a t e d  

r e g r e s s i o n  c o e f f i c i e n t  i s  a  m e a s u r e  o f  t h e  s p r e a d  o f  p o s s i b l e  

v a l u e s  a t  a  c e r t a i n  s i g n i f i c a n c e  l e v e l .  A n  e m p i r i c a l  r e g r e s s i o n  

c o e f f i c i e n t  ( b )  i s  o n l y  a n  e s t i m a t e  o f  t h e  t r u e  r e g r e s s i o n  c o e f ­

f i c i e n t  ( 3 ) .  A  c o n f i d e n c e  i n t e r v a l  c o m p u t e d ,  f o r  e x a m p l e  a t  0 . 9 5  

c o n f i d e n c e  l e v e l  w i l l  p r o v i d e  a  9 5  p e r c e n t  c o n f i d e n c e  t h a t  t h e  

p o p u l a t i o n  p a r a m e t e r  ( 3 ) w i l l  f a l l  i n  t h a t  i n t e r v a l .

I n  p e r f o r m i n g  a n y  r e g r e s s i o n  a n a l y s i s  t h e  p r i m a r y  t a s k  o f  t h e  

a n a l y s t  i s  t o  s e l e c t  t h e  o p t i m u m  r e g r e s s i o n  f o r  h i s  r e q u i r e ­

m e n t s .  H e  m u s t  d e c i d e  w h i c h  i n d e p e n d e n t  o r  c o n t r o l  v a r i a b l e s  

s h o u l d  b e  i n c l u d e d  i n  t h e  r e g r e s s i o n .  G e n e r a l l y ,  t h e  m o r e  i n d e ­

p e n d e n t  v a r i a b l e s  w h i c h  a r e  i n c l u d e d  i n  t h e  r e g r e s s i o n ,  t h e  

b e t t e r  t h e  p r e d i c t i o n .  O f  c o u r s e ,  a s  m o r e  v a r i a b l e s  a r e  a d d e d  

t h e  c o s t s  o f  o b t a i n i n g  t h e  i n p u t  d a t a  f o r  t h e  r e g r e s s i o n s  a n d  t h e  

c o s t s  o f  d a t a  p r o c e s s i n g  w i l l  b o t h  i n c r e a s e  f o r  a p p l i c a t i o n s  o f  

t h e  f i n a l  r e g r e s s i o n .  A  p o i n t  o f  d i m i n i s h i n g  r e t u r n  i s  r e a c h e d  

a s  e a c h  n e w  v a r i a b l e  p r o v i d e s  o n l y  m a r g i n a l  i m p r o v e m e n t  i n  t h e  

r e g r e s s i o n .  T h e  s i g n i f i c a n c e  o f  a d d i n g  e a c h  n e w  i n d e p e n d e n t  

v a r i a b l e  s h o u l d  b e  d e t e r m i n e d  a n d  a  d e c i s i o n  s h o u l d  b e  m a d e  a s  t o  

w h e t h e r  o r  n o t  i t  s h o u l d  b e  i n c l u d e d  i n  t h e  r e g r e s s i o n .  I f  t h e  

t o t a l  n u m b e r  o f  i n d e p e n d e n t  v a r i a b l e s  i s  s m a l l  o r  i f  t h e  i n d e p e n ­

d e n t  v a r i a b l e s  t o  b e  i n c l u d e d  i n  t h e  r e g r e s s i o n  c a n  b e  i n f e r r e d  

f r o m  p h y s i c a l  c o n d i t i o n s  ( i . e . ,  m e a n  l a t e r a l  w h e e l / r a i l  s h o u l d  b e  

r e l a t e d  t o  u n d e r b a l a n c e  o f  o p e r a t i o n )  t h e n  t h e  i n d e p e n d e n t  v a r i ­

a b l e s  t o  b e  p u t  i n t o  t h e  r e g r e s s i o n  m o d e l  a r e  e a s i l y  d e f i n e d .  I f  

t h e  n u m b e r  o f  i n d e p e n d e n t  p a r a m e t e r s  i s  r e l a t i v e l y  l a r g e  a n d / o r  

t h e  p h y s i c a l  s i g n i f i c a n c e  o f  t h e  p a r a m e t e r s  i s  n o t  o b v i o u s  t h e n  a  

s t e p w i s e  r e g r e s s i o n  c a n  a i d  i n  t h e  s e l e c t i o n  o f  v a r i a b l e s .
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O n c e  t h e  a n a l y s t  h a s  p r e p a r e d  t h e  d a t a  b a s e  w h i c h  c o n t a i n s  s a m ­

p l e s  o f  t h e  d e p e n d e n t  a n d  a l l  i n d e p e n d e n t  v a r i a b l e s  o f  i n t e r e s t  a  

s t e p w i s e  r e g r e s s i o n  i s  t h e  m o s t  e f f i c i e n t  w a y  o f  s e l e c t i n g  t h e  

i n d e p e n d e n t  v a r i a b l e s  t o  b e  i n c l u d e d  i n  t h e  r e g r e s s i o n .  A  s t e p ­

w i s e  r e g r e s s i o n  a d d s  o n e  v a r i a b l e  a t  a  t i m e  t o  t h e  r e g r e s s i o n .  

A s  e a c h  n e w  v a r i a b l e  i s  a d d e d  t h e  F  s t a t i s t i c  i s  c a l c u l a t e d  f o r  

a l l  v a r i a b l e s  i n  t h e  r e g r e s s i o n  t o  d e t e r m i n e  t h e i r  s i g n i f i c a n c e .

I n  p e r f o r m i n g  t h e  s t e p w i s e  r e g r e s s i o n s  t h e  r e g r e s s i o n  e q u a t i o n  i s  

d e v e l o p e d  b y  a d d i n g  o n e  i n d e p e n d e n t  v a r i a b l e  ( x ^ )  a t  a  t i m e .  T h e  

( x ^ )  w i t h  t h e  h i g h e s t  p a r t i a l  c o r r e l a t i o n , c o e f f i c i e n t  w i t h  t h e  

d e p e n d e n t  v a r i a b l e  ( y )  , i s  s e l e c t e d  f o r  i n c l u s i o n  i n  t h e  r e g r e s ­

s i o n .  A n  a n a l y s i s  o f  v a r i a n c e  i s  t h e n  p e r f o r m e d  t o  d e t e r m i n e  t h e  

q u a l i t y  o f  t h e  r e s u l t a n t  r e g r e s s i o n .

T h e  F - v a l u e  i s  c a l c u l a t e d  f o r  t h e  r e g r e s s i o n  e q u a t i o n  a s  a  t e s t  

o f  s i g n i f i c a n c e  ( s e e  A p p e n d i x  J - C ) . T h e  F - v a l u e  f o r  e a c h  

v a r i a b l e  i n c l u d e d  i n  t h e  r e g r e s s i o n s  i s  c o m p a r e d  w i t h  t h e  m i n i m u m  

v a l u e  s e t  f o r  i n c l u s i o n  a n d  r e t e n t i o n  i n  t h e  a n a l y s i s .  I f  t h e  F  

s t a t i s t i c  f o r  a  p a r t i c u l a r  v a r i a b l e  i s  t o o  l o w *  t h a t  v a r i a b l e  i s  

r e m o v e d  f r o m  t h e  r e g r e s s i o n ,  b u t  c o u l d  b e  r e c o n s i d e r e d  o n  l a t e r  

s t e p s .  T h e  m i n i m u m  F - v a l u e s  f o r  i n c l u s i o n  a n d  r e t e n t i o n  a r e  

i n p u t s  t o  t h e  s o f t w a r e .

A  s t e p w i s e  l i n e a r  r e g r e s s i o n  w a s  u s e d  i n  t h e  c a s e  s t u d y  t o  d e t e r ­

m i n e  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  s t a t i s t i c a l  d e s c r i p t o r s  o f  

l a t e r a l  w h e e l / r a i l  f o r c e  a n d  t r a c k  g e o m e t r y  d a t a  i n  T a b l e  J B - 3  

( s e e  A p p e n d i x  J - C  f o r  c o m p l e t e  d e f i n i t i o n  o f  r e g r e s s i o n  a n a l y s i s  

t e r m s  a n d  t e c h n i q u e s ) . E a c h  r e s p o n s e  d e s c r i p t o r  w a s . e v a l u a t e d  

i n d e p e n d e n t l y  f o r  l e f t  a n d  r i g h t  c u r v e s .  T h e  g e n e r a l  f l o w  o f  

t h e  d a t a  p r o c e s s i n g  f o r  s t e p w i s e  r e g r e s s i o n  a n a l y s i s  i s  s h o w n  i n  

F i g u r e  J B - 4 .  A n a l y s e s  w e r e  a l s o  p e r f o r m e d  b y  m o d i f y i n g  t h e  d a t a  

b a s e  t o  i n c l u d e  c r o s s  p r o d u c t s  o f  s p e e d  a n d  c u r v a t u r e  a n d  u n d e r -  

b a l a n c e  o f  o p e r a t i o n  ( c a n t  d e f i c i e n c y )  a n d  c u r v a t u r e .
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C a l c u l a t e  
C o r r e l a t i o n  

C o e f f i c i e n t s  
f o r  a l l  

I n d e p e n d e n t  

V a r i a b l e s

X /

S e l <

x m
X

2 C  t

a n d

n

C a l c u l a t e  
P a r t i a l  

C o r r e l a t i o n  
f o r  R e m a i n i n g  

V a r i a b l e s

K e e p

R e m o v e  X n  

f r o m
R e g r e s s i o n

X j ' s  =  I n d e p e n d e n t  V a r i a b l e s  n o t  i n  

R e g r e s s i o n

X K ' s  =  V a r i a b l e s  c u r r e n t  i n  r e g r e s s i o n

X m =  X j  w i t h  h i g h e s t  p a r t i a l  

c o r r e l a t i o n

x n  =  X K w *-t h  l o w e s t  p a r t i a l  
c o r r e l a t i o n

_____________ \

Y e s

f

C a l c u l a t e  

' s

_________ '

F i g u r e  J B - 4 .  S t e p v / i s e  R e g r e s s i o n  A n a l y s i s  D a t a  

P r o c e s s i n g  F l o w
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T h e  m i n i m u m  F - v a l u e ,  w h i c h  d e f i n e s  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  

r e q u i r e d  f o r  i n c l u s i o n ,  a n d  r e t e n t i o n  o f  e a c h  i n d e p e n d e n t  v a r i a b l e  

i n  t h e  r e g r e s s i o n  w a s  s e t  a t  2 . 0 .  T h e  o u t p u t  f r o m  t h i s  p r o c e s s ­

i n g  i n c l u d e s  t a b u l a t i o n s  o f  t h e  r e g r e s s i o n  c o e f f i c i e n t s  ( b i ' s ) ,  

t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  ( R 2 ) , a n d  t h e  F - v a l u e s  f o r  t h e  

v a r i a b l e  a d d e d  a t  e a c h  " s t e p "  o f  t h e  r e g r e s s i o n .  P l o t s  o f  y -  

a c t u a l  v s  y - p r e d i c t e d ;  a n d  r e s i d u a l  v e r s u s  y - p r e d i c t e d  w e r e  a l s o  

p r o d u c e d .  T h e s e  p l o t s  w e r e  e x a m i n e d  t o  s e e  i f  t h e  r e s i d u a l s  

e x h i b i t e d  a n y  n o n l i n e a r  t r e n d s .  I f  n o n l i n e a r  t r e n d s  w e r e  

o b s e r v e d  t h e n  t r a n s f o r m s  o f  t h e  Y ^ ’ s  a n d  X ^ ' s  s u c h  a s  ( l o g  x ^ )  

a n d  X*? c o u l d  b e  c o n s i d e r e d .  N o  n o n l i n e a r  t r e n d s  w e r e  o b s e r v e d  

i n  t h e  t e s t  d a t a .  H o w e v e r ,  r e s i d u a l  p l o t s  w e r e  h e l p f u l  i n  i d e n ­

t i f y i n g  o u t l i e r s .  R e g r e s s i o n  e q u a t i o n s  w e r e  s u b s e q u e n t l y  d e v e l ­

o p e d  b y  e l i m i n a t i n g  t h e s e  o u t l i e r s .

J - B - 4  R E S U L T S  O F  A N A L Y S I S

R e g r e s s i o n s  w e r e  p e r f o r m e d  t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  b e t w e e n  

t h e  h i g h  r a i l  S D P - 4 0 F  l a t e r a l  w h e e l / r a i l  f o r c e s  a n d  t r a c k  g e o ­

m e t r y  i n p u t .  D a t a  w e r e  t a k e n  f r o m  3 7  c u r v e s  i n  t h e  t e s t  z o n e .  

T h e  9 5 t h  p e r c e n t i l e  o f  h i g h  r a i l  l a t e r a l  f o r c e ,  L g g  ■, w a s  t h e  

w h e e l / r a i l  f o r c e  d e s c r i p t o r  f o r  e a c h  c u r v e .  T h e  r e s u l t s  f o r  t h e  

S D P - 4 0 F ,  s u m m a r i z e d  i n  T a b l e  J B - 4 ,  s h o w  t h a t  t h e  S D P - 4 0 F  i s  

s e n s i t i v e  t o  u n d e r b a l a n c e  o f  o p e r a t i o n  ( A E ) , s t a n d a r d  d e v i a t i o n  

o f  c u r v a t u r e  ( a c ) a n d  d i r e c t i o n  o f  c u r v a t u r e  ( D ) .

T h e  f i n a l  r e g r e s s i o n  w a s :

L 9 5  =  6 2 9 3  +  1 9 4 0  ( A E )  +  6 7 0 1  ( a c ) -  1 1 6 9  ( D )

w i t h :

R 2 =  . 7 1 5

L 9 5  i n  p o u n d s

A E  i n  i n c h e s

a c  i n  d e g r e e s

D = 0  f o r  r i g h t ,  1  f o r  l e f t  c u r v e s

J-66



TABLE JB-4
S T E P W I S E  R E G R E S S I O N  R E S U L T S ,  S D P - 4 0 F  

H I G H  R A I L  W H E E L / R A I L  F O R C E S
f

Y R 2 F

S t a n d a r d  
E r r o r  L g j j

8 , 7 9 9 0 . 7 5 . 5 . 7 1 , 2 2 1

l 9 5  = 6 2 9 3  +  1 9 4 0 A E  +  6 .7 0 1  ( a c ) -  1 1 6 9 ( D )

I n d e p e n d e n t V a r i a b l e s

-

V a r i a b l e M e a n S t a n d a r d  D e v i a t i o n

A E 0 . 7 7 8 0 . 7 6 4

a  c 0 . 2 6 1 0 . 1 3 0

D 0 . 6 3 9 0 . 4 8 7

S D P - 4 0 F  H I G H R A I L  L 9 5
-

C O N T R I B U T I O N O F  T E R M S

T e r m
R e g r e s s i o n

C o e f f i c i e n t

C o n t r i b u t i o n  
o f  M e a n

C o n t r i b u t i o n  
o f  S t a n d a r d  

D e v i a t i o n

C o n s t a n t

V a l u e  S t d . E r r o r  

6 , 2 9 3 6 , 2 9 3

A E 1 , 9 4 0 3 0 2 1 , 5 0 0 1 , 4 8 2

CTC 6 , 7 0 1 1 , 7 8 5 1 , 7 4 5 8 7 0

D - 1 , 1 6 9 4 6 8 -  7 5 0 5 6 9

T O T A L 8 , 7 8 8

L g 5  M e a n  =  8 , 7 9 9

L g g  S t a n d a r d  D e v i a t i o n  =  2 , 4 5 4
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T h e  f i n a l  r e s u l t s  i n d i c a t e d  t h a t  A e  c o n t r i b u t e d  s l i g h t l y  m o r e  

t h a n  u c  i n  d e t e r m i n i n g  L g ^  a n d  t h a t ,  s t a t i s t i c a l l y ,  t h e  l e f t  

c u r v e s  p r o d u c e d  f o r c e  l e v e l s  r o u g h l y  1 2 0 0  p o u n d s  l o w e r  t h a n  t h e  

r i g h t  c u r v e s .  T h i s  c o u l d  b e  c a u s e d  b y  d i f f e r e n c e s  i n  t h e  w a y  t h e  

l o c o m o t i v e  n e g o t i a t e s  l e f t  a n d  r i g h t  c u r v e s  o r  d i f f e r e n c e s  i n  t h e  

c h a r a c t e r i s t i c s  o f  t h e  c u r v e  p o p u l a t i o n .

A n  e a r l i e r  s t u d y  ( R e f .  B - l )  u s i n g  o n l y  d a t a  f r o m  c u r v e s  o f  2  t o  3 

d e g r e e s  p r o d u c e d  t h e  f o l l o w i n g  r e g r e s s i o n :

L 9 5  =  4 , 1 0 0  +  4 0 0  C  +  1 7 , 3 0 0  ( a  ) +  4 0 , 1 0 0  ( a * )  +  1 , 8 0 0  AE

w h e r e :

2 9
a Z  =  t h e  v a r i a n c e  o f  g a u g e  ( i n c h e s ^ )

C =  m e a n  c u r v a t u r e  ( d e g r e e s )

I n  t h i s  c a s e  C  c o n t r i b u t e d  f r o m  8 0 0  t o  1 2 0 0  p o u n d s ,  o  f r o m  2 2 0 0
2 ' ° 

t o  5 5 0 0  p o u n d s ,  f r o m  4 0 0  t o  2 9 0 0  p o u n d s  a n d  Ae  f r o m  0 t o  5 4 0 0

p o u n d s .

I n  t h e  c u r r e n t  a n a l y s i s ,  i n c l u d i n g  c u r v e s  f r o m  0 °  t o  7 °  t h e  

r e g r e s s i o n  c o e f f i c e n t  o f  Ae  t o  L g g  i s  r o u g h l y  t h e  s a m e  w h i l e  t h e  

c o e f f i c i e n t  f o r  ctc  d e c r e a s e d  s i g n i f i c a n t l y .  T h e  e f f e c t s  o f  g a u g e  

v a r i a t i o n  a n d  m e a n  c u r v a t u r e  d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  l a t e s t  r e g r e s s i o n .

A n a l y s i s  o f  t h e  E - 8  l o c o m o t i v e  w a s  p e r f o r m e d  f o r  a  l a r g e r  d a t a  

b a s e  w h i c h  i n c l u d e d  9 9  c u r v e s .  D u e  t o  a  k n o w n  i m b a l a n c e  i n  t h e  

l o c o m o t i v e ' s  s u s p e n s i o n  s y s t e m ,  s e p a r a t e  a n a l y s e s  w e r e  p e r f o r m e d  

f o r  r i g h t  a n d  l e f t  c u r v e s .  T h e  r e s u l t s  o f  t h i s  a n a l y s i s  a r e  

s u m m a r i z e d  i n  T a b l e s  J B - 5  a n d  J B - 6 . T h e  r e s u l t s  f o r  t h e  r i g h t  

h a n d  c u r v e s  p r o d u c e d  a  r e l a t i v e l y  l o w  R *  v a l u e  o f  . 6 3 .  F o r  t h i s

J-68



S T E P W I S E  R E G R E S S I O N  R E S U L T S ,  E - 8  H I G H  
H I G H  R A I L  F O R C E S  - ( L E F T )  C U R V E S

TABLE JB-5

Y  R 2  F s e ( y )

l 9 5 =  6 3 6 8  -  1 1 1 9  ( C )  +  1 0 3 2  ( A E ) 1 1 , 1 4 1 ,  . 7 8 9 . 2 5

+  6 3 9 6  (CTXL)

V a r  i a b l e M e a n S t a n d a r d  D e v i a t i o n

C - 2 . 5 6 1 . 6 5 0

A E 0 . 4 3 7 1 . 4 6 0

a  X L 0 . 2 2 7 0 . 1 0 8

1 4 2 2

E - 8  H I G H  R A I L  L g 5 

C O N T R I B U T I O N  O F  T E R M S

T e r m

R e g r e s s i o n
C o e f f i c i e n t

V a l u e S t d . E r r o r

C o n s t a n t 6 , 3 6 8

C - 1 , 1 1 9 1 4 2

A E 1 , 0 3 2 1 6 8

a  X L 6 , 3 9 6 2 1 0 3

T O T A L

C o n t r i b u t i o n  

o f  M e a n

C o n t r i b u t i o n  
o f  S t a n d a r d  

D e v i a t i o n

6 , 3 6 8

2 , 8 6 4 - 1 , 8 4 6

4 5 1 6 5 8

1 , 4 5 2 6 9 1

1 1 , 1 3 5

L g 5  M e a n  =  1 1 , 1 4 1

L g 5  S t a n d a r d  D e v i a t i o n  =  3 , 0 1 7
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TABLE JB-6
S T E P W I S E  R E G R E S S I O N  

H I G H  R A I L  F O R C E S , +
R E S U L T S ,  E - 8  

( R I G H T )  C U R V E S

Y  R 2 F s e ( y )

L g ^  — 4 7 7 3  4* 1 2 4 9  ( C )  +  8 1 9 1 0  ( a 2 G ) 1 0 , 7 3 1  0 . 6 3  1 5 . 7 2 0 2 3

V a r i a b l e M e a n S t a n d a r d  D e v i a t i o n

C 2 . 8 9 0 1 . 7 5 0

A E * < j c 0 . 2 2 8 0 . 5 9 3

a 2 G 0 . 0 2 9 0 . 0 1 5

E - 8  H I G H  R A I L  L 9 5

C O N T R I B U T I O N O F  T E R M S

T e r m

R e g r e s s i o n  
C o e f f i c e n t

C o n t r i b u t i o n  

o f  M e a n

C o n t r i b u t i o n  
o f  S t a n d a r d  

D e v i a t i o n

V a l u e S t d . E r r o r

C o n s t a n t 4 , 7 7 3 - 4 , 7 7 3 -

C 1 , 2 4 9 1 7 6 3 , 6 1 0 2 , 1 8 6

a 2 G 8 1 , 9 1 0 2 0 , 6 9 0 2 , 3 7 5 1 , 2 2 9

T O T A L 1 0 , 7 5 8

L 9 5  M e a n  =  1 0 , 7 3 1

L g g  S t a n d a r d D e v i a t i o n =  3 , 3 2 1
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r e g r e s s i o n  m e a n  c u r v a t u r e  a n d  a  g a u g e  w e r e  i d e n t i f i e d  a s  t h e  

m a j o r  c o n t r i b u t o r s  t o  L 9 5 . F r o m  a n a l y s i s  p e r f o r m e d  i n  s u p p o r t  o f  

t h e  t e s t  o f  l o c o m o t i v e s  o n  C h e s s i e  t r a c k  a  , g a u g e  w a s  f o u n d  t o  

b e  a  g o o d  i n d i c a t o r  o f  s h o r t  w a v e l e n g t h  a l i g n m e n t  i r r e g u l a r i t i e s .

F o r  t h e  l e f t  c u r v e s  L 9 5  w a s  f o u n d  t o  b e  r e l a t e d  t o  A E  b u t  t h e  A E

r e g r e s s i o n  c o e f f i c i e n t  f o r  t h e  E - 8  w a s  a b o u t  h a l f  t h a t  f o r  t h e  
«

S D P - 4 0 F  i n  t h e  c u r r e n t  a n a l y s i s .

M e a n  c u r v a t u r e  w a s  a  m a j o r  c o n t r i b u t o r  t o  L 9 5  f o r  t h e  E - 8  i n  l e f t  

c u r v e s  a n d  a X L  -  t h e  s t a n d a r d  d e v i a t i o n  o f  c r o s s l e v e l  w a s  a  m i n o r  

c o n t r i b u t o r .

2
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A P P E N D I X  J - C  
R E G R E S S I O N  A N A L Y S I S *

T h i s  a p p e n d i x  d i s c u s s e s  r e g r e s s i o n  
a n a l y s i s  i n  t e x t b o o k  f o r m a t  f o r  e a s y  
r e f e r e n c e  t o  S e c t i o n  J - B .  T h e  r e a d e r  i s  
r e f e r r e d  t o  a n y  a d v a n c e d  t e x t  b o o k  o n  
a p p l i e d  r e g r e s s i o n  a n a l y s i s  f o r  d e t a i l s .

J - C - l  M U L T I P L E  L I N E A R  R E G R E S S I O N  

J - C - 1 . 1  F U N C T I O N A L  R E L A T I O N S H I P

J - C - l .  2 D E R I V A T I O N  O F  T H E  M E T H O D

~ e t  u s  a s s u m e  t h a t  y i  i s  t o  b e  e s t i m a t e d  
b y  t h e  e q u a t i o n

m
Z

j-1
V i j  * * i

7 ( 3 )

T h e  e r r o r  o f  e s t i m a t e  e ^  i s  g i v e n  b y

R e g r e s s i o n  a n a l y s i s  m a y  b e  b r o a d l y  d e f i n ­
e d  as t h e  a n a l y s i s  o f  r e l a t i o n s h i p s  
am ong v a r i a b l e s .  I t  i s  o n e  o f  t h e  m o s t  
w i d e l y  u s e d  s t a t i s t i c a l  t o o l s  b e c a u s e  
i t  p r o v i d e s  a s i m p l e  m e t h o d  f o r  e s t a ­
b l i s h i n g  a f u n c t i o n a l  r e l a t i o n s h i p  am o n g 
v a r i a b l e s .  T h e  r e l a t i o n s h i p  i s  e x p r e s ­
s e d  i n  t h e  f o r m  o f  a n  e q u a t i o n  c o n n e c t ­
i n g  t h e  r e s p o n s e  o r  d e p e n d e n t  v a r i a b l e  
y ,  a n d  o n e  o r  m o r e  i n d e p e n d e n t  v a r i a b l e s  
x .  , x , ,  . . . ,  x  . T h e  e q u a t i o n  m a y  be  
w r i t t e n  as

y  -  a  + 6. x .  + S , x ,  + • • • S _ x _  1 1  l . m m

w h e r e  a  i s  t h e  c o n s t a n t  t e r m  a n d  
t h e  r e g r e s s i o n  c o e f f i c i e n t s .

cn

6 i  a r e

e i
v. ' l -  b .

m
- Z b . x . .

j-1 3 i] ( 4 )

T h e  p u r p o s e  o f  t h e  r e g r e s s i o n  a n a l y s i s  i s  
t o  d e t e r m i n e  b .  i n  s u c h  a w a y  t h a t  t h e  
l e n g t h  o f  t h e  v e c t o r  e - ,  i  * 1 ,  n  i s  
m i n i m i z e d .  B u t

n  1
-  ( e , e )  -  Z J

1 =1  )

m ) 1
-  Z b . x . - (

j - 1 3 1 3 1

( 5 )

T h e  e s t i m a t e d  e q u a t i o n ,  o r  t o  b e  m o r e  
p r e c i s e ,  t h e  r e g r e s s i o n  e q u a t i o n  i s  
w r i t t e n  as

y  - a + b l x x ♦ b 2x 2 . . . b mx m ( 2 ) '

w h e r e  a i s  t h e  e s t i m a t e d  c o n s t a n t  a n d  b ^  
a r e  t h e  e s t i m a t e d  r e g r e s s i o n  c o e f f i c i e n t s .

T h e  r e g r e s s i o n  c o e f f i c i e n t s  a r e  u s u a l l y  
e s t i m a t e d  f r o m  a n  e x p e r i m e n t a l  s e t  o f  d a t a  
u s i n g  t h e  m e t h o d  o f  l e a s t  s q u a r e s .  T h e  
m e t h o d  o f  l e a s t  s q u a r e s  i n v o l v e s  m i n i m i z ­
i n g  t h e  sum  o f  t h e  s q u a r e s  o f  r e s i d u a l s  
b e t w e e n  t h e  o b s e r v e d  y ’ s a n d  t h e  p r e d i c t ­
e d  y ’ s .  T h i s  g i v e s  t h e  l e a s t  s q u a r e s  
" b e s t "  v a l u e  o f  t h e s e  c o e f f i c i e n t s  f o r  
a p a r t i c u l a r  s a m p l e  o f  o b s e r v a t i o n s .  A n  
i m p o r t a n t  a s p e c t  o f  r e g r e s s i o n  a n a l y s i s  
i s  t h a t  i t  i s  a m e a s u r e  o f  t h e  r e l i a b i l ­
i t y  o f  e a c h  o f  t h e  c o e f f i c i e n t s  s o  t h a t  
i n f e r e n c e s  c a n  b e  m a d e  r e g a r d i n g  t h e  
p a r a m e t e r s  o f  t h e  p o p u l a t i o n  f r o m  w h i c h  
t h e  s a m p l e  o b s e r v a t i o n  w a s  t a k e n .

♦ T h i s  a p p e n d i x  i s  r e p r i n t e d ,  w i t h  m i n o r  
c h a n g e s ,  f r o m  t h e  r e p o r t  e n t i t l e d  " A  
P r o t o t y p e , M a i n t e n a n c e  o f  W a y  P l a n n i n g  
S y s t e m , "  F R A / O R D - 8 0 - 4 7 . 1 ,  V o l u m e  I .  
( R e f e r e n c e  B - 2 )

T a k i n g  t h e  p a r t i a l  d e r i v a t i v e  w i t h  r e s p e c t  
t o  b Q , b , . . . b ra a n d  e q u a t i n g  t c  z e r o ,  we 
g e n e r a t e ^ t h e  s e t  o f  n o r m a l  e q u a t i o n s

m n n
nb 0 + L

j - l
Z
•1 X i j

-  I
i - 1

V  . 
' 1

n m n n

O
JD z

i - 1
x i l «• Z

j - 1
b j

r

i - 1 * l i * j i  '
Z

i - 1 W i

C 6 )

n m n n

b 0
z

i - 1
x i 2

+ Z
j - 1

b .
3

Z
i - 1

x 2 i x j  i  =
T»

i - 1
x 2 i y i

n m n n

b 0
I

i - 1
x im + Z

j - 1

b .
3

Z
i - 1

V j i m Z
i - 1

V i .

T h e  s o l u t i o n  o f  r e g r e s s i o n  c a n  b e  s i m p l i ­
f i e d  u s i n g  t h e  m a t r i x  a p p r o a c h .  F i r s t  
c o n s i d e r  t h e  m a t r i x :

1 X11 x 12 ‘ *"x lm
X - 1 x21 x22 • • •x2m

1 x n l x n 2 * ” x nm
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w h e r e  t h e  i C r o w ,  a p a r t  f r o m  t h e  i n i t i a l  
e l e m e n t ,  r e p r e s e n t s  t h e  x  v a l u e s  t h a t  
g i v e  r i s e  t o  t h e  r e s p o n s e  y i .  O n e  w i l l  
n o t e  t h a t  t h e  n o r m a l  e q u a t i o n s  c a n  b e  
w r i t t e n  as

s i m p l e  l e a s t  s q u a r e  a n a l y s i s  ( a s  o p p o s e d  
t o  w e i g h t e d  l e a s t  s q u a r e s )  a s s u m e s  t h a t  
e r r o r s  a r e  r a n d o m  w i t h  a m e a n  o f  z e r o .
I t  i s  a l s o  a s s u m e d  t h a t  e r r o r s  a r e  i n d e ­
p e n d e n t  a n d  t h u s  b a r e  t h e  m a x im u m  l i k e l i ­
h o o d  e s t i m a t e  o f  B.

( X ' X ) b  • X ’ Y  ( 7 )

w h e r e  X ’ i s  t h e  m x  n  m a t r i x  w h i c h  i s  t h e  
t r a n s p o s e  o f  X ,  b i s  a c o l u m n  v e c t o r  o f  
l e n g t h  m w h i c h  i s  g i v e n  b y

a n d  y  i s  t h e  c o l u m n  v e c t o r  o f  l e n g t h  n 
g i v e n  b y

Y  -

v 
• n

I f  t h e  m a t r i x  X ’ X i s  n o n - s i n g u l a r ,  t h e  
s o l u t i o n  o f  r e g r e s s i o n  c o e f f i c i e n t s  c a n  
b e  w r i t t e n  as

b -  ( X ’ X ) ' 1 X ' Y  . ( 8 )

The regression coefficients can be cal­
culated using the relation given by Equa­
tion 8 when the regression model contains 
only a few (two or three) independent 
variables'. However, results can be 
entirely invalidated due to round-off 
errors in problems with several indepen­
dent variables. The round-off errors can 
be minimized by replacing the X'X and X'Y 
ijiatrices by the respective correlation 
•matrices. Furthermore, if the number of 
independent variables exceeds 7, the com­
putations should.be performed in.double 
precision. The regression analysis algo­
rithms for the applications were imple­
mented in this form. The reader is 
referred to Volume III of the report en­
titled "A Prototype Maintenance of Way 
Planning System."*

J - C - 1 . 3  A S S U M P T I O N S

T h e  r e g r e s s i o n  c o e f f i c i e n t s  g i v e n  b y  
E q u a t i o n  3 a r e  a n  u n b i a s e d  e s t i m a t e  o f  
b w h i c h  m i n i m i z e s  t h e  e r r o r  sum o f  t h e  
s q u a r e s  i r r e s p e c t i v e  o f  a n y  d i s t r i b u t i o n  
p r o p e r t i e s  o f  t h e  e r r o r s .  H o w e v e r ,  f o r  
t e s t s  l i s t e d  i n  l a t e r  s e c t i o n s  s u c h  as 
t -  o r  F - t e s t s  a n d  f o T  o b t a i n i n g  c o n f i ­
d e n c e  i n t e r v a l s ,  i t  i s  a s s u m e d  t h a t  e r r o r s  
a r e  n o r m a l l y  d i s t r i b u t e d .  F u r t h e r m o r e ,

J - C - 1 . 4  T R A N S F O R M A T I O N  OP V A R I A B L E S

D i s c u s s i o n s  i n  t h e  p r e v i o u s  p a r a g r a p h s  
w e r e  l i m i t e d  t o  s i m p l e  l i n e a r  m o d e l s .  
H o w e v e r ,  . s e v e r a l  o t h e r  m o d e l s  c a n  b e  m ade 
l i n e a r  b y  a p p r o p r i a t e  t r a n s f o r m a t i o n s .
T h e n  t h e  m e t h o d  o f  l i n e a r  l e a s t  s q u a r e s  
c a n  b e  a p p l i e d  t o  e s t i m a t e  t h e  p a r a m e t e r s  
o f  t h e ,  r e g r e s s i o n  m o d e l .  S om e o f  t h e  
i m p o r t a n t  l i n e a r i z a b l e  c u r v e s  a r e  s h o w n  i n  
F i g u r e s '  J C - 1 ,  J C - 2  a n d  J C - 3  a n d  t h e  t r a n s ­
f o r m a t i o n s  t o  make . t h e m , - l i n e a r  a r e  l i s t e d  
i n  T a b l e  j C - 1 .

( a )

(h)

F i g u r e  J C - 1 .  G r a p h  o f  y  * S0x ^
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F i g u r e  J C - 2 .  G r a p h  o f  y  = S Q +  3 l o g  x

J - C - 1 . 5  DUMMY VARTART.Bfi

The variables in the regression equation 
may not always be continuous. Occasion­
ally, some of the variables may take two 
or more distinct levels. In regression 
analysis, this situation may be handled by 
using dummy variables. We can deal with i 
levels by the introduction of (2, - 1) 
dummy variables. Suppose a variable, such 
as track class was used with values of 0, 
1, 2 and 3. The effect of track class may 
be analyzed by the introduction of three 
dummy variables (zj_, Z2, and Z3). Then we 
can assign the values as follows:

Track *Class :i 2
0 0 0 0
X 1 0 02 0 1 0
3 0 e 1

F i g u r e  J C - 3 .  G r a p h  o f  y  * 3 0 +  8x 2

TABLE JC-1
L I N E A R I Z A B L E  F U N C T I O N S

F u n c t i o n T r a n s f o r m a t i o n s

y  -  e 0x s 

y  ■ Bg + S l o g  x  

y  -  S0 + B x 2

y '  * l o g  y ,  x '  ■ l o g  x

x '  «  l o g  X 
•>

X ' ■ X *

T h e  m o d e l  d e v e l o p e d  w i l l  t h e n  i n c l u d e  
e x t r a  t e r m s  B ^ z ^ ,  S 7 Z ,  a n d  B j i j .

J - C - 1 . 6  A N A L Y S I S  O F  V A R I A N C E

T h e  q u a l i t y  o f  t h e  e s t i m a t e d  r e g r e s s i o n  
l i n e  i s  u s u a l l y  a n a l y z e d  t h r o u g h  a n  a n a l y ­
s i s  o f  v a r i a n c e  a p p r o a c h .  T h i s  i s  a p r o ­
c e d u r e  i n  w h i c h  t h e  t o t a l  v a r i a t i o n ,  i n  t h e  
d e p e n d e n t  v a r i a b l e  i s  s u b d i v i d e d  i n t o  
m e a n i n g f u l  c o m p o n e n t s .  A s  s h o w n  i n  F i g u r e  
J C - 4 ,  t h e  d e v i a t i o n  o f  t h e  i t s  o b s e r v a t i o n  
o f  y  c a n  be  e x p r e s s e d  a s

A  A

- y * (Yi - ŷ ) * Cy± - y) (9)

I t  c a n  b e  s h o w n * t h a t

n -a n a  ^ n  a  e
z (y: - 7T • z (7: - y^r ♦ z iy.-y)1

i - 1  1 i - 1  1 1 i - 1  1

(10)

w h e r e  t h e  t e r m  o n  t h e  l e f t  i s  t h e  t o t a l  
sum o f  t h e  s q u a r e s ,  t h e  f i r s t  t e r m  o n  
t h e  r i g h t  i s  t h e  sum o f  t h e  s q u a r e s  a b o u t  
r e g r e s s i o n  c a l l e d  t h e  e r r o r  sum o f  t h e  
s q u a r e s , a n d  t h e  s e c o n d  t e r m  o n  t h e  r i g h t

F i g u r e  J C - 4 .  P a r t i t i o n i n g  t h e  T o t a l  
V a r i a t i o n  o f  y

* N .  D r a p e r  a n d  H .  S m i t h ,  " A p p l i e d  R e g r e s s i o n  
A n a l y s i s , "  J .  W i l e y  § S o n s ,  New Y o r k ,  1 9 6 6 ,  
p .  1 4 .
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i s  t h e  s u n  o f  s q u a r e s  d u e  t o  r e g r e s s i o n  
c a l l e d  t h e  r e g r e s s i o n  sum o f  t h e  s q u a r e s .

T h i s  s h o w s  t h a t  t h e  t o t a l  c o r r e c t e d  sum 
o f  t h e  s q u a r e s  o f  y  ( S S T )  c a n  b e  p a r t i ­
t i o n e d  i n t o  t w o  c o m p o n e n t s .  We s h a l l  
i n d i c a t e  t h i s  p a r t i t i o n i n g  s y m b o l i c a l l y  
as

S S T  -  S S E  + S S R  ( 1 1 )

S S R  i s  c a l l e d  t h e  r e g r e s s i o n  sum o f  t h e  
s q u a r e s  a n d  i t  r e f l e c t s  t h e  a m o u n t  o f  
v a r i a t i o n  i n  t h e  y  v a l u e s  e x p l a i n e d  b y  . 
t h e  m o d e l .  T h e  s e c o n d  c o m p o n e n t  ( S S E )  
i s  t h e  e r r o r  sum o f  t h e  s q u a r e s  w h i c h  
r e f l e c t s  t h e  v a r i a t i o n  a b o u t  t h e  r e g r e s ­
s i o n  l i n e .

H Y P O T H E S I S  I F  F  < F M U L L  H Y P O T H E S I S  
a  I F  F > F3

F i g u r e  J C - 5 .  T e s t  o f  t h e  S i g n i f i c a n c e  o f  
R e g r e s s i o n  E q u a t i o n

P a r t i t i o n i n g  t h e  t o t a l  sum o f  t h e  s q u a r e s  
i n t o  t w o  c o m p o n e n t s  g i v e s  a w a y  o f  a s s e s ­
s i n g  h o w  u s e f u l  t h e  r e g r e s s i o n  l i n e  i s .  
SS R  a n d  SSE  a r e  v a l u e s  o f  i n d e p e n d e n t  
c h i - s q u a r e  v a r i a b l e s ,  w i t h  m a n d  n - m - I  
d e g r e e s  o f  f r e e d o m ,  r e s p e c t i v e l y ,  f o r  
m i n d e p e n d e n t  v a r i a b l e s .  T o  t e s t  t h e  
n u l l  h y p o t h e s i s  t h a t  t h e  v a r i a t i o n  i n  
y  i s  n o t  e x p l a i n e d  b y  t h e  r e g r e s s i o n  
b u t  r a t h e r  b y  c h a n c e ,  i . e . ,

V  61 " 02--*Sm 3 0

H ^ :  A t  l e a s t  o n e  S f 0

T h e  c o m p u t a t i o n s  a r e  u s u a l l y  s u m m a r i z e d  a s  
a n  a n a l y s i s  o f  v a r i a n c e  (A N O V A )  t a b l e  
s h o w n  i n  T a b l e  J C - 2 .

W hen t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d ,  we 
c o n c l u d e  t h a t  t h e r e  i s  a s i g n i f i c a n t  
a m o u n t  o f  v a r i a t i o n  i n  t h e  r e s p o n s e  
a c c o u n t e d  f o r  b y  t h e  p o s t u a l t e d  m o d e l .
I f  t h e  F s t a t i s t i c  i s  i n  t h e  a c c e p t a n c e  
r e g i o n ,  we c o n c l u d e  t h a t  t h e  d a t a  d i d  
n o t  r e f l e c t  s u f f i c i e n t  e v i d e n c e  t o  s u p ­
p o r t  t h e  m o d e l  p o s t u l a t e d .

J - C - 1 . 7  S T A N D A R D  E R R O R  O P  E S T I M A T E

we c o m p u t e  t h e  F  v a l u e  a s  f o l l o w s :

t -  SSR/m 
F 53E/.(n-m-l)

MSSR (12)

a n d  r e j e c t  Hg a t  t h e  a l e v e l  o f  s i g n i f i ­
c a n c e  w h e n  F  > F ~  (m , n - m - 1 ) . T h i s  i s  
i l l u s t r a t e d  i n  F i g u r e  J C - 5 .

T h e  m e a n  s q u a r e s  a b o u t  r e g r e s s i o n  ( s " )  
p r o v i d e  a n  e s t i m a t e  o f  t h e  v a r i a n c e  a b o u t  
t h e  r e g r e s s i o n  ( o - ) .  I f  t h e  r e g r e s s i o n  
e q u a t i o n  w a s  e s t i m a t e d  f r o m  a l a r g e  n u m ­
b e r  o f  o b s e r v a t i o n s ,  t h e  v a r i a n c e ^  a b o u t  
r e g r e s s i o n  w o u l d  r e p r e s e n t  a m e a s u r e  o f  
e r r o r  w i t h  w h i c h  a n y  o b s e r v e d  v a l u e  o f  v  
c o u l d  b e  p r e d i c t e d  u s i n g  t h e  r e g r e s s i o n  
e q u a t i o n .  T h e  q u a n t i t y  ( s )  i s  c a l l e d  t h e

T A B L E  J C - 2

A N A L Y S I S  OF V A R I A N C E  T A B L E

Source of 
V a r la r i  o il

Sum of 
Scuares

Degrees o f 
Freedom

Mean
Sauare F

Regression SSR m* ** MSSR MSSR/s 2

E rro r SSE s "

T o ta l SST a -  1

* N u m b e r  o f  i n d e p e n d e n t  v a r i a b l e s .
** N u m b e r  o f  o b s e r v a t i o n s .
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s t a n d a r d  e r r o r  o f  e s t i m a t e  a n d  a r e l a ­
t i v e l y  s m a l l  v a l u e  o f  ( s )  w o u l d  i n d i c a t e  
a r e l a t i v e l y  b e t t e r  p r e d i c t i o n  p o w e r  f o r  
a r e g r e s s i o n  e q u a t i o n .

J -C -1 .8  CORRELATION COEFFICIENT

T h e  m e a s u r e  o f  t h e  l i n e a r  r e l a t i o n s h i p  
b e t w e e n  t w o  v a r i a b l e s  x  a n d  y  i s  e s t i ­
m a t e d  b y  t h e  s a m p l e  c o r r e l a t i o n  c o e f f i ­
c i e n t  ( r )  w h i c h  i s  d e f i n e d  as

r s s*y - (13)
J5xx byy

w h e r e

n

S x y
r

i - l

n

S x x  -
I

i - l

n

s . . .  * l
y y i-l

Cxi

(Xi

^i

x)( y i - y)

y ) 2 -  S S T

From Equation (13),

x

v

0 0 o o
0 0 0 0 °
0 0 0

O o

r  -  0

X

F i g u r e  J C - 6 .  I n t e r p r e t a t i o n  o f  E x t r e m e  
V a l u e s  o f  C o r r e l a t i o n  
C o e f f i c i e n t s

S 2

sx x 3 y y
(14)

I t  c a n  b e  s h o w n * t h a t  S 2Xy / S x x  i s  t h e  
r e g r e s s i o n  sum  o f  t h e  s a u a r e s  ( S S R ) . 
T h u s

e v i d e n t  f r o m  e q u a t i o n  15 t h a t  ( 1 0 0  x r ^ )  
p e r c e n t  o f  t h e  v a r i a t i o n  i n  t h e  v a l u e s  o f  
y  may be  a c c o u n t e d  f o r  b y  t h e  l i e n a r  r e l a ­
t i o n s h i p  w i t h  t h e  v a r i a b l e  x .

J-C -1 .9  COEFFICIENT OP DETERMINATION

(15)

(16)

S i n c e  S S E  <_ S S T ,  we c o n c l u d e  t h a t  r 2 
m u s t  l i e  b e t w e e n  z e r o  a n d  1 .  C o n s e q u e n t ­
l y  r  m u s t  r a n g e  f r o m  - 1  t o  1 .  A  v a l u e  
o f  - 1  o r  + 1  w i l l  o c c u r  w h e n  S S E  * 0 ,  b u t  
t h i s  i s  t h e  c a s e  w h e n  a l l  p o i n t s  l i e  
i n  a s t r a i g h t  l i n e .  H e n c e ,  a p e r f e c t  
r e l a t i o n s h i p  e x i s t s  b e t w e e n  x  a n d  y  w h e n  
r  ■ ± 1 .  O n  t h e  o t h e r  h a n d ,  a  v a l u e  o f  
r - 0  o c c u r s  w h e n  S S E  * S S T  o r  S S R  -  0 , -  
a n d  t h i s  i s -  t h e  c a s e  w h e n  n o  l i n e a r  r e l a ­
t i o n s h i p  e x i s t s  b e t w e e n  x  a n d ,  y .  T h e  
r e l a t i o n s h i p  f o r  t h e s e  e x t r e m e  v a l u e s  o f  
r  i s  s h o w n  i n  F i g u r e  J C - 6 .  I n t e r m e d i a t e  
v a l u e s  o f  r  a r e  n o t  so  e a s i l y  i n t e r ­
p r e t e d .  H o w e v e r ,  i f  we c o n s i d e r  r  , i t  i s

SS R
SST

o r

1 - S S E
SST

* R .  E .  W a l p o l e  a n d  R .  H .  M y e r s ,  " P r o b a ­
b i l i t y  a n d  S t a t i s t i c s  f O T  E n g i n e e r s  a n d  
S c i e n t i s t s , "  T h e  M a c M i l l a n  C o . ,  N ew  Y o r k ,  
1 9 7 2 ,  p .  2 8 6 .

A l t h o u g h  t h e  c o n c e p t  o f  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  i s  s t r i c t l y  a p p l i c a b l e  t o  
a s i n g l e  i n d e p e n d e n t  v a r i a b l e ,  w e  c a n  
d e f i n e  a s i m i l a r  c r i t e r i o n  t o  i l l u s t r a t e  
t h e  a d e q u a c y  o f  a  f i t t e d  r e g r e s s i o n  m o d e l  
i n  t h e  c a s e  o f  m u l t i p l e  l i n e a r  r e g r e s s i o n ,  
i . e . ,

R
2 SS R

SST (17)

R "  i s  c a l l e d  t h e  C o e f f i c i e n t  o f  D e t e r ­
m i n a t i o n  a n d  i n d i c a t e s  t h e  p r o p o r t i o n  
o f  t h e  t o t a l  v a r i a t i o n  i n  t h e  r e s p o n s e  
y  t h a t  i s  e x p l a i n e d  b y  t h e  f i t t e d  m o d e l .  
A  v a l u e  o f  r 2 c l o s e  t o  u n i t y  w o u l d  i n d i ­
c a t e  a g o o d  r e g r e s s i o n  m o d e l .

T h e  n a t u r e  o f  t h e  c o m p u t a t i o n  f o r  R "  i s  
s u c h  t h a t  a n  a d d i t i o n  o f  a  v a r i a b l e  w o u l d  
a l w a y s  i n c r e a s e  t h e  v a l u e  o f  R2 w h e t h e r  
o r  n o t  t h e  c o n t r i b u t i o n  d u e  t o  t h e  a d d i ­
t i o n a l  v a r i a b l e  w a s  s i g n i f i c a n t .  T h i s  
p r o b l e m  c a n  b e  o v e r c o m e  b y  a d j u s t i n g  t h e  
R2 v a l u e  f o r  t h e  d e g r e e s  o f  f r e e d o m .
T h i s  m o d i f i e d  q u a n t i t y  i s  c a l l e d  t h e  
A d j u s t e d  C o e f f i c i e n t  o f  D e t e r m i n a t i o n  
a n d  i s  d e f i n e d  a s  f o l l o w s :
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(18)R2' • 1 - (1 - R2) (n - 1) / (n-- m)

w h e r e  m i s  t h e  n u m b e r  o f  i n d e p e n d e n t  
v a r i a b l e s  i n  r e g r e s s i o n ,  a n d  ( n  -  1 )  
i s  t h e  d e g r e e s  o f  f r e e d o m  o f  S S T .

J - C - 1 . 1 0  T E S T I N G  T H E  I N D I V I D U A L  
R E G R E S S I O N  C O E F F I C I E N T S

I n  t h e  p r e v i o u s  p a r a g r a p h s ,  i t  was 
s h o w n  how  t h e  o v e r a l l  r e g r e s s i o n  m o d e l  
c a n  b e  t e s t e d  t o  s e e  w h e t h e r  a r e l a t i o n ­
s h i p  e x i s t s  b e t w e e n  th e  r e s p o n s e  v a r i a b l e  
a n d  a s e t  o f  i n d e p e n d e n t  v a r i a b l e s .  T h e  
i n d i v i d u a l  r e g r e s s i o n  c o e f f i c i e n t s  c a n  
b e  t e s t e d  b y  c o m p u t i n g  t h e  t  v a l u e s .

T  -  b . / s .  ( 1 9 )
° i

w h e r e  b i  i s  an  e s t i m a t e d  r e g r e s s i o n  
c o e f f i c i e n t ,  a n d  s, i s  t h e  e s t i m a t e d

D i
s t a n d a r d  e r r o r  o f  b ^ .

The statistics given by Equation 19 have a 
t distribution with (n - m - 1) degrees of 
freedom and can be used to test the null 
hypothesis:

V 8 i  *
0

H 1 ■ s i  * 0

I f  t h e  m a g n i t u d e  o f  t h e  c o m p u t e d  t  
v a l u e  i s  g r e a t e r  t h a n  t fn  . .  1 } > a / 2 >

we c a n  r e j e c t  t h e  n u l l  h y p o t h e s i s  a t  a 
l e v e l  o f  s i g n i f i c a n c e .  A s  a r u l e  o f  
t h u m b ,  i f  |T| > 2 ,  we c a n  c o n c l u d e  t h a t  
S i  i s  n o t  z e r o .  T h i s  i s  i l l u s t r a t e d  i n  
F i g u r e  J C - 7 . .  ■

' J - C - l . l l  C O N F I D E N C E  I N T E R V A L S  F O R  
R E G R E S S I O N  C O E F F I C I E N T S

A s i n d i c a t e d  i n  t h e  p r e v i o u s  p a r a g r a p h s ,  
t h e  r e g r e s s i o n  c o e f f i c i e n t s  a r e  c o m ­
p u t e d  f r o m  a s a m p l e  o f  o b s e r v a t i o n s  f r o m  
a c e r t a i n  p o p u l a t i o n .  I n f e r e n c e s  f o r  t h e  
e n t i r e  p o p u l a t i o n  c a n  b e  m a d e  b y  c o n ­
s t r u c t i n g  t h e  c o n f i d e n c e  i n t e r v a l s  f o r  
r e g r e s s i o n  c o e f f i c i e n t s .  A ( 1  -  a )  a 
1 0 0 - p e r c e n t  c o n f i d e n c e  i n t e r v a l  f o r  t h e  
p a r a m e t e r  S i  i s  g i v e n  b y :

. b r a / 2 s b i  < 8 i  * b + V z V  C 2 0 )

w h e r e  t a /7 i s  a v a l u e  o f  t h e  t  d i s t r i b u ­
t i o n  w i t n  ( n  -  m -  1 )  d e g r e e s  o f  f r e e d o m .

■a/2
REJECT NULL| DO NOT REJECT NULL
HYPOTHESIS HYPOTHESIS

o/2
REJECT NULL 
HYPOTHESIS

- T  > - t ,■o/2 T  > t,■o/2

R U L E  O F  T H U M B :  R E J E C T  T H E  N U L L  H Y P O T H E S I S
I F  I T I  > 2

F i g u r e  J C - 7 .  T e s t  o f  I n d i v i d u a l  R e g r e s ­
s i o n  C o e f f i c i e n t s  f o r  N u l l  
H y p o t h e s i s

J - C - 2 . 0  S T E P W I S E  R E G R E S S I O N

I n  m a n y  a p p l i c a t i o n s  o f  r e g r e s s i o n  a n a l y ­
s i s ,  t h e  s e t  o f  v a r i a b l e s  t o  b e  i n c l u d e d  
i n  t h e  r e g r e s s i o n  m o d e l  i s  n o t  p r e - d e t e r -  
m i n e d ,  a n d  i t  i s  o f t e n  t h e  f i r s t  p a r t  o f  
t h e  a n a l y s i s  t o  s e l e c t  t h e s e  v a r i a b l e s .
I n  t h e  s i t u a t i o n  w h e r e  t h e r e  i s  n o  c l e a r -  
c u t  t h e o r y  a s  t o  w h i c h  v a r i a b l e s  s h o u l d  
b e  i n c l u d e d ,  t h e  p r o b l e m  o f  s e l e c t i n g  
v a r i a b l e s  f o r  a r e g r e s s i o n  e q u a t i o n  
b e c o m e s  a n  i m p o r t a n t  o n e .

T o  m a ke  t h e  e q u a t i o n "  u s e f u l  f o r  p r e d i c t i v e  
p u r p o s e s ,  i t  i s  n e c e s s a r y  t o  i n c l u d e  a s  
m a n y  x ' s  a s  p o s s i b l e  s o  t h a t  a r e l i a b l e  
e s t i m a t e  c a n  b e  m ade f o r  t h e  r e p o n s e  
v a r i a b l e .  H o w e v e r ,  d u e  t o  t h e  c o s t  i n ­
v o l v e d  i n  o b t a i n i n g  i n f o r m a t i o n  o n  a 
l a r g e  n u m b e r  o f  x ' s  a n d  s u b s e q u e n t l y  m o n i ­
t o r i n g  t h e m ,  we w o u l d  l i k e  t h e  e q u a t i o n  
t o  i n c l u d e  as f e w  x ' s  as n e c e s s a r y .  T h e  
c o m p r o m i s e  b e t w e e n  t h e s e  e x t r e m e s  i s  
w h a t  i s  u s u a l l y  c a l l e d  s e l e c t i n g  t h e  
b e s t  r e g r e s s i o n  e q u a t i o n .  S t e p w i s e  
r e g r e s s i o n  i s  o n e  o f  t h e  t o o l ' s  u s e d  t o  
a r r i v e  a t  s u c h  an  e q u a t i o n . , '

I n  s t e p w i s e  r e g r e s s i o n ,  t h e  r e g r e s s i o n  
e q u a t i o n  i s  d e v e l o p e d  b y  a d d i n g  o n e  i n d e ­
p e n d e n t  v a r i a b l e  a t  a t i m e .  T h e  v a r i a b l e  
a d d e d  i s  t h e  o n e  t h a t  h a s  t h e  h i g h e s t  
p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  v  
a t  e a c h  s t e p  a n d  i s  s i g n i f i c a n t  a c c o r d i n g  
t o  t h e  F t e s t .  A  s i g n i f i c a n c e  t e s t  i s  
a l s o  m ade o n  t h e  v a r i a b l e s  a l r e a d y  i n  t h e  
m o d e l .  T h i s  p r o c e d u r e  . i s  c o n t i n u e d  u n t i l  
a n  a d d i t i o n a l  v a r i a b l e  w o u l d  n o t  s i g n i f i ­
c a n t l y  i m p r o v e  t h e  m o d e l .
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J -C -3 .0  AUTOREGRESSION

A u t o r e g r e s s i o n  i s  u s e d  t o  i n v e s t i g a t e  
t h e  e f f e c t s  o f  p r e v i o u s  v a l u e s  o f  t h e  
r e s p o n s e  v a r i a b l e  o n  t h e  c u r r e n t  v a l u e s .  
I n  t h i s  c a s e ,  t h e  r e s p o n s e  v a r i a b l e  c a n  
b e  t r e a t e d  a s  a n  i n d e p e n d e n t  v a r i a b l e  
a n d  t h e  r e g r e s s i o n  e q u a t i o n  t a k e s  t h e  
f o r m

>'t "  a  + V t - 1  + b i x l ' - * - V m  ( 2 1 )

w h e r e  v t  i s  t h e  c u r r e n t  v a l u e  o f  y ,  y t _ ^  
i s  t h e  p r e v i o u s  v a l u e s  o f  y ,  a n d  b i ' s  
a r e  t h e  e s t i m a t e d  r e g r e s s i o n  c o e f f i c i e n t s .

For all practical purposes Equation 21 can 
be treated as a general linear model. The 
parameters of the model can be estimated 
by the usual procedures such as multiple 
linear regression or stepwise regression.
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SECTION K

WAYSIDE AND ONBOARD INSTRUMENTATION

K.l Introduction

This section contains the technical information coverning all aspects of 
instrumentation needed to support theoretical predictions and test results 

addressed in other sections of this document. In Volume I, procedures are out­

lined to provide a guide to assess specific vehicle problems and determine a 

general approach to finding the solution. Volume I leads into Section E, 

Volume II where the specific problem is analyzed in more detail and a test 

plan is generated as a further guide. This test plan contains the pertinent 

information needed to design the instrumentation scheme for the test.

The format used in this section is based around providing the instrumen­

tation requirements for solving performance problems related to vehicle 
dynamics and the interaction of the vehicle with the track. These performance 

problems are addressed in terms of specific vehicle performance issues. The 
performance issues are characterized and quantified through the related per­

formance and test parameters (subsection K.2). These parameters are then in­

vestigated with regard to the measurement requirements (subsection K.3) to 

provide the information needed to design this instrumentation for the test. 
Information for selecting and installing on-board instrumentation is contained 

in subsection K.4. The contents of the subsection is summarized at the end 

with labels showing instrumentation required and a sketch of the instrumen­

tation lay out for each performance issue. Subsection K.5 (Wayside Instru­

mentation) contains the information needed to select and install wayside 

instrumentation.

Techniques for synchronizing and recording are given in subsection K.6. 

Information is provided to synchronized data acquisition locations within an 

on-board and wayside station or between on-board and wayside stations.
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Special equipment and techniques that have been identified as important or

unique are covered in subsection K.7.
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K.2 PERFORMANCE ISSUES AND TEST PARAMETERS

K.2.1 PERFORMANCE ISSUES
The design and construction of rail vehicles have evolved over the years 

to a limited number of categories especially in the United States. If one 

examined the history of safety performance problems in these vehicles, it 

would be found that, each generic type of rail vehicle tends to have certain 
dynamic modes which appear repeatedly. As a result, if one can identify all 

of the major problematic dynamic modes, most of the performance problems 

related to vehicle dynamics can be addressed. Under an earlier study Ref. [1], 

major problematic modes have been identified and referred to as stability 

performance issues; these are:

ô Hunting

o Twist and Roll 
o Pitch and Bounce 

o Yaw and Sway 
o Steady-state Curving 

o Spiral Negotiation 

o Dynamic Curving 

o Steady Buff and Draft 
o Longitudinal Train Action 

o Longitudinal Impact

For existing and new rail vehicles which do not deviate drastically from 

the current generic types of designs, the above performance issues can be 

expected to address all of the potential stability performance problems 

related to vehicle dynamics. Because of the vastly greater requirements in 
cost and effort to investigate dynamic behavior of long trains, it was decided
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that the initial consideration for V/T IAT would be limited to single-vehicle

dynamics in a short train, therefore excluding the last two performance issues 
listed above.

The V/T IAT is to provide uniform means of evaluating safe performance of 

vehicles and track by establishing a standardized approach to the test pro­

cedures. Special track conditions and operating scenarios can be used to 

systematically examine each of the performance issues and to identify and 

isolate any unsatisfactory characteristics in the- vehicle. In order to 

characterize and to quantify each of the performance issues, a set of 

variables must be used. These variables must be clear indicators of the mode 

and the magnitude of the vehicle dynamic response and they should also provide 
a measure of the degree of severity of the response as a safety risk. Before 

discussing the requirements on instrumentation to collect the data, some 

delineation of the parameters of interest would be helpful.

K.2.2 PARAMETERS OF INTEREST

Many parameters are involved in causing a particular response in a vehi­

cle. For the purpose of adopting a consistent set of notations for 
Vehicle/Track Interaction testing applications, a general grouping of the 

parameters is made as follows:

CONTROL VARIABLES: those variables that are controlled by the experiment
conductor, e.g.,

- Speed

Track characteristics (curvature, elevation, spiral 
design, etc.)

Intentionally introduced track perturbations (wave 
shape, wavelength, magnitude, etc.)

Operating modes (power, braking, dynamic braking, 
drift, etc.)

Rail surface condition (dry, sanded, wet, lubricated, 
etc.)

Adjustable parameters in the vehicle (wheel profile, 
damping rate, spring rate, clearances in truck compo­
nents, load configuration, etc.)
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RESPONSE VARIABLES: those variables that describe the outcome of the experi­
ment, e.g.,

Inertial response (accelerations, velocities, displace­
ments with respect to an inertial reference)

Relative displacement between vehicle components 
(spring deflection, carbody roll with respect to truck, 
etc.)

Internal forces and stresses (damping force, truck 
frame stress, etc.)

External forces (wheel-rail contact forces, coupler 
forces, force vector crossing, etc.)

VEHICLE CHARACTERISTICS: those parameters that are inherent to the vehicle
design and are not changed during the experiment,
e.g.,

- Vehicle mass and inertia

- Structural dimensions and clearances

- Properties of fixed suspension components

Instruments are required to measure the vehicle characteristics and the 

response variables in an assessment experiment. Most of the design charac­

teristics and some of the control variables can be measured once during the 

experiment and no continuous monitoring is required. Some of the control 

variables and all of the response variables require continuous monitoring 

during dynamic tests. Monitoring of control variables is needed to insure 

that intended test conditions (speed, power, braking level, etc.) are 

achieved; response variable data are needed during the test for safety 

monitoring and for pre- and post-test analysis.
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K.3 MEASUREMENT REQUIREMENTS

T h is  se ction  con ta in s d is c u s s io n s  o f general requirem ents fo r  measurements 

to  be performed in  sa fe ty  assessment fo r  r a ilro a d  equipment. Many o f the 

measurements have been made by conventional t o o ls  which requ ire  no spec ia l 

in strum entation ; o the rs may requ ire  instrum entation tha t i s  ta ilo re d  fo r  the 

a p p lic a t io n .  Those measurement requirements that can be met by conventional 

techn iques are mentioned in  t h i s  section  and not e laborated fu rth e r  in  t h i s  

repo rt. Measurements re q u ir in g  specia l instrum entation  are covered in  more 

d e ta il in  the subsequent se c t io n s  o f  t h is  report.

K . 3 .1 CONTROL VARIABLES

K .3 .1.1 TRACK CHARACTERIZATION

Track geometry c o n s t itu te s  the main input to e x te rn a lly  excited  dynamic 

s t a b i l i t y  response in  a ve h ic le . Parameters o f  in te re s t  inc lude  gauge, super­

e le va t io n , alignment and p ro f i le  o f each r a i l ,  and tra ck  cu rvatu re . These 

parameters in  a s t a t ic  mode can be measured m anually by conventional hand 

t o o ls  such as a gauge and c ro ss le ve l bar and a s t r in g  l in e .  More prec ise

measurements can be obtained by survey techniques u s in g  op tica l equipment. 

Loaded geometry, which i s  what a moving veh ic le  sen se s, may not be obtained 

accu ra te ly  by manual methods. An automated track  geometry measuring car can 

provide  an accurate geometry su rvey  at loads and speeds s im ila r  to standard 

r a ilr o a d  t r a f f ic .

Track st iffne ss/ co m p lian ce  in  the v e rt ic a l and the la te ra l d ire c t io n s  are 

im portant to the t r a c k - t ra in  in te ra c t io n . Dynamic measurement techniques are 

under development. The on ly  r e l ia b le  methods tha t can be used today are 

s t a t ic  techniques which de fine  the lo a d -ve rsu s -d e f le c t io n  re la t io n sh ip  fo r  a 

s in g le  po int on the tra ck  through a load ing/un load ing p rocess. Continuous 

measurement o f  track  s t i f f n e s s  under a dynamic moving load may become a v a i l ­

able in  the fu tu re  i f  research  programs are su c ce ss fu l.
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Surface con d it ion s o f r a i l s  and c ro s s -se c t io n a l p ro f i le  o f r a i l  head are 

a lso  measured manually by hand to o ls  today. A device  fo r  measuring s t a t ic  and 

steady-sta te  c o e ff ic ie n t  o f f r ic t io n  on the gauge -side  o f the r a i l  was used on 

the perturbed track  te s t  o f  locom otives Ref. [3 ] and on a t r a n s i t  ca r  r o l l in g  

re s istan ce  te st  Ref. [4 ] .  Th is approach, however, has some drawbacks (see 

Section K .3 .1 .4 ). Ra il c ro s s -se c t io n  p r o f i le r s  that produce graph ica l p lo ts  

m echan ically are a v a ila b le  in the market. A device  that can sto re  d ig it iz e d  

data o f the r a i l  c ro s s -se c t io n  shape on magnetic tape has been developed Ref.

[5 ] ,  However, r a i l  c ro s s -se c t io n  p r o f i l in g  con tinu ou sly  over the length  o f 

track  i s  not yet a va ila b le .

K .3 .1 .2  VEHICLE CHARACTERIZATION

C on tro l v a r ia b le s  o f  v e h ic le s  b e in g  te s te d  in c lu d e  load  v a r i a t i o n s ,  

changes in  suspension  elements, c learances and wheel p r o f i le ,  etc. For each 

o f the co n figu ra t io n s  considered in  the assessm ent, the measurement re q u ire ­

ments are the same as those to  be d iscu ssed  la te r  in  de sign  c h a ra c t e r is t ic s .  

The measurements would be repeated, using  the same instrum entation  and tech­

nique, fo r  each o f  the c o n f ig u ra t io n s  under con sid e ra t io n .

K .3 .1 .3  OPERATION VARIABLES

Operation v a r ia b le s  are ge n e ra lly  needed in  real time, in  ad d it io n  to 

p o st -te st  a n a ly s is ,  to in su re  that the sp e c if ie d  te s t  con d it io n s  are achieved.

Vehicle  speed can be measured from axle ro ta t io n  by a vo ltage  generator or 

by the combination o f  an encoder and a tim e-base generator. D istance and 

acce le ration  can be obtained e a s i ly  a lso  w ith the second technique. One 

common undesirab le  featu re  in  a x le -d riven  speed/distance measuring system s i s  

that they inc lude  e rro rs  due to wheel s lip p a ge , tread c o n ic ity ,  c u rv in g , 

b rak ing and tra c t io n .  A separate  measuring wheel w ith a c y l in d r ic a l  tread and 

a lo w -re s is ta n t  mount can a llow  s l ip - f r e e  measurement o f speed and d istance . 

A speed s igna l i s  often a va ila b le  in  a locom otive or a se lf -p ro p e lle d  ca r, 

most o f them are derived from gear-tooth  counting. The accuracy o f  the 

b u i l t - in  systems i s  ge n e ra lly  not adequate fo r  t e s t  contro l purposes.
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Brake pipe pressure  and brake c y lin d e r pressure  can be measured by stan ­

dard transducers connected to the brake system. Actual brake shoe pressure  o r 

the braking force  are more d i f f i c u l t  to measure. S tra in -gauged  brake beam and 

load c e l l s  placed in  the brake r ig g in g  have been used to  measure the app lied  

brake fo rce . Although some r ig g in g s  have components which can be instrumented 

to  measure the brake fo rce  to the wheel, i t  i s  ra th e r d i f f i c u l t  to  do in  

typ ica l r ig g in g s .  In gene ra l, the m u lt ip le  load path problem, the shock and 

v ib ra t io n  and the h igh temperature near the brake shoe make i t  d i f f i c u l t  to  

obtain  r e l ia b le  measurements.

T h ro tt le  p o s it io n ,  motor current fo r  t ra c t io n  or b rak ing  and other parame­

te r s  a ssoc ia ted  w ith locom otives and se lf -p ro p e lle d  ca rs  have gen e ra lly  been 

measured by the equipment manufacturer during development. One can u su a lly  

r e ly  on the m anufacturer to provide the equipment or the technique fo r  these 

measurements. Catenary vo ltage , fuel flow  rate and fuel consumption rate  are 

re la ted  p r im a r ily  to  operating  e f f ic ie n c y  and are ge n e ra lly  not measured fo r  

s t a b i l i t y  assessm ent. L ive -w ire  measurement o f  e le c t r ic a l  or dynamic proper­

t ie s  o f  the pantograph i s  an extremely d i f f i c u l t  problem. The manufacturer 

should be consulted  when de sign ing  a measurement system. Measurement o f panto­

graph dynamics under dead-w ire cond it ion s i s  a much sim p ler ta sk ; conventional 

d isp lacem ent/ve loc ity  transducers can then be used. Typ ica l fuel systems in  

d ie se l locom otives m ainta in  a very high flow  rate  from the fue l tank to and 

back from the engine. The d iffe rence  between the outward and the return  flow  

ra te s  i s  the actual consumption rate. I t  i s  important to have h ig h ly  accurate 

and matched flow  meters i f  the consumption rate i s  to  be derived by d if fe re n c ­

ing  the two measured ra te s.  Volumetric type o f  low ra te  meters are s e n s it iv e  

to temperature v a r ia t io n s .  Compensations fo r  temperature changes are neces­

sa ry  i f  a f in e  re so lu t io n  i s  requ ired. Schemes have been developed to in t r o ­

duce specia l m od if ica t io n s  to the fuel system to measure the net fuel con­

sumption rate  d ir e c t ly  (C on R a il). I t  would be ad v isab le  to work c lo se ly  w ith 

the equipment manufacturer in  order to avoid undesirab le  consequences due to 

the m od ifica tion .
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K.3 .1 .4  ENVIRONMENTAL CONDITIONS

Several v a r ia b le s  environmental con d it io n s should  a lso  be monitored, in ­

c lu d in g  but not be lim ite d  to ambient temperature, hum id ity , wind v e lo c it y  and 

d ire c t io n ,  and p re p ic ip a t io n  (type, ra te , and cum ulative amount). When 

fre e z in g  con d it ion s e x is t ,  p r io r  h is t o ry  o f  freeze-thaw  cyc le s should be 

obtained fo r  the current season to a sse ss  b a lla s t  c o n d it io n s .  Perhaps another 

important environmental parameter fo r  some performance is su e s  i s  the co­

e f f ic ie n t  of f r ic t io n  between the wheel and r a i l  in te rfa ce . Hand-held measure­

ment devices have shown lim ite d  success due to the r e la t iv e ly  l i g h t  loads 

app lied. Perhaps the best way to evaluate the f r i c t io n  c o e f f ic ie n t s  i s  to 

lock-up  one axle o f a te s t  v e h ic le  and measure the change in  fo rce  requ ired  to 

move i t .  Th is technique d u p lic a te s  the load and contact geometry encountered 

under actual te s t  c o n d it io n s.

K .3.2  RESPONSE VARIABLES

K .3.2.1  WHEEL-RAIL CONTACT AREA

Forces transm itted  through the ra il-w hee l contact area are the most impor­

tan t response v a r ia b le s  in  s t a b i l i t y  co n s id e ra t io n s.  High ve rtica l., o r 

la te ra l loads can cause s t ru c tu ra l degradation or f a i lu r e  which may lead to 

derailm ent. High L/V over some du ra tion  o f  time i s  known to  cause r a i l  r o l l ­

over or wheel clim b. Low v e r t ic a l fo rce  on a wheelplate i s  an in d ic a t io n  o f  

po tentia l wheel l i f t .

Continuous m onitoring o f wheel fo rce s has been done s u c c e s s fu l ly  by in s t ru ­

mented wheel spokes o r wheel p la te s Ref. [6, 7, 8 ] .  Instrumented adapter 

p la te s and axles have a lso  been used Ref. [9 ] .  E stim ation  o f  dynamic la te ra l 

fo rce s can be made i f  the in e r t ia l  p rop e rtie s  and a cce le ra t io n  measurements 

are a va ila b le  R'ef. [10 ].

The advantage o f u sing  a veh ic le -bo rne  fo rce  measuring technique i s  the 

continuous m onitoring o f  the force-tim e h is t o r y  over a l l  track  lo c a t io n s  

tested . I f  comparisons o f fo rce  le v e ls  fo r  d if fe re n t  ve h ic le s  (o r  the same 

veh ic le  w ith d iffe re n t- su spension  c o n f ig u ra t io n s )  are intended, an in s t r u ­

mented track  lo ca t ion  may be more appropriate . S t ra in  gauges app lied  to the
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r a i l  have been used s u c c e s s fu lly  to  measure instantaneous fo rce  le v e ls  as 

wheel s -p a ss  by the instrumented lo ca tion  Ref. [11 ].

Latera l wheel p o s it io n  re la t iv e  to the r a i l  and the angl e -o f-a tta ck  when 

the wheel i s  f la n g in g  are important parameters in  a s se ss in g  wheel cl imb poten­

t ia l  and r a i l  wear ra te . A veh ic le -borne  system would monitor the response o f  

one wheel on a continuous b a s is  w hile a t ra c k -s id e  system would obtain a 

s in g le  in stantaneous measurement as each wheel passes through the instrumented 

lo c a t io n . Both contact type Ref. [1 2 ] and non-contact type Ref. [1 3 ] t ra n s ­

ducers have been used to  measure the wheel p o s it io n  and the angl e -o f-a tta ck  

onboard a ve h ic le .  To date, these attempts have achieved on ly  lim ited  

succe ss. A wayside angl e -o f-a tta ck  system has been used on some f ie ld  te s t  

Ref. [1 4 ]. . . . . . .

W hee l-ra il contact geometry determines the e f fe c t iv e  center l in e  o f  the 

track  which i s  g e n e ra lly  d if fe re n t  from the geometric center l in e  as both the 

r a i l s  and the wheels are worn. The actual lo ca t io n  o f  the contact patch on 

each r a i l  and the s lope  o f  the contact su rface  are the key parameters which 

contro l the dynamic center l in e  o f a r o l l in g  ax le , An instrum ent to measure 

the s t a t ic  r e la t iv e  geometry o f  the, wheels and the r a i l s  i s  a v a ila b le  Ref. 

[1 5 ] from which the contact geometry can be derived u sin g  a computer program. 

Th is method i s  a slow  s ta t io n -b y -s ta t io n  measurement technique fo r  m on itoring 

the contact geometry.

When a v e r t ic a l load s h i f t  causes a wheel to unload com pletely, the wheel 

may l i f t  o f f  the r a i l  as the load s h i f t  con tinues. The v e r t ic a l d istance  

during a wheel l i f t  i s  an important s t a b i l i t y  parameter s in ce  the derailm ent 

potentia l i s  much g re a te r i f  the wheel f lange  c le a rs  the top o f  the r a i l .  A 

contact^type system has been used su c c e s s fu lly  in  a tw is t -a n d -ro ll  te s t  in  

which a small wheel i s  mounted on an arm pivoted from the truck  frame, the 

wheel i s  kept in  contact with the r a i l  by a sp rin g  load. A v e r t ic a l l i f t  o f 

the runn ing wheel from the r a i l  w ill  r e g is te r  as angu lar movement o f  the p ivo t 

arm. A non-contact transducer can be used in  a s im ila r  way to measure wheel 

l i f t .  S ince i t  i s  not p o ss ib le  to place the contact wheel o f  the non-contact 

transducer d ir e c t ly  over the w hee l-ra il contact p o in t, an e rro r  i s  introduced 

due to p r o f i le  v a r ia t io n s  in  the r a i l s .  T h is  e r ro r  can be minim ized by u sing
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a p a ir  o f  transducers, one le ad in g  and one t r a i l in g  the wheel being measured, 

and by p lac ing  the measuring po in ts  as c lo se  as p o ss ib le  to the w hee l-ra il 

contact po int. The e rro r  can be e lim inated i f  a b a se line  i s  e stab lished  fo r  

the track  by running the system slow ly  enough to in su re  that no wheel l i f t  i s  

o ccu rr in g . The ba se line  measurement represents a th re e -p o in t  m id-chord o ffse t  

measurement of the r a i l  su rface .

A video camera mounted on the truck  can be a r e la t iv e ly  sim ple a lte rn a t iv e  

to  m onitor la te ra l wheel p o s it io n ,  wheel climb and wheel l i f t .  Although quan­

t i t a t iv e  values are d i f f i c u l t  to obtain the occurrence o f  f lange  contact and 

wheel l i f t  can be observed. Some o f  the problems encountered w ith video moni­

to r in g  include the s u r v iv a b i l i t y  o f camera and l ig h t in g ,  and the r e la t iv e ly  

sh o rt .d u ra t io n  o f wheel climb events (can be 50 msec o r le s s )  which i s  d i f f i ­

c u lt  i f  not im possib le  to observe with normal 30 frame/sec v ideo. High speed 

video (120 frames/sec) may not su rv iv e  the environment.

K .3 .2 .2  TRACK RESPONSE

Track response parameters inc lude  fo rces and s t re s se s  in  the r a i l s ,  f a s ­

ten e rs, t ie s ,  b a lla s t  and subgrade; re la t iv e  and ab so lute  movements in  these 

components; and v ib ra t io n  le v e ls .

Force le v e ls  are o f in te re st  in  the r a i l s  and the fa s te n e rs ;  p ressure  

measurements are more approp ria te  in  t ie s ,  b a lla s t  and subgrade. R a i ls  and 

fa sten e rs  have been instrumented to serve as load c e l l s  fo r  fo rce  measurement.

Stra in -gauged r a i l s  have shown be tte r ove ra ll success in  recent years than 

instrumented t ie  p la te s. Conventional p ressure  transducers can be used in 

b a l la s t  and subgrade measurements.

Simple displacement tran sduce rs have been used to measure gauge widening 

at the base o f the r a i l s .  Ro tation  o f  the r a i l s  under load could add s i g n i f i ­

c a n t ly  to gauge which would not be detectab le  at the r a i l  base. A more accu­

ra te  method i s  to use l in e a r  displacem ent transducers to  measure ra ilh e a d -to -  

t ie  movements on the f ie ld  s id e  o f  the r a i l .  Ra il base movement can be meas­

ured the same way from which the ro ta t io n  o f  the r a i l  can be ca lcu la ted .
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Abso lute  la te ra l  movements o f  the r a i l  o r the t ie  are ge n e ra lly  measured from 

a reference po int f ixed  to an anchor fa r  enough away from the track  so that i t  

would not be d istu rb e d  by a passing  t ra in .  V e rt ica l movements o f  the r a i l s  or 

the t ie  can be measured with respect to a rod driven  several feet deep in to  

the track  bed. The bottom o f the rod i s  f irm ly  anchored to the sub-grade 

w hile  the upper po rt ion  i s  iso la te d  from the surrounding s o il  and b a lla s t  by a 

tu b u la r  sleeve  so th a t t h e ir  movements under load w ill  not a ffe c t  the s ta t io n -  

a r i t y  o f the rod. A ll of the displacem ent measurements d iscu ssed  above are 

designed to  m onitor the movement o f  a s in g le  po int on the track  on a con tin ­

uous b a s is  as v e h ic le s  pass through the po int.

S t re s s  le v e ls  in  t ie s  can be measured i f  the m aterial i s  su ita b le  fo r  

s t r a in  gauge a p p lic a t io n  (concrete or s te e l) .  Surface  s t r a in / s t re s s  le v e ls  

are usefu l fo r  stu d y in g  load d is t r ib u t io n s  in  t ie s ;  they are not s u f f ic ie n t ly  

in fo rm ative  fo r  c a lc u la t in g  w hee l-ra il loads. I t  i s  p o ss ib le  to convert an 

e n t ire  t ie  in to  a load c e ll fo r  v e rt ic a l and la te ra l load measurement, how­

ever, in se r t in g  an instrumented t ie  in  place o f a re gu la r  t ie  would cause 

con side rab le  d istu rbance  to the b a lla s t  which w il l  change the p rop e rt ie s  o f  

t h e  track  s t ru c tu re .

K .3.2.3  TRUCK AND SUSPENSION RESPONSES

Dynamic movements between truck  components can be measured by conventional 

d isplacem ent tran sd uce rs  i f  th e ir  s iz e s  and a b i l i t y  to w ithstand shock are 

acceptable (100 g shock at the axle le v e l,  unsprung, 25 g shock at the truck  

frame le v e l,  beyond prim ary suspension , and 5 g shock at the carbody le v e l,  

beyond secondary su spension  are t y p ic a l) .  High v e lo c it ie s  and repeated o s c i l ­

la t io n s  about e q u ilib r iu m  p o s it io n s  are to  be expected in  truck  component 

movements. Typ ica l r e c o i l - s t r in g  type ro ta ry  displacem ent tran sduce rs may 

requ ire  sp e c ia l m od if ic a t io n s  to avoid frequent breakage or high wear rate  on 

contact a reas. Non-contact type prox im ity sen so rs are usefu l when the maximum 

range i s  sm a ll, u su a lly  le s s  than an inch. An added advantage,of a noncontact 

sensor i s  the in s e n s i t i v i t y  to movements o f the su rface  being measured in  

d ire c t io n s  normal to the  measurement d ire c t io n .  A can t ile ve red  reed, s t r a in -
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gauged on both s id e s  fo r  bending s t r a in ,  has been used as a transducer to  meas­

ure displacem ent at the end o f the reed. Such a transducer i s  rugged and 

reasonab ly  l in e a r  i f  the bending s t r a in  i s  kept r e la t iv e ly  sm all.

M u lti-d im ensiona l movement i s  a general problem in making measurements in 

a r a i l  v e h ic le . The d istance  change between two po in ts in  a ve h ic le  i s  often 

caused by several components o f  movements in  d if fe re n t  suspension  elements. 

I t  i s  not always p o ss ib le  to  ob ta in  d ire c t  measurements fo r  each o f the compo­

nents, th u s, spec ia l mechanical arrangements are often used to iso la te  a com­

ponent o f  the movement or to  reduce the s e n s i t i v i t y  to o ther components. I t  

i s  a lso  p o ss ib le  to re so lve  the components m athem atically from in d ire c t  meas­

urements u sing  trigonom etric  r e la t io n sh ip s .

A cce le ra t io n s on truck  components are measurable with accelerom eters. 

Shock and v ib ra t io n  le v e ls  on truck  components are extremely h igh , se le c t io n  

o f  transducer i s  c r i t ic a l  in  meeting the requirem ents. Low frequency, low 

acce le ra t io n  le v e ls  should be measured by se rvo-type  t ra n sd u c e rs ; they must be 

m echan ica lly  iso la te d  i f  used in  an environment o f h igh  shock such as the 

unsprung pa rts o f  the truck . S tra in -ga uge  type transducers are more rugged 

than se rvo -types but are le s s  accurate . C ry s ta l- ty p e s  can w ithstand very h igh  

shock le v e ls  and can measure h igh frequency o s c i l la t io n s  but the accuracy i s  

r e la t iv e ly  poor and the s e n s i t i v i t y  drops down to zero fo r  very  low frequen­

c ie s .

Force le v e ls  in  truck  components can be measured e ith e r  by p la c in g  t ra n s ­

ducers in  se r ie s  w ith the load path o r by converting  the component in to  a 

transducer. S tra in  gauges are g e n e ra lly  used on truck  components fo r  s t re ss/  

s t r a in  measurement or ,fo r  m easuring fo rce s  app lied  to the component. The 

component must then be ca lib ra te d  in  a co n tro lle d  environment to determine the 

s e n s i t i v i t y  and any measurement e r ro r s  when the component i s  used as a force  

transducer. Truck s ide  fram es, b o ls t e r s ,  ax le s and wheel s have been used fo r  

such purposes. When load c e l l s  are placed in  the load path, i t  i s  important 

to in su re  that the add it ion  does not change the geometric o r the s t i f f n e s s  

c h a ra c t e r is t ic s  o f  the system. Instrum ented bearing adapter p la te s and in s t ru ­

mented th ru st  bearing caps are two o f  the examples o f in - s e r ie s  load measure­

ment techniques.
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K.3 .2 .4  CARBODY RESPONSES

R ig id  body movement o f a carbody i s  characterized  by s ix  degrees o f  fre e ­

dom. These degrees o f  freedom can be defined most conven ien tly  by the s ix  

components o f  in e r t ia l  acce le ra tion . These can be measured by th ree  l in e a r  

accelerom eters and th ree  ro ta t iona l accelerom eters o r by three p a ir s  o f  l in e a r  

accelerom eters. L inear a cce le ra tion s in  a veh ic le  are d ir e c t ly  p roportiona l 

to fo rce s  experienced by passengers o r  lad in g  c a rr ie d  by the ve h ic le . I t  

should be noted that in e r t ia l  and g ra v ita t io n a l a cce le ra t io n s  are sensed 

eq u a lly  by most acce le ra tion  tran sduce rs. O s c i l la t o r y  a cce le ra t io n s  are 

sensed by a ll  types o f  accelerom eters. I f  tran sduce rs used have frequency 

responses down to  d .c . ,  the g ra v ia t io n a l acce le ra tion  and ce n t r ifu g a l a c ce l­

e ra t ion  w il l  a lso  be measured. Mounting and lo c a t io n s  are important with 

respect to  v e h ic le  bending modes.

Ro ll angle o f  a ve h ic le  with respect to the g ra v it y  vecto r i s  an important 

s t a b i l i t y  parameter because o f  the potentia l fo r  r o l lo v e r  o r wheel clim b. 

D ire c t  measurement o f  the t i l t  angle (w ith respect to g ra v ity )  can be made 

w ith a pendulum o r a g y ro - s ta b il iz e d  pendulum. R a te -o f-tu rn  gy ro s can be used 

to  m easure i n e r t i a l  a n g u la r  v e l o c i t i e s .  G yro s a re  g e n e r a l ly  d e l ic a t e  

instrum ents and can on ly  be used in  a well iso la te d  environment such as in s id e  

a ve h ic le .

In te s t in g  carbody r o l l  response,, an important sa fe ty  concern i s  the to ta l 

v e r t ic a l un load ing on one s id e  o f  the veh ic le  which may lead to  ve h ic le  r o l l ­

over. A u se fu l parameter fo r  m onitoring t h is  r o l lo v e r  po tentia l i s  "ve c to r  

c r o s s in g " ;  t h i s  i s  the d istance  from the track  center l in e  where the combined 

in e r t ia l  and g ra v ita t io n a l force  vector passes through the plane o f  the tra ck . 

The parameter w il l  assume the value zero when the ve h ic le  i s  t r a v e l l in g  stead­

i l y  on leve l tangent tra ck ; i t  moves toward the low r a i l  i f  the ve h ic le  

t r a v e ls  below balance speed and i t  moves towards the h igh r a i l  i f  the ve h ic le  

i s  t r a v e l l in g  above balance speed. When the vecto r c ro s s in g  po int reaches 

e ith e r  the h igh  r a i l  o r the low r a i l ,  the veh ic le  i s  on the verge o f  r o l l in g  

over. Continuous m on itoring of vecto r c ro ss in g  can be done i f  v e r t ic a l fo rce  

measurements are  made con tinu ou sly  by instrumented w heelsets o r o ther means.

K-15



The p o s it io n  o f  the re su lta n t  fo rce  ca lcu la ted  from the measured v e r t ic a l 

fo rce s on a ll of the wheels in  a veh ic le  i s  equal and opposite  to the combined 

in e r t ia l  and g ra v ita t io n a l fo rce  actin g  on the veh ic le . I t  should be noted 

that the potentia l fo r  veh ic le  ove rtu rn ing  should be based on fo rce  vecto rs 

from both tru ck s  and must inc lude  fo rce s coming from every mass element in  the 

veh ic le  as well as any external fo rce  applied  to the ve h ic le  (such as la te ra l 

wind load ). While i t  i s  p o ss ib le  to  c a lc u la te  the vecto r c ro s s in g  from 

measured a cce le ra tion s and suspension  system movements, i t  w ill  not inc lude  

the e ffe c ts  due to external loads.

Stru ctu ra l deform ations in  a veh ic le  are superimposed onto the r ig id  body

motions. A cce le ra tion s at v a r iou s  p o in ts  in  a veh ic le  are d if fe re n t  due to 

the stru c tu ra l deform ation. S ince  s t ru c tu ra l deform ations are ge n e ra lly  o f 

small am plitudes, l in e a r  modal a n a ly s is  techniques are ap p licab le . In e x tra c t­

ing  stru c tu ra l mode shapes from te s t  data, i t  i s  customary to  use m u lt ip le  

transducers placed in  se lected p o s it io n s  in  a veh ic le  and the dynamic measure­

ments made by these transducers are processed coherently  to obtain  a modal 

decomposition o f  the to ta l v ib ra t io n  response. For in stance , the stru c tu ra l 

modes of f la t c a r s  were obtained using  t h is  method Ref. [1 6 ]. In the f la t c a r  

te s t ,  twelve v e rt ic a l accelerometers were mounted at se lected p o s it io n s  on the 

f la t c a r ;  the data from these transducers were analyzed to show that dynamic 

v ib ra t io n s  in  the f l a t  ca r can be described  adequately by the f i r s t  and second 

modes in  bending and in to rs io n .

K .3.3 DESIGN CHARACTERISTICS

K .3.3 .1  GEOMETRIC PARAMETERS

Dim ensions, geometric co n f ig u ra t io n s  and clearances o f a v e h ic le  can be 

obtained from m anu facturer 's  draw ings and v e r if ie d  by physica l measurements. 

Standard gauges are a va ila b le  to measure wheel p rope rtie s such as tape, rim 

th ic k n e ss ,  tread p ro f i le  and flange  th ic k n e ss .  A device i s  a v a ila b le  to  meas­

ure and record the tread p ro f i le s  o f  both wheels on the same ax le  sim ultane­

o u s ly  fo r  the purpose o f  d e fin in g  true  w heel/ra il contact geometry Ref. [17].

K-16



K.3 .3 .2  MASS AND INERTIA

V eh ic le  mass and in e r t ia  parameters are important in  determ ining how a

v e h ic le  responds to  dynamic inpu ts. Total weight and the weight d is t r ib u t io n  

in  the ho rizon ta l plane can be obtained by conventional sc a le s  .used fo r  weigh­

ing r a i l  c a rs. I f  the v e r t ic a l load ing  on each in d iv id u a l wheel i s  to  be 

determ ined, conventional sca le s may not be adequate s in ce  they .u su a lly  weigh 

one ax le  o r one truck  at a time. H ydrau lic  jacks equipped w ith a load c e ll or 

a p re ssu re  gauge can be used to l i f t  an ind iv idua l wheel o f f  the r a i l  s l i g h t l y  

to  determine the load ca rr ie d  by the wheel. In te rp o la t io n  would be necessary 

to convert the measured load at the ja ck in g  point to that at the w hee l-ra il con­

ta c t po int a f te r  measurements have been made on both ends o f  an ax le . The 

above procedure can be applied to both empty and loaded c o n f ig u ra t io n s .

Weight d is t r ib u t io n  o f  the center o f  g ra v ity  o f  an empty or a loaded ve h i­

c le  in  the v e r t ic a l d ire c t io n  i s  more d i f f i c u l t  to determine. I t  i s  p o ss ib le  

to use data provided by the manufacturer and c a lc u la t io n s  to  estim ate the 

c e n te r -o f -g ra v it y  (c .g . )  he ight. A way to v e r ify  the r e s u lt  experim enta lly  i s  

to  measure the s h i f t  in  v e r t ic a l weight d is t r ib u t io n  as a ve h ic le  i s  t i l t e d  on 

super-e levated  track . Jacking of wheels to measure wheel load s i s  more d i f f i ­

c u lt  on canted tra c k ;  i t  would be much e a s ie r  i f  instrumented wheels or s t ra in ^  

gauged r a i l s  were a v a ila b le  fo r  the experiment. As most ve h ic le  suspension 

system s a llow  the carbody to r o l l  and s h i f t  la t e r a l ly  when parked on canted 

t ra c k ,  the apparent s h i f t  in  v e rt ic a l load d is t r ib u t io n  would inc lude  the 

e f fe c t  due to  the cant angle in  the track  as well as those  caused by the add i­

t io n a l r o l l  and s h i f t  in  the suspension. Measurements o f  the suspension  sy s ­

tem r o l l  and s h i f t  must be made and included in  the c a lc u la t io n  in  order to 

is o la te  the e ffe c t  o f  track  cant and center o f g ra v it y  (c .g . )  he igh t. The 

c o n tr ib u t io n s  to  to ta l mass from the truck  components and from the carbody are 

mixed when weight measurements are made at the w hee l-ra il contact p o in ts. The 

most r e l ia b le  experimental method to iso la te  the two i s  to perform truck  

measurements independently when the truck  i s  separated from the car body.

P itch  and yaw in e r t ia s  o f  truck  and carbody can be estim ated by mathemati­

cal c a lc u la t io n s  i f  the mass d is t r ib u t io n s  are known accu ra te ly . Experimental 

methods e x is t  but req u ire  ra the r e laborate  mechanical arrangements. In  gen­
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e r a l , a sim ple harmonic o s c i l l a t o r  i s  created u s in g  the component be ing meas-^ 

ured to provide the mass in e r t ia  and a re la ted  sp r in g  ra te . T h is  cou ld  be a 

g ra v ita t io n a l o r a sp ring-m ass pendulum w ith the mass moving in  the p itch  

or the yaw mode. The fundamental frequency o f the o s c i l la t o r  can be measured 

which in tu rn  can be used to  c a lcu la te  the ro ta t io n a l moment o f  in e r t ia .

K .3 .3 .3  DEFORMABLE ELEMENTS

Sp rin g  and damper c h a ra c t e r is t ic s  are u su a lly  a v a ila b le  from su p p lie r s ,  

however, the actual c h a ra c t e r is t ic s  in  the in s t a l le d  c o n f ig u ra t io n s  have been 

found to d if f e r  from m anu factu re r 's  data. Suspension  elements can be tested  

as in d iv id u a l components in  la b o ra to r ie s .  Assembled v e h ic le s/ t ru ck s  have a lso  

been tested in  la b o ra to r ie s  fo r  the purpose o f  d e fin in g  the a s - in s t a l le d  char­

a c t e r is t ic s  Ref. [18].

Laboratory te s t s  o f ve h ic le  suspension  elements ge n e ra lly  cannot achieve 

the type o f  dynamic loads or the environment as those  experienced in  actual 

se rv ice . I t  i s  p o ss ib le  to use fo rce  and deform ation measurements made in  the 

veh ic le  under operating  co n d it io n s  to  ch a ra c te rize  the suspension  elements. 

Deformations (d isp lacem ent, v e lo c it y ,  e tc . )  o f suspension  elements are r e la ­

t iv e ly  easy to  measure; fo rce  measurements are ge n e ra lly  more d i f f i c u l t  

because they have to be made in  se r ie s  w ith the true  load path. In  many 

ca se s, the force  applied  to an element can be estim ated from in e r t ia  and a cce l­

e ra tion  measurements made on the masses attached to the suspension  element. 

Th is technique has been app lied  s u c c e s s fu l ly  to  cha rac te rize  the dynamic prop­

e r t ie s  o f the secondary suspension  elements in  a locom otive truck  Ref. [1 9 ]. 

In t h is  case, response v a r ia b le s  du rin g  t e s t s  are needed. The method i s  

ap p licab le  on ly  w ith in  the range o f deform ation and force  a v a ila b le  from the 

te s t  data.

E la s t ic  p rope rtie s o f stru c tu re  members in  a ve h ic le  can sometimes p lay  an 

important ro le  in  ve h ic le  response. Warp in  f la t c a r s  and tw is t  in  boxcars are 

some o f the examples. Measurement o f  these p rop e rtie s  in v o lv e s  la b o ra to ry  

procedures which m onitors the deform ations w hile  a co n tro lle d  load i s  app lied . 

Conventional instrum ents are a v a ila b le  fo r  making these measurements; i t  i s  

the apparatus fo r  load a p p lic a t io n  tha t re q u ire s  t a i lo r in g  fo r  each case.
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K.4 ONBOARD INSTRUMENTATION

K.4.1  VEHICLE-BORNE WHEEL/RAIL FORCE MEASUREMENT

The measurement o f  the w heel/ra il force  vector i s  v i t a l l y  important to the 

understand ing o f the in te ra c t io n  between a r a i l  ve h ic le  and the tra ck . Addi­

t io n a l ly ,  knowledge o f  the w heel/ra il fo rce s enable the ch a ra c te r iz a t io n  o f  

v e h ic le  components and in e r t ia l  p rop e rtie s. C u rren tly , the s ta te -o f - th e -a r t  

o f fe r s  severa l techniques which are capable o f  reasonab ly  accurate measure­

ments o f w heel/ra il fo rce s generated under f ie ld  co n d it io n s.

For the determ ination  o f  r a i l  veh ic le  wheel fo rce s both d ire c t  fo rce  meas­

urement and in e r t ia l  fo rce  measurement techniques should  be considered. D ire c t 

fo rce  measurement techn iques inc lude  instrumented w heelsets and journa l load 

c e l l s .  In e r t ia l  fo rce  measurement i s  performed by measuring the a cce le ra t io n s  

o f  the major v e h ic le  components ( i . e . ,  w heelsets, t ru c k s  and carbody) and 

m u lt ip ly in g  by the e f fe c t iv e  mass o f each. Depending upon the go a ls  o f  a 

p a r t ic u la r  te s t  program any o f  the approaches may be best app lied . For exam­

p le , i f  steady response i s  o f in te re st  on ly  d ire c t  fo rce  measurement can be 

ap p lied . Creep fo rce  and dynamic wheel fo rce  measurements requ ire  in s t r u ­

mented w heelsets. Dynamic truck  and axle fo rces can be measured w ith in s t r u ­

mented w heelsets o r a combination o f  journal load c e l l s  and accelerom eters. 

Table K -4.1 , "A p p lic a t io n s  o f  Force Measurement Techn iques", summarizes the 

techn iques which may. be. app lied  to each measurement ta sk . In  many cases 

instrum ented w heelsets can be supplemented or replaced by another technique 

fo r  a more thorough o r  co st  e f fe c t iv e  measurement. Th is w il l  i s  d iscu sed  

fu rth e r  in Section  K .4 .1.3.

K .4 .1 .1 REQUIREMENTS FOR WHEEL/RAIL FORCE MEASUREMENT
i

The measurements o f  w heel/ra il fo rce s are p r im a r ily  performed in  address­

ing  a s t a b i l i t y  performance is su e .  These may be ca tegorized  as wheel clim b, 

r a i l  r o l lo v e r ,  gauge w idening, panel s h i f t ,  and rock o f f .  Depending on which 

o f  these  is su e s  i s  to  be addressed, requirements w il l  va ry.
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For weak tra ck , onboard measurement o f  gauge to id e n t ify  lo c a t io n s  o f  poor 

la te ra l re s t ra in t  should be made to augment W/R fo rce  data a n a ly s is .

The requirement fo r  the number o f  instrumented wheel se ts ,  fo r  example, i s  

a d ire c t  function  o f s t a b i l i t y  is su e .  Wheel clim b in vo lve s the determ ination 

o f  the peak ra t io  o f  la te ra l to  v e r t ic a l (L/V) fo rce s,  the lo ca t io n  o f  the 

wheel ra il  contact po int and the wheel angle o f a ttack. Thus, a s in g le  in s t r u ­

mented wheelset would be s u f f ic ie n t  i f  placed in  the worst case (maximum L/V) 

p o s it io n . Ra il ro l lo v e r  requ ire s complete knowledge o f  truck  L/V and, th e re ­

fo re , requ ire s a complete truck  se t o f  instrumented wheel se ts ,  two or th ree  

wheel se ts per truck.

A complete truck  set i s  a lso  requ ired when in v e s t ig a t in g  rock o f f  which 

nece ss ita te s the eva lua tion  o f  the wheel un loading index* (WUI).

Under some circum stances i t  may be d e s ira b le  to measure the reaction  

between an e n t ire  r a i l  ve h ic le  equipped w ith two tru ck s with two o r more ax le s 

each. Th is s itu a t io n  could a r ise ,  fo r  example, in  determ ining the ove rtu rn ing  

tendency o f a car through a curve.

K .4 .1 .2  DESIGN SPECIFICATION FOR WHEEL/RAIL FORCE MEASUREMENT

As i s  the case fo r  any tran sduce r, a w heel/force measurement system must 

conform to ce rta in  de sign  parameters. A lso  in e s ta b lish in g  values fo r  these 

parameters ce rta in  compromises must be made based on the requirem ents. F i r s t ,  

these parameters w ill be defined. Second, based on recent experience in  use o f 

s ta te -o f-th e -a r t  system s, recommendations are made on the nominal va lues o f  

each parameter.,

*WUI = 1  - V|_/V^/3 where V̂ _ i s  the v e r t ic a l fo rce  on the le a st  loaded wheel 

and VH i s  the sum o f the v e r t ic a l fo rce s o f  the rem aining three wheels.
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S e n s it iv i t y

One o f the f i r s t  parameters to be addressed in  any system i s  s e n s i t iv i t y .

The system output in  response to an applied  load must be h igh enough to

prov ide  an adequate s ign a l to no ise ra t io  and p re fe rab ly  be lin e a r .  S ince

most systems being considered p re sen tly  invo lve  s t r a in  measurement in  one form 

or another and the s t r a in  le v e ls  are t y p ic a l ly  small (on the order o f lO

ppm*), s e n s i t iv i t y  often assumes the ro le  o f dec id ing  fa c to r.

C ro ssta lk

C ro ss ta lk ,  as used in  the present context, im p lie s an apparent measured 

fo rce  in a given d ire c t io n ,  re su lt in g  from the a p p lic a t io n  o f an orthogonal 

fo rce ; e .g . ,  an apparent la te ra l force  due to a v e r t ic a l force. Although i t  

i s  obvious t h is  i s  an undesirab le  e ffe c t, i t  i s  not necessary  to e lim inate  

c ro s s t a lk  from the  raw s ig n a ls  s ince  i t  i s  r e la t iv e ly  easy to co rrect i f  i t  i s  

l in e a r  and constant w ith respect to angu la r ity . Th is i s  d iscu ssed  fu rth e r in  

Section  K .4 .1 .3 .4 .

Load Po in t S e n s i t iv i t y

The s e n s i t iv i t y  o f  a measurement o f force to i t s  path o f  tran sm iss ion  i s  

re fe rred  to as load po int s e n s i t iv i t y .  Depending on the system employed t h is  

may be e ith e r  the w hee l/ra il contact po int o r the ax le/side  frame contact 

po in t. In e ith e r case i t  i s  d e sirab le  to m inim ize the s e n s i t iv i t y  o f  the 

fo rce  measured to  change in  load po int.

R ipp le

R ipp le , which i s  a ssoc ia ted  p r im a rily  with the instrumented w heelset, i s  

an apparent harmonic content in  the output as the wheel set set re vo lve s under 

a constant load. R ipp le  u su a lly  comes about due to one o f  two reasons.

S t ra in  f ie ld s  as seen by a s t ra in  gauge b ridge  are ge n e ra lly  modulated by the 

wheel ro ta t io n  r e su lt in g  in  a pe riod ic  output con ta in in g  fundamentals as well

*p a r t  per m ill ion
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as harmonics. P roce ssing  schemes are used to reconstru ct the measured fo rce  

from the modulated s ig n a ls .  Such schemes are gen e ra lly  not able to remove 

100% o f the modulation. A second cause i s  due to  the lack o f symmetry in  the 

wheelplate or in the placement of gauges. A much more ir r e g u la r  shaped r ip p le  

would re su lt .  R ipp le  i s  e a s i ly  id e n t if ia b le  s in ce  i t  i s  a ssoc ia ted  w ith the 

wheel re vo lu t ion  and can be f i l t e r e d  out fo r  steady sta te  ana lyse s. H igher 

harmonics, e sp e c ia lly  those tha t cause the r ip p le  to have ir r e g u la r  shapes, 

cannot be corrected by sim ple f i l t e r in g  or sim ple a lgo rithm s. Knowing the 

p re c ise  angu lar p o s it io n  o f the wheelset i s  u su a lly  necessary in  order to make 

those co rre c tio n s.

TABLE K-4.1 A P P L I C A T I O N  OF FORCE M E A S U R E M E N T  T E C H N I Q U E S

FORCE MEASUREMENTS

WHEEL AXLE TRUCK AXLE TRUCK

TECHNIQUE CREEP
STEADY STATE 

DYNAMIC
STEADY STATE STEADY STATE DYNAMIC DYNAMIC

INSTRUMENTED
WHEELSETS 1 1 1 1 f

JOURNAL LOAD 
CELLS 2 2

INERTIA
MEASUREMENT 3 3

JOURNAL LOAD 
CELLS PLUS 
AXLE INERTIA

2 2

1-MOST COSTLY AND MOST ACCURATE 3-LEAST COSTLY AND LEAST ACCURATE
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C en trifu ga l E ffe c ts

The in e r t ia  o f the wheel set i t s e l f  w il l  induce s t r a in s  under a sp in n ing  

motion which may be output through the in strum entation  as though they were 

fo rce s.  C en trifu ga l fo rce s  are proportional to the square o f  v e lo c it y  and can 

the re fo re  become s ig n i f ic a n t  at the h igher speeds. By the cho ice  o f  s t ra in  

gauge b ridge  pa tte rn , i t  i s  p o ss ib le  to circumvent t h is  e ffe c t  w ith no lo s s  o f 

s e n s i t iv i t y .

Thermal E ffe c ts

Wheels under r a i l  v e h ic le s  t y p ic a l ly  cyc le  through a temperature range 

often as wide as two hundred degrees Fahrenheit. As a r e s u lt ,  thermal 

s t re s se s  are created which are the same order o f  magnitude as those caused by 

the fo rce s. Thermal e ffe c ts  u su a lly  produce a r a d ia l ly  symmetrical s t r a in  

f ie ld  s im ila r  to  c e n t r ifu g a l e f fe c t s ;  the same technique can be used to  e l i ­

minate the e ffe c t  from the output.

Based on the fo re go in g  d isc u s s io n ,  Table K -4.2  summarizes nominal va lues 

fo r  the de sign  parameters o f  a w heel/rail force  measurement system. Note that 

each category  i s  broken down in to  v e rt ic a l and la te ra l fo rce  measurement. The 

f i r s t  category, s e n s i t i v i t y ,  i s  based on the stra in -gauged  w heelplate concept 

and i s ,  th e re fo re , not e n t ire ly  rep re sen ta tive  o f a l l  the w heel/ra il fo rce  

measurement techn iques. I t  does, however, represent a worst case o r lower 

bound on acceptable s e n s i t i v i t y  and should be used as such.

Under the category  o f  c ro s s ta lk  are given two le v e ls  o f  e rro r. As men­

tioned e a r l ie r ,  the actual value o f  the c ro s s ta lk  e r ro r  i s  not im portant as 

long as i t  i s  le s s  than about 10 percent because s e l f  c o rre c t in g  a lgo rithm s 

w il l  reduce t h is  e r ro r  source to almost n e g l ig ib le  le v e ls .

Th is sp e c if ic a t io n  o f  load point s e n s i t iv i t y  i s  g iven  in  percent e rro r  per 

inch o f load po int movement on the wheel tread. T h is  value i s  connected again 

w ith the s t r a in  gauged wheelplate technique and i s  a ra the r high upper bound 

o f a c c e p ta b ilit y .  T y p ic a l ly ,  the actual load po int s e n s i t i v i t y  may be h a lf  

that shown in  Table K -4 .2 .

K-23



TABLE K-4.2 N O R M I N A L  D E S I G N  S P E C I F I C A T I O N  F O R  W H E E L / R A I L  
FORCE M E A S U R E M E N T  SYSTEM

V e r t i c a l  F o r c e  L a t e r a l  F o r c e
_____________________________  M e a s u r e m e n t  M e a s u r e m e n t

S e n s i t i v i t y

M i n i m u m 5ye /kip 1 5 y e / k i p

C r o s s t a l k

R a w < 1 0 % * < 1 0 % *

C o r r e c t e d < 1 % < 1 %

L o a d  P o int S e n s i t i v i t y 6 % / in. 2 . 5 % / i n .

R i p p l e

S i m p l e  L o a d 6% 5% .

C o m b i n e d  Load 7% 6%

C e n t r i f u g a l

R a w 3 - 5 % N e g l i g i b l e

C o r r e c t e d N e g l i g i b l e N e g l i g i b l e

T h e r m a l

R a w 0.5%/deg. F 0.5%/deg.

C o r r e c t e d N e g l i g i b l e N e g l i g i b l e

♦ P e r c e n t a g e s  r e p r e s e n t  p e r c e n t  e r r o r  of t r u e  value; e.g. 10% 
i m p l i e s  1000 ± 100 lb^.

ye = m i c r o - i n c h e s  per inch (strain)
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R ipp le  com prises the la rg e st  s in g le  source o f e rro r  uncorrectab le  by sim ­

ple a lgo rithm s in  a wheel/force measurement system as ind icated  in  Table 

K -4.2 . The d is t in c t io n  between sim ple and combined load r ip p le  i s  that under 

sim ple lo ad in g , force  i s  applied on ly in  the d ire c t io n  fo r  which the b ridge  in 

question  i s  designed. Combined load r ip p le  inc ludes the e ffe c t  o f harmonic d i s ­

to r t io n  caused by a load normal to the desired  d ire c t io n .  Th is i s  s im ila r  to 

c ro s s ta lk  but u n like  c ro s s ta lk  i s  not co rrectab le  by a simple technique.

Note that Table K -4.2 shows ce n trifu ga l e ffe c ts  in  the v e r t ic a l fo rce  meas­

urement column on ly. Th is again i s  a t r a i t  o f the stra in -gauged  wheel pi ate 

technique and i s  sim ply included here fo r  completeness.

The la s t  category  o f parameters sp e c if ie d  in  Table K -4.2  i s  thermal e f f ­

e c ts. Thermal d r i f t ,  as i t  i s  known, i s  the la rg e s t  s in g le  co n tr ib u to r  to 

system e r ro r  before co rre c t ive  action. Recall that a ty p ic a l thermal cyc le  

fo r  any wheel i s  greater than 100 degrees. Furthermore, ambient temperatures 

independent o f  a l l  other fa c to rs  w il l  gen e ra lly  vary 20 degrees du ring  a te st  

day. Thus thermal e ffe c ts  i f  not corrected fo r  w il l  cause e r ro r s  between 10 

and 50 percent. Fortunate ly  both c e n t r if ig u a l arid thermal e rro rs  are re a d ily  

amenable to sim ple yet e f fe c t iv e  co rre c tio n s  which must be done fo r  each wheel 

independently.

K .4 .1 .3  WHEEL/RAIL'FORCE MEASUREMENT SYSTEMS AND TECHNIQUES

The fo llo w in g  d is c u s s io n  o f veh ic le -borne  systems and techniques used to 

measure w hee l/ra il fo rce s w ill make use o f a three part c la s s i f ic a t io n  system. 

The ca te g o r ie s  to  be used are (1) journal load c e l l s ,  (2) in e r t ia l  techniques, 

and (3) instrumented wheel se ts . Th is la t t e r  category may be fu rth e r  subd i­

vided in to  three su b d iv is io n s :  instrumented ax le s, instrumented standard wheel- 

p la te s,  and instrumented specia l wheel p la te s.
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K .4.1 .3 .1  JOURNAL LOAD CELL

Many ra ilro a d  tru ck s, e sp e c ia l ly  locom otive t ru c k s ,  are designed to t ra n s ­

mit la te ra l fo rce s between the truck  frame and the ax le s through th ru s t  bear­

in g s  in s t a lle d  at the ends o f the a x le s.  With t h is  type o f d e sig n , the load 

path fo r  a la te ra l fo rce  goes from a wheel flange  through the ax le  to the 

th ru s t  bearing on the opposite  end of the ax le  and continues through the bear­

ing housing and to the truck  frame. S ince  the th ru st  bearing i s  a foca l po int 

in  the la te ra l load path, s p e c ia l ly  designed load c e l l s  have been used to f i t  

in  the space norm ally occupied by the th ru s t  bearings fo r  measuring the 

la te ra l force transm itted  through that po in t. The E le c tro -M o t ive  D iv is io n  o f 

General Motors (EMD) has used t h i s  technique on many types o f tru ck s  employing 

nonrotating  bearing end-caps.

One advantage o f t h is  measuring technique i s  that the measurement i s  made

in  the l in e  o f  the load path. Secondly, i t  in troduces a minimal m od ifica tion  

to the mechanical c h a ra c te r is t ic s  o f the tru ck . Furthermore, the end-cap/ 

th ru s t  bearing load c e ll can be pre-assembled and in s t a l le d  in  any veh ic le  

q u ic k ly  and the output i s  a d ire c t  continuous measurement o f the la te ra l force  

which req u ire s  no spec ia l p roce ssin g .

Th is measurement approach i s  lim ited  to the type o f tru ck s which use the 

th ru s t  bearing de sign  or can be m odified to accept such a bearing. Fu rther­

more, there are ce rta in  d isadvantages. S in ce  the th ru st  bearing and the wheel- 

r a i l  contact po in ts are separated by the wheel and axle se t, the in e r t ia l  

fo rce s due to la te ra l movements (which are not e a s i ly  measured) o f the wheel 

and axle  mass, in c lu d in g  the t ra c t io n  motor and gear box, in  some ca se s, are 

not measured by the th ru st  bearing load ce ll even though they con tribu te  to 

the la te ra l fo rce s at the w hee l-ra il contact po in ts. Because o f the b u i l t - in  

freep lay  between the wheel set and the truck  frame, at most one o f  the two 

th ru s t  bearings w ill  be c a rry in g  a la te ra l load at any time. The fo rce , as 

measured by the load ce ll in  ac t ion , i s  rep re sen ta tive  o f the to ta l la te ra l 

force  applied  to the axle  from the truck  frame and should be equal and 

opposite  to the sum of the la te ra l fo rce s  applied  through the w hee l-ra il 

contact p o in ts  on both wheels (except fo r  the in e r t ia l  fo rce s due to  la te ra l 

a cce le ra t io n s  o f the axle  mass as d iscu ssed  above). I t  i s ,  th e re fo re , not
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p o ss ib le  to  re so lve  the la te ra l fo rce  at each w hee l-ra il contact po int. In 

F igu re  K -4 .1 , the la te ra l fo rce s actin g  on a s in g le  ax le  are shown fo r  an 

in sta n t  when the axle i s  experiencing a la te ra l a cce le ra t io n  *x\ Assuming that 

the wheel ax le  set and the components that are fastened to the ax le  are moving 

together at the same a cce le ra t io n , then the in e r t ia l  fo rce  can be represented 

by Mx’, w ith M being the to ta l mass in  the w heel-axle assembly. The dyramic 

fo rce  e q u ilib r iu m  in  the la te ra l d ire c t io n  im plie s that:

hl  = f rf  + f rc  + f lc  *  M* ' + M9Sin 9

in  which i s  the fo rce  measured by the th ru st  bearing load c e ll on the le f t  

end o f the a x le , F^p i s  the flange  contact force on the r ig h t  wheel, and 

Flc  are the creep fo rce s  on the r ig h t  and le f t  wheel tread, Mx i s  the in e r t ia l  

fo rce  due to la te ra l dynamics and K g S in e i s  the g ra v ita t io n a l fo rce  component 

due to tra ck  c ro s s le v e l 0 * I t  should be noted that the in e r t ia l  acce le ra tion  

x* may con ta in  a component caused by steady-sta te  cu rv ing  and a component by 

pure la te ra l t r a n s la t io n .  The stead y-sta te  t ra n s la t io n a l component w ill  be 

o s c i l l a t o r y  in  nature and of a r e la t iv e ly  h igh frequency.

FIG U R E  K - 4 .1 D Y N A M I C  F ORCE BALANCE ON AXL E
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The equation given above and F igure  K -4.1  can a lso  be used to i l lu s t r a t e  

the d iffe rence  between the load ce ll technique and the instrumented wheel 

techniques. Instrumented wheels, w ith the s t r a in  gauges located in  the 

wheel p lates or spokes, w il l  measure the fo rce s  (F^p + FRq ) and F^q d ir e c t ly .  

The only portion  o f the force  not measured by instrumented wheels are the 

c o n tr ib u t io n s  to the in e r t ia l  fo rce s from the mass in  the wheel rim s.

K .4 .1 .3 .2  INERTIAL MEASUREMENT TECHNIQUE

Major c o n tr ib u to rs  to the la te ra l w hee l-ra il force are the dynamic motions 

o f a veh ic le  pe rpendicular to the d ire c t io n  o f t ra v e l.  These motions produce 

fo rces which are d ir e c t ly  re la ta b le  to the in e r t ia l  p rope rtie s o f the veh ic le  

components and t h e ir  a cce le ra t io n s in  the la te ra l d ire c t io n .  Several re search ­

ers have in s ta lle d  accelerom eters on ve h ic le  components in  an attempt to e s t i ­

mate the w hee l-ra il fo rces from acce le ra t io n  measurements. These attempts 

were often unsuccessfu l due to several d i f f i c u l t i e s :  the choice o f a su ita b le  

transducer; adequate mounting to protect the transducer from the h igh le v e ls  

of shock and v ib ra t io n s  in  the tru ck ; e va lua t ion  o f the “e ffe c t iv e  mass" due 

to the presence o f sim ultaneous l in e a r  and ro ta t io n a l m otions, and the lack  o f 

a r e l ia b le  independent force  measuring technique to v e r ify  the r e s u lt s .

In order to su c c e s s fu lly  c o lle c t  the a cce le ra t io n  data on each mass e le ­

ment in the veh ic le  and truck  which co n tr ib u te s  to la te ra l in e r t ia l  fo rce , an 

appropiate transducer must be used on each o f  the mass components to accommo­

date the d if fe re n t  v ib ra t io n  environments and the d if fe re n t  c h a ra c te r is t ic s  o f 

/the acce le ration  s ign a l being measured. C ry sta l or stra in -gauge  type acce le ­

rometers are s u f f ic ie n t ly  rugged to su rv ive  the h igh  shock le v e ls  in  the truck

environment, un fo rtunate ly  they e ith e r  do not have the necessary low- frequency 

response o r the re so lu t io n  needed in  the frequency range o f in te re st .  During 

the Perturbed Track Test (PTT) o f  locom otives conducted in 1978 at the Trans­

po rtation  Test Center in  Pueblo, Colorado, foam is o la t io n  mounting was used to 

mount cap ac it ive  accelerom eters on truck  components. Data co lle c ted  by t h is  

technique were su c c e s s fu lly  used in c a lc u la t in g  to ta l la te ra l truck  fo rce . The 

estimated to ta l truck  fo rce s were v e r if ie d  by u sin g  data from instrumented 

wheel se ts perform ing the measurements s im u ltaneou sly  Ref. [10 ].
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Advantages o f t h i s  technique are that i t  requ ire s no m od if ica t io n s  to the 

ve h ic le  and truck  components; the transducers are standard o f f - t h e - s h e lf  compo­

nents and are r e la t iv e ly  easy to  in s t a l l  in  any v e h ic le ;  and, a breakdown of 

the in e r t ia l  force  components i s  a va ila b le  in the c a lc u la t io n  process which 

p rovides in s ig h t  to the make-up o f the to ta l fo rce  and the phase re la t io n sh ip s  

among the force  components. For in stance , in  the example presented above, the 

carbody dynamics c le a r ly  i s  the dom inating con tr ib u to r to  the h igh le v e ls  o f 

la te ra l truck  fo rce s observed.

D isadvantages o f the technique are: mass and in e r t ia l  p rop e rtie s  o f veh i­

c le  and truck  are not always well known; freep lay s due to  clearances in  a 

truck  and axle assembly may not allow  the ch a ra c te r iza t io n  o f the mass 

movements by on ly  a few degrees o f freedom; and, some truck  components may not 

permit easy mounting o f tran sduce rs. In add ition  to  these d isadvantages, 

there  are ba sic  l im it a t io n s  on u sin g  t h is  technique fo r  e stim ating  wheel 

fo rce s .  F i r s t  o f a l l ,  the in e r t ia l  technique can, at most, provide to ta l axle  

fo rce  measurement; i t  w il l  not re so lve  the fo rce s on the le f t  and r ig h t  

wheels. In a three ax le  tru ck , the number of v a r ia b le s  makes i t  in s u f f ic ie n t  

to  re so lve  in d iv id u a l axle  fo rce s. In a two axle  tru ck , i t  i s  p o ss ib le  to 

re so lve  in d iv id u a l fo rce s on each axle. However, lo n g itu d in a l creep fo rce s as 

w e ll a s c e n te rp la te  f r i c t i o n  w i l l  in t ro d u ce  u n c e r t a in t ie s  in  the  f in a l  

e stim ates.

K .4 .1 .3 .3 . INSTRUMENTED WHEELSET TECHNIQUES

In the e va lua tion  o f r a i l  veh ic le  dynamic performance the instrumented 

wheel set i s  unsurpassed in  the measurement o f w heel/ra il fo rce s. The in s t ru ­

mented wheel set can provide accurate continuous measurements o f la te ra l and 

v e r t ic a l w heel/ra il fo r c e s . *  They can measure frequencie s up to 100 Hz or 

more, lim ite d  on ly  by the fundamental resonant frequencies o f the wheelset.

*Note: When using instrumented wheel se ts ,  the braking systems must be removed 

or de -activa ted  to  prevent any contact or heating o f  the wheel which w il l  

cause damage to the s t r a in  gauges and c a lib ra t io n s .

K-29



Because the measurement i s  made in  c lo se  p rox im ity  to the r a i l  contact po int 

( i . e . ,  the wheel pi a te ),  the e rro r  introduced by in e r t ia l  fo rce s beyond the 

measurement po int i s  n e g l ig ib le .

A number o f techniques have been developed over the past decade or more. 

The more recent techniques a l l  provide fo r  a continuous measurement o f  both 

la te ra l and v e rt ic a l fo rce s. These wheel se ts  have been made u s in g  standard 

AAR wheels (e .g .,  Federal Ra ilro ad  Adm inistration/ENSCO, In c . ,  E le c tro -M o t ive  

D iv is io n  of General Motors (EMD)), "S "  shaped wheel p la te s (e .g . ASEA/Swedish 

State  Railway) and spoked wheels (e .g . ,  B r i t i s h  R a i l ,  Japanese National 

Ra ilw ays). Non-standard wheels w hile  in c re a s in g  cost can be e f fe c t iv e  in  

reducing e rro rs  due to  c ro s s ta lk  and load po int s e n s i t iv i t y .

In add ition  to the s t r a in  gauged w heelp lates there  i s  a lso  the s t r a in  

gauged axle  or axle  bending technique as i t  i s  commonly re fe rred  to . In  most 

common a p p lic a t io n s  a spec ia l narrow pedestal adaptor which se rves as a load 

c e ll i s  used to  measure the v e r t ic a l load s. In  conjunction  w ith t h i s  the 

bending moment on the axle  i s  used to extract la te ra l fo rce s. There are three 

fundamental shortcom ings o f  t h i s  system. F i r s t ,  the in e r t ia l  mass o f  the 

wheels are neglected which con tribu te  s ig n i f ic a n t ly  to the w heel/ra il fo rce s. 

Second, the geometry o f  the narrow pedestal adaptor i s  extremely complex 

making i t  a load c e ll w ith very poor load po int s e n s i t i v i t y  c h a ra c t e r is t ic s .  

F in a l ly ,  a wheel p o s it io n  encoder or strobe i s  requ ired  which adds fu rth e r  

com plexity and hence unce rta in ty  in  the system.

For the reasons o u t lin e d  above the remainder, o f the d is c u s s io n  o f wheel/ 

fo rce  measurement w il l  deal e x c lu s iv e ly  w ith the s t r a in  gauged w heelplate tech­

nique as applied to standard AAR w heelp lates. Furthermore, fo r  the purposes o f 

i l lu s t r a t io n  use w il l  be made o f the current FRA instrumented wheelset tech­

nique.

Design Concepts

The c h a r a c t e r i s t i c s  o f  a p a r t i c u l a r  in strum ented  w heelset are  determ ined

by i t s  loaded s t r a i n  f i e l d  and the placement o f  s t r a i n  gauge b r id g e s  w ith in

th a t  f i e l d .  The d e s ig n  o f  a b r id g e  pa tte rn  f o r  p roduc ing  l a t e r a l  fo r c e  s i g -
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nals and that for vertical force signals are distinctly different. A vertical 

force creates a relatively local strain field within the wheel pi ate in an area 
between the hub and the wheel/rail contact point. A lateral force creates a 

more distributed strain field affecting a much larger portion of the wheel- 

plate.

To understand the mechanism for the development of the lateral and verti­

cal strain fields for a typical AAR- wheel cross-section, it is best to consi­

der the reactions produced at the wheel hub rather than the rail contact point. 

A lateral load at the wheel/rail contact point produces a shear load along the 

direction of the axle and a significant bending moment at the hub (See Figure 

K-4.2). A vertical load applied at the rim produces primarily a vertical 

shear load at the hub and a relatively small hub moment (See Figure K-4.3). 

The vertical load creates local compressive stresses in the wheel pi ate between 

the contact point and the hub combined with a distributed stress field due to 

the small hub moment.

An effective vertical bridge must be sensitive to the local vertical 

effects and at the same time cancel the distributed strain fields due to any 

laterally induced hub moment and axial force. Conversely, a lateral bridge 

must sense either the axial hub force or hub moment due to lateral loads and 

be insensitive to the "local" strains due to vertical loads.

Effective lateral and vertical force measuring bridges have been applied 

to standard wheel crossections. This design is sensitive to the lateral hub 

moment in measuring lateral force. The "special" wheel section and spoked 

wheel techniques are generally designed to sense the axial force due to 

lateral loading. The advantage in sensing the hub moment is that the system 

can take advantage of the sinusoidal characteristic of the bridge output to 

eliminate thermal and centrifugal effects (which are dc biases) by high-pass 

filtering. By sensing the lateral axial force the "special" wheel techniques 

can minimize sensitivity to vertical crosstalk. But because of their dc 

bridge output they require centrifugal and thermal calibration to assure 

elimination of these effects.
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K.4.1.3.4 CURRENT FRA INSTRUMENTED WHEELSET APPROACH

The FRA instrumented wheel sets typify many facets of the state-of-the-art 

and may be used to illustrate specific design considerations in using wheels 
as force transducers. The basic objective of the design of force measuring 

wheels is to obtain adequate primary sensitivity for high signal/noise ratio 

and high resolution while controlling crosstalk, load point sensitivity, rip­

ple, and the effects of heat, centrifugal force and longitudinal forces. The 

design philosophy is to choose strain gauge bridge configurations which inher­

ently minimized as many extraneous influences as possible and which are respon­

sive to the general strain patterns expected in any rail wheel subjected to 

vertical and lateral forces. Such bridge configurations can be adapted to the 

standard production wheels of the desired test vehicles, eliminating problems 

of supply, mechanical compatibility, and possible alterations of vehicle 

behavior due to special wheels. The radial .locations of the strain gauges are 

optimized for each wheel size and shape while their angular locations are 

fixed by the chosen bridge configurations. Locomotive, passenger coach and 

freight car wheels having a large variation in tread diameter and wheelplate 

shape have been instrumented successfully using the same general procedures.

The vertical force measuring bridges follow a concept used by ASEA/Swedish 

State Railways Ref. [20]. Each bridge consists of eight strain gauges 

arranged in a Wheatstone bridge having two gauges per leg. Each leg of the 

bridge has one strain gauge on the field side and one strain gauge on the 

gauge side of the wheel. The four legs are evenly spaced 90° apart on the 

wheel as shown in Figure K-4.4. The general strain distribution in a typical 

rail wheelplate due to a purely vertical load is characterized by maximum 

strains which are compressive and highly localized in the wheelplate above the 

point of rail contact. As the pair of gauges in each leg of the bridge 

consecutively passes over the rail contact point, two negative and two 

positive peak bridge outputs occur per revolution. By correctly choosing the 

radial position of the gauges, the bridge output as a function of rotational 

position of the wheel can be made to resemble a triangular waveform having two 

cycles per revolution. The purpose of having gauges on both sides of the

K-33



wheel pi ate in each leg is to cancel the effect of changes in the bending 

moments in the wheel pi ate due to lateral force and the change of axial 
tread/rail contact point.

"A +■ B” TRIANGULAR OUTPUT (ASEA/SJ)

• T W O  BRIDGES
• GAUGES ON BOTH SIDES OF 

WHEELPLATE
• TRIANGULAR WAVEFORMS-2- 

CYCLES PER REVOLUTION
•  OUTPUT = MAX {lAI, IBI, KClAI +IBI)}
180° 180°

FIGURE K-4.4 VERTICAL FORCE MEASUREMENT BRIDGE
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When two triangular waveforms, equal in amplitude and out of phase by one 

fourth the wavelength, are rectified and added, the sum is a constant equal to 

the peak amplitude of the individual waveforms. In order to generate a strain 

signal proportional to vertical force and independent of wheel rotational 

position, the outputs of two identical vertical bridges out of phase by 45° 

are rectified and summed as shown in Figure K-4.5. Since the bridge outputs 

do not have the sharp peaks of true triangular waveforms, the sum of one 

bridge peak and one bridge null is lower than that of the sum of two ideal 

triangular waves. In order to reduce the ripple or variation in force channel 

output with wheel rotation, the bridge sum is scaled down between the dips 

coinciding with the rounded bridge peaks. By taking as the force channel 

output the greatest of either individual bridge output or the scaled down sum 

of both bridges, the scaling down is applied selectively to the part of the 

force channel output between the dips as shown in Figure K-4.5.
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+
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3 ■“S o  
C  Z< < ______ I______ !------ 1---- —J—2 s  0° 90° 180° 270° 360°

3  ROTATIONAL POSITION OF WHEEL<

FIGURE K-4.5 TRIANGULAR OUTPUT AND "A + B" PROCESSING
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The general strain distribution of a typical rail wheel pi ate due to a 

purely lateral flange force is characterized by two components as shown in 

Figure K-4.2. One component is a function of radius only because the wheel- 

plate acts as a symmetric diaphram in opposing the lateral force at the axle. 

The second component results from the moment about the hub caused by the 

flange force and it tends to vary at a given radius with the cosine of the 

angular distance from the wheel/rail contact point. The strain distributions 

on the gauge and field sides of the wheel plate are similar in magnitude but 

opposite in sign.

Lateral force measuring bridges which follow a concept advanced by EMD 

Ref. [8] take advantage of the general strain distribution in a standard 

wheel plate. As shown in Figure K-4.6, each bridge is composed of eight gauges 

evenly.spaced around the field side of the wheel pi ate at the same radius. The 

first four adjacent gauges are placed in legs of the bridge that cause a 

positive bridge output for tensile strain and the next four gauges are placed 

in legs causing a negative bridge output for tensile strain. The resulting 

bridge cancels out the strain due to the axial load because all eight gauges 

are at the same radius with four causing negative bridge outputs. However the 

bridge is sensitive to the sinusoidal strain component associated with the hub 

moment due to the flange force because the tensile strains and the compressive 

strains above and below the axle are fully additive in bridge output twice 

each revolution (once as a positive peak and once as a negative peak). Radial 

gauge locations may be chosen such that the bridge output varies sinusoidally 

with one cycle per wheel revolution. Two identical bridges 90° out of phase 

are used to obtain a force channel output independent of wheel rotational 

position as a consequence of the trigonometric identity:

V(Lsin0)2 + (Lsin[0 + 90°])2 = L for any d •

However, the bridge outputs are usually not modulated by a pure sinusoid and 

therefore the computed |L| will contain a ripple of higher harmonics.

The first step in the production of instrumented wheels is the machining 

of all wheels in a production group to an identical contour. The contour is 
dictated by the AAR minimum allowable wheel pi ate thickness and by the produc­
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tion variation of the available sample of wheels. The machining contour is 

usually close to the original design shape but at the minimum thickness. The 

thinning of the wheelplate is the easiest step in maximizing sensitivity 

because it does not involve compromise with the other measurement properties 

of the wheel.

Ay/sin2 + cos2 TECHNIQUE [ENID]

•  TWO. BRIDGES

•  SINUSOIDAL O U T P U T

•  90° O U T  O F - P H A S E

.• APPLIED AT SINGLE RADIUS TO 
ONE SIDE OF W H E E L P L A T E

G A U G E
L A Y O U T

B R I D G E
W I R I N G

FIGURE K 4.6 LATERAL FORCE MEASUREMENT BRIDGE
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In order to precisely select the radial locations of the strain gauges for the 

best compromise between primary sensitivity, crosstalk, ripple, and sensi­

tivity to axial load point variation, a detailed empirical survey of the 

strains induced in the given wheel plate by the expected service loads is made. 

The use of wheels machined to an identical profile makes the empirical 

approach to wheel set instrumentation practical because the results of the 

strain survey apply to all wheels in the group. The calibration loads and the 

reference lateral position of the wheel on the rail should reflect the type of 

experiment in which the wheels will be used.

For example, wheels destined to measure high speed curving forces should 

be loaded to about 1-1/2 times the nominal vertical wheel load (to simulate 

load transfer) with the rail adjacent to the flange to determine the primary 

vertical sensitivity. Primary lateral sensitivity should be determined from a 

high lateral load (corresponding to expected L/V ratios) applied with a device 

which bears against the gauge sides of two wheels on an axle at the tread 

radius and spreads. Loads applied in this manner create strains of equal 

magnitude and opposite sign to those produced by the hub moment effect of a 

flange load but they eliminate the extraneous effect of the vertical load hub 

moment (treated as crosstalk) from the determination of primary lateral 

sensitivity. A combined vertical and lateral loading at the expected service 

L/V ratio level, accomplished by forcing the wheelset laterally against a rail 

while maintaining a vertical load, is necessary to select strain gauge 

locations for minimal crosstalk. Vertical loadings at several points across 

the tread should be taken to evaluate the sensitivity to axial load point.

The strain survey is generally conducted with strain gauges applied at 

intervals of one inch or less on both field and gauges sides of the wheel pi ate 

along two radial lines separated by 180° of wheel arc. The calibration loads 

are applied every 15° of wheel revolution until the strain along 24 equally 

spaced radial lines on both gauge and field side has been mapped for each load.

Once the strain field has been completely mapped, the data is stored in 

the memory of a computer. Conceptually the strain field may be thought of as 

three-dimensional surface, two spatial dimensions and strain, which resembles 

a topographical map. By specifying the bridge configuration and gauge lo­

cation on the wheel pi ate the computer is then used to simulate bridge outputs

K -38



which are pseudo-processed to produce the output of one wheel revolution under 

a given load condition. From this an evaluation of the design parameters is 

made. By varying bridge locations in a systematic manner a best compromise of 

the design parameters is found. Once suitable bridge locations are identi­

fied, one of each is applied to a machined wheel pi ate. A calibration is 

conducted and the output is then compared with the computer simulation. If 

satisfactory agreement is found the remaining bridges are applied and the 

wheel sets are prepared for field testing.

K.4.1.3.5 SUMMARY AND COMPARISON OF WHEEL/RAIL FORCE MEASUREMENT TECHNIQUES

The selection of a force measurement system is .dependent upon the require­

ments, the schedule and the budget of a particular test program. In each of 

the previous sections the capabilities and limitations of the individual force 

measurement systems have been presented.

The instrumented wheelset provides the best availble measurement of wheel/ 

rail forces. It is the most accurate but is generally the most costly. If an 

evaluation of wheel/rail wear or wheel climb phenomena is required, only an 

instrumented wheelset can provide the data. As pointed out earlier, only an 

instrumented wheelset can measure lateral wheel force. However if track panel 

shift, for example, is under investigation, only lateral axle force is 

required. Therefore an instrumented wheelset or journal load cells plus an 

axle accelerometer can be used. The instrumented wheelset provides improved 

accuracy but at a higher cost.

Similarly, if rail rollover, which is usually related to truck force, is 

of concern, then any of the available approaches can be applied. The inertial 

technique employing a suite of accelerometers may be the best approach for a 

quick look or a preliminary investigation. Its accuracy may be acceptable to 

gain insight into a particular vehicle dynamics problem.

Table K-4.3, “Onboard Measurement of Wheel/Rail Loads - Comparison of 

Techniques," presents a summary of the relative accuracy, cost, lead time and 

limitations of each of the techniques discussed. The researcher may choose 

between accelerometers, journal load cells, standard instrumentated wheel sets 

or special instrumented wheel sets to measure rail vehicle forces.
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TABLE K-4.3 ONBOARD MEASUREMENT OF WHEEL/RAIL LOADS COMPARISON OF 
TECHNIQUES

APPROACH MEASUREMENTS
REQUIRED

OVERALL
ERROR COST

LEAD
TIME REMARKS

JOURNAL
LOAD
CEIL

VERTICAL force 
-BOTH BEARINGS 

LATERAL FORCE
-OPPOSITE BEARING

10-10% LOW TO 
MODERATE 
l$5K - $ 20K1

SHORT- 
MODERAIE 
(13 MOS)

-GOOD FOR OUICK LOOK LOW COST 
-NET AXIE LATERAL FORCE 
-AXLE INERTIAL FORCES ARE LIMITED 
-FREQUENCY RESPONSE IS LIMITED 
(<10-20 II, 1 BY AXIE INERTIA 
(NOT GOOD FOR IMPACT Si

INERTIAL
IACCELERAIIONI

lateral ACCELERATION 
-CAR BODY 
- TRUCK FRAME 
-AXLES

10-20% LOW TO 
MODERATE 
1 $SK - J20KI

SHORT - 
MODERATE 
11 1 MOSI

-GOOD FOR NET TRUCK LATERAL 
FORCE

-FREQUENCY RESPONSE IS 
LIMITED («I0 II,)

INSTRUMENTED
WHEELSET
(STANDARD)

VERTICAL FORCE
- 2 BRIDGES PER 
WHEEL

lateral FORCE
- 2 BRIDGES PER 
WHEEL

~5% MODERATE 
1) 10K - )60Kl

MODERATE 
(3 MOSI

-USES STANDARD AAR WHEEL PROFILE 
-MODERAIE COST AND LEAD TIME

»
-NO THERMAL OR CENTRIFUGAL 
EFFECTS

-SMALL LOAD POINT SENSITIVITY

LONGITUDINAL FORCE 
- AXLE TORQUE ONE 
TO TWO BRIDGES 
PER WHEEL

INSTRUMENTED 
WHEELSE 1 
(SPOKED)

VERTICAL FORCE 
LATERAL FORCE 
LONGITUDINAL FORCE

(ESS
THAN
5%

HIGH7 LONG7 - THERMAL CALIBRATION 
-IMPROVED ACCURACY

K.4.1.4 DATA TRANSMISSION

One of the fundamental design problems of most wheel/rail force measure­

ment systems is the transmission of signals from a rotating frame of reference 

to a stationary platform. This is further complicated by the severe environ­

ment in which the transmission must take place. The rotating system, the 

wheelset, is unsprung and experiences the extreme dynamic inputs from the 

track with vibration levels as high as 50 g's and shocks of the order of 

several hundred g's. Furthermore, this environment is contaminated with many 

forms of debris including grease, dust, water, gravel and other objects with 

relatively large kinetic energy content.

In spite of this it is possible to accomplish the transmission using off- 
the-shelf hardware. Over the past several years of rail research different
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techniques and combinations of techniques have been used with varying degrees 

of success. These include optical encoders, FM transmitters, and amplifica­

tion within the rotating system. To date the most effective means of trans­

mitting across the rotating interface has been accomplished through the use of 
high quality slip rings.

Slip rings offer a number of advantages. They are rugged, reliable and 

are capable of transmitting low level signals of the order of 10 millivolts 

with a background noise of less than 200 microvolts. This is a signal to 

noise ratio of 50 which is more than adequate. Slip rings are very simple 

mechanical devices and require little or no maintenance or troubleshooting 

once they are installed and checked out. The worst problem encountered in the 

use of these devices is broken solder joints which are easily traced and 

corrected. Perhaps the greatest disadvantage of a slip ring is its finite 

life. Depending on the application a slip ring will provide excellent tran­

smission quality for 2000 miles of operation (including non-test movements) 

and usually acceptable quality for 5000 miles. Fortunately, they may be 

easily replaced at a moderate cost (~$800 each) or refurbished for less (— $300 

each).

Based on these facts, the slip ring is the current best choice of transmis­

sion device for wheel/rail force measurement systems. There may, however, 

arise circumstances that may dictate the use of an alternative technique. 

This must be evaluated on a case by case basis.

K.4.1.5 INSTRUMENTED WHEELSET SIGNAL PROCESSOR

As has been pointed.out in previous sections, signals coming directly from 

the instrumented wheel set, either wheel pi ate or axle, are not immediately 

proportional to a wheel/rail force. It is necessary to combine in some pre­

scribed manner two of the direct or raw signals to obtain a signal which is 

directly proportional to force.

Given today's state-of-the-art in electronics technology, it is a straight­

forward matter to perform the wheelset signal processing in real-time; i.e., 

as the raw signals are received. In fact, current wheelset processors
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actually perform several functions including scaling and some conditioning of 

the signals. Basically the wheelset processor provides the following features:

o high-pass filtering of incoming raw signals to eliminate centrifugal 
and thermal effects

o scale signal

o perform processing algorithms including squaring, adding, taking square 
root, subtracting, and perform logical function of selecting largest 
val ue

o calculate L/V for individual axles and for complete truck.

Figure K-4.7 shows the basic data flow through a wheel processor. Strain is 

sensed by the Wheatstone bridges on the wheel pi ate (or axle) generating sig­

nals S. The S signals are transmitted through the slip ring and are first

scaled, 6, and high passed filtered. The scaled lateral signals, L, are then 

squared and summed. The square root of the sum represents the raw or uncor­

rected lateral force. The scaled vertical signals are passed through a cir­

cuit yielding the corresponding absolute values which are summed and scaled to 

compensate for ripple as explained in Section K.4.1.2). The maximum of either 

of the individual bridge outputs or the scaled sum is then output as the raw 

or uncorrected vertical force. .The raw forces are subsequently corrected for 

crosstalk and output along with the ratio of lateral to vertical force, L/V.

FIGU RE K - 4 . 7  WHEELSET PROCESSOR
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The wheel set processor may be either anal og or digital . Under normal 

circumstances the signal conditioning, scaling and high pass filtering is 

always analog. That part of the signal processing downstream of the wave 

forms shown in Figure K-4.7, however, may be implemented using either analog 
circuits or in software on a digital computer. In the latter case anti-alias 

filters are required immediately following the signal conditioning. The choice 

of type of wheel set processor will depend on a number of items such as the 

number of instrumented wheel sets to be processed, the availability of a digi­

tal computer capable of meeting the real-time processing requirements, person­

nel resources and time constraints. Both methods of processing are comparable 

in terms of accuracy and frequency response (>100 Hz or better). The advan­

tage of an analog processor is that it is stand alone and may become simply a 

component of the instrumented wheel set. This makes the display and/or record­

ing of the wheel/rail force measurement much more flexible since the expense 

of a digital computer is not necessary. A digital processor offers the advan­

tage of handling more than one wheel set and performing other tasks, such as 

statistically summarizing data in real-time, depending on the capacity and 

speed of the computer. The digital processor also provides insurance in terms 

of repeatability checks and uniformity of processing. If correction of ripple 

or other sources of error in higher harmonics are needed or if non-linear 

corrections are necessary, a digital processor can perform these function's 

much more easily. In either case the ability to view in real-time the wheel/ 

rail forces being measured is invaluable in conducting field experiments and 

monitoring parameters such as L/V for safe operations.

K.4.2 DISPLACEMENT MEASUREMENT TECHNIQUES AND TRANSDUCERS

Understanding of rail vehicle behavior often requires a precise knowledge 

of its kinematic behavior, in particular the relative displacements. In 

general, this may be broken down into three categories. The first is 

intra-vehicular; that is, the relative displacements between the discrete 

components of a vehicle. The second is the displacement between the vehicle 

and the rail. In this,case the displacements of interest are in only two of
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the three orthogonal directions. These are the vertical and lateral 

directions. Longitudinal displacement or location along the track is dealt 

with in Section K.6. A third category of displacement measurements is inter- 

vehicular. This includes such things as coupler angle and distance between 
cars.

K4.2.1 DISPLACEMENT TRANSDUCER SPECIFICATION

Based on the requirements set forth in the preceeding paragraph, Table 

K.4.4 summarizes the basic parameter specification for the selection of dis­

placement transducers. Note that such parameters as linearity and cross axis 

sensitivity are not included here. Parameters such as these are more dependent 

on the specific application. Those specifications given in Table K-4.4, how­

ever, are a necessary set of conditions which must be met by a transducer to 

provide a basis for one of the three types of measurement.

The first three columns of Table K-4.4 are based on measurement require­

ments. The fourth column specifies the vibration environment which the trans­

ducer must be able to survive. The acceleration levels given are somewhat 

conservation and may be mitigated by detailed knowledge of the actual environ­

ment to be encountered. This is also the technique of mechanical isolation or 

shock mounting which can enable a precision transducer to operate in an en­

vironment normally beyond its intended range. For example, 5 g servo- 

accelerometers have been operated for nearly one thousand miles on the narrow 

pedestal adaptor of a freight truck with complete success.

Returning attention to the first three columns of Table K-4.4, it is seen 

that the range and resolution requirements are not overly demanding. Typi­

cally the dynamic range (ratio of resolution to range) is 60 dB or 1%. Simi­

larly the frequency response requirements are relatively low. This is a 

result of the large inertia of most rail vehicles and their components. The 

relatively high specification of frequency response of intravehicular measure­
ments is related to elastic deformations which are of limited interest. Thus, 

for the majority of displacement measurement applications a frequency response 
of 10 Hz is adequate. At the other end of the spectrum almost all rail vehi­

cle measurement requires the ability to measure static displacements.
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Fortunately, there are currently available a number of transducers which 
meet the specifications. These are discussed in the next section.

TABLE K-4.4 DISPLACEMENT TRANSDUCER SPECIFICATIONS

Requirement Range
(±)

Resolution
Frequency 
Response (DC to)

Dynamic
Environment

Intra-
vehicular . l-10in. .01-.1 10-30HZ 5-10g

Inter-vehicular 10-30in. .1-.25 2-5Hz 5-10g

VehicleRail l-2in. 01-.1 5-lOHz 10-50g

TABLE K-4.5, A COMPARISON OF DISPLACEMENT TRANSDUCER CHARACTERISTICS

TRANSDUCER
TYPE RANGE RESOLUTION ACCURACY COMMENTS

Potenti oinetric 2-20 in. 0.01 in. 3* Easy to Field-Deploy

Linear Variable 
Di f ferent ial 
Transformer

.25-15 in. Infinite 1%

Electromagnetic 
Eddy Current 2-5 in. 0.01-0.1 in. 3-5*

Strain Gauge .1-1 in. 0.001-0.01 1* Generally Small 
Used for Component 
Deflection

Accelerometer N/A Dependent on 
Processing

Dependent on 
Process i ng

Inertial Applications 
only
No Static Capability

Gyroscope 10°

ooo

1-3* Direct Angular 
Measurement
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K.4.4.2 DISPLACEMENT TRANSDUCERS

The discussion of displacement transducers will be conducted on a generic 

basis. Table K-4.5 summarizes the characteristics of the principal types of 
displacement measuring devices.

K.4.2.2.1 POTENTIOMETRIC

Potentiometric displacement transducers are a simple rugged and inexpen­

sive device and as a consequence are the most widely used type of displacement 

transducer in rail vehicle research. The measurement component of this trans­

ducer is a rotary potentiometer of high linearity and good resolution. A 

drum-like pulley attached to the potentiometer shaft serves to convert the 

rotary input of the potentiometer to a linear displacement.

Given a potentiometer of ten rotations full scale, the linear range 

becomes ten times the circumference of the pully. Infinite resolution is pos­

sible, 0.5% linearity is common and ranges from one inch to 30 inches are 

readily available, with a 1% accuracy. Signal conditioning requirements are 

minimal for this type of device and a useful frequency response can be 

realized up to 20 Hz.

K.4.2.2.2. LINEAR VARIABLE DIFFERENTIAL TRANSFORMER

The Linear Variable Differential Transformer (LVDT) is more complicated 

and more expensive than the potentiometric type of transducer. The LVDT, 

however, is particularly well suited to the measurement of displacements of 

small magnitudes (Table K-4.5). Signal conditioning requirements are more 

demanding than for the potentiometric device; however, the LVDT measures dis­

placements which are an order of magnitude smaller than the potentiometric 

transducer.

Development of the LVDT has produced a variety of designs that are rugged, 

highly accurate, linear and compact. The principal of operation is based upon 

changes of mutual inductance between a single transformer primary and two
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symetrically opposed secondaries. Changes of mutual inductance are initiated 

by the linear motion of an axial metal slug that penetrates the transformer 

axis. Displacement of the metal slug along the transformer axis produces 

predictable outputs for the LVDT.

K.4.2.2.3 ELECTROMAGNETIC/EDDY CURRENT DEVICES

Displacement between an electrically conducting surface and an eddy cur­

rent transducer may be measured accurately. There is a strong dependency on 

the target geometry however. The ideal geometry is an infinite plane target 

at no more than one sensor diameter from the measurement transducer. This 

ideal situation seldom exists in the rail test environment.

There are presently available eddy current displacement devices that per­

form well in the single plane measurement situation. Measurements from 0.1 to 

4 inches are easily made with 1% linearity. The target device may be in rota­

tional motion during measurement as the eddy current transducer is never in 

physical contact with the target.

Many variations of the eddy current transducer have been fabricated for 

the purpose of performing rail test measurements. Linearity is normally a 

problem that is contended with by assigning a polynomial description of the 

transducer calibration to each individual device.

Isolation of the transducer in terms of the influence of factors that 

compromise the prime measurement is a difficult problem to solve. Any metal 

surface that moves in proximity to the eddy current transducer, whether this 

movement represents the intended measurement or not, does modulate the sensor 

output.

The lateral position of a rail wheel relative to the railhead including 

flange contact and wheel angle of attack, are measured with considerable dif­
ficulty. The basis of these measurements demands the ability to measure the 

magnitude of the dimensions from the gauge side of the railhead to the outside 

of the wheel flange, both in front of and behind the rail wheel. Furthermore, 

this measurement should be made as close to the wheel footprint as possible.
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Electromagnetic eddy current displacement transducers have been used suc­

cessfully as the wheel-rail lateral displacement device. Calibration of this 

type of device requires meticulous attention and the description of device 

linearity represents a further degree of difficulty 
during data processing.

The physical position of this type of transducer is necessarily a few 

inches above the railhead and transducer destruction occurs frequently.

K.4.2.2.4 -STRAIN GAUGE TRANSDUCERS

Strain gauge technology is extremely well developed and transducers based 

on the technology are available for a wide variety of applications. Displace­

ment transducers using strain gauges are based on the physical deformation of 

a surface and these measurements may represent the bending, tension or compres­

sion modes.

The small physical size of the strain gauge allows measurement access in 

situations that often preclude the use of other devices. Measurements of 

displacement may be performed by vendor-produced components. The alternative 

to this method involves the option of custom-designed transducers using indi­

vidual strain gauges. Here, the limitations are represented only in terms of 

the designer's ingenuity.

The,frequency response of strain gauge systems extend into the kHz region.

Strain gauge signals are very small, generally in the microvolt range. The 

total strain gauge system performs well as a result of highly developed signal 

conditioning apparatus that produces stable, noise free, high level signals 

from low microstrain inputs.

K.4.2.2.5 ACCELEROMETERS FOR DISPLACMENT MEASUREMENTS

Theoretically displacement may be derived from measurement, of acceleration 

by a procedure involving a double integration. In practice, however, this is 

a rather difficult task because any small error in the measured acceleration 

will rapidly grow as an accumulated error. For example, alignment deviations
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due to motion in the directions normal to that in which the measurement of 

displacement is desired result in small accelerations which when integrated 
introduce low frequency drift.

Special applications, however, may arise which require an absolute or 

inertial reference frame and for which only the dynamic component of displace­

ment is desired. Such a situation may come about for example when investigat­

ing a performance issue such as hunting. Generally speaking, however, the 

attendant complications of the use of accelerometers as displacement measuring 

devices discourages their use when reasonable alternative methods are avail­

able.

K.4.2.2.6 GYROSCOPE

The gyroscope stands alone as the transducer for the measurement of abso­

lute angular displacement. Gyroscopes are somewhat expensive but highly 

developed and readily available. Furthermore, when quantifying the carbody 

roll angle of a rail vehicle during the negotiation of a rock and roll (con­

secutive low joints on tangent track) the gyroscope is absolutely essential.

There are two types of gyroscopes. An absolute gyroscope is capable of 

measuring angular displacement with respect to two axes up to 15° about each. 

Rate gyroscopes may also be used; however, because this type of transducer 

measures the rate of change of angular orientation, absolute angles must be 

obtained through processing. Processing of rate gyroscope output is similar 

to the processing of acceleration data for displacement in that integration is 

involved. In this instance only single integration is required but the same 

fundamental problem of drift over the long term is present.

K.4.3 ACCELEROMETERS

The primary transducer used to quantify rail vehicle dynamic behavior is 

the accelerometer. Measurement of acceleration provides an accurate picture 

of the dynamic response of a rail vehicle through the use of an inertial ref­
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erence frame which for most purposes is a fixed frame of reference. Also a 

convenient unit of measure is available which normalizes measurements of 

acceleration on the earth's surface. The unit referred to is the gravity,
p  p

denoted g, which is nominally 32.2 ft/sec (9.81m/sec ). Thus, when a lateral 

acceleration at a given location is said to be 0.25 g, it is intuitive that a 

lateral force equal to one fourth of a component's weight was generated.

Accelerometers are required at all mass levels of a rail vehicle from the 

sprung mass, the carbody and side frames, to the unsprung mass, the wheelset 

and journal bearings. Although accelerations on the sprung mass are generally 

less than those on the unsprung mass, several g's of acceleration may be 

experienced on both the carbody and truck at the higher frequencies (>100 Hz).

Saturation of the accelerometers at high frequencies can be avoided by the 

use of shock mounts or mechanical isolators.

A mechanical isolator serves to pass with unity gain those inputs below 

approximately 100 Hz while attenuating those above 150 Hz. Use of this arrange­

ment has shown that typically truck accelerations are less than 10 g and in 

most cases 5 g and carbody acceleration less than 2 g and in most cases 1 g. 

An added advantage of such an isolator is extended life of the transducer due 

to a reduction in vibratory energy absorbed by the transducer itself.

K.4.3.1 ACCELEROMETER SPECIFICATION

The specification of an accelerometer for use as a means of measuring the 

dynamic response of a rail vehicle will depend to a rather large extent on 

whether the acceleration is to be measured on a sprung (typically the carbody 

and truck bolster) or an unsprung (typically the truck sideforms and wheelset) 

mass. The acceleration environment of the carbody is fundamentally different 

from that of the truck. Carbody accelerations are generally less than 1 g and 

characterized as low frequency. Truck accelerations are considerably higher 

on the order of 50 g in some instances with significant spectral content out 

to 100 Hz.
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Table K-4.6 summarizes a set of nominal specifications for the measurement 

of acceleration on both sprung and unsprung masses.

TABLE K-4.6. NOMINAL ACCELEROMETER SPECIFICATIONS

Mass Level Range Resolution
Frequency
Response Linearity.

Sprung + 2 g .01 - .005 g To 30 Hz .1 - .5%
(Carbody and
truck bolster)

Unsprung +50 g •1 9 To 100 Hz .1 - 1%
(Truck
sideframes and
wheel sets)

The specifications given in Table K-4.6 are somewhat conservative and

could be difficult to meet from a practical standpoint. For exampl e, a

transducer capable of measuring 50 g with 0.1 g resolution requires a dynamic

range of 54 dB. Although such transducers exist they are not capable of

measuring very low (static) accelerations. If, however, the signal of

interest is lower than the environment frequency to be encountered the use of 

the mechanical isolator discussed earlier may reconcile the hardware and 

requirements. An example of this arises when hunting is the performance issue 
under investigation. That is, hunting is known to be a low frequency (~3 Hz) 

phenomenon with associated levels of acceleration of less than 10 g. By using 

the mechanical isolator with the proper characteristics a 10 g accelerometer 

may be employed with a dynamic range of 40 dB.

K.4.3.2 ACCELEROMETERS

Various types of accelerometers are currently available on a commercial 

basis. Each type of accelerometer is based on a principle of operation which 

gives the accelerometer certain characteristics. Thus, depending on the 
intended application, a given generic type of accelerometer may offer some 

advantage over the other types available.
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In this section the four primary types of accelerometers which have been 

found to perform acceptably in the rail environment are discussed. Although 

the list of currently available accelerometers is far more extensive the 

majority are special purpose, such as seismic exploration, and as such are not 

suited to rail research application. Table K-4.7 provides a brief summary of 

the characteristics of the accelerometers to be discussed. This table con­

tains ranges or typical values for each type of transducer and not specific 

values. Furthermore, it should be kept in mind that power supplies and signal 

conditioning will decrease the accuracy and resolutions given.

TABLE K-4.7 A COMPARISON OF TYPICAL ACCELEROMETER CHARACTERISTICS

Ranges Resolution Temperature Freauency Linearity
Transverse

Axis Noise Comments

Servo 15 to 1100 g .002 g 32° to'250°F 0 to 200 Hz 10.02 1 .003 g/g 1 ftVrms must he
shock
protected

Piezo­
elec­
tric

11 to U0& ( as low as
0.01 b

-100° to 250°F 1 to 50 kHz 11* 
0(H)

5S 0.2 mVp/p no d.c. 
response

Capaci­
tive

11 to 1 104 g Inf ftnlte i.021 fs/°F 
0 to 150°F

0 to 10 kflz U S
10.1S(H)

0.01 g/g 2 mVrms . ■uint bo 
balanced

Strain
Gauge 1.01 to HO3 g Infinite i.01% fs/°F 

-65 to 250°F
0 to 1 kHz U S

11S(H)
.02 g/g Unknown must be . 

balanced

(H) H y s te re s is  £s F u l l  s c a le  p /p  Peak to  Peak

K.4.3.2.1 SERVO-ACCELEROMETERS

Servo or closed-loop type accelerometers offer accuracy, stability and 

reliability several orders of magnitude greater than open loop types. Basic­

ally, this type of accelerometer operates on a force balance principle.

Acceleration acting on a small mass or a rotor with a small eccentricity 

within the accelerometer creates force and a resultant motion. The mass is 

suspended in a magnetic field such that motion within the field creates, an 

electrical signal.

When this signal is properly amplified and supplied to a force or a torque 

generator acting on the mass, an equilibrium is produced which restores or 

maintains the mass' position in the field. The current used to position the 

mass is proportional to the acceleration being experienced. By permitting 

this current to pass through a stable resistor, a voltage porportional to 

acceleration is developed.
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The advantage of this type of accelerometer is that the two main sources 
of inaccuracy in the open-loop accelerometer, the non-linear mechanical spring 
and displacement to voltage convertor, are eliminated. The primary disadvan­

tage of this sytem is its relative vulnerability to impulsive shocks which 

create an over-range situation that the torque generator cannot handle.

There are two types of servo-acceleromters, the pendulous with a pivot 

mount and non-pendulous with a flexure mount. The flexure types tend to

perform better in a shock environment such as the rail environment since the 

flexures do not degrade with only moderate over-ranging. In contrast the 

pendulous types use a pivot, generally a jewelled pivot, which tends to 

degrade with even minor over-ranging.

Other advantages of the servo accelerometer are its long term stability, a 

high level output typically greater than 1 volt per g and its low frequency 

response down to d.c. The frequency response is limited typically to 200 Hz 

which is acceptable for almost all rail research applications.

K.4.3.2.2 PIEZOELECTRIC ACCELEROMETERS

Accelerometers which make use of either crystals or ceramic materials 

which exhibit piezoelectric effects are very useful in certain aspects of rail 

research. Very simply, this type of accelerometers uses a material which when 

compressed generates an electric charge much like static electricity. Thus, 

by placing a seismic mass over a piezoelectric crystal, an acceleration of 

this mass will compress the crystal creating a charge proportional to the 

acceleration. A charge amplifier then converts the charge into an electric 

signal proportional to the acceleration.

Until recently it was the conversion of the charge to the electrical 

signal which was the major draw back of this type of transducer. This was 

because the charge amplifier was physically remote to the crystal requiring 

the charge to be transmitted over cables which have relatively large capaci­

tive effects due to such simple things as bending. Presently hovtever, piezo­

electric transducers employ field effect transitors (FET) located in the trans­

ducer immediately adjacent to the crystal which converts the signal to an 

electrical potential.
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The piezoelectric has two primary advantages. First it is virtually indes­

tructible. It contains no moving parts and can withstand severe over-ranging 

with only minimal time for discharge of the excess charge build up. Secondly 

piezoelectric accelerometers have the highest response capability of any type 

of accelerometer, in some cases as high as 100 kHz. This, however, has 

limited value in rail research applications,

The piezoelectric accelerometer has: two major draw backs. First, it does 

not have the ability to measure steady state or constant acceleration. It is 

by nature a.c. coupled or a high pass filter. Piezoelectrics have been devel­

oped which can measure accelerations as low as 0.1, Hz (10 second duration) 

which is often sufficiently low for rail research applications. Perhaps the 

largest problem with the piezoelectric transducer is its transverse axis sen­

sitivity. As shown in Table K-4.7, piezoelectric transverse sensitivity is 

two orders of magnitude above any other type of transducer. Care must be exer­

cised in the use of this type of accelerometer in environments where accelera­

tions in mutually orthogonal directions are of equal magnitude.

K.4.3.2.3 CAPACITIVE ACCELEROMETERS

The capacitive accelerometer offers a reasonable compromise between the 

servo and piezoelectric accelerometer in terms of range, accuracy and rugged­

ness. The capacitive accelerometer consists of a one piece thin stiff metal 

disc and flexures assembled between two fixed insulated metal electrodes. The 

disc in this type of transducer serves as the seismic mass whose motion is 

proportional to the magnitude of the acceleration vector perpendicular to the 

electrodes. Because the capacitance between the central disc and either elec­

trode is a direct function of the distance between them, an electrical signal 

is produced which is proportional to acceleration.

The advantage of the capacitive accelerometer is its improved survivabil­

ity over the servo-accelerometer type along with wider range of freuqency 

response. At the same time the capacitive accelerometer has the static 

measurement capability that the piezoelectric accelerometers do not have and 

also has much better transverse axis sensitivity characteristics.
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Associated with capacitive accelerometers are certain disadvantages. 

First, the transducer is placed in a circuit which must be balanced under spe­

cified conditions. Furthermore, unbalancing can lead to drift in the measured 

signal as the power supply or other components of the circuit unbalance the 

transducer. Second, because of its open-loop characteristics, its linearity 

and hysteresis characteristics can be a limiting factor.

K.4.3.2.4 STRAIN GAUGE ACCELEROMETERS

Another type of transducer which is both rugged and reasonably accurate is 

the strain gauge accelerometer. The principle of operation is similar to 

other accelerometers in that a seismic mass is involved. The force or 

actually deflection created by the acceleration vector is sensed using a 

strain gauge.

Strain gauge accelerometers have the advantage of no moving parts and accu­

racy of the order of 1 percent. Additionally, the strain gauge accelerometer 

offers near infinite resolution and excellent frequency response, both at high 

frequency and down to DC.

Disadvantages with this type of accelerometer are encountered in powering 

and balancing the circuit similar to the difficulties with the capacitive 

accelerometers. A second difficulty lies in the relatively low level signal 

generated per unit acceleration. This puts increased emphasis on stable 

amplifiers.

K.4.4 TRACK GEOMETRY MEASUREMENT

K.4.4.1 APPLICATION TO PERFORMANCE ISSUES

In order to properly evaluate the previously defined performance issues 

such as curving response, steady state curving, spiral negotiation and dynamic 

curving, inputs from the track should be analyzed. These inputs, due to 

design characteristics as well as perturbations in track geometry, must be
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accurately measured. The measurement of track geometry can be performed using 

several .different methods. These methods can be grouped as follows: manual 

measurements including the use of land surveying techniques; automated measure­

ment using track geometry measurement vehicles; highly specialized equipment 

such as the Track Geometry Device (TGSD); and improvising by using the special 

test vehicle. Each of these methods has certain advantages and disadvantages 

which will be examined in this section.

K.4.4.2 AUTOMATED MEASUREMENT VEHICLES

Automated measurement vehicles come in a variety of sizes and capabilities 

and provide the results rapidly when track geometry measurements are required. 

They range from the hi-rail vehicles similar to that developed under TSC spon^ 

sorship, through the mid-sized vehicles such as the Plasser EM-80/110 and the 

Matissa 422 to the full-sized heavy vehicle like T1/T3, T2/T4, T-6 and T-10 

produced by ENSCO for the FRA and similar full-sized vehicles developed by 

several railroads. These vehicles are similar in that each has automated 

data collection and processing capability. However, measurement capability, 

speed, system configuration and reporting capability will vary according to 

the vehicle.

Latest design of the FRA full-sized heavy vehicles such as T-6 and T-10 

use inertial and noncontact proximity sensors to provide fully loaded measure­

ments of gauge, crosslevel, warp, curvature, profile and alignment of each 

rail. In addition, support signals such as speed, distance and location are 

also generated.

The gauge and crosslevel signals are point measurements and can be measur­

ed down to zero mph. The gauge system uses noncontact proximity sensors with 

a servo feedback system, and the crosslevel system uses a Compensated Accelera­

tion System (CAS) as a measurement technique. Warp is computed from cross­

level as the difference in crosslevel over some specified distance, typically 

31 or 62 feet and is provided down to zero mph. Curvature is measured using 

an inertial technique which gives the rate of turn per 100 feet, and can be 

measured down to 3 mph. Profile on T-6 is computed using two methods. The 

first is an inertial measurement which is used above 15 mph; the second method
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is a four point chord measurement which can be used from zero mph up to 50 

mph. Both methods display the data as the mid-chord offset (MCO) from a 62' 

chord. Profile on T-10 uses only the inertial method, can operate down to 4 

mph, and is displayed as the MCO of a 62 foot chord. The alignment system on 

both T-6 and T-10 uses an inertial method and is displayed as the MCO of a 62' 

chord. The low speed cutoff for alignment on T-6 is 25 mph, and on T-10 it is 

15 mph. T-6 has a maximum operating speed of 100 mph while the maximum operat­

ing speed of T-10 is 85 mph. Both cars are limited by real-time data process­

ing speed.

The data collection and processing systems on T-6 and T-10 are centered 

around high performance minicomputers in which the algorithms used to calcu­

late the track geometry parameters are implemented. The standard output from 

these cars is analog strip chart recordings of all the processed track geome­

try parameters, an on-line digital exception report listing all the data excep­

tions sensor data, support signals, and location information.

The sensors are mounted in close proximity to the measurement axles which 

have a loading of approximately 20 tons each. This loading ensures a track 

geometry measurement made under dynamic load.

The mid-sized measurement vehicles provide gauge, crosslevel, twist or 

warp, profile and alignment of each rail. Contact wheel type sensors are used 

to provide gauge, profile, twist and alignment. Crosslevel is measured using 

either a gyroscopic pendulum or a compensated accelerometer system depending 

on the manufacturer. Gauge and crosslevel are measured and presented as point 

measurements. Profile and alignment are measured as three point chords and 

presented as the MCO from a pre-selected chord. The typical measured profile 

chord is 10 meters and the typical alignment measured, chord is 8.6 or 10 

meters depending on the manufacturer. The selected chords used for profile 

and alignment may vary, but each has the capability of calulating a 62' chord 

for processing purposes. Warp is generally measured at a fixed base using two 

adjacent axles; however, an option is offered to compute warp at other base 

lengths from the crosslevel signal. Warp can be presented as any of several 

base lengths depending on the manufacturer and user selected option.
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Each of these measurement vehicles has an analyzer which is typically a 

minicomputer. The signal processing is accomplished mainly in the analog 

domain but with a trend toward more digital capability with more recent 

designs. The typical output from these systems include a strip chart record­

ing, a digital report (their formats vary depending on the manufacturer) and a 

digital data tape. Analog magnetic tape recording Capabilities are generally 

offered as an option. The measurement speed of these vehicles is zero to 

either 60 or 80 mph, depending on the manufacturer. The three measurement 

axles used for sensor locations have different loadings. The running axles 

carry a load of approximately 10 tons while the measurement axles carry loads 

of one ton or less again, depending on the manufacturer. This variance in the 

axle loading may, depending on the track conditions, cause a small difference 

in the computed parameter. This condition is generally acceptable but not 

ideal.

The smaller, more lightweight automated measurement cars are called 

hi-rail vehicles. These highway vehicles are modified to incorporate a 

limited capability of operating on railroad track. These hi-rail vehicles 

operate at reduced speeds with the maximum being 25-30 mph and come in a vari­

ety of sizes and weight. Some vehicles in this group are offered by Plasser 

(EM-25) and Dapco (TEC-100). These hi-rail vehicles use a mechanical wheel 

type contact sensor for gauge, a compensated accelerometer system (CAS) for 

crosslevel and a three point contact system (EM-25) or a four point contact 

system (TEC-100) for profile and alignement. Warp is computed from crosslevel 

in both systems. In addition, the TEC-100 offers curvature which is a para­

meter derived from alignment. The gauge and cross)evel measurements are 

presented as point measurements. The twist or warp signal is presented at a 

fixed base preselected by the user. The profile and alignment signals are 

presented as the midchord off-set from one of a preselected set of chords 

which include the 62 foot chord.

These systems are centered around a minicomputer which provides the data 

collection and processing functions as well as the reporting function. The 

typical output from these systems is a strip chart recording of all the proc­

essed data, a digital exception report and a digital tape containing the raw 

sensor data. Also included on the tape are the support signals such as speed 

and distance and relevant location and identification information.

K-58



K.4.4.3 TRACK GEOMETRY SURVEY, DEVICE

The FRA Track Geometry Survey Device (TGSD) is a low speed, manually oper­

ated, very accurate device presently housed at the Transportation Test Center 

(TTC) in Pueblo, CO.

The TGSD measures gauge and crosslevel directly,and the (x, y) coordinates 

of profile and alignment. The gauge system uses mechanical contact sensors to 

provide the gauge measurement. The crosslevel system uses a pendulum to pro­

duce the basic crosslevel signal and is the only signal monitored during 

normal operation.

The profile and alignment (x, y) coordinates are generated from signals 

derived from a photo-detector which locks on to a laser beam sent from a sepa­

rate track unit at a distance up to 225 feet. These (x, y) coordinate values 

are recorded along with the gauge, crosslevel, and other survey information on 

a digital tape which is the only system output. There is no on-line proc­

essing capability with this unit. The data tape is then sent to a computer 

facility for off-line processing. The computer and software system is 

currently maintained by ENSCO. The TGSD can only be operated at night and 

needs and experienced crew during normal operation.

K.4.4.4 DATA ACQUISITION VEHICLE

A fourth means of obtaining track geometry measurements is to process 

selected signals by instrumentation on the data acquisition test vehicle. 

This approch has the obvious advantage of supplying the precise track geometry 

which induced the vehicle response. That is, it is well known that track 

geometry can and will change to varying extents with time and use. This 

approach would measure track geometry in parallel with the vehicle's response 

circumventing this problem.

In order to measure track geometry using signals coming from the test 

vehicle, a mid-level minicomputer system or maximum capability microcomputer 

is required including the software and all algorithms. Special sensors and 

analog processing is also a necessity. Today's track geometry measurements
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are complex and require interactive correction terms in addition to a great 

deal of special processing. For these reasons a track geometry system would 

have to be in addition to the existing capability of a special test vehicle if 

they were to require special test processing and track geometry processing 
simultaneously. If they could be run sequentially then the hardware/software 

requirements for the track geometry computer configuration could be integrated 

into those for special tests. The addition of the sensors and analog process­

ing equipment will still be required along with the track geometry software 
for the computer.

The software would have to be specially adapted for use by the special 

test vehicle. All special considerations such as power, environmental, and 

work areas must be given in addition to those things indigenous to a track 

geometry vehicle such as cable runs, special undercar 1ights and special cali­

bration mountings for sensors. Once the system is installed on the special 

test, vehicle it must remain on that vehicle and can't be moved to another 
vehicle without major changes.

K.4.4.5 MANUAL MEASUREMENTS

Manual measurements can be made with a variety of instruments. In general 

there are two methods of making manual measurements. The first method is to 

use standard off-the-shelf hardware. Standard off-the-shelf hardware has 

several different measurement capabilities. These capabilities range from 

simple measurement of gauge and crosslevel using a bar type device requiring 

manual placement for each measurement reading through gauge and crosslevel 

using a measurement mounted bar type device which is rolled down the track to 

a track analyzer providing gauge, crosslevel, profile and alignment data. The 

track analyzer uses sectional tubes inserted end-to-end to create and extend 

the measurement chord for profile and alignment. Most of these devices use 

meters, rods, or levels to indicate to the operator the value of the measure­

ment. The operator reads these values and records them in a log. Manual 

chord measurements for profile and alignment can be made using string and a 

distance measuring device such as a ruler. This method is very time consum­

ing, heavily labor intensive, and is highly dependent on the competency test 

crew for accuracy.
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The second method for acquiring manual measurements is to use a Surveying 

crew and instruments (transit level, etc.)- This method can provide good 

accuracy at a reasonable cost but is still time consuming and will only pro­

vide unloaded track data.

In using either of the above methods it must be remembered that all data 

collection is taken in log form by the test crew. If the data is to be auto­

mated at a later date, the data must be manually entered into a processor or 

storage device.

K.4.4.6 SUMMARY

In reviewing the track geometry measurement methods available to support a 

test program one must consider the location of the test track, length of the 

test track, including the test zone or zones, available equipment, available 

personnel, capability of personnel, standard to which track must be measured 

and time.

In general the use of full sized vehicles is preferable since they can 

provide fully loaded, accurate, dynamic, repeatable data very quickly. Tests 

have been run that demonstrate the repeatability and accuracy of these cars. 

Midsized test cars and hi-rail vehicles can also provide data quickly but do 

not have the capability of making a fully loaded measurement. All the above 

mentioned test cars (full sized, midsized, and hi-rail) can provide the track 

geometry measurement data in real time. In addition, these cars also provide 

a threshold-level report with locations of each perturbation for a quick check 

of the test zone.

If the test zone is extremely short and the TGSD may be used. It can 

provide very accurate data, but there are drawbacks to using the TGSD. It is 

difficult and time consuming to move from location to location; it requires an 

experienced crew and it does not provide real-time data.

Manual measurements can be used if unloaded static measurements are accept­

able, labor is available, time is plentiful and a low level of accuracy is
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acceptable. Both time and accuracy in making manual measurements are very 

dependent on the personnel involved. As a result, the repeatability of manual 

measurements is generally much poorer than automated systems. If one uses one 

of the more complex devices then the repeatability and accuracy improves but 

is still dependent on the personnel involved.

To incorporate the capability of adding track geometry measurement capabil­

ity to an existing test vehicle is expensive and, unless implemented using a 

comprehensive plan, will not provide the desired capabilities or results. 

Track geometry measurements utilize digitally implemented complex algorithms, 

including interactive correction terms between parameters, and special process­

ing techniques. Sensor placement and analog preprocessing are also significant 

to the data accuracy and repeatability. As a result, unless the test program 

is of sufficient duration to justify an expenditure to add this capability the 

use of. an existing automated track geometry test vehicle is a better solution.
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4.5 PERFORMANCE ISSUE ONBOARD INSTRUMENTATION SELECTION GUIDE

The following section provides complete guidelines to the selection of 

instrumentation to address the major performance issues addressed by the 

V/TIAT process. This information is provided in three parts. The first is an 

instrumentation requirements summary; the second is an instrumentation layout; 

and the third outlines the processing methodology. These three summary sheets 

are cross referenced.

If the evaluation of specific components is desired, a subset of the 

instrumentation defined for the related performance issues may be selected at 

the discretion of the user. For example, if the comparison of two lateral 

secondary suspension elements.is desired than a measurement of element 

deflection and one of lateral carbody acceleration above the truck 
centerplate may be sufficient.
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TABLE K-4.8 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE - HUNTING

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RAN6E FREQ. RESPONSE TYPE COMMENTS
1 ACCELEROMETER CAR800Y - A-END LATERAL ■2 ( 0 - 50 Hz SERVO HARD 

MOUNT
2 ACCELEROMETER CARBODY D-END LATERAL t2 ( 0 - 50 Hz SERVO HARD MOUNT
1 ACCELEROMETER AXLE LEADING AXLE 

TRAILING TRUCK LATERAL :10 | 0 - 30 Hz SERVO 3HOCK- MOUNT
4 ACCELEROMETER AXLE TRAILING AXLE 

TRAILING TRUCK
LATERAL • 10 % 0 - 30 III SERVO SHOCK- 

MOUNT
S DISPLACEMENT CARBODY TO TRUCK

TRAILING TRUCK LONGITUDINAL ±10 in 0 - 30 Hz POTENTIOMETER

s ACCELEROMETER AXLE LEADING AXLE 
TRAILING TRUCK

LONGITUDINAL !lO g 0 - 30 (lz SERVO SHOCK- MOUNT

OPTIONAL INSTRUMENTATION *
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
7 INSTRUMENTED ■HEELSET

TRAILING TRUCK LEADING AALE RIGHT SIDE LATERAL • 10 kips n . 100 liz INSTRUMENTED■HEELPLATE
a INSTRUMENTED ■NEELSET

TRAILING TRUC; LEADING AXLE LEFT SIDE LATERAL t 40 kips 0 - 100 Hz INSTRUMENTED
■HEELPLATE

>
INSTRUMENTED■HF.ELSF.T

TRAILING TUUC: LEADING AXLE 
RIGITT SIDE VERTICAL 0 • 50 kips 0 - 100 Hz INSTRUMENTED■HEELPLATE

10 INSTRUMENTED■HEELSET
TRAILING TRUCK LEADING AXLE LEFT SIDE VERTICAL 0 - SO kips 0 - 100 Hi INSTRUMENTED■HEELPLATE

* SEE FIGURE K-4.8 AND TABLE K-4.15 FOR INSTALLATION LOCATIONS 
AND PROCESSING METHODOLOGY
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"A” END DIRECTION OF TRAVEL "B” END

SIDE VIEW

IWS - INSTRUMENTED WHEELSET 
O  - GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.8 INSTRUMENTATION LAYOUT FOR HUNTING *

* SEE TABLE K-4.8 FOR TRANSDUCER PROPERTIES
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TABLE K-4.9 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE -
TWIST AND ROLL

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION ' POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 GYROSCOPE CARBODY C.G. VERTICAL *10° 0 1 XO Hz ABSOLUTE AAR SPEC D-65 REQUIRED
a ACCELEROMETER CARBODY C.G. LONGITUDINAL 12 ( 0 -30 Hz SERVO HARD MOUNT . SAME AS ABOVE

3 ACCELEROMETER CARBODY A-END LATERAL 12 1 0 *30 Hz SERVO BARD MOUNTSERVO HARD
SAME AS ABOVE

4 ACCELEROMETER ; CARBODY B-BND LATERAL *2 ■ 0 *30 Hz SAME AS ABOVEMOUNT
5 ACCELEROMETER CARBODY A-END VERTICAL »a « 0 •30 Hz SERVO HARD SAME AS ABOVE

ON CENTER LINE MOUNT
6 ACCELEROMETER CARBODY B-END RIGHT VERTICAL <2 K 0 •30 Hz SERVO HARD MOUNT SAMS AS ABOVE

7 ACCELEROMETER CARBODY B-END LEFT VERTICAL 12 ( 0 - 30 Hz SERVO HARD MOUNT SAME AS ABOVE

17 ACCELEROMETER CARBODY A-END RIGHT VERTICAL ♦2 g 0 - 30 Hz SERVO HARD MOUNT
SAME AS ABOVE

18 ACCELEROMETER CARBODY B-END LEFT VERTICAL 12 g 0 - 30 Hz SERVO HARD MOUNT
SAME AS ABOVE

OPTIONAL INSTRUMENTATION
* TRANSDUCER LOCATION POSITION ORIENTATION NANGE FREQ. RESPONSE TYPE COMMENTS
B DISPLACEMENT CARBODY TO TRUCE

RIGHT SIDE VERTICAL 110 In 0 - 10 Hi POTENTIOMETER CARBODT TO 
TRUCE ROLL

9 DISPLACEMENT CARBODY TO TRUCE
LEFT SIM VERTICAL ±10 in 0 - 10 Hi POTENTIOMETER CARBODY TO TRUCE ROLL

10 DISPLACEMENT SPRING GROUP RIGHT SIDE VERTICAL ±10 Id 0 * 10 Hz POTENTIOMETER SPRING GROUP DEFLECTION
11 DISPLACEMENT SPRING GROUP LEFT SIDE VERTICAL tlO in 0 - 10 Hz POTENTIOMETER 8PRING GROUP DEFLECTION
12 CAMERA LEAD AXLE AXLECENTERLINE

VERTICAL - - VIDEO DETERMINE 
WHEEL LIFT

13 INSTRUMENTEDMHEELSET TRAILING TRUCILEADING AXLE RIQ1T SIDE
LATERAL ±40 kips 0 - 100 Hi INSTRUMENTED

NHEELFLATE
14 INSTRUMENTED WHEELSET

TRAILING TRUCK LEADING AXLE LEFT SIDE
LATERAL ±40 kips 0 - 100 HI INSTRUMENTEDNHEELFLATE

15 INSTRUMENTEDMHEELSET TRAILING TRUCK AXLERltJIT SIDE
VERTICAL 0 - SO kips 0 * 100 Hz INSTRUMENTEDNHEELPLATE

16 INSTRUMENTEDMHEELSET rRAILING TRUCK AXLELEFT SIDE
VERTICAL 0 • SO kipi 0 - 100 Hi INSTRUMENTEDNHEELPLATE

* SEE FIGURE K-4.9 AND TABLE K-4.16 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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SIDE VIEW

A  - ACCELEROMETER 
O  ~ DISPLACEMENT TRANSDUCER 
IWS - INSTRUMENTED WHEELSET 
O  * GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.9 INSTRUMENTATION LAYOUT FOR TWIST AND ROLL*

* SEE TABLE K-4.9 FOR TRANSDUCER PROPERTIES
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TABLE K-4.10 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE -
PITCH AND BOUNCE

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 ACCELEROMETER CARBODY A-END ON CENTERLINE VERTICAL s 2 g 0 - 30 Hi ■ SERVO HARD MOUNT

2 ACCELEROMETER CARBODY B-END ON CENTERLINE VERTICAL l 2 g 0 - 30 Hi SERVO HARD MOUNT

OPTIONAL INSTRUMENTATION
& TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
3 DISPLACEMENT SPRING GROUP RIGHT SIDE VERTICAL t 10" 0 - 10 Hi POTENTIOMETRIC SPRING

GROUPDEFLECTION
4 DISPLACEMENT SPRING GROUP LEFT SIDE VERTICAL t 10" 0 - 10 Hi P0TENT10METRIC

* SEE FIGURE K-4.10 AND TABLE K-4.18 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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"A” END DIRECTION OF TRAVEL "B” END

SIDE VIEW

CARBODY

A  - ACCELEROMETER 
O  - DISPLACEMENT TRANSDUCER 
IWS - INSTRUMENTED WHEELSET 
O  ’ GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.10 INSTRUMENTATION LAYOUT FOR PITCH AND BOUNCE *

* SEE TABLE K-4.10 FOR TRANSDUCER PROPERTIES
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TABLE K-4.11 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
YAW AND SWAY

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 ACCELEROMETER CARBODY A-END LATERAL * 2 B, 0 - 30 Hz SFRVO HARD MOUNT'
z ACCELEROMETER CARBODY B-END LATERAL * 2 g 0-- JO Hx SERVO HARD MOUNT
3 DISPLACEMENT CARBODY TO 

TRUCK riqtt side VERTICAL t 10M 0 - 10 Hz POTENTIOMETRIC CARBODY TO 
TRUCK ROLL

4 DISPLACEMENT CARBODY TO TRUCK LEFT SIDE VERTICAL t 10" 0 • 10 Hz POTENTIOMETRIC CARBODY TO TRUCK ROLL

OPTIONAL INSTRUMENTATION
* TRANSDUCER LOCATION PosmoN ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
3 INSTRUMENTED WHEELSET TRAILING TRUCK LEADING AXLE RIGHT SICE LATERAL x 40 kips 0 • 100 HX INSTRUMENTEDNHEELPLATE
6 INSTRUMENTEDNIIEELSET

TRAILING TRUCK LEADING AXLE LEFT SIDe
LATERAL x 40 kips 0 • 100 Hx INSTRUMENTED

NHEELPLATE
7 INSTRUMENTED 

WHEELSET
TRAILING TRUCK AXLERIGHT SIDE VERTICAL 0 • 50 kips 0 • 100 Hz INSTRUMENTEDNHEELPLATE

s INSTRUMENTED WHEELSET TRAILING TRUCK AXLELEFT SIDE VERTICAL 0 • SO kips 0 • 100 Hx INSTRUMENTED
NHEELPLATE

* SEE FIGURE K-4.11 AND TABLE K-4.17 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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"A” END DIRECTION OF TRAVEL "B” END

SIDE VIEW

A - ACCELEROMETER 
O  ~ DISPLACEMENT TRANSDUCER 
IWS - INSTRUMENTED WHEELSET 
O  - GYROSCOPE 
□  -CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.11 INSTRUMENTATION LAYOUT FOR YAW AND SWAY*

* SEE TABLE K-4.11 FOR TRANSDUCER PROPERTIES
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TABLE K-4.12 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
STEADY-STATE CURVING

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 INSTRUMENTED TRAILING TRUCK LEADING AXLE LATERAL t 40 kips 0 - 100 Hz INSTRUMENTED

WHEELSET R1QIT SIDE . WHEELPLATE
2 INSTRUMENTED TRAILING TRUCK LEADING AXLE LATERAL : 40 kips 0 - 100 Hi INSTRUMENTED

WHEELSET LEFT SIDE MHEELPLATE
3 INSTRUMENTED TRAILING TRUCK LEADING AXLE VERTICAL 0 - SO kips 0 ■ 100 Hz INSTRUMENTED

WHEELSET RIGHT SIDE WHEELPLATE
4 INSTRUMENTED TRAILING TRUCK LEADING AXLE VERT1 CAL 0-50 kips 0 • 100 Hz INSTRUMENTED

WHEELSET LEFT SIDE WHEELPLATE
5 INSTRUMENTED TRAILING TRUCK TRAILING AXLE LATERAL i 40 kips 0 - 100 Hz INSTRUMENTED

WHEELSET R1QIT SIDE WHEELPLATE
6 INSTRUMENTED TRAILING TRUCK TRAILING AXLE LATERAL t 40 kips o - ion Hz INSTRUMENTED

WHEELSET LEFT SIDE WHEELPLATE
7 INSTRUMENTED TRAILING TRUCK TRAILING AXLE VERT! CAL 0-50 kips 0 - 100 Hz INSTRUMENTED

WHEELSET RIGHT SIDE WHEELPLATE
8 1NSTRUMENTED TRAILING TRUCK TRAILING AXLE VERTICAL 0 - SO kips n - loo Hz INSTRUMENTED

WHEELSET LEFT SIDE WHEELPLATE
9 ACCELEROMETER CARBODY CENTERLINE LATERAL 0 • 30 Ht SERVO HARD PASSENGER

A* END MOUNT COMFORT
10 ACCELEROMETER CARBODY CENTERLINE LATERAL i I |'S 0 • SO Hi SERVO HARD

- S-ENP MOUNT
ii •

•Transducers 1-14 arc duplicites of 1*4 and would be used inly if 3 izl* rucks vert invoIved.

OPTIONAL INSTRUMENTATION
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
15 ACCELEROMETER AXLE LEADING AXLE 

TRAILING TRUCK
LATERAL z 10 | 0 - 30 Hz SERVO SHOCK 

MOUNT
16 ACCELEROMETER AXLE TRAILING AXLE TRAILING TRUCX LATERAL t 10 1 0 • 30 Hz SERVO SHOCK MOUNT
1! DISPLACEMENT SECONDARYSUSPENSION RIOIT SIDE LATERAL £ S’* 0 - 10 Hz POTENTIOMETRIC

1R DISPLACEMENT SECONDARYSUSPENSION LEFT SIDE LATERAL 1 5" 0 - 10 Hz POTENTIOMETRIC

19 DISPLACEMENT PRIMARYSUSPENSION RIGHT SIDE LATERAL s 3" 0 - 10 Hz POTENTIOMETRIC
20 DISPLACEMENT PRIMARY

SUSPENSION
LEFT SIDE LATERAL 1 1" 0 - 10 Hz POTENTIOMETRIC

21 PROXIMITY TRAILING TRUCX 
LEADING WHEEL SIDE FRONT

RIGHT SIDE LATERAL 1 3" 0 - 20 Hz MAGNETIC TO PROVIDE 
WHEEL AOA

22 PROXIMITY TRAILING TRUCK LEADING WHEEL REAR SIDE
RIGHT SIDE LATERAL . JM 0 - 20 Hz MAGNETIC TO PROVIDE 

WHEEL AOA

* SEE FIGURE K-4.12 AND TABLE K-4.19 FOR INSTRUMENTATION LOCATION 
AND PROCESSING METHODOLOGY
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"A” END DIRECTION OF TRAVEL "B” END

SIDE VIEW

IWS - INSTRUMENTED WHEELSET 
O  - GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.12 INSTRUMENTATION LAYOUT FOR STEADY-STATE CURVING*

* SEE TABLE K-4.12 FOR TRANSDUCER PROPERTIES
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TABLE K-4.13 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE - 
SPIRAL NEGOTIATION

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 INSTRUMENTED WHEELSET TRAILING TRUCE LEADING AXLE RIGHT SIDE LATERAL • 40 kips 0 - 100 Hz INSTRUMENTED 

WHEELPLATE
7 INSTRUMENTEDWHEELSET* rRAILING TRUCK LEADING AXLE LEFT SIDE LATERAL t 40 kips 0 - 100 Hz INSTRUMENTED WHEELPLATE
3 INSTRUMENTEDWHEELSET TRAILING TRUCK LEADING AXLE RIGHT SIDE VERTICAL 0-50 kips 0 • 100 Hz INSTRUMENTEDWHEELPUTE
4 INSTRUMENTEDWHEELSET TRAILING TRUCE LEADING AXLE LEFT SIDE VERTICAL 0 » SO kips n - ioo Hz INSTRUMENTEDWHEELPUTE
S INSTRUMENTEDWHEELSET TRAILING TRUCE TRAILING AXLE RIGHT SIDE LATERAL t 40 kips 0 - 100 Hz INSTRUMENTEDWHEELPUTE
6 INSTRUMENTED WHEELSET THAI LI NC TRUCE TRAILING AXLE LEFT SIDE LATERAL ♦ 40 kips 0 - 100 Hz INSTRUMENTEDWHEELPUTE
7 INSTRUMENTEDWHEELSET TRAILING TRUCE TRAILING AXLE RIGHT SIDE VERTICAL 0 - SO kips 0 - 100 Hz INSTRUMENTED

WHEELPUTE
8 INSTRUMENTEDWHEELSET TRAILING TRUCE TRAILING AXLW 

LEFT SIDE VERTICAL 0 - SO kips 0 • 100 Hz INSTRUMENTED
WHEELPUTE

9 ACCELEROMETER carbody CENTERLINE 
A* END LATERAL t Z is 0 • 30 Hz SERVO HARD 

MOUNT
PASSENGER
COMFORT

10
11

ACCELEROMETER
•
•Tr»fi«duc«rj 11

CARBODY

-14 ire duplici

CENTERLINE B- END

;«s of 1-4 and »

LATERAL

ould bo usdd or

t Z g' s

ly if 3 axl* tT

Q - 30 Hz 

icks »trt invol

SERVO HARD 
MOUNT

•d.

15 ACCELEROMETER CARBODY C.G. LONGITUDINAL i 2 g 0 - 50 Hi SERVO HARD MOUNT
AAR SPEC D-6S

16 ACCELEROMETER CARBODY A-ENDON CENTERLINE VERTICAL ! I I O'- 30 Ht SERVO HARD MOUNT
SAME AS ABOVE

17 ACCELEROMETER CARBODY B-END RIGHT VERTICAL t 2 i 0 - 30 Hz SERVO HARD MOUNT
SAME AS ABOVE

18 ACCELE ROOTER CARBODY A-END LEFT VERTICAL t 2 g 0 * 30 Hz SERVO HARD 
MOUNT

SAME AS ABOVE

OPTIONAL INSTRUMENTATION
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
19 ACCELEROMETER AXLE LEADING AXLE 

TRAILING TRUCK LATERAL i 10 1 0 • 30 Hz SERVO SHOCK MOUNT
20 ACCELEROMETER AXLE TRAILING AXLE 

TRAILING TRUCK LATERAL ; 10 g 0 • 30 Hz SERVO SHOCK MOUNT
21 DISPLACEMENT SECONDARYSUSPENSION RIGHT SIDE LATERAL i 5M 0 * 10 Hz POTENTIOHETRIC
22 DISPLACEMENT SECONDARYSUSPENSION LEFT SIDE LATERAL t S" 0 - 10 Hz POTENTIOHETRIC
23 DISPLACEHENT PRIMARYSUSPENSION RIOIT SIDE LATERAL t 1" 0 - 10 Hz POTENTIOHETRIC
24 DISPLACEMENT PRIMARYSUSPENSION LEFT SIDE LATERAL t 1" 0 • 10 Hz POTENTIOHETRI C
25 PROXIMITY TRAILING TRUCK 

LEADING WHEEL FRONT SIDE
RIOIT SIDE LATERAL t I" 0 • 20 Hi MAGNETIC TO PROVIDE 

WHEEL AOA
26 PROXIMITY TRAILING TRUCX LEADING WHEEL REAR SIDE

RIGHT SIDE LATERAL t 3" 0 - 20 Hz MAGNETIC TO PROVIDE WHEEL AOA

* SEE FIGURE K-4.13 AND TABLE K-4.20 FOR INSTRUMENTATION LOCATIONS AND
PROCESSING METHODOLOGY
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SIDE VIEW

IWS - INSTRUMENTED WHEELSET 
O  - GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.13 INSTRUMENTATION LAYOUT FOR SPIRAL NEGOTIATION *

* SEE TABLE K-4.13 FOR TRANSDUCER PROPERTIES
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TABLE K-4.14 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
DYNAMIC CURVING

MINIMUM INSTRUMENTATION REQUIREMENT
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS

1 INSTRUMENTF.0 ■heelsft TRAILING TRUCK LEADING AXLE RIGHT SIDE LATERAL t 40 kips 0 - 100 Hx INSTRUMENTED■IIF.ELPLATR
2 INSTRUMENTED■MF.FLSET TRAILING TRUCK LEADING AXLE LEFT StDB LATERAL t 40 kips 0 - 100 Hx INSTRUMENTED■HEELPLATE
3 !NSTRUMENTED ■HfiELSET TRAILING TRUCK LEADING AXLE RIfSIT SIDE VERTICAL 0 - SO kips 0 100 Hx a INSTRUMENTED■HEELPLATE -
1 1NSTRUMENTED ■HEELSET TRAILING TRUCK LEAOING AXLE LEFT SIDE VERTICAL 0 - SO kips 0 • 100 Hx INSTRUMENTED■HEELPLATE
5 INSTRUMENTED■hbelset TRAILING TRUCK TRAILING AXLE' RIGHT SIDE LATERAL t *0 kips 0 • 100 Hz instrumented■HEELPLATE
6 INSTRUMENTED • IIHKLSET TRAILING TRUCK trailing axleLEFT SIDE LATERAL t 40 kips 0 - 100 Hx INSTRUMENTED■HEELPLATE
7 INSTRUMENTEDNIIEF1.SCT TRAILING TRUCK TRAILING AXLE RIGHT SIDE VERTICAL 0 • SO kips 0 • 100 Hx 1 NSTRIJMENTED ■HEELPLATE
n INSTRUMENTED

nmfelset
TRAILING TRUCK TRAILING AIL* LEFT SIDE VF.RTI CAL 0 - SO kips 0 - 100 Hi INSTRUMENTED

■HEELPLATE
9 ACCELEROMETER :arbody CENTERLINE A-END LATERAL * : i-s 0 • 30 Hz SERVO HARO MOUNT PASSENGER

COMFORT
10
11

ACCELEROMETER
•

CARflODY centerline0- END LATERAL t : fs 0 - 30 Hx SERVO HARD MOUNT

'Transducers 1)• 14 are duplies es of 1*4 and *ould be used oily i f 3 axle ericks were ineol ed.
1 s ACCKI.PROMPTER CARnonr i:.g. LONG mini NAI. • 2 K 0 • 30 III srirvo hardMOUNT AAR SPEC »-AS
IIS ACCELEROMETER CARRODY A-ENDON CENTERLINE VERTICAL - i i o • 30 ilx SCRVO HARD MOUNT SAME AS ABOVE
17 ACCELEROMETER. CARRODY B-rnu right VERT 1 CAL ! 2 8 0 - 30 Hr. SERVO HARD MOUNT SAME AS AROVE
1 ft AlTEIERO METER CARRODY b-i:nd lf.ft VERTICAL = 1 8 0 • 30 Hx SERVO HARD H.HIMT SAMI- AS AimVE

OPTIONAL INSTRUMENTATION
* TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
19 ACCELEROMETER AXLE LEADING AXLE TRAILING TRUCK LATERAL i ID I 0 • 30 Hi SERVO SHOCK MOUNT
ZD ACCELEROMETER AXLE TRAILING AXLE TRAILING TRUCK LATERAL ! 10 f 0 - 30 Hz SERVO SHOCK MOUNT
21 DISPLACEMENT SECONDARYSUSPENSION R!WIT SIDE LATERAL i 5** 0 ■ 10 Hz POTENTlOMETRIC
22> DISPLACEMENT SECONDARYSUSPENSION LEFT STDE LATERAL t 5" Q - 10 Hz POTEMTIOMETRIC
23 DISPLACEMENT PRIMARYSUSPENSION rujit sioe LATERAL * r* 0 • 10 Hi POTENTIOMETRIC
21 DISPLACEMENT PRIMARYSUSPENSION LEFT SIDE LATERAL i 1- 0 • 10 Hi POTEMTIOMETRIC
25 PROXIMITY TRAILING TRUCK 

LEADING WHEEL FRONT SIDE
RIOIT SIDE LATERAL t 3" 0 - 20 ill MAGNETIC TO PROVIDE 

■HEEL AOA
26 PROXIMITY TRAILING TRUCK LEADING WHEEL REAR SIDE

RIGHT SIDE LATERAL i 3” 0 - 20 Hz MAGNETIC TO PROVIDE NHEEL AOA

* SEE FIGURE K-4.14 AND TABLE K-4.21 FOR INSTRUMENTATION LOCATIONS
AND PROCESSING METHODOLOGY
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SIDE VIEW

IWS - INSTRUMENTED WHEELSET 
O  - GYROSCOPE 
□  - CAMERA 
□  - PROXIMITY SENSOR

FIGURE K-4.14 INSTRUMENTATION LAYOUT FOR DYNAMIC CURVING *

* SEE TABLE K-4.14 FOR TRANDUCER PROPERTIES
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TABLE K-4.15 PROCESSING METHODOLOGY - HUNTING

UNITS
CARBODY SWAY = ( a 1 + a 2 ) / 2  g ' s

CARBODY YAW = ( a ^  -  a 2 ) ( 3 8 6 / £ c )  r a d i a n s / s e c ^

T R U C K  SWAY = ( a .  * a 4 ) / 2  g ’ s

T R U C K  YAW = ( a -  -  a 4 ) ( 3 8 6 / £ c ) r a d  i a n s / s e c "

T R U C K  S W I V E L  = S i n ^ X j / d  = 180 X j / n d  d e g r e e s

R i g h t  S i d e  L a t e r a l  F o r c e ,  F ,  k i p s  

R i g h t  S i d e  V e r t i c a l  F o r c e ,  Fg k i p s  

R i g h t  S i d e  L / V

L e f t  S i d e  L a t e r a l  F o r c e ,  Fg k i p s  

L e f t  S i d e  V e r t i c a l  F o r c e ,  F ^ g  k i p s  

L e f t  S i d e  L / V

TABLE K-4.16 PROCESSING METHODOLOGY - TWIST AND ROLL
UNITS

CARBODY T W I S T
U 6 . '

a 7 ) -  (a.18 -  a 1 ? 3 ( 3 8 6 / W ) r a d i a n s / s e c “

CARBODY SWAY ( a 3 * a 4 ) / 2 g ' s

CARBODY BOUNCE = [ a  ♦ (
' a 6 * a 7 \ l

/ 2 g ’ s
L s ^ )\

CARBODY ROLL ( a 6 ‘ a 7 ) ( 3 8 6 / w )
2

r a d i a n s / s e c

CARBODY P I T C H [ a 5 -
( a 6 ♦ a , )

■] ( 3 8 6 / r a d i a n s / s e c ^2

CARBODY YAW C a 5 - a 4 ) ( 3 8 6 / t c ) r a d i a n s / s e c ^

CARBODY T O  T R U C K  R O L L  = ( X 8 - X 9 ) / a r a d i a n s

R i g h t  S i d e  L a t e r a l F o r c e , F 13
k i p s

R i g h t  S i d e  V e r t i c a l  F o r c e , . F 15 

R i g h t  S i d e  L / V

L e f t  S i d e  L a t e r a l  F o r c e ,  F ^ 4 

L e f t  S i d e  V e r t i c a l  F o r c e ,

L e f t  S i d e  L / V

k i p s

k i p s

k i p s
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TABLE K-4.17 PROCESSING METHODOLOGY - YAW AND SWAY

UNITS
CARBODY- SWAY =■ ( a x ♦ a 2 ) / 2 g ' s

CARBODY YAW = ( a j  -  a 2 ) ( 3 8 6 / l c )
, .  , 2 

r a d i a n s / s e c

CARBODY T O  T R U C K  RO L L  = ( X 3 '  X 4 5
a

r a d i a n s

L a t e r a l  F o r c e  L e a d i n g  A x l e  T r a i l i n g  T r u c k  
R i g h t  S i d e ,  F j

k i p s

V e r t i c a l  F o r c e  L e a d i n g  A x l e  T r a i l i n g  T r u c k  
R i g h t  S i d e ,  F ?

k i p s

L / V  L e a d i n g  A x l e  T r a i l i n g  T r u c k  R i g h t  S i d e

L a t e r a l  F o r c e  L e a d i n g  A x l e  T r a i l i n g  T r u c k  k i p s
L e f t  S i d e ,

V e r t i c a l  F o r c e  L e a d i n g . A x l e  T r a i l i n g  T r u c k  k i p s
L e f t  S i d e ,  F g

L / V  L e a d i n g  A x l e  T r a i l i n g  T r u c k

TABLE K - 4 . 1 8  P R O C E S S I N G  M E T H O D O L O G Y  - P I T C H  A N D  B O U N C E

CARBODY BOUNCE

UNITS

CARBODY P I T C H
-  A 

T ~
c

r a d i a n s / s e c ^
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TABLE K-4.19 PROCESSING METHODOLOGY - STEADY-STATE CURVING

CARBODY YAW - ( a x * a , ) / 2

CARBODY SWAY = ( 3 l  ♦ a 2 ) ( 3 8 6 / * c )

C*18 ' X19>
CARBODY T O  T R U C K  YAW -  --------------- j --------------

L a t e r a l  F o r c e  R i g h t  S i d e  L e a d i n g  A x l e  
T r a i l i n g  T r u c k ,  F^

V e r t i c a l  F o r c e  R i g h t  S i d e  L e a d i n g  A x l e  
T r a i l i n g  T r u c k ,  F .= j

L / V  R i g h t  S i d e  L e a d i n g  A x l e  T r a i l i n g  T r u c k ,

L a t e r a l  F o r c e  L e f t  S i d e  L e a d i n g  A x l e  
T r a i l i n g  T r u c k ,  F ,

V e r t i c a l  F o r c e  L e f t  S i d e  L e a d i n g  A x l e  
T r a i l i n g  T r u c k ,

L / V  L e f t  S i d e  L e a d i n g  A x l e ,  T r a i l i n g  T r u c k

L a t e r a l  F o r c e  R i g h t  S i d e  T r a i l i n g  A x l e  
T r a i l i n g  T r u c k ,  F .

V e r t i c a l  F o r c e  R i g h t  S i d e  T r a i l i n g  . A xl e  
T r a i l i n g  T r u c k ,  F .

L / V  R i g h t  S i d e  T r a i l i n g  A x l e  T r a i l i n g  T r u c k  
T r u c k

L a t e r a l  F o r c e  L e f t  S i d e  T r a i l i n g  A x l e  
T r a i l i n g  T r u c k ,  F ^

V e r t i c a l  F o r c e  L e f t  S i d e  T r a i l i n g  A x l e  
T r a i l i n g  T r u c k ,  Fg

L / V  L e f t  S i d e  T r a i l i n g  A x l e  T r a i l i n g  T r u c k

Angle of A tta ck  (AOA) “  ^21 *22
l

UNITS
g ' s

r a d  i a n s / s e c  

r a d i a n s / s e c

k i p s

k i p s

k i p s

k i p s

k i p s

k i p s

k i p s

k i p s

r a d i a n s
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TABLE K-4.20 PROCESSING METHODOLOGY - SPIRAL NEGOTIATION

UNITS
CARBODY SWAY = (ag + a1Q)/2 g’s

CARBODY BOUNCE = [alfi + (a17 + ais)j ,, g 's

CARBODY ROLL = (a17 - alg)(386/w) radians/sec

CARBODY PITCH = [alfi - (a17 + a^)/2] (386/J-c) radians/sec

CARBODY YAW - (a1& - a10)(386/lc) radians/sec

Lateral Force Right Side Leading Axle 
Trailing Truck, F̂ kips

Vertical Force Right Side Leading Axle 
Trailing Truck, F̂ kips

L/V Right Side Leading Axle Trailing Truck, -

Lateral Force Left Side Leading Axle 
Trailing Truck, F£ kips

Vertical Force Left Side Leading Axle 
Trailing Truck, F̂ kips

L/V Left Side Leading Axle, Trailing Truck -

Lateral Force Right Side Trailing Axle 
Trailing Truck, Fg kips

Vertical Force Right Side Trailing Axle 
Trailing Truck, F7 kips

L/V Right Side Trailing Axle Trailing Truck - ■

Lateral Force Left Side Trailing Axle 
Trailing Truck, Fg kips

Vertical Force Left Side Trailing Axle 
Trailing Truck, Fg kips

L/V Left Side Trailing Axle Trailing Truck -

Angle of Attack (AOA) ■  *25 "  *26 radians
b
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TABLE K-4.21 PROCESSING METHODOLOGY - DYNAMIC CURVING

UNITS
CARBODY SWAY = (ag + a

! 0 > ' 2
g 's

CARBODY BOUNCE
Ca 1 7  * a 1 8 )

n g 'sa16 + 2

CARBODY ROLL = (a17 - a18)(386/w)
2radians/sec

CARBODY PITCH = [a16 - (a17 + a18) / 2 ] ( 3 8 6 / J L c ) radians/sec2

CARBODY YAW = (a16 - a1Q) (386/S.c>
2radians/sec

Lateral Force Right Side Leading Axle- 
Trailing^ Truck, F̂

Vertical Force Right Side Leading .Axle 
Trailing Truck, F.

L/V Right Side Leading Axle Trailing Truck,

Lateral Force Left Side Leading .Axle 
Trailing Truck, F̂

Vertical Force Left Side Leading Axle 
Trailing Truck, F̂

L/V Left Side Leading Axle, Trailing Truck

Lateral Force Right Side Trailing .Axle 
Trailing Truck, Fg

Vertical Force Right Side Trailing .Axle 
Trailing Truck, F,

L/V Right Side Trailing Axle Trailing Truck

Lateral Force Left Side Trailing Axle 
Trailing Truck, Fg

Vertical Force Left Side Trailing Axle 
Trailing Truck, Fg

L/V Left Side Trailing Axle Trailing Truck
Angle of Attack (AOA) - P 25 " P 26

b

kips

kips

kips

kips

kips

kips

kips

kips

radians
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K . 5 . 0  WAYSIDE INSTRUMENTATION

K.5.1 INTRODUCTION

Wayside measurement of dynamic loads and displacements provides a funda­

mental basis for the evaluation understanding and design of both vehicle and 

track structure components and/or systems. Although wheel/rail load measure­

ment data i s  considerably more prevalent than track structure deflection data, 

both are required to fu lly  understand the complex vehicle/track structure 

interactions which take place.

In the past, veh ic le/ track  in te ra c t io n  responses have been assessed 

either ana ly tica lly  or by testing on available track. Test resu lts from a 

variety of d ifferent test conditions, locations, and procedures have made the 

comparison of vehicle performance characteristics extremely d if f ic u lt .  Fur­

thermore, meaningful evaluations have been complicated by inconsistencies in 

measurement techniques and instrumentation.

It  has been generally recognized Ref. [21] that future test programs would 

greatly benefit from s ign ifican t improvements and standardization in the 

wayside instrumentation techniques used. Furthermore, i t  i s a l s o  recognized 

that f ie ld  testing typ ica lly  incurs large expenditures of manpower, equipment 

and other resources associated with setting up test procedures, instrumenta­

tion, establishment of lo g is t ic s ,  means to support data co llection, searching 

for a representative s ite , tear down, etc.

K.5.2 MEASUREMENT REQUIREMENTS

In order to establish some type of baseline for selection of instrumenta­

tion, i t  was necessary to define a set of desired measurement parameters and 

requirements. The desired measurement parameters were b asica lly  derived from 

a b rie f lite ra tu re  search as summarized in Table K-5.1. As intended, the 

in it ia l set of measurement requirements precipitated further "refinements", 

p r im a r ily  w ith regard to accuracy requirem ents. The parameter ranges
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presented in Table K-5.2 are in some cases greater than those shown in Table 

K-5.1. These differences are attributable to recent (unpublished) test data 

in combination with anticipated V/T IAT te sts and test conditions. Likewise 

the accuracy requirements shown in Table K-5.2 are considered necessary to 

sa t is fy  the analysis requirements as presently defined.

T ABLE K-5.1 L ITERATURE SURVEY TO  C H A R A C T E R I Z E  E X P E C T E D  RANG E S
A N D  REQU I R E D  A C C U R A C I E S  F O R  SP E C I F I E D  W A Y S I D E  M E A S U R E M E N T S

MEASUREMENT IOFNTIFIED MEASUREMENT RANGES AND REFERENCE 
(references 1n parenthesis)

SOURCE

1. VERTICAL RAIL FORCE
24-40 kips 
static 
(11. pg. 8)

104 klps-lmpact 
loads from wheel 
flats (2, Pg. 4)

90 kips 
dynamic 
(13, pq. 24)

75 kips 
dynamic 
(7. P9- «>

53 kips 
dynamic 
(5. pg. 560)

2. LATERAL RAIL FORCE 22 kips
(?. pg. * )

25 kips 
(7. pg. 44)

20-27.5 kips 
(5, pg. 566)

55 kips 
(13. pg. 27)

30 kips 
(W. pg. 26)

3. LATERAL RAIL BASE DISPLACEMENT ♦ .?5 In 
(transit ref) 
(14, pg. 23)

4. TIE MOTION
- Liter*! .25 - .3

(4, pg. 510-511)
.1 - .42 In
(6. pg. C32)

.4 In
(8. pg. 110)

• Vertical .25 - .5 In 
(6. pg. 57)

.8 In
(6. pg. C31)

• Longitudinal ♦ 2.25 • skew 
(7, P9. 96)

.01 In lyp. accu­
racy req’d for 
creep (7. Pq. 95)

.25 In
(10, pq. 323)

5- LATERAL RAIL HD. DISPLACEMENT .13 In
(5, pg. 567)

.3 In
(13. pg. 53)

.5 In
(15, pg. 22)

6. VERTICAL RAIL HD. DISPLACEMENT .37 In
(9. pq. 254)

.06 to .125 In 
(9, pq. 256)

♦ .2 to -.8 In 
(15. pq. 22)

7. LONGITUDINAL RAIL FORCE 13,000-35,000 lbs. 
(13. pg. 28-31)

60,000 lbs 
(16. pg. 3)

8. TRACK MODULUS 500 - 13,000 psl 
(13. pg. 47)

16,000 psl
08. pg. 29)

9. LONGITUDINAL RAIL DISPLACEMENT ♦.15 In. 
(transit ref) 
<14. P9. «6)

10. DYNAMIC GAGE WIDENING .02 to .25 In 

(1. P9* 6)

.475 In 

(5. pg. 569)

.75 In
(quasi-static) 
(12. P9. 24)

1.0 In
(Lab Tests)

J(17, pg. 26)
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T A B L E  K-5.2 S U M M A R Y  OF T E N TATIVE M E A S U R E M E N T  P A R A M E T E R S  AND 
M E A S U R E M E N T  REQUIREMENTS

M e a s u r e m e n t  P a r a m e t e r  Max i mum R a n g e R e q u i  r e d  
A c c u r a c y Coalmen t s / C o n d i  t i o n s

1 . V e r t i c a l  R a i l  
F o r c e

0 -  1 0 0  K i p s  
( 1 )

i  1 .  K i p

2 . L a t e r a l  R a i l  
F o r c e

- 2 0 K  t o  
+ 7 5K  ( 2 )

*_ 1 K i p

- 0 . 1  t o  
+ 0 . 1 5  ( 3 )

+ . 0 0 5

3 . R a i l  L a t e r a l  B a s e  
D i s p l a c e m e n t

- . 1  t o  + 0 . 8  
( 4 )

+ . 0 0 5

4 . T i e  M o t i o n  
a )  l a t e r a l

t r a n s l a t i o n

+ . 0 8  i n  ( 5 ) + 0 . 0 0 5

b )  v e r t i c a l
t r a n s l a t i o n

- 0 . 1 0  t o  + 0 . 4  
( 9 )

c )  l o n g i t u d i n a l  
t r a n s l a t i o n

+ . 0 8  i n + . 0 0 5

d )  r o t a t i o n
( v e r t i c a l  a x i s )

+ 0 . 4 5 °  ( 6 ) + . 0 1 °

e )  r o t a t i o n  ( l a t e r a l  
a x i s )

+ 0 . 0 8 °  ( 6 ) + . 0 0 5 °

f )  r o t a t i o n  ( l o n g i ­
t u d i n a l  a x i s ) + 0 . 7 °  ( G ) + . 0 1 °

5 . L a t e r a l  R a i l  
R e a d  D i s p l a c e m e n t

- 0 . 1 5  t o  
- 0 . 2  t o  1 . 5  ( B )

♦ . 0 0 5  
+ . 0 5

6 . V e r t i c a l  R a i l  R e a d  
D i s p l a c e m e n t

- 0 . 1 5  t o  
+ 0 . 4  ( 9 )

+ . 0 0 1 ( 1 0 )

7 . L o n g i t u d i n a l  R a i l  
F o r c e

- 5 0 K  t o  + 1 0 0 K  
( 1 1 )

+ 10 K i p s

8 . T r a c k  M o d u l u s 5 0 0  t o  4 , 0 0 0  
L b / i n / i n  ( 1 2 )

( 1 3 )

9 . L o n g i t u d i n a l  R a i l  
D i s p l a c e m e n t

+ 0 . 3  i n + 0 . 0 1  i n .

1 0 . D y n a m i c  g a u g e  
w i d e n i n g

+ 0 . 0 5  t o  0 . 5  
( 1 4 )

+ . 0 0 5  i n .

+ 0 . 0 5  t o  2 . 0  
( 1 5 )

( 1 )  R a s e d  u p o n  s i n g l e  a x l e  d y n a m i c  l o a d  f o r  
p e r t u r b e d  r e s p o n s e  o f  l o c o m o t i v e  (* 5 0  K i p s  S t a t i c )  
t o t a l  t r u c k  l o a d s  c o u l d  b e  s u b s t a n t i a l l y  h i g h e r  
b u t  s p a c i a l  d i s t r i b u t i o n  o f  l o a d s  v a r i e s .

( 2 )  N e g a t i v e  l o a d s  n o m i n a l l y  i n  r a n g e  o f  - 1  t o  
- 1 0  K i p s .  P e a k  o f  + 7 5  K i p s  b a s e d  u p o n  l o c o m o t i v e  
r e s p o n s e .  P e a k  f r e i g h t  c a r  t y p i c a l l y  i n  r a n g e
o f  +24 K i p s / a x l e .  A g a i n  t r u c k  l o a d s  a r e  s i g n i f i ­
c a n t ;  r a i l  f a i l u r e  r e l a t e d  w o r k  r e q u i r e s  
s i m u l t a n e o u s  j o i n t  e v e n t  d a t a  s u p e r i m p o s e d  w i t h  
v e r t i c a l  l o a d  c o n d i t i o n s .

( 3 )  R a s e d  o n  n o m i n a l ,  new t r a c k  s t i f f n e s s  u n d e r  
s i n g l e  a x l e  r e s p o n s e .

( 4 )  R a s e d  u p o n  s t i f f n e s s  o f  c l a s s  2 t r a c k  
w i t h  c l a s s  2 d y n a m i c  l o a d s .

(.ri )  R a s e d  on e l a s t i c  d e f l e c t i o n  o f  t r a c k  
s t r u c t u r e .  Up  t o  1 . 0  i n  c o u l d  b e  e x p e c t e d  
d u e  t o  f u l l  t r u c k  l o a d s .

( 6 )  R a s e d  o n  c o n s i d e r a t i o n s  o f  d i s p l a c e m e n t s  
a s  l i s t e d  b e l o w .

( 7 )  R a s e d  o n  new t r a c k ,  n e w l y  s p i k e d  t i e s ,  
n o m i n a l  l o a d s  o f  2 0  K i p s / a x l e  ( C l a s s  4 t r a c k )

( 8 )  B a s e d  o n  C l a s s  2  t r a c k  c o n d i t i o n s ,  u n d e r  s i n g l e  
a x l e  l o a d s  o f  2 0 - 2 4  K i p s .  U n d e r  t y p i c a l
f r e i g h t  c a r  t r u c k  l o a d s ,  d i s p l a c e m e n t s  o f  2 
t o  2 . 5  I n c h e s  m i g h t  o c c u r .

( 9 )  B a s e d  o n  t r a c k  m o d u l u s  o f  2 0 0 0  L b / i n / i n ,
4 OK a x l e  l o a d s  o n  7 0 "  t r u c k ,  70 A SC E  r a i l  
( p o s i t i v e  d o w n w a r d )

( 1 0 )  B a s e d  o n  c o m p a t i b i l i t y  w i t h  l o a d  
a c c u r a c y .

( 1 1 )  B a s e d  o n  CWR e x p a n s i o n  u n d e r  A T  o f  4 0 ° F

( 1 2 )  T y p i c a l  t r a c k  r a n g e s  f r o m  2 0 0 0 - 3 0 0 0  
L b / i n / i n ;  F A S T  t r a c k  i s  e x t r e m e l y  s t i f f  a t  
4 0 0 0  L b / i n / i n ;  c o n c r e t e  t i e  t r a c k  h a s  b e e n  
r e p o r t e d  a t  1 0 , 0 0 0  L b / i n / i n .

( 1 3 )  V a l u e s  a r e  d e r i v e d  f r o m  l o a d  & d i s ­
p l a c e m e n t  v a l u e .

( 1 4 )  B a s e d  o n  n o m i n a l  l o a d s  o n  new t r a c k  
( C l a s s  G )

( 1 5 )  R a s e d  o n  C l a s s  2 t r a c k  a n d  g e o m e t r y  n e a r  
V//H l i m i t .
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K. 5 . 3  D E SC RIPT IO N OF WAYSIDE INSTRUMENTATION

This section provides an overview of the general instrumentation commonly 

used in the railroad industry to measure vehicle/track interactions at wayside 

stations. Load measuring techniques using conventional load cell and stra in  

gauge instrumentation and discussed. Two types of displacement sensors are 

discussed: the conventional LVDT and the eddy-current concepts.

K.5.3.1 Load Measurements

Wayside wheel/rail loads are most commonly measured either d ire c tly  on the 

ra il using stra in  gauges or with the use of load-cell base plates at the 

ra il/ t ie  interface. A variety of stra in  gauge patterns have been used with 

varying degrees of success to measure both vertical and lateral loads.

K .5.3.1.1 Strain  Gauge Load,Measurements

Strain gauges are commonly used to determine longitud inal, lateral and 

vertical loads in r a i ls .  Stra in  gauges d ire c tly  measure the stra in  induced in 

the ra il from which the load can be calculated or determined from a ca lib ra ­

tion curve.

K.5.3.1.1.1 Longitudinal Load Measurement

Longitudinal loads in r a i l s  are commonly determined by measuring the 

stra in  in the longitudinal and transverse d irection on the web of the ra i l.  

Both two-arm and four-arm configurations are used. The four-arm configura­

tion, shown in Figure K-5.1, consists of a two-arm configuration on each side 

of the web. TJie' arrangement has the advantage over the single two-arm con­

figuration in that the c ircu it  compensates for ra il bending in the horizontal 

plane. In both configurations, the stra in  gauges are attached to the ra il at 

the neutral axis which helps to compensate for bending in the vertical plane.

The stra in  gauge configuration and e lectrica l arrangement shown in Figure 

K-5.1 offer two useful benefits. . F ir s t ,  the scheme compensates for effects of
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Longitudinal Gauges

NOTE: The physical gauge 
length is 1/8".

Gauge Lead Color Code 
Black ■ B 
White * W 
Red * R

a

F I G U R E  K -5.1 W I R I N G  F O R  L O N G I T U D I N A L  L O A D  F U L L  B R I D G E  C O N N E C T I O N
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thermal expansion caused by temperature changes. I f  the expansion of the 

material is  equal in all d irections and not contrained, no force is  generated 

therefore no stra in  is  registered. Secondly, the bridge and stra in  gauge 

configuration is  designed to provide a magnification factor of 2.6 (1.3 fo r 

the two-arm arrangement). The magnification factor for the half and fu ll 

bridge weldable strain  gauge c ircu its  are determined as follows:

Assume no axial stra in  (e.) ex ists in the member. Thus, the element 

oriented in the d irection of the strain  (L in the sketch above) measures the 

stra in  (e). The elemement oriented 90° to the above element (T in the above 

sketch) w ill measure only the stra in  resu lting due to the P o is s io n 's  effect, 

or . Since the two elements are wired in a ha lf bridge c ircu it,  the two 

stra in  measurements are added. Thus the output of the c ircu it  is:

e +  e n- or e (1+ M- )

From th is ,  i t  can be seen that the quantity 1+ ^ is  the magnification 

factor. For th is study, the Poisson ratio was taken to be 0.3. Thus the 

magnifications factor for the ha lf bridge c irc u it  of weldable stra in  gauge was 

(1+0.3) = 1.3.

For the fu ll bridge c irc u it ,  each of the ha lf bridge gauges has the above 

magnification factor. Thus for the fu ll bridge c irc u it ,  the magnification 

factor is  2(1+ ja) = 2 (1+0.3) = 2.6.

Knowing the strain  is  a r a i l ,  the load (force) can be calculated from the 

following equation:
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Force = EAe

Where, E is  the e la stic  modulus of the material, A is  the cross sectional 

area of the ra il and e i s  the measured strain.

K.5.3.1.1.2 Lateral and Vertical Load Measurement

In tests where lateral and vertical loads are needed, specific  stra in  

gauge schemes have been developed to perform the measurement. Figure K-5.2 

shows the stra in  gauge configuration and e lectrica l bridge used for each of 

the lateral and vertical load measuring techniques. For the lateral load 

measuring scheme, stra in  gauges are attached on the base of the ra il at two 

locations on each side of the ra il and connected e le c tr ica lly  to measure the 

lateral bending moment of the ra il.  The spec ific  de ta ils shown in Figure 

K-5.2 have been developed to eliminate “cross ta lk " from the vertical load 

components.

The configuration for the vertical load measurement also consists of a 

bending moment scheme where stra in  gauges are attached to the web of the ra il 

at two locations on each side. This scheme, shown in Figure K-5.2, eliminates 

most of the "cross ta lk " from the lateral load components.

In both the lateral and vertical load schemes, the absolute load is  deter­

mined by ca lib rating the instrumented ra il section using a series of sta tic  

loads which cover the range of loads expected in the test. The calibration 

procedure generates a linear plot of load verses stra in .

K.5.3.1.2 Load Cell

Instrumented t ie  plates (Figure K-5.3) and K-5.4) have also been u tilized  

to obtain ra il/ t ie  loads. I f  properly designed, in sta lled  and calibrated, 

instrumented tie  plates can accurately measure the reaction forces at the 

ra il/ t ie  interface. A basic problem with instrumented tie  plates i s  the 

potential for affecting the track structure characteristics (e.g., st iffn e ss  

and load d istribu tion ).
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FIGURE K-5.2 TYPICAL IDENTIFICATION OF SPECIAL INSTRUMENTATION
(L/V WHEEL-RAIL LOAD STRAIN GAUGE LOCATIONS AND
CIRCUIT CONNECTIONS)
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F I G U R E  K - 5 . 3  LOAD CELL I N S T R U M E N T E D  TIE PLATE

FIGURE K - 5 . 4  V E R T I C A L  A N D  L A T E R A L  LOAD M E A S U R I N G  TIE PLATE
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K.5.3.2 Displacement Measurements

Wayside deflection measurements of the track structure have h is to r ic a lly  

been obtained in one form or another for many years. Such measurements have 

been used for both ra il and vehicle research and development. The u t iliza t io n  

of these types of measurements, however, has been quite dependent upon the 

quality of measurement which could be made. For example, early measurements 

performed by the Talbot Committee in 1918 Ref. [22] u t ilized  "Level Bars", 

"Depressions Plugs" and double exposure photography to obtain both sta tic  and 

quasi-static  deflection measurements. The degree of accuracy which could be 

obtained with such "instrumentation" only allowed qualitative deflection 

measurements to be made --  therefore to in fer dynamic track loading from such 

measurements, for example, would be nonproductive!

Currently linear variab le d iffe rentia l transformers (LVDT's) are most 

commonly used to obtain both absolute and re lative  track structure measure­

ments. Typically such transducers have provided seemingly good data for the 

types of test conditions to which they were subjected. The major problem with 

LVDT's resu lts from the methods used to mount and attach these devices. The 

transducers themselves usually can provide the necessary performance capab ili­

t ie s with the possible exception of frequency response and adverse effects 

associated with certain environmental conditions. Typical LVDT instrumenta­

tion in sta lla tion s are described in Section K.5.3.2.1.

K.5.3.2.1 LVDT Instrumentation —  Methods for Measuring Sta tic  and Dynamic 

Track Deflections

Track deflection measurements include absolute deflections of the ra il 

re lative  to a fixed reference, and re lative  deflections between track compo­

nents. These deflections may occur in all six  degrees of motion: ve rtica l,

lateral (transverse) and longitudinal translation; and angular-motions of ra il 

in ro ll (in the transverse plane), pitch (longitudinal rocking), or yaw. 

Vertical and lateral translation  and ra il ro ll angle are of primary interest 

for both static  strength and dynamic displacement measurements. The longitu­

dinal motion known as ra il creep i s  of interest mainly fo r determining the 

a b ility  of the ra il anchor system to secure the ra il long itud ina lly. Yaw
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motions of the track are considered of l i t t l e  consequence except, perhaps, 

under buckling conditions.

Several d ifferent absolute and/or re lative  measurements are needed to 

fu lly  describe the upper track structure response to loads. The same basic 

measurements apply to both static  and dynamic displacements. The requirements 

for the dynamic measurements are more stringent than the sta tic  measurement 

requirements because of the added frequency response needed and the need to 

provide for the survival of the transducer in the rugged operating environment 

of ra il t ra f f ic .  These displacements and their primary importance are:

(1) Rail vertica l absolute displacement— used to define the.track modulus 

and dynamic load/deflection characteristics.

(2) Rail head/tie lateral displacement— used to measure ra il lateral 

restra in t characteristics under both lateral and vertical loading.

(3) Tie/ground latera l displacement— data under t ra f f ic  can document the 

occurrence of lateral sh ift  of the tie  in the ba lla st; used to estab­

l is h  track lateral strength lim its.

(4) Rail rotation ( r o l l )— used to document the mode of ra il deflection 

and loading on tie/fastener system.

(5) Rail rotation '(p itch )— used to determine loading environment on tie/ 

fastener system.

(6) R a il/ tie  vertical displacement— used to determine dynamic load/deflec­

tion characte rtist ie s and loading environment on tie/fastener system.

(7) Rail longitudinal displacement— used to determine tie/fastener ra il 

re stra in t capab ilit ie s.

A major d if f ic u lt y  in measuring displacements is  the establishment of 

references from which the measurements are to be made. E s ta b lish in g  

"absolute" reference points adjacent to the track structure requires going
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deep enough, or far enough to the side of the track, to locate ground which

does not move relative  to the track. While pressures in the ballast/subgrade
2

drop o ff quickly to something le ss  than 3 Ib/in (21 kPa) at a depth of 40 

inches (102 cm), both track structure modeling and f ie ld  experiments have 

shown vertical deflections to decrease with depth more slowly. At a 40-inch 

depth, typ ica lly  ha lf the vertical deflection w ill s t i l l  be measured.

Past experience has shown that absolute deflection measurements related to 

ra il jo in t or ra il fastener performance can be referenced to "ground" by 

attaching the transducer to a rod driven down into the subgrade. In the con-, 

crete tie  track study Ref. [23], a 1-inch diameter steel rod was driven 

through a concentric hollow pipe casing through the ba lla st into the subgrade. 

The casing was about 4 -ft long to iso late the rod from ballast movements;

while the steel rod was 8 f t  long and was driven into the ballast/subgrade

until only about 8 inches projected above the ba llast surface. In other fie ld  

experiments, shorter rods have been used driven d ire c tly  through ba lla st into 

the subgrade without benefit of the casing. Vertical deflections using a 

sta t ic  ca lib ration  (viewed through an off-track tran sit ) showed 0.18 inch 

deflection under a 30,000 lb (133 kN) point load. "Ground stakes" such as 

these have been used quite successfu lly  for establish ing reference points for 

lateral deflection measurements. When using th is  type of reference, the rod 

must be s t i f f  enough to minimize deflections from any loads imposed by the 

measurement transducer. This i s  p articu la rly  important when dynamic measure 

ments are being made which might excite a vibratory response in the reference

rod. For the measurement of sta tic  lateral displacem ents,. several programs

have used 3 -ft  ground rods driven d ire c tly  into the ra il ba lla st. Since meas­

urements were to be made at a number of d ifferent s ite s,  the shorter rod 

allowed the rods to be in sta lled  and removed in a minimum of time. The errors 

introduced by the shorter rods were neg lig ib le ,since  the displacements needed 

for the measurement of lateral track strength are large when compared with 

normal track deflections under- t ra f f ic .  A schematic diagram of a setup to 

measure lateral track displacements i s  shown in Figure K-5.5. The response of 

a section of track to lateral load exerted on the ra il by hydraulic cylinders 

i s  shown in Figure K-5.6.

K-94



FIGURE K -5.5 D I S P L A C E M E N T  FIXTURE F O R  ONE RAIL (SAME F O R  O P P O S I T E  RAIL)
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Relative measurements must also be isolated from undesirable d isp lace­

ments. For example, i f  dynamic track gauge is  to be measured and the tie  is  

used as a reference for individual ra il  displacements, then t ie  bending could 

read ily d isto rt the intended output. The deflection fixtu re  developed by 

Battelle for the Track Train Dynamics Program Ref. [24] i s  an example of a 

measurement system that provides displacement measurements of the ra il without 

d istortion  from bending of a wood t ie . A conceptual drawing of th is  fixture  

is  shown in Figure K-5.7 and Figure K-5.8 shows the re la tive  displacements 

which are measured. In addition, the fixture  provides some degree of shock 

and v ib ra t io n  is o la t io n  fo r  the transducers and s igna l cond it io n in g  

electronics through elastomeric grommets and lag screws mounting the fixture  

to the tie . Acceleration leve ls on the tie  can range typ ica lly  up to 50 g 

under f la t  wheel impact loads. Typical deflection measurements from the 

fixture  shown in Figure K-5.7 are illu stra ted  in Figure K-5.9. Dynamic track 

gauge and ra il ro llover (of one ra il only) under severe lateral impact loads 

due to empty fre ight car truck hunting are seen here, along with about 1 mm of 

permanent lateral sh ift  of the tie .

In measurements on much s t if fe r  concrete t ie s,  a fixtu re  which eliminates 

the effects of t ie  bending was found unnecessary. A conceptual drawing of a 

fixture  used for recent measurements of concrete tie  fastener/pad deflections 

Ref. [25] i s  s h o w n i n  F igure  K -5 .10. Here the measured r a i l - t o - t ie  

displacements, along with fastener c lip  stra in s, were used to define the 

loading environment of ra il fastener systems. Data were collected on both 

wood and concrete tie  track segments containing a variety of fastener systems, 

and the resu lts were reproduced in the laboratory to determine the required 

level of loading which simulated f ie ld  conditions. The load leve ls so defined 

were then applied in fatigue te sts of the fastener systems.

In an application of the fixtu re  shown in Figure K-5.10, typical deflec­

tions for concrete and wood t ie  curved track are illu stra ted  in Figures K -5.11 

and K -5.12. Measurements were made with both deflection transducers and 

strainrgauged fastener c lip s. In these time h isto rie s of deflection under 

loaded FAST tra in  cars, differences in "signature" between concrete tie  track 

(Figure K -5.11) and wood t ie  track (Figure- K -5.12) can be seen. On the con­

crete tie  track, a combination curve and grade, the ra il rolled outward and
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F I G U R E  K - 5 .7 STABLE BASE F I X T U R E  F O R  U PPER T R A C K  S T R UCTURE D Y N A M I C  
R E S P O N S E  M E A S U R E M E N T S  U N D E R  W H E E L / R A I L  LOA D

FIGURE K-5.8 MEASUREMENTS OF RELATIVE AND ABSOLUTE DISPLACEMENT NEEDED
TO DEFINE UPPER TRACK STRUCTURE DYNAMIC RESPONSE TO WHEEL/
RAIL LOADS v Q7
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F I G U R E  K - 5 . J 0  F I X T U R E  F O R  M O U N T I N G  RAIL/TIE D I S P L A C E M E N T  T R A N S D U C E R S
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the gage c lip  received substantial u p lift  stra in . The wood t ie  track was 

fastened with the same e lastic  c lip  attached to a steel t ie  plate. Very 

l i t t l e  c lip  stra in  developed, but the vertical .ra il/tie  deflection was greater 

because the tie  plate experienced bending as i t  conformed to .the nonuniform 

surface of the wood tie .

In the fixture shown in Figure K-5.10 vertical' ra il deflections are 

measured relative to the t ie . This measurement i s  useful in fastener 

evaluations, but is  in su ffic ie n t when trying to determine overall track 

vertica l deflections or when track st iffn e ss  calculations are of interest. In 

order to obtain absolute vertica l deflections a reference measurement point 

must be established outside the load influence zone of the ba lla st and 

sub-ballast. For normal st iffn e ss  track th is  requires a deeply driven ground 

rod which is  isolated from .the b a lla st movement. Once an .isolated reference 

point i s  established then the methodology used for measuring the vertical 

deflections is  the same as that used for measuring latera l deflections. A 

sketch of a fixture used in a recent fie ld  test is  shown schematically in 

Figure K-5.13. Although i t  i s  restricted to ' small motions due to errors 

incurred when measuring large deflections good resu lts were obtained from the 

fixtu re.

FIGURE K - 5 . 13 V E R T I C A L  D I S P L A C E M E N T  F I X T U R E
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K-5-3.3 DISPLACEMENT TRANSDUCERS

A variety of displacement transducers are suitable for making track 

deflection measurements. The optimum transducer type and range may vary, 

depending on the specific application. Criteria that must be considered in 

the choice of transducers are:

(1) Transducer range--track structural deflections may range from less 

than 0.25 inch (6.4 mm) to greater than 1 inch, full range (vertical 

deflections under load of 1-3/4 inches, 44.5 mm, have been observed 

at weak rail joints). Typical expected deflection ranges are shown 

in Table K-5.3.

(2) Transducer accuracy— resolution, linearity and hysteresis 

commensurate with measurement goals must be achieved.

(3) Frequency response— a transducer bandwidth of 100 Hz is usually suffi­

cient for deflection measurements. Deflections decrease rapidly with 

increased frequency (remember, even a 500 g oscillation when at 700 

Hz is only 10 mils).

(4) Instrumentation compatibil ity— power requirements, output voltage 

level and impedance, good signal/noise ratio, etc.
(5) Ruggedness— vibration tolerance and shock survival g levels suitable 

to transducer mounting point.

(6) Electrical noise immunity— not affected by stray electrical signals 

in rail due to signalling or power return.

(7) Electrical isolation from rail— cannot ground rail signals.

(8) Insensitivity to other motion degrees of freedom— primarily a 

function of the transducer mounting fixture design and transducer 

attachment scheme.

(9) Ease of calibration in situ— transducer must allow system end-to-end 

physical calibration under field conditions.

(10) Protection from environment— the transducer should preferably by 

hermetically sealed against moisture, salt spray, dust, sand, etc.

(11) Transducer cost.
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TABLE K -5 .3  TYPICAL EXPECTED DEFLECTION RANGES

Concrete or wood 

tie track, 

positive 

fasteners, 
good condition

Wood tie track, 

cut spikes, 
good condition

Wood tie track, 

poor condition

Vertical, absolute 

Vertical, rail/tie 

Lateral, rail head 

Lateral, rail base 

Longitudinal

0.25 in (6.4 mm) 

0.15 in (3.8 mm) 

0.25 in (6.4 mm) 

0.10 in (2.5 mm) 

0.10 in (2.5 mm)

0.50 in (12.7 mm) 

0.25 in (6.4 mm) 

0.75 in (19.1 mm)

0.40 in (10.2 mm) 
**

1.0 in (25.4 mm)* 

0.5 in (12.7 mm) 

1.5 in (38.1 mm)

0.5 in (12.7 mm) 
**

* Greater deflections at joints in poor condition.

** Rail may "run" under traffic...must be checked at site.

Although the displacement transducer in itself does not affect the track 

characteristics, it is usually difficult (as discussed in the previous sec­

tion) to establish an ideal point of reference from which the deflection meas­

urements can be made. Optical tracking systems have been used in the past, 

without great success, to measure rail vertical absolute motions at a point

well away from the track. Ground vibrations have introduced noise into these 

measurements, or target lighting has caused problems. An Australian firm has 

recently introduced a laser tracking system with the detector head mounted to 

the rail and a tripod-mounted low-power laser set typically 16 ft (5 m) away 

from the track. A’range of +10 mm (0.4 inch) and a frequency response of 0 to 

1 kHz is noted in the technical specifications. Other, optical units have 

appeared on the market, but the cost and complexity of the urrits are consi­

dered prohibitive.

Noncontacting displacement transducers (the eddy current type) have suffi­

cient accuracy and frequency bandwidth for the majority of dynamic displace-
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merits of interest. The range of such noncontacting transducers is marginal 

for some static deflection measurements, the maximum range of currently avail­

able units being 2 inches or less. The eddy current displacement units also 

have the disadvantage that they must be calibrated at each installation to 

correct for different target geometry and material properties as these parame­

ters affect the transducer gain, offset, and linearity. Another disadvantage 

of the eddy current transducers is that as the effective maximum range of the 

transducer increases, the size of the transducer also increases. This may 

cause problems with clearances and/or obtaining a target of sufficient size.

Contacting transducers utilize either direct attachment or a spring-loaded 

plunger to attach to the measurement point. The two main types of contacting 

transducers are potentiometers and the Linear Variable Differential Trans­

former (LVDT). Both types are available with ranges and accuracies suitable 

for track deflection measurements. Contamination of the sliding electrical 

contact may present problems with potentiometer units. This contact is also 

subject to shock and vibration problems in the severe environment presented 

during dynamic measurements. Linear Potentiometer type displacement trans­

ducers are superior to the cable actuated potentiometer transducers. Both

units should perform satisfactorily for static measurements, but when using 

cable type potentiometers ("string pots") care must be taken to eliminate 

cable vibration- which would give measurement errors. Obtaining sufficient 

frequency response for dynamic measurements can present a problem for cable- 

type potentiometers. It is difficult to provide sufficient spring preload and 

stiffness to prevent contact separation in the frequency range of interest 

without at the same time causing some flexure of the reference fixture. The 

main advantage of potentiometer units is low cost.

Direct fixation of the core of differential transformers is less of a

problem because their weight; and consequentially, attachment forces are low. 

In the past nonmagnetic threaded "ready rod" has been used to attach the trans­

former core to the rail components. A phenolic block cemented to the rail has

proven quite successful as a means of attaching to the rail head and/or base.

The cemented block is able to withstand the high rail acceleration levels 
(shock pulses over 1000 g have been recorded under flat wheels) and provide
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electrical isolation from the rail. The rod also provides sufficient isola­

tion from orthogonal motions of the rail, particularly the rail "running11 
motion in the longitudinal direction, yet is reasonably immune to its own 

transverse vibrations. This arrangement is susceptible to ice, ballast, or 

dragging equipment, and for more permanent installations a protective shroud 

is recommended.

Past experience has shown that the Linear Variable Differential Trans­

former (LVDT) offers excellent performance characteristics for measuring 

dynamic displacements. The LVDT consists of a primary transformer winding 

excited by a sinusoidal voltage of 3 to 15 volts rms amplitude, and a fre­

quency from 60 to 20,000 Hz. Two series-opposing secondary windings have 

sinusoidal voltages induced in them by the primary. As the iron core of the 

transducer is moved relative to the secondary windings, a larger mutual 
inductance (coupling) is induced in one relative to the other, and a net volt­

age increase is produced from the device. The output voltage undergoes a 180 

degree phase shift when going through the null (zero) position Ref. [26]. A 

fully-integrated version of the LVDT, called the DCDT, has built-in 

high-frequency excitation and signal conditioning, providing the demodulated 

direct-current signal at the output. This transducer provides a DC signal 

directly proportional to the relative displacement of the core to the 

transducer body. Output voltage levels range up to +20 volts full scale for 

an excitation up to 30 volts DC (older models required both the plus and minus 

voltage polarities). Typical DCDT specifications range as follows shown in 
Table K-5.4.
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TABLE K -5 .4  TYPICAL DCDT SPEC IFICATION RANGES

Working Range*

Frequency Response 

(-3 dB) Linearity Ripple

0.050" .300 to 500 Hz 0.025% to 0.5%
0.10 to 0.25" 115 to 500 Hz 0.5% of to 1%

0.50 to 2.00" 100 to 110 Hz full " of ful1

3.0 to 10" 50 to 75 Hz scale scale

*30% to 50% overrange is typical.

These transducers are extremely rugged, with typical mechanical specifica­

tions allowing a vibration tolerance of 10 g at 2 kHz, and a survival shock 

level of 250 g for II milliseconds pulse duration. Therefore, the transducer 

can operate satisfactorily in the shock and vibration environment typical of 

the railroad tie, but cannot be mounted directly to the rail.

K.5.3.4 Noncontact Displacement Sensors

The purpose of this section is to present some preliminary design concepts 

which illustrate the overall system application of noncontact displacement 

sensors. It should be emphasized that the drawings presented are concept 

drawings only and should not be considered as preliminary design drawings.

K.5.3.4.1 Basic Design Constraints and Guidelines

A properly designed wayside measurement system should not interfere with 

routine maintenance operations or noticeably affect track structure character­

istics. Therefore, it is necessary to identify those constraints which would 

affect the design of such a system. The primary concern is with the basic 

reference platform structure and support pedestals.
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Figure K-5.14 shows a crib area cross-section which would dictate the max­

imum reference platform beam size for a cross-beam design configuration. Per 

discussions with TSC personnel, it appears reasonable to allow W to equal the 

crib width if necessary as long as H is less than or equal to the tie height 

and avoids contact with the rail under loads.

The design constraints which would be imposed by maintenance requirements 

are somewhat dependent upon a specific design configuration for a wayside 

measurement system and the maintenance policies associated with special way 

side equipment. For example, if a cross-beam were placed beneath the rails in 

the crib area, it would obviously need to be removed during automatic tamping 

operations. However, depending upon maintenance policies, it may be permis­

sible to manually maintain or defer maintenance on selected crib areas. If a 

cantilevered instrumentation mounting beam were utilized, a relatively small 

portion of the outlying crib area would need to be disturbed.

One of the primary tasks which must be addressed in the development of a 

wayside measurement system is the optimum design and location of the reference 

platform support pedestals. This task was not within the scope of this 

discussion. However, to establish guidelines for such a task, Figure K-5.15 

was prepared based upon discussions with personnel at the Transportation Test 

Center (TTC) in Pueblo, CO.

The last guideline considered in regard to the instrumentation support 

structure is the degree of height adjustment which may be needed. If some 

type of semi-permanent installation is contemplated, it should provide height 

adjustment capability. Per discussions with TSC personnel, a total height 

adjustment of 2 inches should accommodate normal subgrade settlement.

K.5.3.4.2 Instrumentation Mounting Beam Concepts

Selection of the best instrumentation mounting beam configuration and 

support structure is dependent upon the intended application as well as upon 
the optimum location, etc., of the support pedestals. If portability is of 

primary concern, then a configuration which minimizes installation disturbance

K-108



GUIDELINES

fc £ fc 
M  i
a k

X I  v! ! i'.* 
/X -  t r i r d *< J h . « - •

A 9  A A *  ̂ a

* ** !> a  
£ »

H < 6" 
W £ 10"

FIGURE K-5.14 ALLOWABLE CROSSBEAM ACCESS AREA

FIGURE K-5.15 WAYSIDE EQUIPMENT CLEARANCE REQUIREMENTS

K-109



of the track structure is very important. On the other hand if a measurement 

system is being considered for a semi-permanent installation, then the initial 
installation requirements are not as critical.

Selection of the best instrumentation support beam configuration cannot be 

made until a detailed design and analysis study has been performed. A trade­

off study is needed which includes a vibration analysis of the various design 

configurations based upon realistic vibration environments and representative 

soil/ballast conditions. Two basic instrumentation mounting beam configura­

tions are discussed 

bel ow.

K.5.3.4.2.1 Single Cross Beam Configuration

This approach would utilize a cross beam beneath the rails supported by 

two pedestals located in the vicinity of the ballast shoulder. If a metal 

beam were used, one end of the beam would be restrained in all three 

orthogonal axes and against rotation about the beam longitudinal centerline. 

The opposite end would be allowed to float in the direction of the beams' 

longitudinal axis to prevent excessive thermal expansion forces from being 

transmitted to the pedestal. Height adjustment of the beam could be 

accommodated by the use of shims which would be placed at the pedestal to beam 

interface. Some type of trough would most likely be required to isolate the 

cross beam, to aid installation, and to minimize the loss of ballast support 

for the adjacent ties.

If a suitably designed composite beam were utilized as depicted in Figure 

K-5.16, then thermal expansion effects would be insignificant such that a 

"floating end" could be eliminated. As shown in Figure K-5.16, four degree of 

freedom alignment units (i.e., swivel mount with a vertical lead screw adjust­

ment) would be utilized to facilitate set-up and adjustment of the measurement 

system.
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FIGURE K-5.16, SINGLE CROSS.BEAM INSTRUMENTATION. MOUNTING CONFIGURATION

K.5.3.4.2.2 Cantilevered Beam Configuration

A potential problem with the cross beam configuration mentioned above is 

the need to remove a good portion of the ballast in the crib area and the 

somewhat limited access area which results.

A second mounting beam configuration is shown in Figure K-5.17. This 

approach would utilize two cantilevered mounting beams on the field side of 

each rail. The main advantage of this approach is the minimal disturbance of 

the crib area due to installation of the mounting beams. A disadvantage would 

be the added complexity and cost associated with two separate mounting beams. 

In addition, the calibration requirements for this configuration might be 

somewhat more involved. The cantilever approach could, however, lend itself 

to a completely portable system for short term, dynamic tests in that the 
support pedestals could be designed to be portable (e.g., the pedestals 

would consist of stackable "dead-weights" installed at grade with minimal site 
preparation).
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FIGURE K-5.17 CANTILEVERED INSTRUMENTATION MOUNTING BEAM CONFIGURATION

K.5.3.4.2.3 Use of Composite Materials

As shown in Table K-5.3, the accuracy requirements for the type of measure­

ment system under study are quite stringent (e.g., 5% displacement accuracy). 

Such requirements present some challenging design problems in terms of the 

reference platform support structure. Of special concern are the adverse 

effects of thermal expansion and ground vibration.

A very promising design approach is to utilize a specially formulated com­

posite material to fabricate the instrumentation support beams. This rela­

tively new composite has a near-zero coefficient of thermal expansion and a 

high modulus of elasticity. The material thus combines exceptional dimen­
sional stability over a wide temperature range with unusually high strength 

and stiffness.
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The composite consists of graphite fibers and glass fibers in a plastic 

resin matrix. The graphite fibers have a negative coefficient of thermal 
expansion, and the glass fibers and resin matrix have a positive coefficient; 

that is, the graphite contracts and the glass and resin expand as the tempera­

ture increases. When the materials are combined in the proper proportion, 

they produce a nearly thermally-inert composite material. The final product 

is only three-fifths as dense as aluminum, yet has an elastic modulus of 18 to 

24 million psi. .

Personnel experienced in composite materials and fabrication have reviewed 

the application requirements associated with a wayside measurement system and 

agree this would be an excellent application for composite materials. Results 

of a preliminary engineering study for a 14 ft. composite cross beam as shown 

in Figure K-5.16 and an 8 ft. cantilever beam (Figure K-5.17) show that the 

weight of the beams themselves would be approximately 35 lbs. and 20 lbs. 

respectively. Due to the high strength to weight ratio of these materials, it 

is estimated that the beam natural frequency, including sensor modules, would 

be in the neighborhood of 200 Hz or better.

K.5.3.4.3 Sensor Modules

As discussed in Section 6, three displacement transducers are required 

(per rail) to determine rail translation and rotation in a vertical plane 

perpendicular to the longitudinal rail axis, and a fourth transducer is needed 

to obtain longitudinal rail deflection (per rail).

A basic requirement associated with the sensor triad used to derive rail 

section vertical/lateral translation and rotation is the need to locate a pair 

of sensors relative to the same target surface which is at a right angle to a 

second target surface seen by the third sensor.

To, optimize noncontact sensor performance, clamp-on aluminum rail targets 

would be utilized as discussed in Section K.4.4.4. Therefore, the actual 

location of the sensors is dependent upon the final design configuration of 
both the target and the instrumentation reference platform. The overall
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objective is to design a single sensor module which could house up to 4 

different transducers. If properly designed, one "standard" sensor module 
could be used at any measurement location.

Figure K-5.18 is a concept drawing of a candidate sensor module. Up to 4 

individual eddy-current type transducers could be mounted in the module such 

that 3 different orthogonal target surfaces could be monitored. To properly 

install the sensor module and align it with the target, six adjustment degrees 

of freedom are required. These adjustments would be obtained as indicated in 

Figure K-5.18. Certain coarse alignment adjustments would be made during the 

initial installation of the support beam.

FIGURE K-5.18 SENSOR MODULE MOUNTING CONCEPT
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K.5.3.4.4 Targets

Although these sensors can certainly operate under a wide variety of 

conditions, eliminating certain adverse affects due to target variations has 

several distinct advantages. One of these is the potential elimination of 

transducer calibration. If identical targets are utilized, a measurement 

system (i.e., transducer, cable, and electronics) can be initially calibrated 

and then successfully utilized in different test setups without recalibration 

as long as the same identical system components are used. Another significant 

advantage of course is the elimination of target geometry and surface irregu­

larities.

Fortunately, a wayside measurement system lends itself quite nicely to the 

use of attached targets. In the case of rail measurements, a conceptual rail 

target such as shown in Figure K-5.19 would be used. The target would be 

designed to accommodate 115RE to 140RE rail. Such a target could be easily 

attached or removed from a rail in several minutes. For tie measurements, a 

simple 3-sided aluminum target such as shown in Figure K-5.20 would be used. 

The tie target would either be attached with screws or glued in place depend­

ing upon the type of the tie being measured (i.e., wood or concrete).

K.5.3.4.5 Support Pedestals

More detailed analysis and possibly some field testing is required to 

determine the optimum placement and design of the support pedestals. 

Basically two pedestal configurations can be considered, one for permanent 

type installations and another for portable installations. In terms of a 

permanent or semi-permanent installation, the following tradeoffs and design 

considerations need to be made:

o Fabricate ("pour") on site or utilize pre-cast, "drop-in-place"

pedestals

r
o One piece design or a two piece design which could be partially

removed to accommodate major track maintenance
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FIGURE K-5.19 CLAMP-ON RAIL TARGET (CONCEPT DWG)

FIGURE K-5.20 TYPICAL CROSSTIE TARGET

K -116



o Optimum depth and placement relative to the rails

Figure K-5.21 shows a modular "building-block" approach which would result 

in a very portable instrumentation system. Each support pedestal would be 

comprised of a suitable stack of "building block" units which would interlock 

when assembled. Coarse height adjustment would be controlled by the number of 

pedestal modules utilized. Fine adjustment would be accommodated in the 4-DOF 

alignment unit as shown in Figures K-5.16 and K-5.17.

o Design  techn iques  f o r  v ib r a t io n  i s o l a t i o n  ( e . g . ,  Styrofoam  c a s in g ,

shock mounts, e tc . )

FIGURE K-5.21 PORTABLE PEDESTAL CONCEPT
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K.5.3.4.6 Discussion of Installation and Calibration Procedures

Detailed installation and calibration requirements are quite dependent 

upon the final design configuration utilized and the particular maintenance 

procedures which would be associated with a given test site. However, some 

general procedures are discussed below.

K.5.3.4.6.1 Support Beam Installation

Assume a portable instrumentation system as depicted in Figure K-5.21. A 

general procedure for installing the support pedestals and instrumentation 

mounting beam would include the following:

1. Prepare "at-grade" pedestal locations.

2. Build-up suitable pedestals using interlocking pedestal block modules.

3. Place instrumentation support beam on pedestals and adjust alignment 

units to properly position the beam. Align each cantilevered 

mounting beam assembly with both the track and each other.

K.5.3.4.6.2 Sensor Module Installation/Calibration

Having installed and adjusted the support beams, the necessary sensor

modules would be appropriately mounted and adjusted as follows.

1. Loosely install the sensor module/subbase units

2. Install suitable sensor targets (i.e., rail or tie)

3. Insert an installation gauge block(s) between the noncontact displace­

ment gauge faces and the corresponding target surface.

4. Utilizing the 6-DOF adjustment capability obtained by loosening the

sensor module mounting bracket clamping bolts, the subbase mounting

bolts, and the sensor module swivel head (see Figure K-5.18),

position the sensor module tightly against the installation gauge 

block(s) and tighten all the,mounting and adjustment bolts.

K-118



5. As discussed in Section K.5.3.4.4, calibration of the sensor modules 

may not be necessary if the units have been previously calibrated 

with the identical electronics and cables being used. If it is 

necessary or desirable to calibrate the installed sensor modules, a 

complete end to end calibration can be quickly performed utilizing a 

set of aluminum calibration gauge blocks.

K.5.3.4.7 Measurement Methodology

In the design of a wayside instrumentation system, it is necessary to 

consider the measurement methodology which would be used for both short-term 

and long-term measurements. Basically the question to be addressed concerns 

the methods to be employed for obtaining both dynamic and static (long-term 

change) measurements. A proposed method for obtaining dynamic and static 
measurements follows.

K.5.3.4.7.1 Dynamic Measurements

Dynamic measurements would be made utilizing sub-arrays of noncontacting 

displacement sensors. Each sensor module would be appropriately mounted to a 

reference platform or beam and aimed so that each sensor in the module would 

see one of three orthogonal target surfaces such as shown in Figures K-5.19 

and K-5.20.

The orthogonal plate targets would be affixed to each rail and to the ties 

as required. Since these sensors would be used primarily for dynamic test 

data, there is no need to reference the sensors to universal survey benchmarks.

K.5.3.4.7.2 Static (Long-Term) Measurements

A proposed method for making long-term static measurements is to utilize a 

precision dial depth gauge in conjunction with a survey-to-benchmark tech­

nique. The sensor modules could either be replaced with a gauge block device
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as shown in Figure K-5.22 or they may possibly be designed to incorporate the 

necessary calibration functions as part of the basic sensor module. Holes in 

the gauge block would provide guides for a dial depth gauge. The depth gauge 

would be used to determine orthogonal distances from the target surfaces to 

the gauge block reference face. The static measurement system Would be de­

signed to duplicate the measurement locations used for dynamic testing. There­

fore, the same coordinate transformation or data reduction scheme developed 

for dynamic measurements could be used for the static measurements.

FIGURE K-5.22 C O N C E P T  D W G  OF  GAUGE B L O C K  C O N F I G U R A T I O N  F O R  L O N G  T E R M  
M E A S U R E M E N T S
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To assure that repeatable long-term measurements can be made even with the 

removal and re-installation of the instrumentation mounting beam, suitable 
survey benchmarks would be incorporated in the design of the mounting beam or 

the sensor modules. If field benchmarks are provided, then survey-to-bench- 

mark measurements can be made to provide accurate long-term measurement 

capability.

K.5.3.4.8 Conversion of Noncontact Sensor Outputs to Standardized Rail Measure- 

ments

When utilizing noncontacting displacement sensors, it is necessary to 

correlate the basic platform referenced transducer outputs into standardized 

rail displacement measurements. Although ‘this conversion process may appear 

complex, it can be easily implemented as part of the data processing software 

and has some very distinct advantages. The measurement correlation technique 

as discussed below utilizes a sensor triad which allows the motion of any 

point on the rail cross section to be derived from only 3 fixed displacement 

measurements. Furthermore, this measurement scheme inherently compensates 

for cosine type kinematic errors. The measurement and analysis procedures for 

correlating noncontact sensor output's to standardized rail measurements are 

discussed below.

K.5.3.4.8.1 Description of the Problem

The basic problem associated with correlating a set of noncontacting dis­

placement transducer measurements into useful or standardized rail displace­

ments can best be described by referring to Figure K-5.23. The bold arrow 

heads as shown in the figure denote the fixed noncontacting displacement 

sensor locations. Since these sensors are fixed to the reference platform,

they can be assigned a set of "platform" coordinates as denoted by (Z, Y) in 

Figure K-5.23.
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Z z

FIGURE K-5.23 C O O R D I N A T E  S Y S T E M  F O R  M E A S U R E M E N T  C O R R E L A T I O N

The object or target being measured by the sensor triad shown in Figure 

K-5.23 is the rail section (or affixed rail target). Since the rail section 

is free to rotate and translate relative to the reference platform, it is 

convenient to assign it a separate coordinate system (Y, Z) as shown.

The correlation problem can now be stated as follows:

Given a set of 3 displacement measurements in platform coordinates e.g.

(Pa, Pb, Pc), determine the platform coordinates for an arbitrary point P 1

given in rail section coordinates.

A technique for monitoring any point on a rail section utilizing 3 noncon­

tacting displacement sensors is presented below. A basic requirement associ­

ated with the sensor triad is that 2 of the 3 sensors be located relative to a 

target surface which is orthogonal to another target surface seen by the third 

sensor.
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K.5.3.4.8.2 Derivation of Correlation Equations

The basic analysis steps are as follows: 

Calulate Rail Rotation

With reference to Figure K-5.23, rail rotation can be derived as below

d - tan-1 A-B D

Calculate the Perpendicular Distance Between a Vertical Target Plane and a 

Point on a Horizontal Target Surface

From the "point-slope" equation of a straight line:

z-zQ = m (y-yQ) 
z

(y,z) 

y

and the slope of the line is:

m z“zo
y-yc

The equation for a straight line can also be written in 
the familiar form below:

Ay + Bz + C “ 0
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Hence it can be shown that the perpendicular distance 
(d) from any given point (y , • zQ) to a line can be 
expressed in terms of y Q , zQ and the coefficients A, B 
and C as given below:

iAy0 + Bzo + Cl
d '  ^  J —

Then in terms of the rail base sensor triad, the following equations can be 

written with reference to Figure K-5.23.

The slope of the target vertical surface is:

ka-k:
A-B

where:

K^ = constant (fixed vertical reference - Sensor A)

Kg = constant (fixed vertical reference - Sensor B)

Kq = constant (fixed lateral reference - Sensor C)

A = Sensor A output

B = Sensor B output

C = Sensor C output

Taking (y , z ) as the current target position as seen by Sensor B and 

(y,z) as the current target position seen by Sensor A, the equation for a line 

passing between the target intersections of Sensors A and B is:
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(y - B)z - k b
K.-KA B
A-B

or

(KA-KB)y + (B-A)z + <KbA-KaB) = 0

S O

A = KA-Kg 
B - B-A
G = KbA-KaB

Now substituting the following constants into the equa­
tion for d using

zo = C
|(Ka-Kb )Kc * (B-A)C + (KbA-KaB)|

\J <KA-KB)2 + <B-A >2

or
k ak c - kbkc + BC - AC 4 KbA - KaBu -

^ (KA-2KAKg+Kg) + (B2-2AB+A2)

letting Ki - kakc - kbkc
and K2 - (ka-2kakb+kb )

We obtain an expression for d in terras of geometric 
constants and sensor outputs:

Kx + C(B-A) + AKg - BKa 

^ Kg + (B-A)2
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C a lc u la te  the O r ig in  o f  the R a i l  S e c t io n  Coord ina te  System

Let PQ denote the origin of the rail section coordinate system as shown in 

Figure K-5.23 and Pc the current target location for Sensor C.

By inspection:

P_ (Y ,Z ) o' o’ o J Pc(Yc+AY’Zc+AZ)

where Po

AZ

From above

L = KL - d
(Kl = fixed distance between side of 
rail target and vertical £  of rail)

then

AY = Loose 
AZ = Lsinfl

so

Pq = PC(YC + Loose,Zc + Lsine)
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Determ ine the  L o ca t io n  o f  any Se le cted  P o in t on the  R a il Se c t io n  Form ation

Once the rail section coordinate system origin is known, any point on the 

rail section can be located in platform coordinates by performing a simple 
rotation transformation as follows:

-
Y1 COS0 - sin(

Z1 sind + cost
m m m

where:

*1 + Yo

Z1 + Zo

Pl/Yl,Zl̂  = Current postion (in platform coordi­
nates) of a predesignated point on the 
rail section

Pl^yl’zl̂  * Location of predesignated point on rail 
section (in rail section coordinates). 
These would be "geometric constants" 
input prior to data processing.

P (Y , Z ) = Current location of the rail sectiono o o
coordinate system origin. (Y = Y +

o c
Lcos0), (Z = Z + Lsin0)

V  w

The above derivations result in easily implemented equations which will 

convert the platform mounted noncontacting sensor outputs into platform 

related deflection measurements for any pre-selected point on the rail sec­

tion. Having obtained the platform coordinates for selected points on the 

rails, standard track displacements can be readily obtained either directly or 

by the sum and difference of appropriate measurements (e.g., dynamic gauge 

widening).

This correlation process could be done either directly on-line during data 

acquisition or off-line as a post-processing procedure. Figure K-5.24 shows a
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FIGURE K-5.24 TEST DATA PROCESSING & ANALYSIS
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block diagram of a typical data processing procedure which would be utilized 
with the wayside instrumentation concept under study.

K.5.3.4.9 Evaluation of Rail Loads Using Shear and Displacement Measurement 

Systems

The approach being taken to evaluate the feasibility of obtaining track 

loads from track displacement measurements includes a comparison with the 

conventional rail strain gauge technique. The problem under consideration
therefore involves the prediction of vertical and horizontal rail forces using 

a rail shear strain measurement method and/or a rail displacement measuring 

method. In order to obtain a feeling for the significance of various track 

system variables upon these two response parameters, some initial analytic 

studies have been undertaken. Two analysis methods have been applied: (1) the 

classic beam on elastic foundation solutions, and. (2) a linear elastic finite 
element model which includes discontinuous rail support effects.

K.5.3.4.9.1 Technical Discussion

The two measurement systems under consideration rely on two distinct rail 

response parameters: (1) rail shear strain, (2) rail displacement.

In the shear strain method, strain gauges are placed on the rail at 

locations where bending and torsional responses are either minimum or can be 

otherwise accounted for. The resultant shear strain measure, y , is related to 

the rail shear force, Q, by the following linear relation (assuming elastic 

response):

Q = aAGy

where a = constant associated with the rail cross-section 

A = area of rail cross section 
G = shear modulus of rail material.

In practice, the Q , y relationship is often determined by a field calibra­

tion of the track system subject to known shear forces.
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In the rail displacement method, a series of noncontacting displacement 

gauges would be emplaced in suitable proximity to the rail and direct (abso­

lute) measurement of rail deflection would be made. The relations between 

rail deflection and applied loading may be predicted analytically or by field 

calibration. The accuracy of this technique i-s of course dependent upon the 

gauge reference platform being representative of a ground reference. If it is 

not practical to build a reference platform which could suitably isolate 

ground vibrations directly, it may be possible to compensate for these vibra­

tions analytically utilizing accelerometers.

In the following subsections, the sensitivities of both rail shear and 

rail displacement to variations in track parameters using both the beam on 

elastic foundation solution and a finite element track model are discussed.

K.5.3.4.9.2 Beam on Elastic Foundation

The vertical deflections and shear response of a rail foundation system 

based upon the classic beam on elastic foundation formulation is presented 

here for reference.

Z = ---1--- e-<JX (cos0X + sin 0X)
8p El

Q = - e'0X cos0X 

where:

0 =

2
El = rail stiffness parameter (lb-in )

Z = vertical deflection of rail at any point (in) 

Q = shear response of rail (lbs)

Pv = single wheel load on rail (lbs)
X = distance from load point (in)

Uv = vertical track modulus (lb/in/in)
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Consider first the vertical deflection of a rail subject to a one-wheel 

truck loading condition. Rail deflection under the wheel as a function of 

foundation modulus and rail stiffness is shown in Figure K-5.25. It may be 

observed that deflection is strongly affected by changes in foundation modulus 

but is relatively insensitive to changes in rail stiffness. The shear 

response in the rail is shown in Figure K-5.26. It can be seen that rail 

shear is invariant with both foundation modulus and rail stiffness.

Next consider the more realistic condition of a two-wheel truck loading. 

Rail deflection and shear may be obtained by superposition of the solutions 

presented above. The conditions studied assumed a constant wheel spacing of 

68 inches, and a constant rail stiffness corresponding to a 132 RE rail 

(E 1=2.65 x 10^). The rail deflections and shear as a function of track 

modulus are presented in Figures K-5.27 and K-5.28 respectively. Results are 

shown for two rail locations: (1) directly under one wheel, and (2) halfway

between the two wheels.

Figure K-5.27 again indicates a strong sensitivity in rail deflections to 

change in track modulus. It is also noted that with vertical track modulus 

values less than about 6000 lb/in/in, the maximum rail deflection occurs mid­

way between the wheels. At higher modulus values, the maximum deflection 

occurs under the wheels. Figure K-5.28 shows that the maximum shear occurs 

under the wheels and the shear halfway between the wheels is zero, as could be 

deduced from symmetry conditions. In addition, the induced rail shear under 

the wheel is no longer invariant with track modulus but shows a slight de­

crease in shear with increase in modulus.

The conclusion obtained from the one-wheel solution which pointed out the 

advantages of strain measurements versus deflection measurement should be 

modified somewhat based upon the two-wheel solution. Both strain and displace­

ment measurements show sensitivity to track modulus; however, the strain 

method seems to be less sensitive than the displacement system, particularly 

at low track modulus values. At higher track modulus values, both methods 
show decreased sensitivity to modulus variation. It can also be concluded 

that rail stiffness variation has relatively little impact on induced deflec­

tion or shear.
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Seme initial studies have also been performed for lateral rail loading 
conditions using the beam on elastic foundation solution. The work accom­

plished to date is limited to sensitivity studies for a single wheel truck 
loading. The lateral rail loading model includes an additional effect 

afforded by rotational restraints from the rail fasteners. We define the rail 
tie down rotational stiffness by the parameter K •

The displacement solutions for lateral loading takes the.-following form:

Y =
-qXPe

4EIj3a
(asinflX + flcosgX) 

(a2 +02)

where: a =

M

u
4EI

u
4EI

K,
4EI

K 
4EI

Y =
Pl - 
X =
El =

u l " 
K„ =

lateral rail deflection (in) 
lateral load (lbs)
distance from lateral load point (in)
lateral rail stiffness parameter 
(lb-in2)
lateral track modulus (lb/in/in)
rail tie down rotational stiffness 
(lb/rad)

A corresponding equation for rail shear may also be derived.

The system parameters are as defined previously, however it should be 

remembered that the lateral track modulus u^ will in general have a much lower

numerical value than the vertical track modulus. Similarly, the rail stiff­
ness is in the lateral direction and includes the sum of both rail inertias.
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Figure K-5.29 presents th'e lateral track deflection under the wheel for 

the one-wheel truck leading as a function of lateral track modulus (uL), 
fastener rotational stiffness (Kq) a and two different rails; 132 RE and 115 

RE. It is observed that the rail deflection again is strongly dependent upon 

lateral track moculus but is only weakly dependent upon rail lateral stiff­

ness. In addition, the rail tie down rotational stiffness, K0, is also seen 

to have a strong influence on rail deflection. Rail shear is shown in Figure 

K-5.3U. For the one-wheel truck loading, rail shear is seen to be invariant 

with lateral track modulus, tie down stiffness and rail stiffness. From this 

solution, we can draw the same tentative conclusion readied earlier -- rail 

shear appears to be a better response parameter than rail deflection since it 

shows much less sensitivity to the various system parameters. However, 

further studies involving two-wheel truck loading for lateral rail response 

are required to clarify these results.
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K .6.0 DATA SYNCHRONIZATION AND RECORDING

K.6.1  In trod u c t io n

One o f the prime requirements fo r  the a c q u is it io n  o f te s t  data i s  that 

s u f f ic ie n t  in form ation  i s  recorded so that a ll  recorded measurements can be 

co rre la ted  with each other in time and in p o s it io n  r e la t iv e  to the te s t  s i t e .  

In  o rd e r  to  p ro p e r ly  f u l f i l l  t h i s  re q u ire m e n t, s p e c ia l  equipm ent and 

implementation schemes must be used. The type o f equipment and scheme used 

fo r  a p a r t ic u la r  t e s t  i s  dependent many fa c to rs  in c lu d in g  the, speed o f the 

te st  ve h ic le s  and p re c is io n  requirements fo r  the data.

The fo llo w in g  section  presents several syn ch ron iza t ion  and data record ing 

schemes that can be used fo r  a v a r ie ty  o f te st c o n d it io n s.

K.6.2 General Method

The method recommended fo r  record ing and synch ron iz in g  a ll  data record ing 

in s t ru m e n ta t io n  i s  based on c o r r e la t in g  ground  p o s i t io n  and tim e 

sim u ltaneou sly  with the measurement data. The ba sic  scheme i s  that ground 

lo c a t io n  reference po in ts  are generated by automatic lo c a t io n  de tecto rs (ALD) 

and time reference po ints are generated by time generato rs. A ll  data, 

re fe re n c e  in fo rm a t io n  and m easurem ents, a re  re co rded  s im u lt a n e o u s ly  in  

re a l-t im e  on chart paper or magnetic tape. The tape and/or chart paper speed 

i s  run at a constant known speed. The time and p o s it io n  reference data i s  

entered on recorder channels dedicated s p e c i f ic a l ly  fo r  data syn ch ron iza tion  

purposes. F igu re  K -6.1  shows an example o f such a record ing.
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FIGU R E  K-6.1 T E S T  D A T A  E X A M P L E

U sin g  the  scheme d e sc r ib e d  above, the  f o l lo w in g  re fe re n c e  and 

synch ron iza tion  inform ation can be derived:

1. absolute  ground p o s it io n

2. re la t iv e  p o s it io n s  o f  ground lo ca t io n  and veh ic le

3. d istance  between po ints w ith in  the te s t  s i t e

4. re la t iv e  time between events

5. average speed between sp e c if ie d  ground lo c a t io n s

6. average acce le ra tion/dece le ra t ion  between sp e c ifie d  ground lo c a t io n s
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K .6 .2 .1  Ground L o ca t io n

The boundaries o f te s t  zones o r sp e c if ic  instrum entation  lo c a t io n s  o f  the 

te s t  tra ck  i s  marked u sin g  Automatic Location Detectors (ALDs). The lo ca t io n  

in fo rm ation  generated by the ALDs i s  used to co rre la te  reference p o s it io n  

between wayside and onboard instrum entation. In te s t  where on ly  onboard data 

i s  recorded, onboard ALD sen so rs  (re c e iv e rs ) ' and wayside ta rg e ts  are used. 

The pa ss in g  o f  the v e h ic le  (sen so r) over the ta rge t attached to the tra ck , 

generates a reference s ign a l which i s  used to co rre la te  data generated onboard 

w ith the ground lo c a t io n .  In te s t s  where on ly wayside data i s  c o lle c te d , the 

ta rg e ts  are attached to the ve h ic le  and sensors are in s t a l le d  at the ground 

lo c a t io n . In te s t s  where both wayside and onboard data i s  recorded, a 

co m b in a t io n  s e n s o r/ t a r g e t  s t a t io n  i s  used. (See  f i g u r e  K - 6 . 2 ) .  Each 

sen so r/ ta rge t s ta t io n  con ta in s a sensor and a ta rge t w ith in  the same u n it.  

When two s ta t io n s  pass each o ther, sim ultaneous p o s it io n s  reference  s ig n a ls  

are generated at both the onboard and wayside record ing s ta t io n s .

In te s t s  where on ly  wheel p o s it io n  i s  requ ired , wheel lo c a to rs  (counters) 

can be su b st itu te d  fo r  ALDs. In these te s t s  the wheel counters are po sit ioned  

at the exact p o s it io n  of the measurement lo ca t io n . The a r r iv a l time o f the 

measurement data and the senso r p o s it io n  i s  then co rre la te d , one to  one.

K .6 .2 .2  Automatic Location  Detection  Devices

Two types o f  autom atic lo c a t io n  detection  (ALD) device s are commonly used 

in  ve h ic le / tra ck  f ie ld  t e s t s .  These are, i )  e lectrom agnetic devices and 2) 

o p t ic a l de v ice s. Each has c h a ra c te r is t ic  performance fe a tu re s th a t best s u it  

th e ir  used in  s p e c if ic  type t e s t s .
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K .6 .2 .2 .1  E le c tro m a g n e t ic  ALP

The electrom agnetic ALD i s  b a s ic a l ly  a metal de tecto r. The ALD device  i s  

made up to two b a s ic  components, 1) a metal sen so r and 2) a metal ta rge t. 

C onven tiona lly , the senso r i s  in s ta lle d  on the te s t  ve h ic le  and the ta rge t i s  

attached to a track  lo c a t io n .  Th is arrangement i s  used on te s t s  where ground 

lo c a t io n s  are recorded on onboard recording system s. In wayside te s t s  where 

p o s it io n  o f  v e h ic le  r e la t iv e  to  ground p o s it io n  the ta rge t  i s  attached to the 

ve h ic le  and the senso r i s  attached to the track.

The electrom agnetic ALD can a lso  detect ce rta in  types o f  track  s t ru c tu re s  

such as sw itches, c ro s s in g  diamonds, etc. as well as metal te s t  ta rg e ts .  For 

te s t s  such as track  geometry surveys covering long d istance s where tra ck  

fea tu re s (s t ru c tu re s )  provide good ground lo ca t ion  marks, the e lectrom agnetic 

ALD i s  commonly used.

K .6 .2 .2 .2  O ptica l ALD

An op tica l ALD device  i s  made up o f an op tica l t ra n sm itte r/ re ce ive r un it 

and a ta rg e t (s )  th a t r e f le c t s  l ig h t .  The tra n sm itte r  and re ce ive r are 

contained in  a s in g le  enclosure  and occupy adjacent lo c a t io n s .  The b a sic  

method o f  operation fo r  the device i s  that the t ran sm itte r  sends out a 

continuous narrow beam o f l ig h t  that i s  re flected  back to  the re ce ive r when 

the l i g h t  beam in te rce p ts  the ta rge t.

The primary advantage o f the op tica l ALD over the e lectrom agnetic ALD i s  

the time response o f  the technique. Optical ALDs are recommended fo r  h igh 

speed te s t s  where h igh  time re so lu t io n  are needed. A lso  the alignment o f  the 

se n so r  to  t a r g e t  re q u ire m e n ts  i s  not as c r i t i c a l  f o r  o p t ic a l  A LD s. 

E lectrom agnetic u n its  requ ire  that the sensor pass w ith in  a few inches o f  the 

ta rge t.
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K .6 .2 .3  Time Reference

Three methods are recommended fo r  generating time references fo r  data 

synchon iza tion  and/or post data a n a ly s is .  The method used i s  p r im a r ily  

determined by time response needed. These are: 1) time code generators, 2)

time c lock  and, d ire c t  a n a ly s is  o f  time m arkings on the  reco rd in gs.

K .6 .2 .3 .1 Time Code Generation

The : use o f time code generators i s  recommended fo r  generating time 

re ferences when a te s t  re q u ire s  the record ing data from high speed te s t s  where 

fast; time response i s  needed. The ba sic  function  o f a time code generator i s  

to  generate time reference s ig n a ls  at sp e c if ie d  time in te rv a ls  (frequencie s) 

va ry in g  from function s o f seconds to hours o r even days. Each time signa l i s  

coded in  a way that can be id e n t if ie d  at a la t e r  date and the exact time at 

which the signa l was generated can be determined. Another important function  

o f  the method i s  that s p e c if ic  time event can be found on a tape by passing  

the tape through a tape reader. The tape reader au tom atica lly  scans the tape 

at h igh speeds and stops at the time p o s it io n  that has been entered in to  the 

reader. Th is function  i s  p a r t ic u la r ly  usefu l fo r  p o st -te st  a n a ly s is  o f tapes 

th a t conta in  data from high  speed te st  where la rge  amounts o f  footage are 

generated.

K .6 .2 .3 .2 Time C locks

Time c locks are recommended to provide time reference s ig n a ls  fo r  medium 

to  low speed te s t s  (0 to  35 mph). The recorder used fo r  t e s t s  covered in  t h is  

speed range i s  e ith e r magnetic tape o r paper chart re co rde rs. Time c locks 

generate time marks at se lected  in te rv a ls  (frequenc ie s) that are recorded, 

along with the in-coming measurement data, on the tape or chart paper* The 

time marks are s in g le  pu lse s and are not d is t in g u ish a b le  from each other. In 

post a n a ly s is  o f data, t im e/ location  po ints are determined by counting the 

number o f  marks from a s in g le  reference po int and m ulti p iin g  the number by the 

time rate o f the marks.
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K.6.3 Data Recorders

Two standard methods are used to record te st  data. These are multichannel 

paper chart and magnetic tape recorders. In gene ra l, magnetic tape recorders 

are  used f o r  r e c o r d in g  da ta  at a l l  r a te s  (s lo w  and f a s t )  where as c h a r t  

recorders are lim ite d  to  record ing data at low ra te s. For both methods, the 

record ing speed (in ch e s/ se c ., mm/sec) i s  known and kept constant fo r  each te s t  

run . I t  i s  im p o rta n t  to  c a l ib r a t e  the  re c o rd in g  speed and to  know i t  

corresponds w ith the time re so lu t io n  needed fo r  the te s t .  At le a s t  one channel 

i s  reserved fo r  re co rd in g  synchon ization  in form ation. Th is inform ation should  

inc lude  ALD marks and t im ing  pulse which are recorded s im u ltaneou sly  w ith the 

measurement data.

K .6 .3 .1  Magnetic Tape Recorders

Magnetic tape recorde rs provide the w idest range o f u t i l i t y  o f  a l l  

record ing  dev ice s. Tape recorders are manufactured by a number o f  companies 

and are a v a ila b le  to cover a wide range o f performance. In gene ra l, tape 

recorders can record at a h igh data rate  and as a r e su lt  have good time 

re so lu t io n  c h a ra c t e r is t ic s .  Recorders are a v a ila b le  to record e ith e r  analog 

o r d ig i t a l  data. In  most ca se s, analog data can be recorded d ir e c t ly  from the 

se n so r(s )  whereas a n a lo g - to -d ig ita l converters are needed to make d ig it a l  

reco rd in gs.

One o f the major d isadvantages o f tape recorders i s  that ad d it io na l 

equipment i s  need to  m onitor te s t  r e su lt s  in  re a l-t im e  and/or to c a lib ra te  

sen so r/am p lif ie r com binations to in su re  that s ig n a ls  are w ith in  record ing 

range. Chart re co rde rs and o sc il lo sc o p e s  are t y p ic a l ly  used to  m onitor tape 

recorder ope ra tion s.
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K .6 .3 .2  C ha rt Recorders

Chart recorders are manufactured with a wide range of performance 

characteristic and capabilities. In general, chart recorders are limited, in 

data rate acquisiton and overall time response and are used for medium to slow 

speed tests. Chart recorders provide an good means for both real-time viewing 
and post-test data analysis.

K.6.4 Instrumentation Selection Guide

The following section provides guidelines to aid in the selection of 

instrumentation for the synchronization and acquisition of data generated in 

field tests. Several instrumentation schemes are presented and recommended

for use with specific test scenarios. Table K-6.1 is presented for use in 
selecting instruments for various types of test performed at a variety of 

speeds and conditions. First the appropriate scheme is selected depending 

upon the users test requirements from the table. The user then goes to one 

of the following sections for detailed information to aid in the selection of 

equipment and general application.

TABLE K-6.1 INSTRUMENTATION SELECTION GUIDE

TEST RECORDING/ 
SYNCHRONIZATION 

MAKE-UP

HIGH 
SPEED 

80-120 MPH

MEDIUM/ 
HIGH SPEED 
55-80 MPH

MEDIUM 
SPEED 

55-35 MPH

MEDIUM 
LOW SPEED 
35-10 MPH .

LOW 
SPEED 

0-10 MPH

STATIC 
HIGH DATA 

RATE

STATIC 
LOW DATA 

RATE

WAYSIDE/ONBOARD 
(DATA GENERATED 
BY VEHICLE/TRACK 
INTERACTION)

Scheme1 Scheme1 Scheme ' 1 Scheme 1 or 2
Scheme 
1,2 or 3

N/A N/A

WAYSIDE
(DATA .GENERATED 
BY VEHICLE/TRACK 
INTERACTION)

Scheme
4'

Scheme
4

Scheme
4

Scheme 
4 or 5

Scheme 
4,5 or 6

N/A N/A

WAYSIDE
(DATA GENERATED 
BY ENVIRONMENTAL 
CONDITIONS)

N/A N/A N/A N/A N/A Scheme . 
7

Scheme 
' 8

ONBOARD
(DATA GENERATED BY
VEHICLE/TRACK
INTERACTIONS)

Scheme
9

Scheme
9

Scheme1 Scheme 
1 or 3

Scheme
3

N/A N/A

ONBOARD
(TRACK GEOMETRY 
SURVEY)

Scheme
9.

Scheme
9

Scheme
9

Scheme
9

Scheme
9

N/A N/A
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K.6.4.1 Scheme #1 - High Speed Wayside/Onboard

Scheme #1 is a data recording and synchronization design for high speed 

tests where data is. generated simultaneously at both onboard and wayside 

stations.

The time resolution for this scheme is in the range of one (1) 

millisecond and distance resolution of six (6) inches at 120 mph and three (3) 

inches at 60 mphs.

The time resolution is limited primarily by the bandwith of the recorder 

and the distance resolution is limited by the response of the ALD. The 

sensors recommended for measuring dynamic parameters have an upper limit 

frequency response of 100 Hz. Recorders with a bandwidth of 1 to 2 MHz are 

adequate for recording the sensor outputs and the ALD position devices. 

Recorders with wider bandwidth, are not needed.

A schematic of the instrumentation package is shown in Figure K-6.3. One 

complete instrumentation package is needed for both the onboard and wayside 

station. Only one time code reader is need for post-test analysis.

FIGURE K-6.3 SCHEME 1 - HIGH SPEED WAYSIDE/ONBOARD
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K .6 .4 .2  Scheme #2 -  Medium Speed W ayside/Onboard

Scheme #2 is designed to record and synchronize data at medium to low 

speed tests where data is generated simultaneously at both onboard and wayside 
stations.

The time resolution for this scheme is approximately ten (10) 

milliseconds and the distance resolution is approximately 2 inches using 

optical ALDs at 35 mph.

A schematic of the instrumentation package is shown in Figure K-6.4 One 

complete instrumentation package is needed for both the onboard and wayside 
station.

SYNCHRONIZED
DATA

FIGURE K-6.4 SCHEME 2 - MEDIUM SPEED WAYSIDE/ONBOARD
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Scheme 3 is designed to record and synchonize data generated at low 

speeds. The time resolution is dependent on the response of the recorder and 

the distance resolution on the chart paper speed.

A schemetic of the instrumentation is shown in Figure K-6.5. One 

complete instrumentation each package is needed for both the onboard and 
wayside stations.

K .6 .4 .3  Scheme 3 -  Low Speed W ayside/Onboard

.SYNCHRONIZED
DATA

FIGURE K-6.5 SCHEME 3 - LOW SPEED WAYSIDE/ONBOARD
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K .6 .4 .4  Scheme #4 -  H ig h  Speed W ayside

Scheme #4 as shown in,figure K-6.6 is the same as Scheme #1 except wheel 
sensors are used in, pi ace of optical ALDs.

ALDs can be used if they are more convenient, but wheel sensors are 

easier to install and adjust and are less expensive. The time response and 

location resolution are,the same as those described for Scheme #1.

FIGURE K-6.6 SCHEME 4 - HIGH SPEED WAYSIDE
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Scheme #5 as shown in Figure K-6.7 is designed for use in tests where 

data is collected only at wayside at medium speeds. The design is similar to 

Scheme #2 except wheel sensors are recommended to replace ALDs to locate 

vehicle position. ALDs can be used, but are more difficult to operate and are 

more expensive. The time response and distance resolution is the same as that 

described in Scheme #2.

K .6 .4 .5  Scheme #5 -  Medium Speed W ayside

SYNCHRONIZED
DATA

FIGURE K-6.7 SCHEME 5 - MEDIUM SPEED WAYSIDE
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K .6 .4 .6  Sechme #6 -  Low Speed W ayside

Scheme 6 as shown in Figure K-6.8 is designed for low speed, low data 

rate tests where data is recorded at a wayside station. The time resolution 

is dependent on the response of the recorder and the distance resolution on 
the chart paper speed.

The design is similar to Scheme #3 but wheel sensors are recommended in place 

of ALDs because they are easier to operate and less expensive to procure. 

ALDs can be used if it is more convenient.

SYNCHRONIZED
DATA

FIGURE K-6.8 SCHEME 6 - LOW SPEED WAYSIDE
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Scheme 7 as shown in in Figure K-6.9 is designed to record and 

synchronize data generated by changing environmental conditions or by applying 

forces at stationary points on the track. This instrumentation package is 

design to accept data at a high rate or in special conditions where a data 

recorder is used for technical convenience. In this scheme, the time 

resolution of the recordings is limited by the bandwidth of the magnetic tape 

recorder.

K .6 .4 .7  Scheme #7 -  S t a t i c  H ig h  D a ta  R a te  W ayside

FIGURE K-6.9 SCHEME 7 - STATIC,HIGH DATA RATE WAYSIDE
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K .6 .4 .8  Scheme #8 -  Low D a ta  R a te  W ayside

The instrumentation recommended for Scheme #8 as shown in . Figure K^-6.10 

is the basic essential for recording and synchronizing of data which is 

generated at slow rates. A time clock can be used a s a time reference but is 

not necessary. Approximate time of events can be determined by simply 

measuring the distance on the paper chart from the start of the recording to 

the event and then dividing the chart paper speed into the measured distance.

SYNCHRONIZED
DATA.

FIGURE K-6.10 SCHEME 8 - LOW DATA RATE WAYSIDE
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K .6 .4 .9  Scheme #9 -  H ig h  Speed Onboard

The instrumentation recommended in Scheme #9 as shown in Figure K-6.11 is 

for recording data generated by high data rate tests and track geometry survey 

systems. For this type of data recording and synchronization, it is important 

that a data event related to natural track geometry or man made anomalies can 

be correlated exactly to the track location where the anomaly actually exists. 

Elecromagnetic ALD sensors are commonly used to locate track features 

(switches, turnouts, test targets, etc.) that are frequently used to reference 

general locations on the track. Since the survey vehicles operate at speeds 

up to 80 mph, the data rates can be high and the time response of the sensors 

and data recorder must have a high frequency response.

FIGURE K-6.11 SCHEME 9 - HIGH SPEED ONBOARD
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K.7 SPECIAL EQUIPMENT AND TECHNIQUES

This section covers special equipment and techniques not conventionally 

used in the railroad industry due to their special application and/or recent 

development and, therefore limited use. Section K.7.1. describes the design 

and application of two portable track loading devices which are used to 

measure lateral rail restraint in track. Section K.7.2 describes a unique 

technique used to measure lateral truck forces indirectly by using intertial 

measurements.

K.7.1 TRACK LOADING FIXTURES

K.7.1.1 SYSTEM DESCRIPTION TRACK LOADING FIXTURE (TLF)

The Track loading fixture (TLF) is a loading device used to apply 

vertical load and a lateral gauge spreading load to the rail heads of track 

while measuring the resulting deflections. It is attached to a loaded hopper 

car, and load deflection characteristics of the track are measured using the 

hopper car to supply the required reactive forces. It is a portable system 

which can be transported by truck or air to site where tests are to be run. A 

modification is available to allow lateral loading at the rail shear center.

The TLF consists of three major subsystems. These are (1) the loading 

fixture, (2) the hydraulic system and (3) the electrical system. Figure K-7.1 

is a basic layout showing the Loading Fixture and Figure K-7.2 shows the 

system with the modification installed.

K.7.1.1.1 LOADING FIXTURE

The load system has two 2-9/16 inch-diameter 10-1/4 inch stroke vertical 

loading cylinders which, with a 10,000 psi hydraulic system, can produce up to

51,000 lb of vertical load at each rail head. Inside of the loading fixture 
is another 2-9/16 inch-diameter cylinder which will also produce up to 51,000 

lb of lateral load with the 10,000 psi hydraulic system. The available 

lateral stroke is approximately 6 inches.
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The clevis pins at each end of the loading fixture are strain gauge, 

pin-type load cells which are used to measure both the vertical and the 

lateral forces produced by the loading fixture. The orientation of these load 

cells is such that angular misalignment of the vertical cylinders does not 
cause errors in the indication of either the vertical or the lateral loads.

K.7.1.1.2 HYDRAULIC SYSTEM

The TLF system can be set up to operate with one or two hydraulic power 

supply pumps. To achieve optimum system performance, dual pump operation 

should be used. In the event that one pump/engine unit should become inoper­

able, the hydraulic system can be reconfigured to operate adequately from a 

single pump with reduced performance. The pump #1 unit incorporates and auto­

mobile alternator to supply electric power for the rest of the system and a 

manual 2-way valve for flow control. The pump #2 unit has a reservior-moun- 

ted, remote-controlled 3-way valve. If pump #2 fails, the system is operable 

using pump #1. If pump #1 fails,, pump #2 can be used, but an additional 

electrical energy source will be required to keep the battery charged. This 

electricity source can be a motor/generator set and battery charger or cable 

jumpers to an automobile charging system.

The dual pump hydraulic circuit includes the 4-way solenoid valve. This 

valve unloads the vertical cylinder hydraulic pump (pump #1) when no data are 

being taken and provides fast advance for the vertical cyclinders. The 3-way 

remote controlled solenoid valve mounted on the lateral cylinder hyraulic 

pump (pump #2) is used to control flow to the lateral cylinders. To control 

loads, two DC motor actuated relief valves are used. Other elements in the 
hydraulic system are check valves used for safety purposes to prevent rapid 

unloading in case of power failure and needle valves used to control and 

balance system flows.

Simple hose changes within the hydraulic control package allow change over 

to the single pump circuit. In this mode of operation, critical needle valve 

adjustments are required to balance system flows between the lateral and 

vertical cylinders. Since supply flows are reduced, the system speed per­

formance will decrease.
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K.7.1.1.3 ELECTRICAL SYSTEM

The electrical system consists of transducers, signal conditioning 

circuits, control circuits, logic circuits, and power circuits. Transducers 

included in the system are four strain gauge load cells to measure vertical 

and lateral loads, and five cable driven potentiometers to measure rail head, 

rail base, and gauge displacements. Signal conditioning for the strain gauge 

load cells is done using commercially available instrumentation amplifiers. 

Signal conditioning for the cable driven potentiometers is hard wired 

operational amplifier circuitry.

System loads are controlled by using the measured forces as indicated by 

the strain gage load cells in a feedback control system to drive the DC motors 

that ^actuate the relief valves in the hydraulic systems. Voltages are 

supplied to these motors in such a way that the relief valves operate until 

the desired load is obtained. Load commands are generated either manually 

with 10-turn potentiometers or automatically with integration circuits. Logic 

is provided so that with either the manual or automatic control mode the 

lateral command force cannot exceed the measured vertical force when in the 

normal operating mode. For operating in the modified mode (whereup to 10,000 

lb lateral loads can be produced with no vertical loads) an override switch is 

provided at the top of the control panel. Integrators and selector switches 

are provided to generate loads which can be increased and decreased in ramp 

type manner with loading and unloading rates of approximately 500 Ib/per sec.

Other features of the electrical system are over-travel limits that stop 

system loading when rail motions exceed set limits, battery powered operation 

with recharging from the gasoline engine, and two X-Y-Y plotters to record 

forces and deflections. , . ,

The system is placed in shipping containers. To install the system the 

loading fixture is removed from its shipping container and attached to the 

hopper car. The system should be installed with the TLF mounted toward the 

end of the car with the brake rigging.
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K.7.1.2 LIGHTWEIGHT TRACK LOADING FIXTURE (LTLF)

K.7.1.2.1 INTRODUCTION

Rail restraint is a critical factor which affects the safety or all 

vehicles. With inadequate rail restraint, wheel/rail loads can cause rail 

rollover and sudden gouge widening which can result in train derailment. In 

order to ensure that the lateral track strength is adequate, a means for 

measuring the rail lateral rail restraint characteristics is required.

The feasibility of making these measurements was demonstrated by the 

development and field tests with the Track Loading Fixture (TLF). The TLF was 

a research tool, and was not intended for frequent routine use by track 

inspectors. A "second generation" device was developed which was 1ightweight 
and more convenient to use that the TLF for routine track measurements. This 

device, called the Lightweight Track Loading Fixture (LTLF).

K.7.1.2.2 GENERAL DESCRIPTION

The function of the LTLF is to measure the lateral force applied at the 

rail shear center (i.e., center of "twist") and the corresponding change in 

track gauge. Lateral load is applied hydraulically with a hand pump and 

cylinder combination which is mounted to ah aluminum structure. The load up 

to 10,000 prounds is applied to the rails through a pair of clevis-mounted 

loading shoes which are shaped to conform to the web area of the rail type 

under test. The magnitude of lateral load is indicated by a pressure gauge 

mounted to the pump, and calibrated to measure force. See figure K-7.3 for a 

layout of the device mounted between the rails.

Gauge widening and absolute gauge are measured with a telescoping gauge 

bar which is also attached to the aluminum structure. The gauge bar is

spring-loaded so that it maintains contact with the rail heads at the gauge 

point throughtout the laoding excerise. An electonic gauge measurement system 

is included in the LTLF as shown in figure K-7.4.
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The electronic gauge measurement system includes a linear potentiometer 

mounted on the gauge bar. The potentiometer is excited by 9V transistor 

batteries, and its output is signal conditioned through an adjustable voltage 
regulation circuit. The voltage output of the circuit is displayed on a

digital multimeter which is provided.

The system includes a trimpot which can be used to adjust the output 

voltage, to correspond to physical units (e.g. 1.75 volts = 1.75 inches). A 

convenient physical calibration is provided by the gauge bar, which was 

designed with a total range of 4.0 inches, and can be extended fully when the 

LTLF is not in the track by pumping the cylinder.

FIGURE K-7.3 LIGHTWEIGHT TRACK LOADING FIXTURE

The circuitry, and multimeter are mounted in small sealed case, which in 

turn is mounted on the LTLF. An electrical schematic for the system is pre­

sented in Figure K-7.,5.

A unique set of loading shoes is required for each rail type (shoes for 

85, 100, and 132 lb RE rail are provided with the LTLF). Single acting 

ball-lock pins serve as the clevis pins for the LTLF, and provide a quick 
means for interchangind the shoes.

A custom shipping case is .provided for the LTLF. This case is suitable 

for safe air-freight transfer of the device.
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Safety features of the LTLF include protective bars, which were designed 

to prevent impact damage to the pressure gauge and electronics and nylon 

insulators, which eleminate the possibility of electrical "shorting" of the 

rail by the device.

FIGURE K-7.4 SKETCH OF LTLF GAUGE BAR LAYOUT FOR ELECTRONIC GAUGE 
MEASUREMENT .

7.5 -  9 volts 
in from 2 

9V transistor 
batteries

IN9I4

FIGURE K-7.5 ELECTRICAL CIRCUITRY FOR GAUGE MEASUREMENT WITH THE LTLF
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K. 7.2 ESTIMATING LATERAL TRUCK FORCE FROM ACCELERATIONS

K.7.2.1 DESCRIPTION OF TECHNIQUE

An alternative to the direct measurement of lateral truck forces is their 

estimation using the inertial measurements. Data from an array of acceler- 

meters placed on the axles, trucks and carbody of a rail vehicle, can be 

used, knowing the related masses and inertias, to calculate the dynamic (or 

inertial) forces of each component. The algebraic sum of the lateral

component forces yields the net total truck force.

A'simplified illustration of the approach is shown in Figure K-7.6

y(t)

. TRUCK FORCE = MCB ® OCB ♦  m t ° Ot + m w/ t •  Ow/ T

FIGURE K-7.6 SCHEMATIC OF BASIC LOCOMOTIVE TRUCK FORCE MODEL
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The major advantage of this technique is of course iow cost, when compared 

with instrumented wheel sets and instrumented track for determining lateral 

dynamic truck forces. The technique is also valuable in evaluating suspension 

systems by identifying the contributions to lateral dynamic truck force from 

the carbody, truck and axle masses.

TABLE K-7.1 SUMMARY PROCEDURE FOR LATERAL TRUCK FORCE ESTIMATION

1. Measure and record carbody lateral, carbody yaw, truck lateral and
axle lateral accelerations (note: 0-10Hz bandwidth and digital data
acquisition are recommended.) Mechanical isolators for accelero- 
moter mounting are recommended.

2. FFT filter at 10Hz (or equivalent) (pass O-lOHz with no phase dis­
tortion, at least 25 db attenuation at 10 Hz and above with no phase 
distortion).

3. Calculate inertia forces from known masses and measured accelerations.

4. Sum forces to obtain net lateral dynamic truck force.

5. Plot time histories of component inertia forces and net truck force.

6. Identify contributions to peak and RMS truck force from carbody,
truck frame and wheel sets.

K.7.2.2 SUMMARY PROCEDURES

The procedures for estimating net lateral truck force are fairly straight 

forward. (See Table K-7.1) The rigid body response modes of a typical rail 

vehicle are below 10 Hz, between lg to 5g peak yet the environment on board a 

rail vehicle is filled with shock and vibration inputs of higher frequencies 

(100Hz and up) and higher force levels (lOOg and more). Only the rigid body 

accelerations are of interest in estimating dynamic forces. Therefore, all 

other accelerations are noise and must be filtered out. To overcome the noise 

problem, a 50Hz mechanical filter, or isolator mounting, is used to isolate
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the accelerometers from the major shock and vibration inputs. This reduces 

the dynamic range required for the transducers however it does not eliminate 

the noise. To eliminate it, the recorded output of the accelerometers must 

also be filtered. The best choice here is an FFT filter applied at 10Hz to a 

minimum of a 4 second time history. An FFT filter is applied by performing a 

Fast Fourier Transfer of the time series data. The real and imaginary

components are retained. The coefficients for all frequencies above the

desired cutoff are set to zero. An inverse FFT is performed using the re­

maining components. The result is an "ideally" filtered time series. An 

inverse FFT is performed using the remaining components. The result is an 

"Ideally" filtered time series. An FFT filter closely approximates an ideal

filter in that it has no phase shift, it is flat in the pass band and zero

everywhere else (nearly). (Alternative filtering should have about 25 db 

attenuation above 15 Hz, and have a flat response with little or no phase 

shift below 10Hz, to provide an acceptable signal to noise ratio). The 

interia forces are then calculated by multiplying the measured accelerations 

of the carbody, truck frame and axles by their respective masses arid inertias 

as shown in Equation.

Net Truck Lateral Force— Equation

-  " a f  \  +  m t x t  +
* C G Mc  +  V c

*TC

w h e r e :

F  =  N e t  T r u c k  L a t e r a l  F o r c e ,  ( l b )
2 .

M =  M a s s  o f  o n e  a x l e  ( l b - s e c  / m )  X.

X .  =  A x l e  " i "  l a t e r a l  a c c e l e r a t i o n  ( i n / s e c ^ )al
n  =  N u m b e r  o f  a x l e s  i n  t r u c k  

Mrp =  T r u c k  f r a m e  m a s s  ( l b - s e c V i n )

X T  =  T r u c k  f r a m e  l a t e r a l  a c c e l e r a t i o n  ( i n / s e c 2 )

&C G  =  D i s t a n c e  f r o m  c a r b o d y  y a w  c e n t e r  t o  t r u c k  c e n t e r  ( f t )  

^ T C  =  T r u c k  c e n t e r  s p a c i n g  ( f e e t )

M _  =  C a r b o d y  m a s s  ( l b - s e c ^ / i n )
“ 2 
X _  =  C a r b o d y  l a t e r a l  a c c e l e r a t i o n  ( i n / s e c  )c 5
I _  =  C a r b o d y  y a w  i n e r t i a  ( l b - m - s e c 6 )
•• 2
6 =  C a r b o d y  y a w  a c c e l e r a t i o n  ( r a d / s e c  )
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The resultant forces are summed to obtain total net truck lateral force. 

Plots of the time histories of the total and component forces should be 

produced as an aid to analysis of the suspension system. The contributions of 

axle, truck and carbody inertia to peak truck force values can be readily 

identified from the plots. Calculations of the RMS values for each component 

inertia force and the total inertia force over the entire time history are 

also helpful in identifying suspension effectiveness.

K.7.2.3 LIMITATIONS AND SPECIAL REQUIREMENTS

Limitations' and special requirements are summarized in Table K-7.2. The 

primary limitation of this approach is that friction forces are neglected. 

Therefore, wheel and axle forces cannot be resolved. Wheel and axle forces 

are significantly affected by creep forces and center plate friction whereas 

these effects are largely cancelled out when considering total truck forces.

Significant attention must be given to filtering to obtain the low-level 

low-frequency rigid body accelerations from the relatively high level-high 

frequency noise environment of a rail vehicle. For best results shock mounts 

with a flat response to 50Hz are recommended for the accelerometers and 10Hz 

FFT filtering is recommended in processing the data. As a result of the 10 Hz 

filtering, forces generated by wheel impact at misaligned joints are under­

estimated. However these forces are of very short duration and rarely con­

tribute significantly to lateral truck force to rail rollover.

TABLE K-7.2 SUMMARY OF LIMITATIONS AND REQUIREMENTS 

FOR LATERAL TRUCK FORCE ESTIMATION 1 2 3 4 5 6

1. Friction/creep forces neglected.

2. Wheel and axle forces cannot be resolved.

3. Shock mounts are required for the accelerometers.

4. Digital data acquisition and processing is recommended.

5. FFT filtering is recommended.

6. Impact forces are underestimated.
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K.7.2.4 EXAMPLE

An application of this technique was performed during the perturbed track 

tests in 1978.- The prescribed suite of acceleratometers, with isolators, was 

instal led .on the carbody, truck and axles of an SDP-4CF six axle locomotive. 

(See Figure K-7.7). The data was filtered and digitally recorded along with 

force data from three instrumented wheel sets in the same truck. (See Figure 

K-7.8). This direct measurement of net truck force enabled an evaluation of 

the accuracy of the estimation technique. Overall the results showed the 

technique t.o be up to 90% accurate in estimating filtered peak force levels. 

Also 4 second time histories of the estimated total truck force, from the 

perturbed track test zones, showed good agreement with those.from the wheel set 

measurements. (See Figure K-7.S) the results are shown for several cycles of 

two alignment perturbations, one with a 78 foot fundamental wavelength and a 

second with a 39 foot fundamental wavelength.

One of the test objectives was. to identify the factors contributing to 

excessive lateral truck forces which, had resulted in, a number of SDP-40F 

derailments. Figure K-7.10 shows the relative contributions of the carbody, 

axle and truck frame inertia forces to peak and RMS net.lateral truck'force. 

Within the test section, the carbody inertia force (as the result of carbody 

yaw activity) was found-to significantly dominate the overall response. These 

results led to further investigation of the dynamic characteristics of the 
secondary suspension system.
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78-Foot Piecewise Linear @ 55 mph

FIGURE K-7.9 COMPARISONS OF ESTIMATED AND MEASURED TRUCK FORCES
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RMS CONTRIBUTION OF INERTIA FORCES 
(SPD-40F) 55 MPH

PEAK CONTRIBUTION OF INERTIA FORCES 
(SPD-40F) 55 MPH

FIGURE K-7.10 RELATIVE CONTRIBUTIONS TO THE TOTAL TRUCK FORCE

K - l7 3 / K - l74



REFERENCES SECTION - K

1. "Safety Assessment Facility for Equipment (SAFE) Test and Analysis 
Methodology Options", Volume 1: Methodology Development, A. B. Boghani,
P. R. Nayak and D. W. Palmer, Arthur D. Little, Inc., Cambridge, MA, 
October, 1979.

2. "Safety Assessment Facility for Equipment (SAFE) Test and Analysis 
Options", Volume 2: Methodology Development, A. B. Boghani, P. R.
Nayak and D. W. Palmer, Arthur D. Little, Inc., Cambridge, MA,
October, 1979.

3. "A Description of the Tests Conducted and Data Obtained During the 
Perturbed Track Test", M. Coltman, R. Brantman and P. Tong, Report 
No. FRA/0RD-80/15, January, 1980.

4. "U.S. Transit Track Restraining Rail, Volume I: Study of Requirements 
and Practices", E. G. Cunney and T-L. Yang, August, 1981.

5. "Wheel and Rail Profile Measurements for Urban Rail Transit Systems",
J. D. Jackson, Transit Systems Office, System Research and Development 
Branch, Research and Development Division, Ontario Ministry of 
Transportation and Communications, Ontario, Canada, ASME Winter 
Conference, New York.

6. "Measurement Techniques for Onboard Wheel/Rail Loads", J. K. Kesler and 
Ta-Lun Yang, International Conference on Wheel/Rail Load and Displacement 
Measurement Techniques, Cambridge, MA, January, 1981.

7. "The B. R. Measuring Wheel", A. R. Pocklington, International 
Conference on Wheel/Rail Load and Displacement Measurement Techniques, 
Cambridge, MA, January, 1981.

8. "Development and Use of Instrumented Locomotive Wheel sets", C. A.
Swenson and K. R. Smith, International Conference on Wheel/Rail Load 
and Displacement Measurement Techniques, Cambridge, MA, January, 1981.

9. "Wheel/Rail Measurements from Concept to Utilization", G. B. Bakken,
R. A; Peacock and D. W. Gibson, International Conference on Wheel/Rail 
Load and Displacement Techniques, Cambridge, MA, January, 1981.

10. "A Technique to Estimate Lateral Rail Vehicle Forces fom Acceleration 
Measurements", J. K. Kesler and Ta-Lun Yang, ASME Winter Annual 
Meeting, Washington, DC, December, 1981. 11 12 13

11. "Techniques for Measuring Wheel/Rail Forces with Trackside 
Instrumentation", D. R. Ahlbeck and H. D. Harrison, ASME 77-WA/RT-9.

12. "AAR/Lateral Stability Test", TTC, Pueblo, CO, 1973.

13. "WMATA Truck Angle of Attack", ENSCO Report No. RTE-80-11, Springfield, 
VA, October, 1979.

K-175



14. "The Use of Angle-of-Attack Measurements to Estimate Rail Wear under 
Steady-State Rolling Conditions", H. Ghonem and J. Kalousek, International 
Conference on Wheel/Rail Load and Displacement Techniques, Cambridge, MA, 
January, 1981.

15. "Some Relationships Between Dynamic Performance of Freight Car Trucks and 
Worn Wheel Tread-Rail Geometry", P. V. Garin and K. L. Cappel, Joint 
ASME/IEEE Meeting, Chicago, April 7-8, 1976.

16. "Intermodal Cars - New Developments", J. R. Blanchfield and M. A.
Kenworthy, 1977 Technical Proceedings, 14th Annual Railroad Engineering 
Conference, Pueblo, CO, March, 1978.

17. "Measurement, Processing, and Use of Wheel-Rail Geometric Constraint 
Functions", E. H. Law and N. K. Cooperider, International Conference 
on Wheel/Rail Load and Displacement Measurement Techniques, Cambridge,
MA, January, 1981.

18. "Track/Train Dynamics Test Results, HT-C Truck Static Test", P. W.
Abbott, Martin Marietta Corporation, Report No. MCR-77-100, Denver, CO, 
March, 1977.

19. "Dynamic Suspension Characterization", ENSCO Report No. D0T-FR-82-05, 
August, 1980.

20. "Lateral Forces Between Wheels and Rails - An Experimental Investigation", 
Olson, P. Fi and Johnson, S., ASME Paper No. 60-RR-6, 1960.

21. "Tests of the AMTRACK SDP-40F Train Consist Conducted on CHESSIE System 
Track," Tong, P., Brantman, R., Grief, R., Mirabella, J..Report No. 
FRA/0R&D-79/19, May, 1979.

22. "Stresses In Railroad Track - The Talbot Reports", Republished by the 
American Railway Engineering Association, 1980.

23. "An Analytical and Experimental Evaulation of Concrete Cross Tie and 
Fastener Loads", R. H. Prause, et al, Report No. FRA/0RD-77/71, Dec.

24. "An Investigation of Factors Contributing to wide Gauge on Tangent 
Railroad Track", D. R. Ahlbeck, H. D. Harrison and S. L. Noble, Jourrnal 
of Engineering for Industry, Vol. 99, Series B, No. 1, Feb. 1977, pp. 1-9.

25. "Research Plan for the development of Improved Rail Fastener Performance 
Requirements", F. L. Dean, prepared by Battelle's Columbus Laboratories 
for the Office of Rail Safety Research, Federal Railroad Administration, 
Contract DOT-FR-9162, April 1980.

26. "Measurement Systems", E. 0. Doebelin, McGraw-Hill, New York, 1966, pp. 
233-242.

K-176



S E C T I O N  L  

D A T A  MANAGEMENT

L . l  I N T R O D U C T I O N

T h e r e  a r e  m a n y  d i f f e r e n t  a p p r o a c h e s  t o  d a t a  m a n a g e m e n t  f o r  

a n y  p a r t i c u l a r  c o m b i n a t i o n  o f  t e s t  r e q u i r e m e n t s .  T h i s  s e c t i o n ,  

h o w e v e r ,  o u t l i n e s  t h e  r e q u i r e m e n t s  f o r  a n  o v e r a l l  d a t a  m a n a g e m e n t  

c o n c e p t  f o r  V e h i c l e / T r a e k  I n t e r a c t i o n .  A s s e s s m e n t  T e c h n i q u e s  

( I A T ) .  T h i s  a n n o t a t e d  o u t l i n e  w i l l  h i g h l i g h t  t h e  p o i n t s  n e e d e d  

f o r  t h e  u s e r  s o  t h a t  h e  c a n  f i l l  i n  t h e  d e t a i l s  o f  a n  a p p r o a c h  

w h i c h  i s  o p t i m i z e d  t o  t h e  s p e c i f i c  r e q u i r e m e n t s ,  e q u i p m e n t ,  a n d  

f a c i l i t i e s  a v a i l a b l e  t o  h i m .

L . 1 . 1  D a t a  M a n a g e m e n t

T h e  m a n a g e m e n t  o f  d a t a  i n  a n y  t e s t  i s  a  c r i t i c a l  e l e m e n t  o f  

t h e  t e s t .  I t  m u s t  b e  t a k e n  i n t o  a c c o u n t  f r o m  t h e  e a r l i e s t  s t a g e s  

o f  p l a n n i n g  a n d  t h r o u g h o u t  t h e  w h o l e  p r o c e s s  o f  t e s t  p l a n n i n g ,  

e x e c u t i o n ,  a n d  a n a l y s i s .  D a t a  m a n a g e m e n t  p r o v i d e s  f o r  p o s s i b l e  

l a t e r  u s e  o f  t e s t  d a t a  i n  w a y s  n o t  c o n s i d e r e d  u n t i l  p e r h a p s  l o n g  

a f t e r  t h e  t e s t  h a s  b e e n  c o m p l e t e d .  G o o d  d a t a  m a n a g e m e n t  p r a c t i c e  

i s  e s s e n t i a l  t o  a s s u r i n g  t h e  v a l i d i t y  a n d  c r e d i b i l i t y  o f  t e s t  

r e s u l t s .  D a t a  m a n a g e m e n t ,  i f  n o t  p r a c t i c e d  p r o p e r l y ,  c a n  

i n c r e a s e  c o s t s  u n n e c e s s a r i l y  b y  r e q u i r i n g . t e s t s  t o  b e  r e p e a t e d  

b e c a u s e  o f  l o s t ,  q u e s t i o n a b l e ,  o r  u n r e c o r d e d  d a t a  o r  b y  r e q u i r i n g  

m o r e  d a t a  t o  b e  a c q u i r e d  a n d  p r o c e s s e d  t h a n  i s  n e c e s s a r y .

D a t a  m a n a g e m e n t  r e q u i r e s  a  s e e m i n g l y  i n o r d i n a t e  a t t e n t i o n  t o  

d e t a i l s  b u t  t h a t  a t t e n t i o n  w i l l  p a y  o f f  b y  o p t i m i z i n g  t h e  

v a l i d i t y  o f  t e s t  r e s u l t s  a n d  c o s t  a n d  t i m e  f o r  t e s t i n g .  D a t a  

m a n a g e m e n t ,  t h e n ,  i s  a  p r o c e s s  c a r r i e d  o u t  b y  t e s t  e n g i n e e r s  a n d
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planners and computer programmers in the planning stages of a 
test and by engineers, technicians, computer operators, machines 
(i.e., computer hardware), and programs (i.e., computer software) 
in the execution stages of a test. The combination of machines 
and programs, as put to use by a human operator, constitute a 
data management system.

L.1.2 Data Management System for IAT.

A permanent or long-term facility using tests recommended by 
the IAT should include a data management system carefully 
designed and optimized to perform all the functions required of 
it in a standardized and efficient manner. However, IAT testing 
is likely to be performed often on one-time facilities by
different users who have different computer equipment and
facilities available to them. Each user must assemble a data 
management system, then, from available resources, optimizing and 
trading off features, performance, and cost while still providing 
an acceptable system for the tests to be1 performed. Software 
probably will be designed around "off-the-shelf" packages with 
little special programming and little automatic transfer from one 
step to the next in the processing. Hardware probably will 
utilize equipment already owned or leased by the user for other 
purposes and may include time on a machine owned by others, 
perhaps a time-share vendor or service bureau.

A data management system for IAT as outlined here is made up 
of the following subsystems, which may contain overlapping 
components and share certain personnel, software, hardware, and 
other resources.

A. Data Acquisition Subsystem.
B. Data Reduction/Analysis Subsystem.
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C. Data Storage/Retrieval Subsystem.
D. Data Presentation Subsystem.

L.2 OBJECTIVES ££ A DATA MANAGEMENT SYSTEM EDR IAT

The objectives of a data management system for IAT may be 
divided into three categories: user objectives# operational
objectives, and analysis objectives.

L.2.1 User Objectives

These are key objectives important to a user of IAT. They 
include speed with which test results are obtained* security of 
proprietary data (if any), technical level required to interpret 
results, and cost of testing.

A. Easy to Use. The data management system must be able to 
be used by relatively inexperienced personnel without 
extensive training.

B. Rapid Results. The high value of equipment and 
personnel involved in testing, and time constraints on 
their availability, often will dictate that test results 
be available quickly. 1

1. Next Day Preliminary Results. Users of IAT should 
be able to review a selected set of reduced and 
processed data from individual runs in time to 
evaluate and potentially alter test parameters for 
the next day of testing.
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C. Multiple Data Access. Users should be able to withdraw 
data from the data management system at any reasonable 
stage in the processing.

D. Security of Proprietary Data. Users of a long-term test 
facility should be able to withdraw proprietary data 
from the data management system and be assured that it 
is not available to any other user.

E. Multi-Level Output Detail. Output formats should be
provided which are convenient to users at multiple 
levels of expertise. _

F. User-Supplied Personnel and Equipment. Users of a 
long-term test facility should be able to conduct tests 
and process the data with their own people and computer 
facilities.

G. Cost Effectiveness. The data management system chosen 
should provide the , most performance above the minimum 
requirements for the lowest life-cycle cost. Maximum 
use of existing and off-the-shelf hardware and software 
should be used wherever practical, consistent with 
minimizing costs. _

L.2.2 Operational Objectives

2. Next Week Test Results. Equipment manufacturers and
railroads will usually, need -test results promptly
if those results are to be of use.

The objectives listed below are important to the safety of
tests, the security of test data, and the operational efficiency
of the IAT process.
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A. Quick-Look Support. The data management system must 
support quick-look processing of key parameters in real 
time to assure that tests are conducted safely and that 
data is being properly recorded. Graphical displays and 
pre-established limit alarms should be used wherever 
appropriate. Related data should be available in 
engineering units and in tabular form to permit rapid 
manual plotting in the field when special conditions 
warrant such additional examination.

B. Backup Reduction/Analysis Subsystem. Ability to perform 
in-depth analysis either on-site (or at the user's 
computer system) or off-site (at another designated 
site, e.g., a contractor) to allow for unavailability 
due to system failure or maintenance.

C. Data Verification. The data management system should 
monitor the validity of the data (e.g., parity, range, 
etc.) and record verification statistics at all steps of 
data transfer.

1. Calibration Data. Calibrations applied to signals 
to convert to engineering units.

2. Bookkeeping. Counts of records and accounting for 
data (labeling, check sums, etc.).

3. Recording the Verification. Verification data 
(e.g., number and type of possible errors found) 
should be transferred and recorded with the data 
itself.

D. Direct Data Transfer to Models. The data reduction/ 
analysis subsystem should be able to support optional 
machine-readable output formats suitable for use as
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. input to relevant (computerized) analytical models.

E. , Flexible Graphical Output. Output graphics should
. include automatically a subset of plots for each test 
type; or performance issue.

F. Remote-Site Testing. The data management system must be 
capable of receiving data from.IAT tests performed at a 
variety of locations (e.g.f revenue track) to 
accommodate the required track geometry or operating

, conditions which are conveniently and/or economically 
accessible at those locations.

L.2.3 Analysis Objectives

These objectives are important to assure that the analysis 
of test data can be performed with correct results.

A. Comparative Analyses. Test data should be maintained in 
a format which will permit various comparative analyses 
of performance of two or more vehicles to be made at any 
time after testing is completed on them.

B. Data Integration. Onboard and wayside data should be 
synchronized and combined into one data base along with 
dynamic track geometry data and pre-test and post-test
track chacterization data.« -

C. Flexible Storage and , Retrieval Formats. The data 
management system must include the capability for 
permanent storage and retrieval of data in a form or 
forms which will allow:
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1. Comparative Analysis. Comparison of results of 
similar tests on different vehicles or components.

2. Specialized Analyses. Analyses by a researcher 
which would not normally be done as part of IAT 
testing.

3. Statistical Extracts. For administrative analyses 
such as measuring IAT performance over a long term.

D. Validation of Analytical Models. Model validation capa­
bility should be provided for as an integral part of the 
data management system (see IAT Section D).

E. Validation of Original Assumptions. Determination that 
original test assumptions, tolerances, error analyses, 
and distribution of data, etc., were reasonable and did 
not affect the results significantly.

L.3 DATA MANAGEMENT HANDLING REQUIREMENTS

The sampling rate and amount of data to be handled varies by 
the type of test and performance issue. This subsection 
categorizes and summarizes the requirements by location (onboard 
or wayside), test category, and performance issue.

L.3.1 Onboard Data Requirements

Onboard data handling requirements are summarized in Tables
L-l, L-2, and L-3. Minimum number of channels, frequency range,
and sampling rate are shown for each performance issue.
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L.3.1.1 Real Time Data i.Ouick-Look & Safety) - Refer to the 
tables for the minimum number of channels required for each 
performance issue. They include principally the channels 
required’ to- assure safe conduct of the test. See IAT Section E 
(Test Plan Summaries) for details on the safety channels. Most 
real time channels are duplicated for each' performance issue, 
making the total real time channels for tests addressing multiple 
performance issues less than the sum of those for the individual 
performance issues.

L.3.1.2 Post Processing - Post processing data handling require­
ments are Summarized in the tables. The data management system 
should perform the bulk of its various tasks upon the data after 
cpmpletion of a run or even a day of testing. This will require 
sufficient storage and retrieval systems and may mean non-prime 
time processing to reduce costs and reduce processing time-.

L.3.2 Wavside Data Requirements

Wayside data handling requirements are summarized in Table 
L-4. Minimum number of channels, frequency range, and sampling 
rate are shown for each performance issue. The table is 
organized as for onboard data and contains the same categories of 
information for real time and post processing requirements. Many 
real time channels are duplicated across performance issues as in 
the onboard case, making the number of channels required less 
than their sum for tests addressing multiple performance issues.
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TABLE L-l
ONBOARD DATA HANDLING REQUIREMENTS FOR PROOF TEST

========= PERFORMANCE ISSUES* =========
H T&R P&B Y&S SSC SN DC SBD LTA LI

DATA CHANNELS:
Speed 1 1 1 1 1 1 1 1 1 1
ALD 1 1 1 1 1 1 1 1 1 1
Environmental 3 3 3 3 3 3 3 3 3 3
Test Data 2 3 6 4 6 4 7 4 5 6
Total for Data 7 8 11 9 11 9 12 9 10 11
Quick-Look 4 3 5 5 4 3 6 4 4 7
Total Channels 11 11 16 14 15 12 18 13 14 18

FREQUENCY RANGE:
Minimum (Hz) 0 0 0 0 0 0 0 0 0 0
Maximum (Hz) 50 10 10 10 100 100 100 100 100 50

Sampling Rate (Hz) 100 ‘ 20 20 20 200 200 200 200 200 100

TABLE L-2ONBOARD DATA HANDLING REQUIREMENTS 
FOR DIAGNOSTIC TEST

========= PERFORMANCE ISSUES* =========
H T&R P&B Y&S SSC SN DC SBD LTA LI

DATA CHANNELS: 
Speed 1 1 1 1 1 1 1 1 1 1
ALD- 1 1 1 1 1 1 1 1 1 1
Environmental 3 3 3 3 3 3 3 3 3 3
Test Data 14 9 7 8 8 21 17 16 17 20
Total for Data 19 14 12 13 13 26 22 21 22 25
Quick-Look 8 5 5 7 6 7 8 6 6 8
Total Channels 27 19 17 20 19 33 30 27 28 33

FREQUENCY RANGE: 
Minimum (Hz) 0 0 0 0 0 0 0 0 0 0
Maximum (Hz) 100 100 10 100 100 100 100 100 100 50

Sampling Rate (Hz) . 200 200 20 200 200 200 200 200 200 100

* Symbols are described below Table L-■4, next page • ,
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TABLE L-3ONBOARD DATA HANDLING REQUIREMENTS 
FOR SERVICE ENVIRONMENT TEST

========== PERFORMANCE ISSUES
H T&R P&B Y&S SSC SN DC SBD LTA LI

DATA CHANNELS: 
Speed 1 1 1 1 1 1 1 1 1 1
ALD 1 1 1 1 1 1 1 1 1 1
Environmental 3 3, 3 3 3 3 3 3 3 3
Structural.Data 0 0 0 0 0 0 0 0 0 10
Test Data 17 10 7 16 13 25 26 16 17 22
Total for Data 22 15 12 21 18 30 31 21 22 37
Quick-Look 8 5 5 7 6 7 8 6 6 8
Total Channels 30 20 17 28 24 37 39 27 28 45

FREQUENCY RANGE:
Minimum (Hz) 0 0 0 0 0 0 0 0 o. 0
Maximum (Hz) 100 100 10 100 100 100 100 100 100 50

Sampling Rate (Hz) 200 200 20 200 200 200 200 200 200 100

TABLE L-4
WAYSIDE DATA HANDLING REQUIREMENTS 

FOR SERVICE ENVIRONMENT TEST

T&R P&B
PERFORMANCE 
Y&S SSC

ISSUES == 
SN DC SBD

DATA CHANNELS: 
Test Data 10 10 10 4 4 20 4
Quick-Look 6 6 6 4 4 -8 4
Total Channels 16 16 16 8 8 28 8

FREQUENCY RANGE: 
Minimum (Hz) 0 0 0 0 0 0 0
Maximum (Hz) 100 100 100 100 100 100 100

Sampling Rate (Hz) 200 200 200 200 200 200 200

SN = Spiral Negotiation
DC = Dynamic CurvingSBD = Steady State Buff and DraftLTA = Longitudinal Train Action
LI = Longitudinal Impact

H = Hunting
T&R = Twist and RollP&B = Pitch and Bounce
Y&S = Yaw and Sway
SSC = Steady State Curving
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L. 4 FUNCTIONS QE E DATA MANAGEMENT SYSTEM £QE IE2.

Based upon preliminary assessment of the test requirements 
for IAT, the data management system, both hardware and software, 
is described in terms of its functional requirements in the 
following subsections. A data management system which performs 
these functions should meet the objectives outlined in Subsection
L.2, above. A block diagram of the system is shown in Figure 
L-l.

L.4.1 Data Standardization

All test data should be formatted and transferred in a 
standardized manner to ensure proper cataloging and repeatability 
of analysis. Some of the issues to be resolved are:

A. Standard Channel Assignments (Analog). Channel assign­
ments for raw analog data received from sensors should 
be consistent from test to test whenever possible. 
Assignments to be standardized are:

1. Unique Logical Channel Assignment.
2. Physical Channel Assignment.

B. Standard Record Formats (Digital). The format of data 
stored on magnetic or other machine-readable media 
should be carefully planned. Format may be different 
for data at various processing stages:

1. Unprocessed Data.
2. Processed Data.

L-ll



C. Record Types to be Standardized.

1. Header Records. Information in text form concerning 
- basic test parameters, (e.g.,; description of test,

date and time, number of channels recorded, 
description and value units of each channel, sample 

■ rate, etc.).

2. Calibration Records. Engineering unit conversion 
factors and offsets applicable to each channel.

3. Data Records. Since these make up most of the data, 
it is important that the format be chosen carefully 
with efficiency of storage use of prime importance. 
Some factors to be considered are:

a.
b.
-Ci.

d.
e.
f.
g-
h.
i.

Record Length (in Bytes or Bits).
Word Length (in Bytes or Bits).
Resolution and Range of Values. Large range or 
large values may require more than one word for 
storage.
Sign Convention.
Bit Padding Convention.
Multiplexing Technique.
Number of Channels.
Sample Rate.
Characteristics of any Non-Standard Channels.

4. Trailing Records. Trailing records signal the end 
of a file of data and also may contain:

a. Post-Test Calibration Data.

b. Comments. These may describe unusual events 
during the test.

L-12



ALTERNATE 
DATA SOURCES

•  PREVIOUS TEST 
PROGRAMS

•  MODELS

Y V

DATA
ACQUISITION
SYSTEM

DATA
STORAGE/ DATA
RETRIEVAL REDUCTION/
& DATA BASE ANALYSIS
MANAGEMENT
SYSTEMS

SYSTEM

QUICK-LOOK
DISPLAY )

QUICK-LOOK A  
DISPLAY J DISPLAY

)

Figure L-l
Typical Data Management System for IAT



L.4.2 Data Acquisition

The data acquisition function may be performed in part by a 
pulse code modulation (PCM) system, probably located on-board the 
test train. Other techniques may be used instead, such as the 
more common frequency modulation (FM) multiplex systems. The 
principal data acquisition features are:

A. Input. Input data will be mostly in the form of analog 
electrical signals sampled at some fixed rate. Each 
signal will be assigned its own data channel.

B. Output. Output data will be in digital form.and will be 
written onto magnetic or other machine-readable media 
for later retrieval. Data from all channels for each 
sample will be placed in a Single record arid placed 
serially onto the medium. Some multiplexing may occur, 
for efficiency of storage or speed of transfer, but 
distinct channel identification must be recoverable. 
Output from models may be required as well as from 
actual tests.

C. Functions to be Supported.

1. Quick-Look. Conversion of quick-look parameters to 
engineering units will be required.

2. Data Conversion (optional). If not provided here, 
it will be done under reduction/analysis.

3. Time Synchronization. On-board and wayside data (if 
used) must be synchronized. A single output stream 
combining the two is preferred but if not practical 
the time codes must be matched to permit simplified 
synchronization later.
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4. Pre-Test/Post-Test Acquisition. Pre-test and post­
test acquisition of track geometry data will be 
necessary under some conditions.

5. Remote-Site Testing. The data acquisition subsystem 
may be required to function at a variety of test 
sites when special track geometry or operating 
conditions are required.

Typical data rate and capacity requirements are shown in 
Table L-5. Block diagrams of typical data acquisition systems 
are shown in Figures L-2 through L-4: Figure L-2 shows an 
analog-based system; Figure L-3 shows a computer-based system; 
and Figure L-4 shows a PCM system.

TABLE L-5
TYPICAL DATA ACQUISITION DATA REQUIREMENTS

SAMPLES
CHANNELS PER SEC

Minimum 12 20
Average 30 100
Maximum 50 200

MEGABYTES OF DATA
RUN TIME RAW SIG ENG UNITS

2 min. 0.6 1.2
3 min. 1.1 2.2

15 min. 20.0 40.0
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Figure L-2
Typical Analog-Based Data Acquisition System
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Figure L-3
Typical Computer-Based Data Acquisition System
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TypicalData
Figure L-4Pulse Code Modulation ’ 

Acquisition System
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L.4.3 Data Conversion

If raw data are recorded on magnetic media in analog form 
they must first be converted to digital form with header and 
trailer information. The raw digital signal on each channel must 
be converted to calibrated engineering units. Conversion may be 
performed by either the data acquisition subsystem or by the data 
reduction/analysis subsystem. Possible conversion types to be 
considered are:

A. Digital to Analog.
B. Analog to Digital.
•C. Raw Digital to Engineering Units.

L.4.4 Data Reduction/Analysis

A. Test Analysis. A block diagram of the data management
system configured for test analysis is shown in
Figure L-5. Typical functions required are:

1. Time History and Simple Statistics;
2. Statistical Analysis.
3. Analytical Models. Extrapolation arid ranging by 

using previously validated models.

B. Comparative Analysis. A block diagram of the data
management system configured for comparative analysis is 
shown in Figure L-6. Typical functions required are:

1. Statistical Analysis.
2. Analytical Models. Use of previously validated

models for comparison of different, but possibly 
untested, conditions or use of unvalidated models as 
part of the process of validating them.
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Analysis Programs. A wide variety of analysis programs 
will be necessary for IAT. Many "canned", programs are 
available to run on virtually any computer. They will 
perform many general-purpose mathematical and 
statistical procedures on data properly formatted for 
them., A partial listing appears in the Bibliography of 
this Section L. However, the IAT analyses also require 
some yery specialized mathematical procedures for which 
programs must be written. In either case, programs must 
format the data to be compatible with each analysis 
program. For a more thorough discussion of analysis 
programs see IAT Section C, Literature Search, and IAT 
Section D, Model Validation.

1. IAT-Specific. Programs written for IAT use and 
probably not usable for any other purpose.

2. .Pre-Packaged Programs. Special-purpose programs and
subroutines available for lease or purchase.

-3. General-Purpose Packages. Large packages (e.g., 
statistical, data management, and analysis) 
available for lease or purchase. One or more of 
these may already reside on the user's computer 
system.

4. Utilities. Programs likely to be already available 
on the user's computer system to perform editing, 
file management, etc. These are often designed for 
specific models of computer system.
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Figure L-5
Typical Data Management System Configured for Test Analysis
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Figure L-6Typical Data Management System 
Configured for Comparative Analysis
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l .4.5 Pat,9 S.t.orage/ Re fcjLi.e.y.al

All test data should be stored on some media as it is 
acquired so that it can be selectively retrieved later for 
processing and analysis. The rate of data acquisition, form of 
the data, and quantity of data to be stored will be principal 
factors in determining the media to use. Magnetic tape (magtape) 
has been common in the past but disk systems should be examined 
as a possible alternative for speed and capacity. As technology 
advances in this field, other systems may become available which 
are less expensive, more compact, and less susceptible to
accidential erasure. Each user must determine which storage/ 
retrieval subsystem and media are appropriate for the tests to be 
run. Whatever system is chosen, however, the format of the
stored data should be standardized insofar as possible to 
simplify the retrieval process.

A. Unprocessed Data. Raw data must be saved at least until 
it is stored in processed form and validated. This
usually means at least until a test series is complete 
and the results are examined. Longer storage is
preferred in case a post-analysis or comparison with a 
later test raises a question which can only be answered 
by re-examining the raw data. However, raw data for 
every test in a series of tests can take up many storage 
< units so test planners must pre-determine the trade-offs 
involved and specify the storage duration requirements 
for raw data. Some characteristics of unprocessed data 
are:

1. Single Test Only.
2. Digitized.
3. Archived.
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4. Write Once (no updates).
5. Large Amount of Data.
6. Synchronization With Track Geometry Data.

B. Processed Data. After the unprocessed data is reduced 
to processed form, it must again be stored on some media 
for retrieval by analysis programs. The reduction 
process will compress the data to a smaller number of 
words or bytes but more storage space will be needed 
because processed data from many, or all, tests in a 
series will need to be accessible simultaneously. A 
data base management system (DBMS) may be required if 
testing is extensive. It is suitable for large amounts 
of input/output, because it contains pointers to the 
location of the data. Header information should be 
included to permit complete analysis without the-need to 
get these data from other sources. Some characteristics 
of processed data are:

1. Include All Tests.
2. Data Base Management System Probably Required.
3. Updated Frequently.
4. Allow for Future Additions and Modifications.
5. Availability of Track Geometry Data.
6. Backup Capability.
7. Accessible to Researchers.

L.4.6 Librarian Functions

Certain kinds of fixed data will be used in many tests, 
requiring them to reside in semi-permanent storage and be 
retrieved for use with various tests from time to time.
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A. Track Data Library. Track characteristics, including 
geometry, modulus, and location identifiers, for all 
segments of the test track should be stored and 
cataloged for frequent retrieval for comparison with 
pre-test and post-test calibration measurements.

B. Model Library. All analytical models useful to IAT 
should be cataloged for use by the test planner and 
analyst. Update capabilities should be provided. See 
IAT - Section C for listing and characteristics of 
available models.

1. Existing Analytical Models. Include procedures to 
acquire, add, modify, update, operate, and maintain. 
Preliminary concept provides for use of models on 
computer systems where they already exist. Some 
commonly used and readily available and trans­
portable models may , be installed on the user's 
computer but arrangements for use of the others for 
IAT analysis should be made with the organizations 
presently maintaining custody of them. A system to 
transfer test data in machine-readable form for 
input to the models should be designed as part of 
the IAT data analysis subsystem.

2. New Analytical Models. Include criteria and 
procedures for development. It is expected that IAT 
may be used to develop new models or identify needs 
for models to be developed. The International 
Government/Industry Research Program on Track Train 
Dynamics (TTD) and other researchers will continue 
to be the major source of new models for use by the 
railroad industry. An arrangement for exchange of 
information between researchers and TTD modeling 
personnel for IAT users will probably be required.
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L.4.7 Model Validation

The model validation process is fully described in IAT 
Section D. The process is summarized in flow chart form in 
Figure L-7. Listed below are the principal features of model 
validation which affect the data management system. The model 
validation process may require either model-to-model comparisons 
or model - to— actual test data comparisons or both. For the 
latter, onboard and wayside data must be synchronized with each 
other and with track geometry and track characteristics data.

A. Accurate and Complete Data Required.

B. Significant (and costly) Processing Required.

1. Reformatting of Data.
2. Ensuring Compatibility Among Computers.
3. Synchronizing Onboard, Wayside, and Track Data.
4. Interpolating Synchronized Data.

C. Maximum Mechanization to Avoid Duplicate Effort.

D. Cannot Be Fully Mechanized.

E. Analyst Judgement Critical Throughout.
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Figure L-7Model Validation Process
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L.4.8 Data Verification

IAT testing will collect a large amount of data which must 
be stored for later use and which will be difficult and expensive 
to re-gene rate..... For these reasons it is important that the data 
be verified whenever a transfer between media and/or systems 
takes place. This verification should be as automatic as 
possible, utilizing verification data built in to every file or 
set of data. Some of the verification will be partly visual 
(e.g., verifying that a tape label date is the same as the date 
contained in the data itself), but most of it should be done 
automatically by programs which process the data. Examples of 
data verification are:

A. Automatic Label Generation. (e.g., 
tapes, disk packs, etc.)

visual labels for

B. Automatic Label Cross-Referencing, 
more than one tape or disk, etc.)

(for data stored on

C. Record Counts.
D. Channel Assignment Exceptions.
E. Calibration Constants.
F. Range and Limit Check.
G. Check Sums.
H. Parity Checks.

L.4.9 Data Presentation

Great care should be taken to design the data presentation 
subsystem as the perceived success or failure of the tests will 
rest upon the manner on which the results are presented. Test 
results should be presented at a number of levels of technical 
detail and in a set of formats matched to the various levels of 
understanding of the people . to whom the results are directed. 
The results should be presented in a clear, concise manner
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without being obscured by many pages of tabular data. Graphical 
output is usually preferred over lengthy tables, except perhaps 
by the dynamicist who may need the numbers to perform manual 
calculations to verify a prediction or investigate an unpredicted 
result. Where appropriate, threshold or limit values should be 
plotted on the same graph as their companion test values so that 
a quick visual interpretation may be made. Tabular data 
extending beyond a single page usually should be available only 
as an option for the analyst to use in special cases. Some 
features of data presentation to be considered are:

A. Report Generation.
B. Concise Summary and Conclusions.
C. Graphical Output.
D. Threshold Overlays.
E. Multi-Level Technical Detail.
F. Optional Outputs for Special Use.
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7. OSIRIS III
8. PSTAT
9. SAS 76.5 "A User's Guide to SAS 76", A.J. Barr, et 

al, SAS Institute, Inc., Raleigh, NC 1976.
10. SCSS
11. SPSS "SPSS - Statistical Package for the Social Sciences", N.H. Nie, C.H. Hull, J.G. Jenkins, K. 

Steinbrenner, & D.H. Bent, McGraw Hill, New York, NY, 2nd ed., 1975.
12. SSP (Scientific Subroutine Package). Manual 

available from IBM Corp.
13. STATPACK "STATPACK Statistical Package", Lib. Prog.

1.1.4, R. Houchard, Western Michigan University 
Computer Center, Kalamazoo, MI, 1974. 14

14. SOUPAC
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C. Data Management Packages.
1. BANK "BANK Data Management Package", Lib. Prog.3.9.1, R. Houchard, Western Michigan University 

Computer Center, Kalamazoo, MI, 1974.
2. LEDA
3. SIR
4. WRAPS

D. Subroutine Libraries for Statistics.
1. IMSL FORTRAN Subroutines. Manual available from 

International Mathematics and Statistical Libraries, Inc.
2. NAG

E. Survey Analysis Packages.
1. RGSP

F. Signal Filtering and Processing Packages.
1. "Programs for Digital Signal Processing", Digital 

Signal Processing Committee, IEEE Acoustics, Speech, 
and Signal Processing Society, New York, NY, 1979.

2. ILS (Interactive Laboratory System). Signal 
technology, Inc., Goleta, CA.
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SECTION M

FIELD  TEST PLANNING

M.l INTRODUCTION

Track te s t in g  requ ired fo r  in v e s t ig a t in g  veh ic le / t ra ck  in te ra c t io n s  may 

have broad and va r ied  ob jective s.  Since f i e l d  te s t in g  t y p ic a l l y  requ ire s  

s i g n i f i c a n t  expenditures o f  manpower, equipment and other re sources,  i t  i s  

e sp e c ia l ly  important that sp e c i f ic  te s t  ob jec t ive s  be well founded. I f  an 

e f f i c ie n t  te s t  program i s  to be ca rr ied  but, i t  i s  then e sse n t ia l  that the 

defined te s t  ob jec t ive s  be sy stem at ica l ly  converted in to  appropriate  te s t  

p lans, track  de sign s  and te s t  procedures. The primary purpose of t h i s  

sect ion  i s  to provide the user with a methodology fo r  e f fe c t iv e ly  r e la t in g  

ove ra ll  t e s t  ob jec t ive s  to s p e c i f ic  f ie ld  te s t  design  parameters arud te s t  

procedures.

Th is  sect ion  prov ides a deta iled  and system atic  plan f o r  de s ign ing  and 

implementing veh ic le/ t ra ck  in te ra c t io n  f i e ld  te s t  programs. The b a s ic  

approach i s  to provide the user With a p ro g re s s iv e ly  de ta iled  breakdown of 

con st ituent subtasks o r  te s t  p lanning a c t i v i t i e s  ( i . e .  s t a r t in g  w ith an 

overa ll  flow diagram, the user w i l l  be able to q u ic k ly  access the appropriate  

p lanning area and p lann ing de ta il  necessary). Where a p p ro p r ia te , '  s p e c i f i c  

examples o f  the type o f  information required f o r  each planning stage are 

included.
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M.2 USE OF F IELD  TEST PLANNING SECTION

This sect ion  i s  intended to provide the user w ith a systematic and 

standardized approach fo r  p lann ing f i e l d  te s t  programs. The format i s  based 

upon a se r ie s  o f  p lanning f low charts.  These flow charts  provide the user with 

a concise  ..outline..,of a c t i v i t i e s  or ta sk s  to be considered when developing te s t  

p lans and operations support f o r  new te s t  programs.

The primary purpose o f  . t h i s  sect ion  i s  to enable a user to develop an 

ove ra l l  p lanning s t ruc tu re  needed to f u l f i l l  a set o f  te s t  ob jec t ive s.  I t  i s  

not proposed, however,, that t h i s  document n e c e s sa r i ly  provides a l l  the 

s p e c i f i c  d e ta i l s  needed to implement each planning ta sk .  Add it iona l design 

d e ta i l s  are covered in  part one on "Veh ic le/Track  In te ra c t io n  Assessment 

Techniques".

Use o f  t h i s  sect ion  should  begin with the ove ra l l  p lann ing flow diagram 

as shown in  F igure M -l.  Th is  f low chart (which i s  a lso .p ro v id e d  at the end o f  

the report fo r  convenience) prov ides an overview o f  a l l  the major planning 

ta sk s  to be considered. The purpose o f  the ove ra ll  p lann ing diagram i s  to 

show the primary in t e r r e la t io n sh ip s  between ba s ic  elements o r  a c t i v i t i e s .  

Th is  procedure permits fa c to r in g  out common elements, a id s  in  a s se s s in g  

resource requirements, a l low s c r i t i c a l  paths and dec is ion  po in ts  to be 

id e n t i f ie d ,  and a lso  prov ides the st ruc tu re  fo r  a management plan through 

i l lu m in a t io n  o f  the major coord inat ion  requirements.

As part o f the approach to developing a systematic  plan f o r  address ing  

veh ic le/ track  in te ra c t ion  f i e l d  te s t in g ,  each of the la rg e r  ta sk s  or ba sic  

b locks o f  the p lanning diagram are broken down in to  con st ituen t  subtasks 

( a c t i v i t i e s )  which are more amenable to prec ise  d e f in i t io n .  Each block has 

been assigned a reference number which provides a mechanism fo r  de f in in g  the 

in t e r re la t io n sh ip s  between subtasks. The de ta iled  subtask breakdowns are 

presented in  respect ive  se c t ion s .

For each prim ary  t a s k ,  examples o f  the type  o f  in fo rm a tio n  to  be

developed o r  ob ta ined  are  in c lu d e d  as "p la n n in g  a id s "  (where a p p ro p r ia te ) .
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OVERALL GENERIC FLOW DIAGRAM FOR THE PREPARATION AND CONDUCT OF FIELD TEST PROGRAMS

FIGURE M -l
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Sect ions  M.2.1 through M.2.10 of t h i s  report d iscu s s  each primary planning 

a c t i v i t y  in de ta il  and correspond to the block number id e n t i f i c a t io n  used on 

the overa ll  p lanning diagram (F igu re  M - l ) .  Th is  enables the user to qu ick ly  

access a p a r t ic u la r  planning ta sk  as needed.

Sect ions M.3 and M.4 provide recommended s ign  conventions and c o n s is t  

con f igu ra t ion  id e n t i f i c a t io n ,  procedures 'to  be used. I t  i s  s t ron g ly  

recommended that the suggested conventions be adhered to. fo r  the purpose of 

promoting a greater degree of s tanda rd iza t ion  between te s t  programs and te s t  

re su l t s .  .
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M.2.1 DEFINE OVERALL TEST OBJECTIVES

The f i r s t  step in p lanning a f ie ld  te s t  program i s  t o ; c l e a r l y  id e n t i f y  

a l l  o f the ob ject ive s  invo lved. These should inc lude  the ove ra l l  program 

ob jec t ive s  a ssoc ia ted  w ith the ba s ic  eng ineering/research  which e s ta b l i sh e s  

the need fo r  te s t in g .  Once the ba sic  program ob jec t ive s  have been defined, i t  

i s  necessary to de lineate  the s p e c i f i c  te s t  ob jec t ive s  which are necessary to 

so lve  the id e n t i f ie d  problem(s).

The ove ra ll  process o f  convert ing  te s t  ob jec t ive s  in to  eng ineering  based 

conc lu s ion s  requ ire s  an organized approach to coord inate  needed ana lyses and 

a ssoc ia ted  support a c t i v i t i e s  in to  cohesive and comprehensive so lu t io n s .  

Therefore i t  i s  e s se n t ia l  that the problems or quest ion s  to be addressed, the 

an t ic ipa ted  approach and the expected re su lt s  o f  a proposed t e s t  program be 

id e n t i f ie d  in  as much de ta il  as p o ss ib le  before proceeding with fu r th e r  te s t  

p lanning a c t i v i t i e s .  A f lowchart o u t l in in g  t h i s  ta sk  i s  presented in  F igure  

M-2.
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1.0 DEFINE OVERALL TEST OBJECTIVES

1.1 IDENTIFY PROBLEM(S) TO BE SOLVED e.g.

• Investigate Vehicle Performance Characteristics
• Evaluate New Equipment Designs
• Conduct Acceptance Tests
•, Evaluate Safety Standards (Vehicle & Track)
• Evaluate Vehlcle/Track Interaction (1.e . Assess allowable 

maximum levels of dynamic response to assure vehicle
, safety and minimize track deterioration)

• .Diagnose Known, or Observed Problems
• Ptovide Basis for Equipment Re-Design
• Evaluate Advanced Designs.
• Model Validation
• Conduct Comparative Characterizations of Vehicle 

Performance
• Predict Potential for Undesirable Dynamic Performance 

in Revenue Service

-  I
1.2 DEFINE SPECIFIC TEST OBJECTIVES AND THE ANTICIPATED APPROACH

• Conduct Pre-Test Analysis and Modeling
• Conduct Component Laboratory Tests (Vehicle and Track 

Structure)
• Conduct Field Tests

, - Single test, single site ,
- Multiple tests, single site
- Single test, multiple sites
- Multiple tests, multiple sites

• Combinations of Above

1.3 EXPECTED RESULTS

1.3.1 Quantitative Results

• Observe if certain phenomenon occur under a specific set
of conditions (e.g. hunting, pitch, bounce, yaw, sway, etc.)

• Observe (record) peak vehicle and/or track response levels 
for a specific set of conditions

• Establish Trends

1.3.2 Qualitative Results

• Record comprehensive test data for.detailed data processing 
and analysis

• Obtain sufficient data to allow a statistical description of 
designated response parameters to be made

I
1.4 REVIEW PAST TEST PROGRAMS WITH REGARD TO 

PLANNED TEST ACTIVITY

• Have similar tests been conducted
• Identify test programs and available test re­

sults which would be useful for this program

FIGURE M-2
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M. 2.2 PRELIM INARY TEST. PLANNING

During the p re lim ina ry  te s t  planning a c t i v i t y  s p e c i f ic  te s t  ob ject ive s  

are transformed in to  ba s ic  te s t  requirements. For example, g iven a s p e c i f i c  

te s t  ob jective  ( i . e .  i n v e s t ig a t e . the derailment tendency of a g iven veh ic le  

under sp e c if ie d  operating  con d it io n s ) ,  a se t  o f  performance regimes can be 

defined. These performance regimes w i l l  in  turn determine ba s ic  te s t  

requirements such as e xc ita t ion  inputs,  response and control v a r ia b le s ,  type 

o f  track  and track  pe rturbations needed, etc.

P re lim inary  t e s t  p lanning id e n t i f ie s  the eng ineering  approach to be used 

in  the te s t  program. The r e su l t s  of t h i s  a c t i v i t y  provide the ba s ic  framework 

fo r  the remaining test, preparation and design a c t i v i t i e s .  Therefore i t  i s  

e s sen t ia l  that ce r ta in  a c t i v i t i e s ,  procurements, sa fe ty ,  and c r i t i c a l  

de c is ion s  which a f fe c t  subsequent planning a c t i v i t i e s  or requ ire  long lead 

times be id e n t i f ie d  at t h i s  po int. The flow chart shown in  F igure M-3 o u t l in e s  

the p re lim inary  p lann ing a c t i v i t i e s  which need to be addressed.

Planning A ids For P re lim ina ry  Test Planning

Table M-l p rov ides an example of the type o f  information which i s  to 

be developed during  t h i s  p lanning task. As shown in  the tab le  and on the flow 

chart (F igu re  M -3), the f i r s t  requirement i s  to id e n t i f y  the performance 

regime(s) to be addressed re la t iv e  to the p re v io u s ly  defined te s t  ob jec t ive s.  

Once the performance regimes have been defined, i t  i s  then necessary  to 

id e n t i f y  the a ssoc ia ted  exc ita t ion  inputs, response va r ia b le s  and control 

va r ia b le s  as shown in Table M-l. I t  i s  a l so  necessary to develop a 

p re lim inary  estimate f o r  the ant ic ipated  contro l v a r ia b le  ranges. Th is  w i l l  

provide gu ide l in e s  fo r  se le c t in g  a te s t  s i t e  o r  de sign ing  a sect ion  o f  te s t  

track. More re f ined  estimates fo r  the required e x c ita t io n  le v e l s ,  contro l 

va r iab le s  and expected response le ve ls  w i l l  be developed during the de ta iled  

te s t  p lanning and t e s t  design a c t i v i t i e s .

Performance o f  the P re lim inary  Test Sa fe ty  A n a ly s i s  w i l l  a id  in  

e s ta b l i s h in g  p re l im ina ry  estimates through eva lua t ion  of a ssoc ia ted  r i s k s .  

Table M-2 presents a format fo r  the p re lim inary  Safety  Assessment inform ation 

to be developed. M_7
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TABLE M-l

CANDIDATE PERFORMANCE:REGIMES AND TEST PARAMETERS TO BE ADDRESSED

PERFORMANCEREGIMES REQUIRED’EXCITATION INPUTS REQUIREDRESPONSE VARIABLES CONTROLVARIABLES * ANTICIPATED RANGES OF CONTROL VARIABLES
1. Hunting Tangent 1 Lateral Transient

L/V; Wheel, Truck and Body Motions
SpeedLateral Displacement Amplitude; Rail Friction

2. Twist and Roll TangentCrosslevelPerturbations
Vertical Wheel Force; Roll Motion of Truck and Body

Wavelength of Perturbations; Amplitude of Perturbations; Phase of Perturbations; Speed
3. Pitch and Bounce Tangent Vertical Perturbations Vertical Wheel Force; Pitch and Bounce Motion of Truck and Body

Wavelength of Perturbations; Amplitude of Perturbations; Phase of Perturbations; Speed
4. Yaw and Sway Tangent Lateral Perturbations L/V; Yaw and Sway Motion of Truck and BQdy

Wavelength of Perturbations; Amplitude of Perturbations; Phase of Perturbations; Speed
5. . Steady State Curving UniformCurves L/V Curvature;Superelevation;Speed;Rail Friction
6. SpiralNegotiation UniformSpirals L/V; Truck and Body Motions Rate of Change of Curvature;Rate of Change of Superelevation; Speed;Rail Friction
7. Dynamic Curving Curves With Lateral and Crosslevel Perturbations

L/V; Truck and Body Motions Curvature;Superelevation;Type of Perturbations; Wavelength of Perturbations; Amplitude of Perturbations; Phase of Perturbations;'Speed;Rail Friction
8. Steady Buff and Draft Uniform Curves and Steady Coupler Force

L/V; Coupler Angles Curvature;Coupler Force Magnitude; Speed
9. Longitudinal Train Action Uniform Tangent and Curves and Dynamic Coupler Force

L/V; Coupler Forces and Angles; Longitudinal and Lateral Motion of Body
Curvature;Locomotive Acceleration and Deceleration Rates

10. LongitudinalImpact Tangent Impact Force Coupler Forces; Structural Stresses and Deformation; Body Longitudinal Motion
Impact .Momentum

* Will be developed during the detailed test planning activity



OL
-W

TABLE M-2

PRELIMINARY TEST SAFETY MATRIX

Performance 
Is sue  ______

A c t i v i t y

Item/
Function

Mode Hazardous
Aspect

Hazard
Category

Safe ty  P ro v is io n s  
Needed

Action
P r io r i t y

By.

Date Page



M .2.3 AN ALYSIS , MODELING, SIMULATION

The a n a ly s i s ,  modeling and s im ulat ion  ta sk  addresses the steps necessary 

to u t i l i z e  mathematical too ls  f o r  the purpose o f  so lv in g  problems, encountered 

in e ith e r  the planning stages or as a re su lt  of data reduction and a n a ly s i s .  

For example, du ring  one of the planning stages i t  may be necessary to quant ify  

the range and s e n s i t i v i t y  of sp ec i f ie d  transducers. Assuming an absence of 

p r io r  empirical data, the a n a ly s i s ,  modeling and s im ulat ion  phase would be 

used to descr ibe  the a c t i v i t i e s  required to obtain transducer range and 

s e n s i t i v i t y  estimates.

As can be seen in the overa ll  p lanning flow diagram (F igu re  M -l)  

A n a ly s i s ,  Modeling and Simulation should r e a l ly  be considered as a support 

a c t i v i t y  f o r  many of the p re -te st  preparation ta sks  as well as f o r  p o s t - te s t  

a n a ly s i s  and data reduction. . . ■

The main ob jective  of t h i s  task  i s  to id e n t i f y  the ba s ic  a n a ly s i s  to o ls  

which w i l l  be required to reso lve  problems or provide support ive  information 

f o r  t e s t s .  Having id e n t i f ie d  the needs, an assessment of a va i la b le  to o ls  must 

be made to determine whether su itab le  c a p a b i l i t ie s '  are available, and 

opera t iona l.  I f  not, d e f ic ie n c ie s  need to be id e n t i f ie d  and a recommended 

approach defined. F igure M-4. provides a flowchart of p lanning a c t i v i t i e s  

which should be addressed. A p a rt ia l  l i s t i n g '  o f ' a na ly t ic a l  to o ls  or models 

which have been developed w ith in  the ra i l ro a d  community are included in the 

p lan n in g .a id s .

P lanning A id s  For A n a ly s i s ,  Modeling, S imulation

Tables M-3 through M-l 1 present a p a rt ia l  compilation of "a n a ly t ic a l  

t o o l s "  o r  mathematical - models which can be considered when planning the 

an a ly t ic a l  support a c t i v i t i e s  required fo r  a . s p e c i f i c  te s t  program. A more 

comprehensive compendium of veh ic le/ track  s im ulat ion  models i s  presented in 

Section  C, Part I I  o f t h i s  document.

M-l 1



F igure  M-4

M-12



(REFERENCE 1)

TABLE M-3

COMPILATION OF EX IST ING  ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS

1 AAR Steady
State

2, 3, 4 Axle R ig id  Truck 
Curve Negot iation  Model

Program designed f o r  r i g i d  
locomotive truck  a n a ly s i s .  
Not su it a b le  f o r  the more 
f l e x ib le  f r e ig h t  car t ru ck s ,  
e sp e c ia l l y  Type I I .  Does 
not model wheel coni c i t y  or 
g r a v i t a t io n a l  e f fe c t s .

2 AAR Dynami c
Time
Domain

Nonlinear Time Domain 
Curving Program

M od if ied  ve rs ion  o f  Sm ith 's  
I l l i n o i s  In s t i t u t e  of Tech­
nology Masters The s is  Pro­
gram.

3 B a t te l le Steady
State

SSCUR2-2 Axle Steady 
State  Curve Negotiation "

S im i la r  to Law and Cooper- 
r id e r  steady sta te  program. 
Models M etro ! ine r.

4 B a t te l le Steady
State

SSCUR3-3 Axle Locomo­
t iv e  Steady State  Curve 
Negotiation

5 B a t te l le Dynami c
Time
Domain

Nonlinear Curve Entry 
fo r  9 degrees of freedom 
(dof) H a lf  Car Model

S im i la r  to a Law and Cooper- 
r id e r  program. Models 
M e tro l in e r.

6 B a t te l le Dynamic
Time
Domain

Full Car Curving Model Same as Law and Cooperrider 
program.' Models M etro l ine r.

7 Law/
Cooper-
r id e r

Steady
State

Nonlinear Steady State 
Curving o f  a 9 dof 
Rail Vehic le

Su ita b le  f o r  Type I f r e ig h t  
car t rucks.

8 Law/
Cooper-
r id e r

Steady
State

Nonlinear Steady State 
Curving o f  a 17 dof 
Rail Vehic le

Su ita b le  f o r  Type I and some 
Type I I  f r e ig h t  car t rucks.  
S im i la r  to the 9 dof with 
the add it ion  of primary s u s ­
pension elements.

9 Law/
Cooper-
r id e r

Dynamic 
T i me 
Domain

Nonlinear Curve Entry 
fo r  11 dof Ha lf  Car 
Model

Same as 6. • Models M e tro l in e r.
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TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS 

(REFERENCE 1)

NO. . . SOURCE TYPE. NAME/DESCRIPTION COMMENTS....................

JO Law/ 
Cooper- 
r id e r  .

Dynamic., 
Time
Domain ,

Nonlinear Curve Entry  
f o r  9 dof Fu ll Car 
Model

Same as 7.. P re sen t ly  models 
Metro! iner. I s  being modi­
f ie d  at Clemson to Model 
f r e ig h t  car.

11 Law/
Cooper-, 
rider. .

Dynamic 
Time „ 
Domain.

CURVELOCO - 27 dof 
,Nonlinear 6 Axle 
Locomotive on Tangent, 
S p i r a l , Curved Track

12 . . A A R - Dynami c 
Time
Domain. ...

.Dynamic Curving Model 
o f 6 Axle  Locomotive

13 . Japanese, 
Rail

Steady 
S t a t e . ,,

Side Thrust  o f  Curving 
Wheels

■■ -

14 B r i t i s h
Rail

Steady
State

Steady State  Curv ing, 
F le x ib le  Trucks .

15 N ich io -
Japan

Steady
State

Steady State  Curving

16 AAR-TTD E igen­
value

F re igh t  Car Hunting 
Model

17 . AAR-TTD , Non-
Lineac
Time
Domain

L a t e r a l -V e r t i c a l . Model Detailed,modeling o f  truck  
masses, wheel and r a i l  pro­
f i l e s  defined mathematically, 
2 dof reserved f o r  carbody.

18 AAR-TTD Time
Domain
So lu t ion ,
Numerical
In te g ra ­
t ion

.Nonlinear Hunting 
Model

S im i la r  to l a t e r a l - v e r t i c a l  
model with more complexity 
and degrees o f  freedom, in 
the math model.

19 AAR-TTD,, Force 
Balance 
at . 
Equ i­
l ib r ium

Q u a s i -S ta t ic  Latera l 
T ra in  S t a b i l i t y

Cannot be used to d i r e c t l y  
evaluate truck performance. 
Ignores a l l  in te rna l fo rces.

M-14



(REFERENCE 1)

TABLE M-3 (Continued)

COMPILATION OF EX IST ING  ANALYTICAL MODELS FOR INVESTIGATING-

VEHICLE DYNAMICS

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS

20 Arizona
State

Sub- . 
rout ine  . 
to Sup- . 
port 
Time 
Domain 
Latera l 

S t a b i l i t y  
Program-

WHRAIL, a Wheel/Rail 
Contact Geometric Con­
s t r a in t  Subroutine

U t i l i z e d  in HUNTCT. One of 
the best a va i la b le  subrou­
t in e s  fo r  c a lc u la t in g  wheel/ 
r a i l  in te ra c t ion  e f fe c ts .

21 SPTCo. 
TDOP 

Phase 1

Frequency
Domain,

' Time Do­
main 
Optional

Graphical Output 
Oriented Computer Model 
(Frequency Domain Model)

Documentation ind ica te s  some 
unconventional t rucks  cannot 
be modeled. Limited to l in e a r  
a n a ly s i s  with de sc r ib in g  
func t ion  techniques used to 
handle Coulomb f r i c t i o n .

22 Clemson
U.

Time
Domain
So lu t ion ,
Numerical
In te g ra ­
t ion

Nonlinear Wheel set Dy­
namic Response to Ran­
dom Latera l Rail I r r e ­
g u la r i t i e s

Good fo r  study ing  the non­
l in e a r  dynamics o f  a s in g le  
wheel set.

23 TSC Frequency
Domain

LATERAL Inc ludes creep e f fe c t s ,  but 
no de ta iled  de sc r ip t ion  o f  
wheel/ra il in te ra c t ion .  
Designed f o r  l a t e r a l ,  r o l l ,  
and yaw on ly ,  no v e r t ic a l .

24 Wyle Time
Domain
So lu t ion

HUNTCT Truck hunting program which 
inc ludes d e ta i le d  carbody/ ; 
lad ing  modeling. Many non­
l in e a r  c a p a b i l i t ie s .  E a s i l y  
adaptable to Type I I  t rucks.  
Some v a l id a t io n  with Phase I 
data performed by comparing 
ca lcu la ted  and observed k ine ­
matic frequency.
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(REFERENCE!)

TABLE M-3 (Con tinued )

COMPILATION; OF EXISTING. ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS  ̂ '

25 . AAR . T ime. ; 
Domain 
So lu t ion ,  
Numerical . 
In te g ra ­
t ion

Deta iled  Lateral 
S t a b i l i t y  Model fo r  
a C on s is t

Overa ll t r a in  models cannot be 
used d i r e c t ly  to evaluate 
truck  performance.

26 Law/
Cooper-
r id e r

Eigenvalue L inear  9 dof F re igh t 
Car

L inear 9 dof ( l a t e r a l ,  yaw, 
and warp of each t ruck ; and 
la t e r a l ,  yaw, and r o l l  o f 
car) sp.in and la te ra l  sp in  
creep e ffe c ts  and igyroscop ic  
e ffe c ts .  A llows wheel se t  and 
suspension asymmetries.

27 Law/
Cooper-
r id e r

Eigenvalue L inear  17 dof Rail Car Lateral and yaw of each 
wheelset; l a t e r a l ,  warp, and 
yaw of each truck, and 
la t e r a l ,  yaw, and. r o l l  of 
body. Provides fo r  modeling 
rad ia l trucks. Spin creep 
and gyroscop ic  terms i n ­
cluded. Allows f o r  wheel - 
set and suspension asym­
metries.

28 Law/ . ; 
Cooper- 
r id e r

Eigenvalue L inear  19 dof Rail Car M od if ica t ion  of 17 dof model 
with two add it iona l degrees 
of freedom represent ing  body 
bending and to rs io n .

29 . Law/ .
Cooper-
r id e r

Eigenvalue L inea r  23 dof F re igh t  
Car

M od if ica t ion  o f  19 dof model, 
with fou r  add it iona l degrees 
of freedom representing 
to rs io na l  f l e x i b i l i t y  o f  each 
wheelset.
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TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS ' '  '

(REFERENCE 1)

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS

30 Law/
Cooper-

D e sc r ib ing
Function

Q uasi-L inear  9 dof 
F re igh t  Car

Model o f  l in e a r  9 dof f r e ig h t  
car model with non l inea r  ,

r id e r A n a ly s i s
with
I t e r a t iv e  
Search f o r  
L im it  
Cycle
Cond it ions

•

wheel/ra il geometry and 
Coulomb f r i c t i o n  at wear 
p la te , center p la te ,  and 
bearing adapters.

31 J. H.
Wiggins

Eigenvalue

Time
Domain
Response
to
Pe r iod ic
Input

DYNALIST I I General l in e a r  systems model­
ing c a p a b i l i t y .  A llows up to 
50 degrees o f  freedom and 25* 
system components. Response 
to s in u so id a l  or s ta t io n a ry  
random r a i l  i r r e g u l a r i t i e s .  
Limited to l in e a r  system 
a n a ly s i s .  Read ily  adaptable' 
to Type I I  trucks.

32 MELPAR Time
Domain
Numerical
In te g ra ­
t ion

Dynamic Ra il Car 
S im ulation Program

Variab le  degrees o f  freedom, 
non l inea r  a n a ly s i s .  High run 
co sts  and great complexity 
makes use and v a l id a t io n  
im pract ica l.

33 I IT Time
Domain
So lu t ion
Inc ludes
Non­
l in e a r
E ffe c ts

Dynamics of a F re igh t  
Element in a Ra ilroad  
F re igh t  Car

Other models which operate 
w ith s im i la r  c a p a b i l i t y  are 
a va i la b le .  A d a p ta b i l i t y  to 
to Type I I  t rucks  i s  d i f f i ­
c u l t  due to Lagrangian de­
r iv a t io n .

34 MITRE, Time
Domain
Sim u lat ion

FRATE Program i s  based on FRATE 
11 w ith improved inp u t-ou t -  
put c a p a b i l i t ie s .  Currently- 
set up f o r  modeling the 89- 
foot f l a t  car, but can be 
used f o r  other ve h ic le s  as 
well by changing input 
parameters.
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........  (REFERENCE!)

TABLE M-3 (Continued )

COMPILATION OF EX IST IN G  ANALYTICAL MODELS FOR ' INVESTIGATING

VEHICLE DYNAMICS

NO. , SOURCE \  TYPE \ NAME/DESCRIPTION ” COMMENTS

35 Aa r -ttd  : Time 1 
Domain V  
Simulation

F le x ib le  Body Ra ilroad  
F re igh t  Car Model

20 dof. Not e a s i l y  modified 
to sim ulate  Type I I  trucks.  
Some v a l id a t io n  in  terms of 
wheel l i f t - o f f  te s t  data.

36 MIT Combina­
t ion  of 
Numerical 
.Integra­
t ion  and 
Force
Balance at 
E q u i l i b r i ­
um

Response to Track Cross 
Level V a r ia t io n s

Non linear c a p a b i l i t ie s .  
A d a p ta b i l i t y  to Type I I  
t ruck s  unknown. A lte rn a t ive  
models f o r  the same purpose 
a va i la b le .

37 MIT Time 
Domain 
So lu t ion  

..Numerical 
In teg ra ­
t i  on

General Veh ic le  Dynamic 
Model

38 B a t te i le Frequency 
Domain 
S o lu t io n ...

TRKVEH Lim ited to l in e a r  a n a ly s i s .  
Latera l model has only  
p a r t ia l  representation  of 
wheel r a i l  k inematics. No 
evidence o f  p r io r  v a l id a ­
t ion .

39 Batte l!e Frequency
Domain
So lu t ion

TRKVPSD Lim ited to l in e a r  a n a ly s i s .  
Latera l model has only  
p a r t ia l  representation  of 
w hee l/ra il kinematics. No 
evidence o f  p r i o r  v a l id a t io n .  
Appears to d i f f e r  from TRKVEH 
in  that output i s  in  form o f 
power spectra l dens ity .  7 
dof model.
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(REFERENCE 1)

TABLE M-3 (Continued )

COMPILATION OF EX IST ING  ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

NO. SOURCE TYPE . NAME/DESCRIPTION COMMENTS

40 Wyle T i me.
Domain
-Solution

FRATE 11 Nonlinear 11 dof. E a s i l y  
adaptable to Type I I  t rucks.  
Evidence of p r io r  v a l id a t io n  
e x is t s .

41 Wyle Time 
Domain 
So lu t ion

FRATE 17 N o n l in e a r -17 dof. E a s i l y  
adaptable to Type I I  t rucks.  
Evidence of p r io r  v a l id a t io n  

' e x i s t s .  x .

42 B a t te l le E igenvalue CARHNT Ca lcu la te s  e igenva lues and 
e igenvectors of the charac­
t e r i s t i c  equations in l a t e r ­
al s t a b i l i t y  regime.

43 • B a t te l le Eigenvalue TRKHNT S im i la r  to #6 except empha- 
.s iz e s  t ruck -a s  opposed to 
en t ire  veh ic le .

44 TSC Frequency
Domain

FULL L inear model fo r  veh ic le  
p itch  and v e r t ic a l  
responses..

45 TSC Frequency.
Domain

HALF L inear model fo r  rock and 
r o l l  responses. Inc ludes 
compliant track  s t ruc tu re .

46 TSC Frequency
Domain

FLEX L inear model fo r  rock and 
r o l l  responses. Inc ludes 
one mode fo r  car f l e x i ­
b i l i t y .

47 Japanese
Railways

Unknown Vehicle  on a Bridge

48 B r i t i s h
Rail

Numerical
In te g ra ­
t ion

Wheel-Rail Force In ve s t ig a te s  in te ra c t ion  
. between wheel and r a i l  in 

v e r t ic a l  plane in  d e ta i l .

49 Japanese
Rail

Unknown Va r ia t ion  of Wheel Load In ve s t ig a te s  wheel/ra il 
fo rces  at r a i l  d i s c o n t i ­
n u it ie s  .
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(REFERENCE 1)

TABLE M-3 (Continued )

COMPILATION O F.EX IST ING  ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

NO. SOURCE TYPE - NAME/DESCRIPTION COMMENTS..............

50 B r i t i s h
Rail.

Unknown ; Dynamic Loading of Rail : 
J o in t s

In ve s t ig a te s  r a i l  'forces 
at r a i l  d i s c o n t in u i t ie s .

51 B a t te l le Solves
Beam
Equation

Rail on E la s t i c  Founda­
t io n

In ve s t ig a te s  r a i l  founda­
t ion  ( b a l la s t )  fo rces.

52 AAR/TTD Eigenvalue Locomotive Hunting Model Generates c r i t i c a l  speeds 
of locomotives.

53 Chang. . 
Carg

Time
Domain

6 Axle  Locomotive 
Response

Written s p e c i f i c a l l y  fo r  
6 -ax le  locomotive.

54 AAR-TTD Numerical
In teg ra ­
t ion
Time
Domain

D eta iled  Ve rt ica l  Tra in 
S t a b i l i t y  Model

Emphasis on car inter-, 
actions., does not.separate 
truck modeling.

55 TRW Frequency
Domain

Rail Veh ic le  Roadbed 
Study

Developed fo r  high speed, 
mass t r a n s i t  app l ica t ion .  
Apparently  has not been 
used f o r  some time.

56 MITRE Eigenvalue MITRE Random Process
(41

Perlman' '  c a l l s  program 
"un su itab le  fo r  dynamic 
s t a b i l i t y  a n a ly s i s " .  
Primary ap p l ic a t io n s  e l s e ­
where.

57 B a t te l le Time 
Domai n 
Numerical 
In teg ra ­
t ion

Non linear F re igh t  Car 
Model

Emphasis on r a i l  founda­
t ion  s t r e s s e s ,  r a i l  d i s ­
c o n t in u i t ie s ,  wheel/rail 
fo rces.
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(REFERENCE I )

TABLE M-3 (Continued)

COMPILATION OF EX IST ING  ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS

58 United 
Ai r c r a f t

C r i t i c a l
Speed

UAC-4 Written s p e c i f i c a l l y  fo r  
the s in g le  tu rb o tra in  
ap p l ic a t io n .

59 United
A i r c r a f t

C r i t i c a l
Speed

UAC-6
(41

Perlman' ' notes "not docu­
mented in  any d e t a i l " .
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. GENERAL TYPE OF ANALYTICAL MODELS AVAILABLE FOR.

INVESTIGATING TRACK STRUCTURE 

(Reference 2)

1. Ve rt ica l Track Models

‘ • Beamon E la s t i c  Foundation

• F in it e  Element Model

2. Lateral Track Models

• ' Beam on E l a s t i c  Foundation

• F in i t e  Element Model

3. T ie  Models

• C la s s ic a l  Simple Beam

• F in it e  Element Model

4 .  R a i l -F a sten e r  Model

5. B a lla st -Subgrade  Models

• T a lb o t 's  Equation

• Pyramid o f  S t re s s

• B o u s s in e sq 's  Equations

• Westergaard1s Equations

• C e r r u t i ' s  Equations

• B u rm is te r 's  M u lt i - L a y e r  E la s t i c  
System

6. Three-Dimensional Track Models

• F in ite  Element Model With P rism atic
Elements

t  F in i t e  Element Model With Member
Representation

TABLE M-4
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TABLE M-5

APPLICATION OF TRACK MODELS FOR

INVESTIGATING VERTICAL TRACK SETTLEMENT 

(Reference 2)

Model

Type
Model

Intended Use *

C
o

n
ti

n
u

o
u

s 
tr

a
c

k

M
is

si
n

g
 

T
ie

s

L
o

ss
 

o
f

J
o

in
t 

E
ff

ic
ie

n
c

y

O
ff

-L
o

a
d

in
g

 
‘

V e rt ica l  Track 

Models

Beam on E la s t ic  
Foundation Model X X

F in it e  Element Model X X X

Tie Models

C la s s ic a l  Simple 
Beam Model

X X X

F in it e  Element Model X X X X

Ba lla st -Subgrade

Models

T a lb o t 's  Equation X X X X

Pyramid of S t re ss  Model X X X X

B o u s s in e sq 's  Equations X X X X

W estergaard 's  Equations X X X X

. .B u rm is te r 's  M u lt i - la y e r  
E la s t i c  System

X X X X

Three-Dimensional 
Track Models

F in it e  Element Model 
. With P rism atic  Elements X

■

X

F in it e  Element Model . . 
with

Member Representation X X

x in d ic a te s  intended use
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TABLE M-6

COMPARISON OF VERTICAL

TRACK MODEL CAPABILIT IES 
(Reference 2)

CAPABILITIES MODELS

Beam on E la s t i c  
Foundation Model

F in ite
Element Model

M u lt ip le  Wheel Loads X X

Rail Bending and 
Shear S tre sse s X X

Rail D e flect ion s  . • ' X X

R a i l -T ie  Reactions X X

Jo in t  Incorporation X X

M is s in g  T ies 
and Fasteners X

Non-Linear Foundation X

x ind ica te s  c a p a b i l i t y

TABLE M-7

COMPARISON OF LATERAL 

TRACK MODEL CAPABILIT IES 

. (Reference 2)

CAPABILITIES , MODELS

Beam on E la s t i c  
Foundation Model

F in ite
Element Model

M u lt ip le  Wheel Loads. x - . x

Ra il Bending and 
Shear S tre sse s X x

Rail D e flect ion s X X

R a i l -T ie  Reactions X X

Jo in t  Incorporation X X

M is s in g  Ties 
and Fasteners

- X

Non-Linear Foundation X

x in d ic a te s  c a p a b i l i t y
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TABLE M-8

COMPARISON OF T IE  MODEL CAPABILIT IES 

(Reference 2)

CAPABILIT IES MODELS

C la s s ic a l  Simple 
Beam Model

F in it e
Element Model

Tie Bending S t re s se s x ■ X

Tie D e f le c t ion s X

T ie -B a l la s t
Reactions X X

Off-Load ing ■ x ’

Non-Linear
Ba lla st -Subgrade X

x ind ica te s  c ap ab i l i t y  

1 ind icated r a i l - t i e  loads to be obtained
from three-dimensional track  models 

TABLE M-9

COMPARISON OF RAIL 

FASTENER MODEL CAPABILIT IES 

(Reference 2)

CAPABILIT IES RAIL FASTENER 
MODEL.

Fastener Loads X

Fastener De flect ion s X

J o in t  Incorporation X

M is s in g  T ie s  and 
Fasteners X

O ff-Load ing X

Staggered Jo in ts X

M u lt ip le  Wheel Loads X

Non-L inear Fastener 
and Foundation X

x in d ic a te s  c a p a b i l i t y
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TABLE M-10" '

COMPARISON OF BALLAST AND 

SUBGRADE MODEL CAPABILIT IES 

(Reference 2)

CAPABILITIES

. . . . MODELS
- v. ’

Ta
il 

b
o

t'
 s

 
E

q
u

a
ti

o
n

P
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am
id

 
o

f 
S

tr
e

ss
 

M
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B
o

u
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e
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E
q

u
a
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o

n
s

W
e

st
e

rg
a

a
rd

's
 

E
q

u
a

ti
o

n
s

C
e

rr
u

ti
's

E
q

u
a

ti
o

n
s

B
u

rm
is

te
r1

s 
M

u
lt

i-
la

y
e

r 
E

la
st

ic
 

Sy
st

e
m

.

S t r e s s e s "  : X X X X X X

Deflect ion s X X X

Off-Loading X X X X

M u lt i-Laye rs X X

Vert ica l Load X X X X X

Lateral Load : X

x in d ica te s  c a p a b i l i t y
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TABLE M -H

COMPARISON OF THREE-DIMENSIONAL TRACK MODEL CAPABILIT IES

(Reference 2)

MODELS - ' ■

CAPABILIT IES
Member

Representation
P rism at ic  

' ’ Elements

Lo
a

d
in

g

V e rt ica l  Load X X

Latera l Load X

M u lt ip le  
Wheel Loads

V X X '•
L X

Off-Load ing V X X
L X

R
a

il

Bending and 
Shear S t re s se s

V X
L X

D e fle c t ion s V X X
L X

R a i l -T ie
Reactions

V X X
L X

Jo in t
Incorpo ra t ion

V X
L X

Staggered
Jo in ts

V ' X '■
L X

M is s in g
Fasteners

V X
L X

CD
£

Bending S t re s se s V X
D e fle c t ion s V X X
T ie -B a l la s t
Reactions

V X X

M is s in g  T ie s V X
1 CD
t/> fO aJ S-j

S t re s se s X
M u lt i -L a ye rs X

i— -Qrt3 3 
CQ CO

Materia l Non- 
Linearity.

X —

x ind ica te s  c a p a b i l i t y  
V ind ica te s  v e r t ic a l  d ire c t io n  
L ind ica te s  la te ra l  d ire c t io n
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M.2.4 DETAILED TEST PLANNING

The primary purpose of t h i s  p lanning task i s  to convert the p rev ious ly  

id e n t i f ie d  te st  ob jectives in to  de ta iled  te s t  requirements. Therefore both 

p lanning ta sks  1 and 2 (DEFINE OVERALL TEST '.OBJECTIVES, PRELIMINARY TEST 

PLANNING) should be e s s e n t ia l l y  complete before i n i t i a t i n g  the de ta iled  te st  

p lanning a c t i v i t y  as outlined  h e r e . . 1

The le v e l .o f  d e ta i l  to be developed during this, task  should be s u f f ic ie n t  

to a llow  the te s t  design ta sk  to proceed. For example before su ita b le  wayside 

or onboard instrumentation can be se lected or developed, t e s t  parameter ranges 

must be known. In the . absence o f  su itab le  empirical data, i t  w i l l  be 

necessary to provide estimates o f  expected te s t  parameter ranges and c r i t i c a l  

l im i t s  .of r i s k .  ..The.degree o f  confidence assoc iated with va r iou s  parameter 

response le ve ls  w i l l  be somewhat dependent upon the leve l o f  ana ly t ica l  

.support expended..;

. . As shown on the flow chart  in  F igure  M-5, i t  i s  an t ic ipa ted  that some 

level o f  a na ly t ica l  support a c t i v i t y  w i l l  t y p ic a l l y  be n e c e s sa ry .to 'complete 

ta sk  4.0. . .

P lanning A ids For Deta iled  Test P lanning .

Several .planning a id s  are presented .as an example o f  . the type of 

information to be developed f o r  t e s t  operations. F igure  M-6 shows a typ ica l 

t e s t  o rgan iza t ion  chart. Depending upon the . s iz e  and complexity of ' the 

sp e c i f ic  te s t  program being addressed, i t  may be d e s irab le  to expand or 

condense such an o rgan iza t ion  chart. However i t  shou ld ' be s u f f i c ie n t l y  

de ta iled  to enable a l l  p a r t ic ip a n t s  invo lved to c le a r ly  id e n t i f y  t h e i r  

re spect ive  areas of r e s p o n s ib i l i t y  and au tho r ity .

Table M-12 provides an example o f  the type of de ta il  to be considered 

when addressing contingency p lans.
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4.0 DETAILED TEST PLANNING

4.1 ESTABLISH RISK CRITERIA FOR TEST
• Identify key performance parameters associated with each performance issue to be addressed (vehicle characteristics and consist characteristics)• Define "quantitative" risk levels for key parameters or indices• Establish track perturbation extremes which are compatible with established levels of risk

4.2 DEFINE (OR CHARACTERIZE) BASIC TRACK GEOMETRY PARAMETERS & TRACKWORK
• Geometric Track Class• Curvature & Superelevation• Grade• Special Trackwork (turnouts, switches, etc.)• Perturbation Type- crosslevel- profile- alignment- gauge• Perturbation Shape- cusp- rectified sine• Perturbation Amplitude• Perturbation Wavelength• ?e¥turbation Phase• Perturbation Cycles• Transition lengths between perturbations• Prepare a table which identifies specific track section details needed' (new trackor existing) to accommodate defined performance issues.• Convert Track section details into preliminary cost, construction, and schedule estimates.

4.3 DEFINE (OR CHARACTERIZE) TRACK PERFORMANCE PARAMETERS
• Track Modulus (Vertical Stiffness)• Track Lateral Stiffness• Dynamic Strength/Compliance• Track Resistance to Transverse and Longitudinal Displacement• Allowable Track'Displacement• Allowable Rail Bending Stress• Allowable Tie Bending Stress• Allowable Ballast/Subgrade Pressure and Strain
Define requirements for uniformity, stability, repeatability and maintainability of essential track response characteristics

4.6 PREPARE A TEST OPERATIONS PLAN
Develop a "Manual" for setting up and runningeach identified test• Scope of test• Test Schedule• Logistics• Test Sequences- Setup- Pre-test- Operations- Post Test

4.7 DEVELOP A DATA MANAGEMENT PLAN
• Identify Data Management Objectives• Define Basic Functions- Data Standardization- Data Acquisition- Data Conversion- Data Storage/Retrieval- Librarian Functions- Model Validation- Data Validation- Data Presentation• Identify Critical Test Parameters to be Monitored for Safety Purposes

4.8 IDENTIFY SAFErY CONSIDERATIONS
• Safety Procedures• Personnel Safety• Vehicle Safety Inspect• Track Safety Standards• Special' Considerations

.ons

4.5 ESTABLISH EXPECTED "NOMINAL" TEST PARAMETER RANGES AND CRITICAL PARAMETER LIMITS COMMENSURATE WITH THE ESTABLISHED LIMITS OF RISK
Track Structure Response Parameters

• Wheel/Rail Loads• Rail Deflections• Tie Strain• Tie Motion• Track Modulus
Vehicle Response Parameters

• Displacements• Accelerations• Forces
Control/Excitation Parameters• Track Geometry Parameters• Track Performance Parameters (e.g. Vertical Track Modulus)• Operational ParametersReview Past Test Data (If Available) to Help Establish Test Parameter Ranges

4.9 IDENTIFY CONTINGENCY PLANS (See Planning Aid Example)
• Alternate Test Sites e Consist Make-up• Abbreviated or Extended Test Schedules• Alternate Instrumentation Schemes

Note i
(3.0)-*-ref ers to 
inputs or outputs 
from the other 
major tasks.FIGURE M-5
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TYPICAL TEST ORGANIZATION CHART 

FIGURE M-6
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TABLE M-12

EXAMPLE CONTINGENCY PLAN 
(Reference 3)

NO. EVENT POSSIBLE ACTION REMARKS

PRE-TEST PHASE

1 Track Access Delayed • Delay Test

• Find A lternate  S i t e

Dependent on expected 
delay.

2 Onboard Instrumentation 
not A va i lab le

• Delay Test

• Continue Test with
Track Instruments 
Only

t Sub st itu te  Instruments

• Reduce Scope of Test

Dependent on expected 
delay.

I f  schedule i s  c ru c ia l .

I f  s u b s t i tu te s  are 
a va i la b le .

3 Track F ix tu re  Not 
A va i lab le

• Delay Test
§ Use Sub st itu te  C a l i ­

brat ion
• C a l ib ra te  Post-Test

I f  schedule i s  c ru c ia l .

4 Track Geometry Measure­
ment Car not A va i lab le

• Delay Test
• S t r in g l in e  Survey
• Continue Tests with

Track Instruments 
Only

• Sub st itu te  Instruments
• Reduce Scope o f  Test

5 O r ig in a l l y  Designated 
Cars fo r  C on s is t  Make­
up not A va i lab le

t Delay Test
• Use A lternate  Cars and 

Revise Test to F i t  
Ava il able Cars

6 Onboard Instrumentation 
not Ready on Schedule

• Delay Test
• Complete Pa rt ia l

Instrumentation and' 
Proceed with Test

7 S i t e  Reconstruct ion i s  
Delayed

p Delay Test
• Conduct Abridged Test on 

A va i lab le  Track

8 S i t e  Reconstruction 
Track C h a ra c te r is t ic s

• Run T ra f f ic  to Se t t le
Track

• Rebuild Track
• Proceed with the A lte red

Track
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EXAMPLE CONTINGENCY PLAN 
(Reference 3)

TABLE M-12 (C on tinued )

NO. ■ e v e n t : . POSSIBLE ACTION REMARKS

.9 Track Instruments not 
-Ava ilable
(or P a r t i a l l y  A v a i l ­
able) . •; -

• Delay Test
• • Conduct Test u s in g  On­

board Instrum entation  
Only .

•;» Reduce Test Scope to 
A va i la b le  Instrument

10 Survey .Consist not 
A va i lab le

-• Delay Test
• Survey A fte r  Test

• Survey Manually

Some information i s  
lo s t .

Track not loaded.

TEST PHASE

11 Track Instrument F a i l s • Delay Test ing
• Do w ithout the Fa iled  .

In strum ents
• Provide Redundancies

Depends on the. extent 
of the delay and the 
importance o f  the 
f a i le d  instrument.

12 Onboard Instrument F a i l s t  Delay Test ing
• Do Without the Fa iled

Instruments
• Provide Redundancies

Depends on the extent 
. o f  the de lay  and the 

importance o f  the 
f a i le d  instrument.

13 Track Panel S h i f t s • Rework Track
• Do not Rework Track

Depends on sa fe ty  
assessment.

14 Vehicle Component F a i l s • Delay Test ing
• Test A lte rnate  Vehic le

15 Severe Weather I n t e r ­
feres

• Delay Test ing
• Compensate f o r  Change

in Track Character­
i s t i c s

16 Track Seems Unsafe * • Repair Track

17 Safety C r i t e r ia  Close 
to Being Exceeded

• Do not Test at Faster
Speed

• Make Pertu rbat ions  Less
Severe

Depends on the speed 
and the te s t  sect ion  
at which t h i s  happens.

18 Total Data Loss • Repeat Tests

19 Pa rt ia l  Data Loss • Repeat Tests
• Do Without the M is s in g

Data,
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M.2.5 SPECIAL STUDIES

"Spec ia l  S tu d ie s "  are not ne ce ssa r i ly  a p lann ing item to be considered 

fo r  a l l  te s t  programs. However due to the d i v e r s i t y  o f  t e s t  ob jec t ive s  which 

t y p i c a l l y  are encountered in  f i e ld  t e s t i n g , .there w i l l  be t e s t  programs that 

have unique problem areas which require spec ia l a tten t ion . The primary 

purpose fo r  con s ide r in g  a "Spec ia l S tud ie s "  phase during te s t  p lann ing i s  to 

provide a system atic  approach fo r  handling spec ia l problem areas. I f  done in  

a t im ely  manner, the r e s u l t s  o f such "Spec ia l S tu d ie s "  can be in tegrated  in to  

the te s t  p lanning design  phase (ta sk  6 .0 ). Such an approach would minimize 

potent ia l problems during actual te s t in g  and provide good assurance that the 

f in a l  te s t  r e su l t s  w i l l  f u l f i l l  the o r ig in a l  t e s t  ob jec t ive s.

As implied above, a "Spec ia l S tu d ie s "  ta sk  should be considered on a "a s  

needed" b a s is  depending upon the p a r t ic u la r  te s t  program being addressed. The 

f low chart shown on F igu re  M-7 provides an example o f  the type o f  planning 

a c t i v i t y  which should be considered when a spec ia l study ta sk  i s  necessary.
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FIGURE M-7
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M.2.6 TEST DESIGN

Test design, considers  a l l  those a c t i v i t i e s  or func t ion s  which are 

required to convert de ta iled  planning requirements in to  actual s p e c i f ic a t io n s  

or procedures needed to implement a productive, safe  and e f f i c ie n t  te s t .  For 

example,during the te s t  planning phase, ce rta in  track  pe rturbations  needed to 

f u l f i l l  id e n t i f ie d  te s t  ob jective s would be defined. Construction  techniques 

and . sp e c if ic a t io n s  fo r  implementing these pe rtu rbat ions  would then be defined 

and developed during  the TEST DESIGN a c t iv i t y .

As can be seen from the overa ll p lanning diagram, the TEST DESIGN task  i s  

r e a l ly  a focal po in t  fo r  the en t ire  te s t  p lanning a c t i v i t y .  Because of the 

importance of t h i s  ta sk ,  i t  has been broken down in to  seven d i f fe re n t  

subtasks. The completion of th i s  task w i l l  t y p ic a l l y  requ ire  in te ra c t ion  and 

feedback from severa l other tasks as shown. Flow charts  and p lanning a id s  fo r  

the TEST DESIGN subtasks fo l low  on F igures M-8, M-9, M-14, M-18, M-22, M-23, 

and M-25.

Included with most of the subtasks are some planning a id s  which serve to 

exemplify the type o f  information to be developed.

Planning A ids For Track Structure  Design ,

Table M-13 presents a l i s t  of track  s t ruc tu re  parameters which may need 

to be id e n t i f ie d  and/or .measured p r io r  to te s t in g .

Planning A ids For Wayside Instrumentation

Table M-14 provides a planning worksheet to be used when de s ign ing  the 

wayside instrum entation  system. F igures M-10 through M-13 provide an example 

of the type of id e n t i f i c a t io n  diagrams which should be developed f o r  wayside 

instrumentation.
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6.1.2 UTILIZE EXISTING TRACK

DEFINE APPLICABLE TRACK SELECTION CRITERIA

• Track construction• Track condition
• Track geometry
• Track class
• Revenue traffic conditions and density
• Accessibility (both wayside and track 

access for special train consists)
• Train operating characteristics (speed, 

weather & terrain conditions, site 
logistics)

~~  T ..........  “
SELECT TRACK SECTIONS

l _
PERFORM TRACK HISTORY ASSESSMENT FOR 
SELECTED TRACK SECTIONS
• Million Grose Tons (MCT)
• Maintenance records
• Track installation'conditions and 

techniques

IDENTIFY TRACK MAINTENANCE OR IMPROVEMENTS NEEDED PRIOR TO TESTING
• Tie replacement
• Rail replacement
• Re-spike• Ballast maintenance or improvement
• Line and surface• Re-gauge

6.1.3.2 INVESTIGATE SENSITIVITY OF FASTENERDESIGN PARAMETERS VS. TRACK PERFORMANCE

I SELECT/DESIGN FASTENER TRADE-OFF
1 FASTENER STUDY

EVALUATE RESULTING 
TRACK PERFORMANCE 
CHARACTERISTICS AND CRITICAL VEHICLE/ 
TRACK INTERACTIONS

___ i____i______
MEASURE AND RECORD IMPORTANT TRACK 

STRUCTURE PARAMETERS PRIOR TO TESTING

IDENTIFY/DEVELOP FASTENER DESIGN REQUIREMENTS/CONSTRAINTS

PRIMARY DESIGN CONSIDERATIONS
• Load Environment of Track
• Load Environment of Fasteners
• Fastener Adjustment Requirements
• Fastener Constraints Imposed by Overall Track 

Repons'e Requirements
• Capability to Vary Track Response Parameters (e.g. 

Track Modulus)• Environmental Constraints

SECONDARY DESIGN CONSIDERATIONS
Availability ("Off-The-Shelf" or Special Design)• 'Compatibility With Available Track StructureComponents (e.g., Are Special Ties Required)• Maintenance• Cost

• Service Life• Installation

ESTABLISH SENSITIVITY OF CRITICAL FASTENER 
DESIGN PARAMETERS UPON OVERALL TRACK SYSTEM PERFORMANCE INDICES

.ESTABLISH FASTENER SPECIFICATIONS'SUITABLE
FOR EACH TRACK SECTION, e-g

• Restraint Capability • Allowable Displacement- Vertical - Lateral Rail Head- Lateral - Longitudinal (Rail Base)- Longitudinal • Stiffness• Moment Capability - Vertical- Rollover - Lateral- Yaw • Vibration Environment- Pitch • Pullout Capability• Adjustment Capability • Fatigue (Repeated Loading)(If Required) • Electrical Resistance- Vertical
- Lateral
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TABLE M-13

TRACK STRUCTURE DESCRIPTION AND CANDIDATE TRACK PARAMETERS TO BE ID EN T IF IED  OR MEASURED

GENERAL INFORMATION
DESCRIPTION OF TRACK SECTIONTRACK CLASSIFICATIONMILEPOST STARTMILEPOST STOPRAIL WEIGHTRAIL TYPERAIL LAID INRAIL JOINT SPACING

APPROXIMATE GRADE CURVETYPE OF FASTENER
TYPE OF BALLAST BALLAST GRADATION OTHER:

TRACK PARAMETERSTRUCTURE SYMBOL PARAMETER DESCRIPTION VALUE UNITS
RAIL XR rail moment of inertia in4

*R rail cross sectional area ' . 2 in
er rail modulus of elasticity psi

TIES w tie width in
T tie thickness in
L tie length ft
S tie spacing in
et compressive modulus psi
lb effective bearing length under each rail in

BALLAST/ erb. resilient response modulus —
SUBBALLAST "b Poisson's ratio —

hB ballast depth in
eb Young*s modulus psi

SUBGRADE ersg resilient response modulus —
ŜG Poisson's ratio —

FASTENER Ke fastener rotational stiffness lb-in/rad



6.2 WAYSIDE INSTRUMENTATION

0

6.2.2 DEFINE SITE SPECIFIC MEASUREMENT IDENTIFICATION, LOCATION AND CONSTRAINTS
Includes the Identification ancLocation of Relative Data Points

• Rail Flaw Locations • Rail Vertical Strain Bridge• Tie Numbering • Rail Lateral Strain Bridge• Benchmark Locations • Rail Longitudinal Strain Bridge• Fasteners to be Instrumented • Site Test Segments• Rail Seat Load Points • Critical Measurement Points for Moni-•• Gauge Widening Locations (Wayside) Ballast Parameter Measurement Locations toring Key Safety Issues'

6.2.1 SELECT PARAMETERS TO BE MEASURED TO MEET TEST OBJECTIVES
• Rail Displacement (Vertical, Lateral, Longitudinal)• Rail Strain (Vertical, Lateral, Longitudinal)• Fastener Strain• Rail Seat Loads• Tie Bending• Tie Displacement (Vertical, Lateral, Longitudinal)•Ballast Compression• Track System Settlement• Track System Lateral Shift• Dynamic Gauge Widening• Rail Rollover• Ballast Gradation• Ballast Moisture Content• Wind Spe'ed/Direction• Temperature/Humidity• Consist Speed• Consist' Location and Direction’Detection• Rail Temperature vs. Time• Parameters Required to Adequately Coyer Critical Safety Issues

6.2.3 DETERMINESENSOR REQUIREMENTS
• Type• Quantity• Range• Frequency• Resolution• Stability• Environmental Constraints• Cost Constraints• Lead Time Needed• Spares Required• Noise/EMI Immunity

6.2.4 DESIGN WAYSIDI INSTRUMENTATION SYSTEM
• Select Transducers •• Select Signal Condlt• Power Requirements• 'Instrumentation Sync- On-board vs. On-1- Wayside vs. Ways:- Combination of A1• Identify Signal Proc quired to Address Pc

.ioning

.hronization “>oardLdeove.essing Methodology Re- .rformance Issues

Note;
3.Of̂ refers to 
inputs or outputs 
rom the other. 
lajor tasks.

6.2.5 DESIGN SENSOR/DATA ACQUISITION ______ SYSTEM CPAS) INTERFACE
• Conductor Routing• Cable Protection From Environment• Common Tie Point (J-Box, Etc.)• Grounding/Shielding Requirements• Patch Capability• Channel Assignments• Spares Requirements

FIGURE M-9
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TABLE M - l4

WAYSIDE MEASUREMENT REQUIREMENTS WORKSHEET

. ANALYSISREQUIREMENTS
MEAS. MEAS. PURPOSE OF MEAS. UNITS MEAS. MEAS. SPECIAL QUICK POST PRE-TEST POST-TEST SELECTED TRANSDUCERI.D. DESCRIPTION MEASUREMENT RANGE ACCURACY LOCATION REQUIREMENTS LOOK PROCESSING CALIBRATION CALIBRATION (MFG, MODEL //)

7- • ■
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J-BOX □

MEASUREMENT SYMBOL

W/R LOADS X
TIE BENDING STRAINS □
FASTENER STRAINS A
PRESSURES O
SOIL STRAINS •
EXTENSOMETER (STRAIN) ■
SOIL SAMPLES A

TYPICAL INSTRUMENTATION IDENTIFICATION (PLAN VIEW) 

FIGURE M-10
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A=

12' •BALLAST
SUB-BALLAST

* t-o - o A
T— iy» I

6' RECOMPACTED 
SUBGRADE

UNDISTURBED
SUBGRADE

l !

£

rr-ir

t +

I F 5

___ 3_

MEASUREMENT SYMB

W/R/LOADS X
TIE BENDING STRAINS □
FASTENER STRAINS A
PRESSURES 0
SOIL STRAINS •
EXTENSOMETER (STRAIN) ■
SOIL SAMPLES ▲

TYPICAL INSTRUMENTATION IDENT IFICATION  (S ID E  VIEW)

FIGURE M - l l
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SUBGRADE

MEASUREMENT SYMBOL

W/R LOADS X
TIE BENDING STRAINS □
FASTENER STRAINS , A
PRESSURES O
SOIL STRAINS
EXTENSOMETER (STRAIN) - ■
SOIL SAMPLES • A

TYPICAL INSTRUMENTATION IDENTIFICATION (END VIEW)

FIGURE M-12
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T Y P IC A L  ID E N T IF IC A T IO N  OF S P E C IA L  IN ST R U M EN T A T IO N  
( L / V  W H E E L -R A IL  LOAD S T R A IN  GAUGE LO C A T IO N S  AND . 

C IR C U IT  CO N N EC T IO N S)

FIGURE. M -l 3
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6.3 ON-BOARD INSTRUMENTATION

I
6.3.1 SELECT PARAMETERS TO BE MEASURED TO MEET TEST OBJECTIVES

• Relative ve rtica l journal displacement.
• Relative la te ra l displacement between truck and axle
• Relative la te ra l motion between bolster and truck frame.
• Truck yaw.
• Pitch, r o l l ,  yaw, and ^vertical, la te ra l, and bending 

tion of carbody.
accelera-

• Lateral and ve rtica l wheel force.
• Raw wheel stra in  gage data.
• Wheel L/V ra tio .
• Truck L/V ra tio .
• Axle ve rtica l and la te ra l acceleration.
• Truck frame la te ra l acceleration.
• Wind velocityvand direction.
• V e rtica l, la te ra l, and longitudinal coupler force.
• Coupler angle (la te ra l and v e rt ic a l) ;

Lateral and ve rtica l wheel -load.
• V e rtica l, la te ra l, r o l l ,  p itch , and yaw acceleration -
• Location and distance information.

Time Reference
• Speed ~

Brake pressure.
• Traction Motor Current'.
• Axle yaw.

Parameters required to adequately cover c r it ic a l .safety issues.

6.3.2 PREPARE ON-BOARD MEASUREMENT MATRIX, FINALIZE 
PARAMETER RANGES AND MEASUREMENT ACCURACIES

• Measurement Description
• Measurement Range
• Measurement Accuracy
• 'Measurement Location
• Data Usage/Analysis Requirements

6.3.3 DEFINE INSTRUMENTATION LOCATION DETAILS

• Establish Location Standards and Sign Conventions 
(See Section C)

• Define Special Mounting Requirements
• Determine Available Mounting Envelop ( I f  C r it ic a l)
• C r it ic a l Measurement Points fo r Monitoring Key

Safety Issues . .

- 1
6.3.4 ESTABLISH DETAILED INSTRUMENTATION 

SPECIFICATIONS AND SELECT HARDWARE

• Identify  Detailed Specs
-  Frequency Response
-  Resolution
-  Environmental Tolerance 
-N o is e  Immunity
-  Zero S ta b ility  With Time 

<- Gain S ta b ility  With Time
- (Repeatability)
-  L inearity
-  Hysteresis
-  Ripple (For Wheelsets)
-  Temperature Coefficient of Zero-
-  Temperature Coefficient of Gain

• Power Requirements
• Identify  Signal Processing Methodology

6~.3.5 ‘ DESIGN SENSOR/DATA ACQUISITION 
SYSTEM (DAS) INTERFACE

• Conductor Routing
• .Cable Protection From Environment
• Common Tie Point (J-Box, E tc .)
• Grounding/Shielding Requirements• Patch Capability
• Channel Assignments
• Spares Requirements

FIGURE M - l 4



P lann ing A id s For On-Board Instrum entation

Table M-15 p rovides a p lann ing worksheet to be used when de sign ing  the 

on-board in strum entation  system. F igu re s M-15 through M-17 represent examples 

o f on-board in strum entation  id e n t if ic a t io n  diagrams which should be developed.

P lann ing A id s For Data A c q u is it io n  and Management

A b lock diagram o f the defined data a c q u is it io n  system (s) should be 

developed as the requirements are f in a liz e d .  F igu re s M-19 through M-21 are 

typ ica l o f the type o f diagrams which should be developed.

P lann ing A id s For Veh ic le  Preparation

Table M-16 provides a "shopping l i s t "  o f veh ic le  parameters which may 

need to be id e n t if ie d  or measured fo r  a s p e c if ic  te s t  program.

P lann ing A id s To Support Test S e r ie s  Development

F igu re  M-24 represents a diagram o f the type o f inform ation which should 

be id e n t if ie d  fo r  each se lected  te s t  zone.

Test Design  Hazard M atrix

Table M-17 presents a format fo r  eva luating  the te s t  design  fo r  sa fe ty  

hazards.
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TABLE M - l5

ON-BOARD MEASUREMENT REQUIREMENTS WORKSHEET '

MEAS.I.D. MEAS.DESCRIPTION PURPOSE OF MEASUREMENT MEAS. RANGE.,, UNITS MEAS.  ̂ACCURACY MEAS.LOCATION SPECIALREQUIREMENTS

-------*----------- i-- -̂----
ANALYSIS REQUIREMENTS '■

QUICKLOOK POSTPROCESSING PRE-TEST r CALIBRATION f POST-TESTCALIBRATION SELECTED TRANSDUCER (MFG, MODEL #)

'

-

‘

Ic, ;

! .



H
D
-
o
-
®

BAGGAGE CAR

B-END

62-63 CARBODY ACCELERATIONS, LATERAL 
59-61 CARBODY ACCELERATIONS, VERTICAL 

58 COUPLER ANGLE, LATERAL

TYPICAL CAR BODY INSTRUMENTATION IDENTIFICATION 

FIGURE M-15

A-END
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CHANNEL MEAS.
NO. TYPE

D1 Spring 
Group Vert. 
Disp. Rear

D2 Spring 
Group Vert. 
Disp. Front

D3 Truck Bolster 
to Sideframe 
Lat. Disp. 
Bottom

D4 Truck Bolster 
to Sideframe 
Lat. Disp. 
Rear

D5< Truck Bolster 
to Sideframe 
Lat. Disp.

TYPICAL IDENTIFICATION OF SPECIAL INSTRUMENTATION 

(SPECIAL BOLSTER INSTRUMENTATION)

FIGURE M-16 
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CHANNEL
NO.

MEAS.
TYPE

CHANNEL
NO.

MEAS. 
TYPE

A1 Truck 
Bolster 
Vert. Accel.

A7 Fore Axle 
Brg. Pocket 
Lat. Accel.

A2 Truck Bolster 
Lat. Accel.

A8 Rear Axle 
Brg. Pocket 
Vert. Accel.

A3 Truck Bolster
Long. Accel.

A4 Truck Bolster 
Vert. Accel.

A9 Rear Axle 
Brg. Pocket 
Lat. Accel.

A5 Truck Bolster 
Long. Accel.

A10 Fore Axle 
Brg. Pocket . 
Vert. Accel.

A6 Fore Axle 
Brg. Pocket 
Vert. Accel.

All Rear Axle 
Brg. Pocket 
Vert. Accel.

rYPICAL TRUCK INSTRUMENTATION IDENTIFICATION 

FIGURE M - l7
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FIGURE M-18
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W AYSIDE
D A T A

T R A C K
G E O M E T R Y
D A T A

O N - B O A R D
D A T A

R E M O T E  
TEST SITE

TYPICAL OVERALL FLOW CHART FOR THE DATA MANAGEMENT SYSTEM

FIGURE M - l9
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BLOCK DIAGRAM FOR THE DATA ACQUISITION SYSTEM" 

(EXAMPLE OF A TYPICAL ANALOG BASED SYSTEM).

FIGURE M-20
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TO REMOTE
PROCESSING
EQUIPMENT

BLOCK DIAGRAM FOR THE DATA ACQUISIT ION SYSTEM

(EXAMPLE OF A TYPICAL COMPUTER BASED SYSTEM)

FIGURE M -21
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FIGURE M-22
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TABLE M - l6

CANDIDATE VEHICLE PARAMETERS TO BE IDENTIFIED
GENERAL INFORMATION

Vehicle Number__
Vehicle I n i t ia ls
Vehicle Type ___
Car Capacity ___
Car Tare Weight 
Tare Weight _

I .D . PARAMETER PHYSICAL LIMITS
NUMBER SYMBOL PARAMETER DESCRIPTION VALUE UNITS ( IF  APPLICABLE)

L , car o v e ra ll length

La truck axle spacing

L0 end of car to truck  center

Lt truck spacing, c e n te r-to -ce n te r

Ma
e ffe c t ive  unsprung mass per truck

Mc to ta l car body mass

Mt truck sprung mass, per truck

in car body e ffe c t iv e  mass

naxle number of axles per truck

q f i r s t  body-bending mode displacement, center of 
ca r, v e r t ic a l

wa unsprung weight (wheels, a x le s , e t c , ) ,  per truck

Wc car body to ta l weight (in c lu d in g  suspended mass)

wt
truck suspended weight (frame, e t c . ) ,  per truck

hi
height of unsprung mass c .g . above r a i l

h2
height of primary la te ra l suspension above r a i l

h3
height o f sprung mass c .g . above r a i l

h4
height of secondary la te ra l suspension above r a i l

h5 height of car body c .g .  above r a i l

Vehicle Manufacturer 
Truck Type
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TABLE M-16 (continued)

CANDIDATE VEHICLE PARAMETERS TO BE IDENTIFIED

VEHICLE I .D . NUMBER ___

I.D .
NUMBER SYMBOL PARAMETER DESCRIPTION

PARAMETER
VALUE UNITS

PHYSICAL LIMITS 
( IF  APPLICABLE)

I c car body mass moment of in e r t ia  (p itc h , yaw)

J a truck  unsprung mass moment of in e r t ia ,  per truck

J c car body, mass moment of in e r t ia  in  r o l l ,  to ta l

K lin e a r spring ra te , per truck

K to rs io n a l spring ra te , per truck 4

Ksw swing hanger e ffe c t iv e  la te ra l s t if fn e s s , per truck

KX o v e ra ll la te ra l truck  s t if fn e s s

Ka o v e ra ll to rs io n a l truck s t if fn e s s

K’X la te ra l/ to rs io n a l truck  cross coupling s t if fn e s s

K'a to rs io n a l/ la te ra l truck  cross coupling s t if fn e s s

bi la te ra l separation of primary v e r t ic a l  suspension 
springs

'

b i c la te ra l separation of primary v e r t ic a l  suspension 
dampers



6 .6 .3  DEVELOP PROCEDURES FOR MISCELLANEOUS ACTIVITIES
• . F ie ld  Inspection of Test S ite

-  T ie  numbering system
-  Id e n t ify  track super structure  and i t s  condition
-  B a lla s t Design & Condition (type , depth, p ro f i le ,  

fo u lin g  or degradation, drainage)
-  T ie  In s ta lla tio n  (Re-work, Spot in s ta lla t io n , e tc .)
-  Subgrade Conditions

• Develop test procedures as needed.to conform to ra ilro a d  
and/or laboratory safety standards

• S o il Sample Acqu is ition
• S o il Sample Testing
• Monitoring of Environmental Conditions

-  Subsurface moisture, temperature
-  Weather information and h is to ry

• Track Geometry Measurement .
• Track Structure Location (survey to benchmark)
• Data A cqu is ition  Procedure
• Perform  Test Design Hazard A n a lys is_____________________

Note;

■ O *  r e fe r s  to  
In p u ts  or ou tputs  
from the other 
major ta sk s .

6 .6 .4  PREPARE CALIBRATION PROCEDURES
e W hee l/Rail L a te ra l, V e r t ic a l and Longi­

tu d in a l Load C irc u its  
e Displacement Measurements 
e T ie  Bending S tra in s  
e Fastener In s trum en ta tio n  
•  Veh ic le  Weight 
e Veh ic le  P rope rtie s

FIGURE M-23
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T E S T  Z O N E  1 ( C U R V E  D A T A )

CURVE
NO.

DEGREE 
OF CURV.

CURVE
DIRECTION

LENGTH
(ft.)

SUPER
ELEVATION

(in)

START
MP

" STOP 
, MP

EQUILIBRIUM
SPEED

1 2.6 Right hand 2736 4.07 321.1 320.6 47.5

2 6.2 Right hand 1080 5.19 319.7 319.5 34.7

3 6.1 Left hand 1386 4.80 319.4 319.1 33.7

4 5.3 Right hand 1136 5.10 318.7 318.5 37.2

5 1.2 Left hand 934 1.42 318.0 317.8 41.3

6 3.2 Left hand 3118 3.13 317.1 316.5 37.6

7 5.1 Right hand 961 5.06 316.5 316.3 37.8

8 3.0 Left hand 2070 4.55 316.2 315.8 36.2

9 3.7 Right hand 491 3.72 ' 315.8 315.7 38.1

10 6.3 Left hand 1037 4.90 315.7 315.5 33.5

11 6.1 Right hand 2420 4.92 315.0 314.6 34.1

TYPICAL TEST SITE DESCRIPTION 

FIGURE M-24
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TABLE M-17

TEST DESIGN HAZARD MATRIX

Performance 
Is su e  ______

A c t iv i t y  __

Hazard
or

Fa ilu re
E ffect Hazard

Category
Exposure

Hazard
D uration

Period

Known
Q uan tify in g  

Data or 
Procedure

L ik e lih o o d  
o f

Occurrence

Hazard
Control
Options

Corrective  
Action  and 

P r io r it y

■

-

By

Date Page



6.7 .3  MODIFY TEST DESIGN IF  NECESSARY TO- ACHIEVE 

DESIRED MEASUREMENT ACCURACIES (e .g. RELAX 

OR TIGHTEN TOLERANCES ON INSTRUMENTATION, 

PERTURBATION ACCURACY, ETC.)

FIGURE M-25



M .2.7 SPEC IAL DEVELOPMENT TASKS

Specia l development ta sk s,  w hile  not an in te g ra l part o f the mainstream 

te st  p lann ing methodology, are ta sk s which are considered e ith e r  necessary o r 

very d e sirab le  fo r  the conduct o f a sp e c if ic  te s t  program. These development 

ta sk s should be performed in  p a ra lle l w ith the o ve ra ll te s t  p lann ing a c t i v i ­

t ie s  as requirements evolve. A p lanning flow  d ia g ram ,is  presented in  F igure  

M-26.
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FIGURE M-26

M-62



M .2.8 TEST PREPARATION

The "TEST PREPARATION" p lann ing ta sk  should id e n t if y  a l l  o f the 

procedures and a c t iv i t ie s  which are necessary to prepare the te s t  s i t e ,  te s t  

c o n s is t  and the a ssoc ia ted  te s t  equipment p r io r  to te s t in g  (see F igu re  M-27). 

Any changes o r re v is io n s  to the p re v io u s ly  id e n t if ie d  te s t  schedule and the 

a ssoc ia ted  l o g i s t i c s  invo lved  should be made at t h is  time. Procedures and 

schedules fo r  fa b r ic a t in g  and/or procuring  spec ia l equipment (e .g . te s t  

f ix t u re s )  o r su p p lie s  should be defined.

P lann ing A id s  For Te st Preparation

A c h e c k l is t  f o r  ve h ic le  preparation  (Table M-18) i s  inc luded as an a id  

fo r  documenting v e h ic le  cond ition  and id e n t ify in g  requ ired  maintenance o r 

m od ifica t io n . As noted in  the tab le , i t  w il l  most l i k e ly  be necessary  to 

measure and record ce rta in  p re v io u s ly  id e n t if ie d  ve h ic le  parameters p r io r  to 

te s t in g .  Table M-19 provides a b r ie f  c h e c k lis t  o f design  co n s id e ra t io n s  which 

may be u se fu l when deve loping te st  f ix tu re s .  Table M-20 presen ts a "shopp ing 

l i s t "  o f  t e s t  equipment which may be requ ired  fo r  a s p e c if ic  te s t .  As part of 

t h is  p lann ing  ta sk  a s p e c if ic  l i s t  o f requ ired  equipment should be made.

Table M-21 presen ts some general con sid e ra t io n s fo r  personnel health  and 

sa fe ty . A tab le  o f  "m isce llaneous s i t e  preparation a c t i v i t ie s "  i s  presented 

in  Table M-22. Such preparation can be e a s i ly  overlooked but can be 

p o te n t ia lly  very c r i t i c a l  to a succe ssfu l te s t  program.

Table M-23 presents a format fo r  the Test O perations Sa fe ty  A n a ly s is  

M a trix  which w i l l  provide assurance that p revious hazard a n a ly s is  are met and 

sa fe ty  requirem ents s a t is f ie d .
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8.0 TEST PREPARATION

FIGURE M-27

M-64



TABLE M-18

VEHICLE PREPARATION CHECKLISTS

T.O Veh ic le  Checkout and Documentation o f Veh ic le  Cond ition  

(Body)

• Check fo r  bent or tw isted  center s i l l  (does car s i t  le v e l? )

• Rust th ru , cracked or broken body welds

• Cracked corner c a st in g s  on box car doors

• Operational hand brake and s la ck  ad ju ste r

• Sa fe ty  app liances (la d d e rs, s t ir r u p s ,  hand r a i l s ,  e tc .)

• Worn, d ragg ing , cracked brake hoses

• Check fo r  broken center p late  wear r in g

• . Perform a i r  te s t

• Check fo r  ex istence  o f re ta in e r  lin e  i f  required 

(Wheels)

• Exce ssive  tread or flange  wear

• Cracked wheel

• Sp a lled  tread

• Wheel f la t s

• Over heated (thermal o r he rr in g  bone c racks, c o lo r  o r ru s t  on wheel
p la te )

• Loose wheel

• Leaky wheel bearing se a ls

• A ll  wheels o f same diameter

• Document and record f l a t s ,  s p a l ls  ( s iz e ,  d im ensions, lo ca t io n , 
depth)

• Check fo r  r o l le r  bearing frame keys

• Check fo r  wheel se t separation  (flange  back-to-back dim ensions)
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TABLE M-18 (C on tinued )

VEHICLE PREPARATION CHECKLISTS

(Trucks)

• Worn brake shoes

• Improper shoes ( c a s t 'v s .  composition)

• Burned in  beams

• Broken, m isa ligned sp r in g s

• Worn f r i c t i o n  blocks

• B o ls te r  g ib  wear ( in ne r  and outer)

• Number of buttons on opposite s i  deframes

• Side frame in t e g r i t y  *

(D ra ft  Gear)

• Proper couplers (type E, F, s h e l f ,  in t e r lo c k in g )  i f  requ ired  fo r  
te s t  , ,,

• Cracked pocket or coupler shank

• Note spec ia l d ra ft  gear (F re ightm aster, Hydracushion, e t c . )

(Check fo r  Evidence of Derailment)

• D i r t  and gravel in  sp r in g  group

• S l in g  marks on carbody

. New a i f  re se rv o ir  and brake c y l in d e r

• Blue gouges on f i e l d  s ide  o f  wheel tread

• Flange marks on underside of car

• Missinjg s ide  bearings

• Damaged bearing cap

2.0 Measure and record physica l v eh ic le  parameters as id e n t i f ie d  under 

planning task  (see F igure  M-22).
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TABLE M-18 (Continued)

VEHICLE PREPARATION CHECKLISTS

T y p ic a l ly  i t  w i l l  be necessary to obtain o r  measure ce rta in  veh ic le  

parameters which w i l l  be required fo r  a sp e c i f ie d  te s t  program. These 

parameters may inc lude  those presented in Table M-16.

3.0 Veh ic le  M o d if ic a t ion  As Required For Test

• Attach transducer f i x t u re s ,  J-boxes, condu its  and cable hangers, 
etc.

• Load v e h ic le ,  locate  c.g.

• Modify jack  pads

• Change couplers

• Change center p late

• Check shocks o r  change as necessary

• Check s id e  bearings

• Change brake fo rces  ( le ve rs ,  d e v i c e s ,  rod lengths)

• D isconnect brakes, block cy l inde r

t  R e t r o f i t  w /re ta iner l in e

• Tap t r a in  l i n e  a i r  supply

• Wire down cut le ve rs  to prevent uncoupling
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TABLE M-19

TEST FIXTURE DESIGN/FABRICATION CONSIDERATIONS

• . Convenience and ease o f  use

s Accuracy and re p e a ta b i l i t y

• Ruggedness

• Method of attachment (bo lted, welded, clamped)

0 Adjustment capability .

• Will not cause in terfe rence  problems or a f fe c t  veh ic le  performance 
or safety

§ . S u s c e p t ib i l i t y  to contamination and weather

• Ease and cost of fa b r ic a t io n

® Coordinate actual fa b r ic a t io n  w/machine shop

9 Arrange fo r  tran sp o rta t ion  to te s t  s i t e

o Provide time in schedule fo r  f ie ld  i n s t a l l a t i o n  and p o ss ib le  
m od ification or re-work

• Electro Magnetic Interference (EMI) considerations as appropriate
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TABLE M-20

EQUIPMENT. CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

GENERAL PURPOSE -

HAND TOOLS

1 F la t  Head Screw D r ive rs

2 P h i l l i p s  Head Screw D r ive rs

3 O ffse t  Screw D r ive r  ( P h i l l i p s .  

& F la t )

4 Set of Jew e le r 's  Screw D r ive rs

5 Hammers (M ach in ist,  Claw, 

Sledge)

6 Adjustab le  Wrenches

1 V ise  Grips

8 Punch Set (Center, D r i f t )

9 Ch ise l Set

10 P I ie r s

S l i p  Jo in t

Needle Nose (Midget and Std) 

Adjustab le (Pump)

Diagonal Cutters (Midget & Std) 

Snap Ring 

T in Snips

11 Hydrau lic  Jack and Jack Stands

12 Sharp and Dull Knives

13 Dry Bars and "Cheater" Pipe

14 L igh t s

Flash L igh t  and Batte r ie s  

Trouble L igh t  (Ext. Cord) 

Flood L igh ts  (Ext. Cord)
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TABLE M-20 (Continued )

EQUIPMENT CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

GENERAL PURPOSE

HAND TOOLS

15 C-Clamps

16 Spring  Clamps

17 Screen Door Sp r in g s

18 S tr in g

19 Rope

20 Chain w/Hooks

21 Saws

Hack Saw and Blades 

C a rpente r 's  Saw 

Keyhole Saw

22 Hydraulic  Jacks w/Handles

2 Ton

5 Ton

23 Wire Brush

24 Fox Ta il  Brush

25 S c i s s o r s

26 Putty Knife

27 A llen  Wrench Set

28 Complete Socket Sets

Ratchet Handle

Extensions

U -Jo int

M-70



TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

GENERAL PURPOSE

HAND TOOLS

Deep Well Sockets 

Regular Sockets 

M etr ic  Sockets

29 D r i l l  B i t  Index Set

30 Open End Wrench Set

31 Box End Wrench Set

32 Torque Wrenches

33 Shovel

34 Pick

35 Postho le  D igger

36 Complete Tap and Die Set 

w/Wrenches

37 Spare Taps

38 Cutt ing  Oil

39 Bench V ise

40 F i le s  .

- F la t  (F ine and Coarse)

-  Half-Round (F ine  and Coarse)

-  Rat T a i l  (F ine and Coarse).

-  T r ia n gu la r  (F ine)

-  Square (F ine)

41 F i l e  Card

42 : Handles

43 Sw iss Needle F i le  Set

44 Pop-R iverter  and Pop R ivets

45 R e r a i l i n g  B l o c k s / W e d g e
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TABLE M-20 (Con tinued )

EQUIPMENT CHECKLIST

ELECTRICAL

SUPPLIES

MEASURING

TOOLS

NO ITEM I.D. QUANTITY CHECKOFF

1
2
3

4
5

6

7

8

Hook Up Wire (a sso rted  s i z e s )  

Spade Lugs and Connectors 

So lder and Flux 

Juniper Wires 

E le c t r ic a l  T e ch n ic ia n 's  

tool k i t

Assortment of E le c t r ic a l  

Components

- r e s i s t o r s

- capac itors

- diodes

- integrated c i r c u i t s  and 

. am p lif ie rs

Heat Sh r ink  Tubing 

Soldering Ir o n  or T o r c h

1
2
3

4

M ach in ist  Rule 12" 

Ca rpente r 's  Level 3 Ft. 

Square 

Tapes

25'

100'
5 Micrometer Set 0 -6 "
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

NO ITEM I . D. QUANTITY CHECKOFF

MEASURING

TOOLS -

6 C a l ip e r  0 -6 "

7 Plumb Bob

8 Chalk Line

9 T ra n s it

TO U lt ra -So n ic  Unit and Coupling

F lu id

11 Depth Gage

POWER TOOLS

& EQUIPMENT

1 Variab le  Speed Revers ib le

E le c t r ic  D r i l l  (3/8") 1

2 1/2 Inch Heavy Duty E le c t r ic

D r i l l 1

3 D isc  Grinder and Assorted

D isc s 1

4 Die Grinder and Assorted

D isc s  and B i t s 1

5 Saber Saw

6 Heat Gun
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TABLE M-20 (C on tinued )

EQUIPMENT CHECKLIST

- ; • ' NO - ITEM I.D . QUANTITY CHECKOFF

ELECTRICAL ' ' 

EQUIPMENT

■ 1 

2

3 :

4

5

D ig i t a l  Volt/Ohm Meter 

Frequency Counter 

Function Generator 

Portable  O sc i l lo scop e  

Regulated Power Supply

CONSUMABLES

1

2

3

4

5

6 ; 

7

Tape

Scotch

Duct

F ilam ent. 

E l e c t r i c i a n 's  

Masking 

So lvent 

Grease 

Rags

Sand Paper 

Emory Cloth 

Glue:

Paper

Wood

Metal

P la s t ic

Rubber
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

CONSUMABLES -

8 Temperature S t ic k s

(100°F -  200°F range)

9 Spray Pa int

STATIONERY

SUPPLIES

1 P enc i ls

2 Pencil Sharpener

3 Pens

4 Paper (L ined and Graph)

5 C l ip  Board

6 Chalk

7 Pa in t  S t ic k

8 Magic Marker

9 S t ic k y  Labels

10 Loose Leaf Binders
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TABLE M-20 (Continued) 

EQUIPMENT CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

PHOTOGRAPHIC

EQUIPMENT ' .

1 Camera

2 • L ig h t  Meter

3 Film

4 Tripod

5 Ba tte r ie s

6 Lenses

MISC. ITEMS

1 . Gloves

2 F i r s t  A id K i t

3 Snake B ite  K it  ■ _

4 In sec t  Repel 1 ant

5 C a lcu la to r

6 F ire  E x t in gu ishe r

7 Keys ( f o r  equipment and

lo cke rs ,  etc)

8 . Wire

9 Dust Masks

10 Safety  G lasses

n . Stool

12 . Small Table

13 : Canvas Tarp, Drop C loths

14 Broom

15 Brush
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TABLE M-20 (Continued )

EQUIPMENT CHECKLIST

NO ITEM I.D . QUANTITY CHECKOFF

MISC. ITEMS ■ ...

16 Covera l1s

17 Rain Gear

18 Complete Supply of assorted  

nuts, b o lt s ,  screws, washers, 

etc.

19 Raw M ate r ia ls

- sheet metal

- sheet p la s t ic

- gasket material

- card board

20 T ie  Wraps

21 Hose Clamps

22 Cotter Keys

23 Turn Buckles

24 Wire Cable

25 Water Container

26 Hard Hats
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TABLE M-21

TYPICAL PERSONNEL HEALTH AND SAFETY CONSIDERATIONS

• F ire  protection  on equipment, b u i ld in g s ,  and storage areas.

§ :' -Evacuation- procedures, emergency serv ice, routes, and po st ing  o f  emergency 

p lan s,  radio  c a l l s  and phone numbers.

• A le r t in g  and communications systems.

• P ro tect ive  devices, b a rr icad e s,  warning s ig n s ,  ropes, ra i lw ays ,  r a i l r o a d  

. equipment sa fety  app liances.

• Trained and in structed  personnel as required by re gu la t io n s .

• Personal p rotective  devices and p rotective  c lo th in g ,  personnel 

r e s t r a in t s ,  cush ions, padding.

• O n -s ite  medical su p p l ie s ,  f i r s t  a id ,  evacuation l i t t e r s .

• Safe d r in k in g  water supply and sa n ita ry  f a c i l i t i e s ,  

t  Copies of Book of Rules, ap p l ic ab le  sa fety  manuals.

• Gang watchmen, flagmen, c ro s s in g  p rotection , pub lic  p rotection .

• Acc ident/ in ju ry  report ing  system.

• Poisonous p lan ts ,  vermin, in s e c t s ,  cau st ic  protection.

• Crane, high l i f t  and f i r e  apparatus in spection  forms and schedules.

• Procedures and equipment f o r  work on or near e le c t r i f i e d  track  or s igna l 

systems.

• Equipment, procedures, and in s t ru c ted  personnel fo r  work on hazardous or 

s a f e - c r i t i c a l  operations.

• Housekeeping and waste/d isposa l equipment.

Note: Health and sa fe ty  p lann ing  should span the in te rfa ce  between

ra i l r o a d ,  con struc t ion ,  in d u s t r i a l ,  and labo ra to ry  r u le s ,  p rac t ice s ,  

and regu la t ion s  which pe rta in  to te s t  operations.
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TABLE M-22

MISCELLANEOUS SITE PREPARATION ACT IV IT IES

1. Id e n t i f y  the c lo se s t  source f o r  both rout ine  and emergency medical 

se rv ic e s  (e .g. h o sp it a l s ,  c l i n i c s ,  paramedics, d rug sto re s ,  f i r e  

department). Develop a l i s t  o f phone numbers.

2. Id e n t i f y  lo ca l  sources fo r  typ ica l  personnel se rv ic e s  (e .g. motels, 

re s tau ran ts ,  grocery  s to re s ,  e tc . ) .

3. Id e n t i f y  loca l sources f o r  t e s t  equipment and t h e i r  bu s ine ss  hours (e.g. 

hardware s to re s ,  e le c t r ic a l  su p p l ie s ,  tool re n ta ls ,  fuel su p p l ie s ,  car 

r e n t a l , e t c . ).
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TABLE M-23

TEST OPERATIONS SAFETY MATRIX

*
Performance 
Is sue_______

A c t i v i t y ___

By._________
D a t e _______

Task
Descrip t ion

or
Test
Operation

Hazard
or

Condition

Hazard
Duration
Period

Li kelihood 
of

Occurrence
E ffec t

Hazard
C la ss

Safety
Requirements

Actions to 
Control 
Hazard



M.2.9 TEST EXECUTION

The planning task  fo r  "TEST EXECUTION" should id e n t i f y  a l l  o f  the 

a c t i v i t i e s  and procedures which are necessary to a c tu a l ly  implement a test. 

The flowchart shown in  F igure  M-28 summarizes the type o f  a c t i v i t i e s  which 

should be addressed during t h i s  te s t  p lanning task.

A review o f the te s t  procedures, r e su l t s ,  and d e f ic ie n c ie s  should be made 

to v e r i f y  data re tr ieved  and permit future  te s t  e f f ic ie n c y  in c lud ing  a review 

o f  te s t  sa fe ty  procedures e ffe c t ivene ss.  Table M-24 shows a format f o r  review 

of te s t  sa fe ty  procedures. Table M-25 summarizes . some o f  the p re -te st  

coord inat ion  a c t i v i t i e s  or top ic s  which should be dea lt  with p r io r  to actual 

t e s t  execution.



Re-run the same 
te s t (s )  or por­
tions thereof

9.4 IMPLEMENT TEST ACTIVITIES

• Id en tify  those sequences which are most c r i t ic a l  
to  the actual tes tin g

•  Id en tify  the in terrela tion sh ips o f one sequence 
. to another

• D eta il the c r i t i c a l  steps and go/no-go decision  points

• Implement te s t procedures

• Perform Quick-Look d.ata analysis and v e r i f ic a t io n

No Test Data 

is  good

No

Yes

9.5 CONDUCT POST-TEST ACTIVITIES

• P ost-test ca lib rations

• Implement data management procedures (d ire c t data 
transmission as required, handling' and storage o f 
raw data tapes -  e tc . )

• Complete logs , prepare in i t i a l  or summary tes t 
reports

• Return tes t s ite  and test veh ic les  to p re -tes t 
conditions (as necessary)

PERFORM ANALYSIS OF TEST PROCEDURES AND RESULTS

FIGURE M-28

Implement contingency 
p lan (s )
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TABLE M-24

Performance 
Index_______

A c t i v i t y ___

B y _________

Date

TEST SAFETY PROCEDURE EFFECTIVENESS REVIEW MATRIX

Accident
or

Inc ident

E ffe c t
o r

Loss
Suffered

L ike l ih ood  
and

Exposure
Eva lua t ion

Noted
on

Previous 
A n a ly s is  
(Y) (N)

P o s s ib le  Means of 
Future Avoidance

Remarks

•



TABLE M-25

PRE-TEST COORDINATION TOPICS

• Review of se cu r ity  procedures

• E s tab l ish  a h ie ra rchy  o f  a u th o r i t ie s  in case o f  an emergency

•. Announce th e . lo ca t ion  o f  emergency f i r e  and sa fe ty  personnel

• Review the te s t  schedule fo r  the day emphasizing any specia l 

cond it ions such as sanding or veh ic le  maintenance.

t  Note operational requirements such as use o f  brakes, speed 

to le rances, etc.

• Coordinate the days v i s u a l  track  in spection  , requirements

• Announce the rad io  channels to be used

• Id e n t ify  the groups to be in the te s t  area.

• Id e n t ify  group leaders and a l l  expected communications.

• Announce the run numbering sequence to be used by a l l  groups.

• Id e n t ify  th re sho ld s  re q u ir in g  a report from wayside and onboard 

instrumentation and from track  in spection .
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M .2.10 DATA REDUCTION AND ANALYSIS

Data reduction and a n a ly s i s  inc ludes the process o f  id e n t i f y in g  the 

format o f  the raw data; converting i t  to a form e a s i l y  accessed by a data 

a n a ly s i s  software package and presenting the r e s u l t s  o f the a n a ly s i s  in  an 

a t t ra c t iv e  and re a d i ly  useable manner.

M.2.10.1 Bas ic  Reduction

For purposes o f  t h i s  d iscu s s io n ,  i t  has been assumed that the raw te s t  

data has been p re v io u s ly  assembled on a machine readable storage medium. Some 

o f  the more common storage mediums used are d ig i t a l  magnetic tapes, analog 

magnetic tapes and d is c  f i l e s .  The data may be the re su l t  of a te s t  or i t  can 

be the output of an an a ly t ic  model. The f i r s t  phase o f  data reduction 

invo lve s  id e n t i f y in g  the type of data storage medium to be used-.

M .2 .10 .1.1 D ig i t a l  Magnetic Tape

The format of data stored on d ig i t a l  tape must be id e n t i f ie d ,  e ith e r  by 

having prev ious knowledge of how i t  was recorded or by deciphering the tape 

once i t  has been received. A typ ica l format fo r  d ig i t a l  t e s t  tapes would 

include the fo l lo w in g  records: .

1) Header Record

Header records contain  information in  text form (7 or 8 b i t  A S C I I ,  BCD RADIX 

50 or EBCDIC) concerning basic  te s t  parameters such as a d e sc r ip t ion  o f  the 

te s t ,  the number o f  channels being recorded, a de sc r ip t ion  o f  each channel, 

the sample ra te ,  eng ineering  un it s  and so fo rth .

2) C a l ib ra t io n  Records

C a l ib ra t io n  records are recorded ju s t  p r io r  to the s t a r t  o f a te s t  f o r  the 

purpose o f  ob ta in in g  the engineering un it  conversion fa c to rs  app l icab le  to the 

forthcoming te s t .
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3) Data Records

Data records comprise the m ajority  o f  the tape. The formats o f  the recorded 

data: vary w idely from te s t  to te s t .  Some o f  the fa c to rs  which must be

considered are:.

a) Record length in Bytes;

b) Word length in  b i t s  (12 or 16 ),  re so lu t io n ,  

s ign  convention, b i t  padding;

c) How the data i s  multiplexed,, number of 

channels, number o f  samples per record, any 

odd word length channels o r  i r r e g u l a r i t i e s  in 

the m u lt ip lex ing  scheme.

4) T r a i l i n g  Records

T r a i l i n g  records may contain p o s t - t e s t  c a l ib ra t io n  and more comments

de sc r ib ing  any anomalies which were observed during the te st .

M.2 .10.1.2  . Analog Magnetic Tape

Test data may be recorded on analog tape, c  I f  t h i s  i s  the case, the

information must be d ig i t i z e d  p r io r  to data reduction and a n a ly s i s .  Header 

information may have to be added to the d i g i t a l  copy of the te s t  data.

Test data gathered onto a d i s c  f i l e  may or may not requ ire  dem ultip lex ing  

s in ce  random access w rite  i s  a v a i la b le .

M.2.10.2 Bu i ld  Data Base

A data base i s  required fo r  data reduction  to minimize access time fo r  

the reduction o f  software which, by the nature o f  the ta sk ,  in vo lve s  la rge  

amounts of Input/Output ( I/O ).  T h is  i s  accomplished by a combination of

po in te rs  to  d is c  secto rs  and by p lac ing  the information on a d is c  in  such a 

way that the secto r  number of a de sired  piece of information i s  a funct ion  of
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the channel number and the time in to  the te s t .  Besides con ta in ing  the te s t  

data, the data base should contain a l l  the- other inform ation necessary to 

perform a n a ly s i s  and generate the output. Examples o f  t h i s  information 

inc lude  channel d e sc r ip t io n s ,  eng ineering un it conversion  fa c to rs  and maximum 

or minimum va lues. -

B u i ld in g  a data base i s  accomplished by.copying and manipulating the raw 

inform ation  while  re -o rde r ing  i t  to a random access device. Depending on the 

type o f  p e r ip h e ra ls ,  the input o f  data to be reduced, and memory l im it a t io n s ,  

the process o f  b u i ld in g  a data base may invo lve  several d i f fe re n t  a lgorithm s. 

The format o f  the data base w i l l  a l so  depend heav i ly  on these l im ita t io n s .  I t  

may a l s o  be appropriate  at t h i s  stage o f  data reduction and a n a ly s i s  to 

inc lude  necessary po in te rs  and perform range checks on the data.

M.2 .10.3  Bas ic  A n a ly s i s  and Data Presentation

The software a c tu a l ly  re spons ib le  f o r  access ing  the data base and 

performing the a n a ly s i s  should provide a high degree o f  f l e x i b i l i t y  as well as 

being very  e f f i c i e n t  and easy to use. The software should be w r itten  in  such 

a manner as to f a c i l i t a t e  fu ture  add it ions  and m od if ica t ion s  so as to  re a d i ly  

accommodate future  changes or demands. A flow, chart showing the ba s ic  data 

reduction and a n a ly s i s  func t ion s  i s  presented on F igu re  M-29.
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M .3  STANDARD SIGN CONVENTIONS

When planning a field test program, standard sign conventions should be 

used whenever possible. This will promote continuity of the test results from 

test to test as well as between different test programs. If standard sign 

conventions can not be used, it is imperative that the convention be clearly 

identified and flagged on the test data involved.

Standard sign conventions are presented below for wayside instrumentation 

and vehicle borne instrumentation.

M.3.1 WAYSIDE SIGN CONVENTIONS

Wayside sign conventions apply to all of the instrumentation associated 

with the track structure. Typical measurements include displacements, forces 

and accelerations. In addition, conventions are helpful for identifying 

direction of travel relative to the track structure as well as the "right" and 

"left" rails. The suggested sign conventions are presented in Figure M-30.

M.3.2 VEHICLE BORNE SIGN CONVENTIONS

Sign conventions for vehicle borne measurements are presented in Figure

M-31.

M.3.3 CONSIST CONFIGURATION IDENTIFICATION

A consist configuration should be clearly and uniquely identified such 

that both vehicle and component locations and orientations can always be 

traced from test to test. Proper identification- should include a side view 

schematic, of each configuration showing vehicle I.D. numbers, vehicle 

orientation, axle numbers, and direction of travel.

The following guidelines are suggested to standardize consist

configuration identification:
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STANDARD COORDINATE SYSTEM

t +
M  + + W

OUTWARD FORCES AND 
OUTWARD DISPLACEMENTS 

ARE POSITIVE

RAIL FORCES AND DISPLACEMENT

OBSERVER
LOOKING
TOWARD

RIGHT AND LEFT RAIL

WAYSIDE SIGN CONVENTIONS 
FIGURE M-30



GENERAL MEASUREMENT CONVENTIONS

ACCELERATIONS, DISPLACEMENTS. FORCES

tJOCT
+ UPWARD 
------►  + FORWARD

+ FORWARD

A  CLOCKWISE 
+ RIGHT

WHEEL FORCES

J \ IV
OUTWARD FORCE ON 
WHEEL IS POSITIVE

UPWARD FORCE 
ON WHEEL IS 
POSITIVE

Y-
i

+

+ +

COUPLER FORCES

VERTICAL COUPLER ANGLE

LOCOMOTIVE 

TJOO"

LATERAL COUPLER ANGLE

DOWNWARD MOTIONS 
ARE POSITIVE

COUNTERCLOCKWISE 
ROTATIONS ARE POSITIVE

MISCELLANEOUS

• BUFF FORCE IS POSITIVE
• SPRING EXTENSION IS POSITIVE

VEHICLE BORNE SIGN CONVENTIONS 

FIGURE M-31
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1 . For each test run, axle count will be sequential starting from the 

head-end of the"consist with respect to the direction of travel for the 

respective test run.

2. Axles/wheelsets will be uniquely identified based upon their initial 

location in. the consist. Car axles/wheelsets will be identified in 

accordance with -the AAR designation specified by AAR interchange rule 

number 83 (Field Manual of the AAR Interchange Rules). The following 

excerpt defines this rule:

RULE 83 (excerpt)

15. For designation of locations on car at which damage occurred or 

repairs made, the following will govern:

a. Cars equipped with four wheel trucks.

(1) The end of car upon which the brake shaft is located 

shall be known as B end and the opposite end shall be 

known as A end. If the car has two brake shafts,, .the 

owner shall have the respective ends, A and B, 

stenciled on car, on both sides, near each end.

(2) Facing the B end of car in their order on the right 

side, wheels, journal, boxes, brake beams and.other 

truck .parts-shall be known as. R1, R2, R3 and R4.1/The

. main structure of car is divided into four sections 

-known as BR, BL, AR and AL. See Figure M-32.

b. Cars equipped with.six or eight.wheel trucks.

(1) The same .principle applies as given above for four 

wheel trucks.
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3

RIGHT
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2

1

FIGURE M-32. CAR WHEELSET IDENTIFICATION

Using the above AAR designation, wheels will be uniquely defined using an 

identifier word of up to 5 characters as follows:
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XX X X X
Letter suffix to denote a "replacement axle"

Axle I.D. number uniquely assigned at time of initial 

installation in a vehicle

Letter (L or R) to denote initial wheel or Wheel set 

installation orientation

Vehicle.I.D. number (up to 2 digits) uniquely assigned at 

time of initia,! installation in consist

• As an example, consider an initial consist configuration of a test series 

as shown below:

4 3

OCT— DO OCT— DO
16 15 14 13 12 11 10 9

B »B» F

2 1__ 1 bDO 
8 7

oo oo
65 43

OO
2 1

The axle identification associated with axle count number 7. would be 2-2 

(i.e. vehicle 2, axle number 2). The wheel identification associated with the 

above side view would be 2R2 (i.e. the right side of vehicle #2, axle #2). If 

the same car happened to be number 15 in the consist, the equivalent car wheel 

identification would be 15R2. . Now assume that the number 2 wheelset for car 2 

is replaced during the next test run. The corresponding wheel identification 

associated with axle count #7 for test 2 would be denoted by the following 

identifier 2R2A (i.e. the suffix A denotes a replacement wheelset).
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If a wheel set from one vehicle is changed out and swapped with another 

vehicle, each wheelset will retain its original identification as established 

by its initial installation orientation and location in the test consist. 

Using the above figure as an example, assume that wheelset number 3 of vehicle 

3 (axle count #11) and wheelset number 1 of vehicle 4 (axle count #16) are 

swapped. Furthermore, assume that the wheelset from vehicle 3 is directly 

transposed to vehicle 4 but that the wheelset from vehicle 4 is rotated 180° 

before installation in vehicle 3. The wheel identifications for the next test 

(per the above figure) would then be 4L1 for axle count 11 and 3L3 for axle 

count 16.

Axles/wheelsets for locomotives will be identified using a nomenclature 

similar to that used for cars. In the case of locomotives, the "B" end will 

equate to the long end of the cab or the back of the locomotive as speciified 

by manufacturer in conformance with FRA regulations. The opposite end or 
short cab end will be designated the "F" end. Similar to freight cars with 

two brake shafts, locomotives with cabs on both ends or in the middle shall be 

appropriately marked F or B by the owner. The right and left sides will be 

established facing the "B" end of the locomotive. However it should be noted 

that axles will be numbered in reverse order from the "B" end (or conversely 

in sequential order from the "F" end). This identification scheme is 

illustrated in Figure M-33.

The following sample test log sheets illustrate the suggested consist 

configuration identification scheme. As noted on the log sheet, there is a 

column labeled "VEHICLE I.D.". This column relates axle count to a current 

vehicle number and orientation i.e.

X X
Head-end of vehicle per direction of travel (e.g. A)

Vehicle identification number (up to 2 digits)
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FIGURE M-33. LOCOMOTIVE WHEELSET IDENTIFICATION
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M.4 TEST HAZARD ANALYSIS DEFINITIONS

The following definitions are provided as an aid for preparing Tables 

M-17, M-23 and M-24. These definitions should also assist in determining 

safety aspects of the test design, test operations and post review of the 

procedures under which the overall testing objectives were accomplished.

M.4.1 Hazard Categories

Category I - Negligible - Will not result in personal injury or 

system damage.

Category II - Marginal - Can be counteracted or controlled without 

injury to personnel or major system damage.

Category III - Critical - Will cause personnel injury or major 

system damage, or will require immediate corrective action for 

personnel or system survival.

Category IV - Catastrophic - Will cause severe injury or fatality to 

personnel or major system loss.

M.4.2 Action Priority Ranking

Routine - Can be adequately handled through routine channels for 

corrective action.

Special - Requires special follow-on action because of unique 

aspects which might prove to be a problem.

Critical - Requires special management attention due to extent of 

test program impact.

Urgent - Requires special management attention due to test program 

impact and time constraint.
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M.4.3 Likelihood of Occurrence

Frequent - May be expected continuously.

Reasonably Probable - Will occur frequently during test. .

Occasional - Will occur several times during test.

Remote - Unlikely but possible.

Extremely Improbable - So unlikely, can assume will not be

experienced.

Impossible - Physically impossible to occur.

M.4.4 . Hazard Duration Period

The period of time through which the hazard has effect on the test 

program. Estimates for establishing a hazard duration period may be based 

upon known data, or methods to arrive at quantitative data, concerning the 

likelihood of occurrence of a hazard. .These may. include probabilities, 

failure experience, reliability estimates, accident experience, or other 

numeric data describing or aiding in understanding the hazard or key 

contributors to the hazard.

M.4.5 Exposure -

. An estimate of factors leading.to understanding the effect of a hazard 

such as: number of persons in the hazard area, frequency of interface with

the hazard during the test, length of time of effect, type or critical nature 

of the.potential loss.
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OVERALL GENERIC FLOW DIAGRAM FOR THE PREPARATION AND CONDUCT OF FIELD TEST PROGRAMS

FIGURE M-l (Spare) 
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SECTION N

VEHICLE CHARACTERIZATION

N.l Introduction

Once a vehicle problem has been determined and the. assessment 

objectives have been set, as described in Part I, Section 2 of this 

report, an Assessment Plan should be developed using the procedures 

outlined in Section A (Resources Available for Literature Search), 

Section B (Accident History Investigation)* .Section C (Computer 

Modeling), and this section, Section N (Vehicle Characterization). 

Section N should be accessed first to provide the initial selection, of 

significant Performance Issues to guide subsequent research. The 

information in this section is called for by the Assessment Procedures 

shown in Figures 2-2, 2-3, and 2-4.

The primary objective of this section is to identify the 

sensitivity of each Performance Issue to specific, relevant vehicle 

characteristics. Section N requires, 'as input, engineering 

characteristics of the vehicle under investigation and provides, as 

output, a ranking of the ten performance, issues. This is shown 

schematically below:

Engineering Characteristics Section N Ranking of

of vehicles under Vehicle. Performance

investigation Characterization Issues

No inputs from other sections are required although findings from 

other sections may clarify some of the engineering characteristics of 

the vehicle being investigated and, therefore, suggest a'supplementary 

use of Section N.

N.2 Nomenclature

The t e x t ,  t a b le s ,  and f ig u r e s  in  t h i s  s e c t io n  in c lu d e  re fe re n c e s
to  th e  d e s ig n  and dynam ic b e h a v io r  o f  f r e i g h t  c a r s ,  p a sse n g e r c a r s ,  and
lo c o m o t iv e s .  The d e f in i t i o n s  o f  a l l  te rm s  used a re  c o n s is te n t  w i th  th e
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rest of this report. In most cases, figures are included to illustrate 

the components and dimensions referenced.

N.3 Technical Discussion

A vehicle's proclivity toward each of the ten Performance Issues 

(outlihed in Subsection 2 . 4 ) can be estimated parametrically from the 

conditions of certain specific characteristics of that vehicle. These 

characteristics are engineering descriptions of: a vehicle which relate 

to its dynamic response to track geometry inputs or inputs from

adjoining vehicles. ; For instance, a vehicle characteristic of truck 

center spacing is particularly relevant to that vehicle's car body roll 

response to staggered 39 ft. rail joints.

The purpose of this section is as follows:

• to isolate, define, and quantify principal vehicle

characteristics which affect each Performance Issue;

• to present these characteristics in such a format that any 

rail vehicle under investigation can be quantified in

..these terms, ,

t to show the relative importance of each characteristic to 

each Performance Issue; and

• to rank the Performance Issues showing those which would 

most likely.be of interest for further investigation.

In formulating this approach, a great deal of approximation has 

been necessary in developing the quantitative ranges, for the conditions 

of each characteristic and in assigning the weighting values comparing 

the effects of the characteristics. This, approach will nonetheless be 

useful, in assisting in the identification of relevant dynamic 

Performance Issues for a vehicle or vehicle design being investigated.

The vehicle characteristics are listed in Table N-l. These are 

the characteristics which must be quantified or estimated using the 

definitions and sample cases, provided in Appendix N-A.
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TABLE N-l: VEHICLE CHARACTERISTICS WHICH AFFECT VEHICLE
DYNAMIC PERFORMANCE

Wheel

Wheel Profile

Truck

Total Shear Stiffness
Total Axle Yaw Bending Stiffness
Wheel Base
Static Yaw Friction
Number of Axles
Yaw Moment of Inertia
Wheel set Weight
Net Braking Ratio

Coupler

Draft Gear Longitudinal Energy Absorption 
Draft Gear Compressive Energy

Car Body

Truck Center Spacing 
Bounce Natural Frequency 
Pitch Natural Frequency 
Roll Natural Frequency 
Yaw Natural Frequency 
Sway Natural Frequency 
Bounce Damping Ratio 
Pitch Damping Ratio 
Roll Damping Ratio 
Yaw Damping Ratio 
Sway Damping Ratio 
Torsional Stiffness 
Overall Length 
Center of Gravity Height
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The vehicle, characteristics can apply to any. rail; vehicle in any 

configuration, such as locomotives, passenger . cars, or freight cars 

with weight variations due to lading, passengers,, or fuel/water. The 

particular vehicle condition chosen may be based upon accident, history 

investigations or mathematical analysis or,, if no guidelines are 

available from other sources, an evaluation of each Performance Issue 

should be made for the extremes of all possible operational 

configurations.

N.3.1 . Details of Vehicle Characteristics

N.3.1.1 Wheel Profile '

The geometry of the wheel/rail contacting surfaces is of 

particular importance to Performance Issues involving curving and 

hunting. Generally, two segments of a wheel profile are defined, the 

tread conicity and flange angle. It seems that the tread angle is most 

significant to the initiation of hunting or curving problems and that 

the flange angle affects the severity of the resultant wheel/rail 

forces. The evaluation of the wheel profile is relevant only in

connection with common rail profiles. Special cases of rail vehicles 

regularly running on rail profiles not common to U.S. interchange 

service must be considered analytically. For use of this section only 

the tread angle is required.

The three conditions of conicity are; less than 2%, from 2 to 10%, 

and greater than 10%. The middle range includes, the predominant AAR 

l-in-20 (5%) and l-in-40 (2.5%) new freight, and passenger wheel 

profiles, as well as most moderately worn wheels. Higher conicity 

wheels are often used on the new radial or self-steering trucks.

N.3.1.2 Total Truck Shear Stiffness

Truck shear stiffness is a measure of, a truck's resistance to the 
parallel displacement of its wheelsets. In general, increasing the 

shear stiffness of a truck will improve its hunting performance. This 

is especially significant for conventional (non-radial) truck designs. 

Radial truck designs are likely to be relatively rigid in shear due to



Truck dynamic curving and hunting behavior vary inversely in many 

truck designs and are highly dependent upon two characteristics, shear 

stiffness and axle yaw bending stiffness (described in Section

N.3.1.3). Substantial analytical modeling efforts have been.devoted to 

this area. Of particular relevance is the work performed, at the 

Vehicle Dynamics Laboratory at the Massachusetts. Institute of 

Technology [Ref. 1 and 2]. An approximate formula, developed by 

Wickens, is qualitatively useful to show the influence of these 

parameters on the critical hunting speed, V Q r ‘

1 i
KBT + (a2+t)2)KsT " ((KBT+(a2+b2)KSf)2 “ 4b KSTKBf)2

s t r u c t u r a l  e le m e n ts  p re s e n t ,  such as c r o s s - b r a c in g .  C u rv in g
p e rfo rm a n c e  may be red uce d  s l i g h t l y  by in c re a s e s  i n  s h e a r s t i f f h e s s .

where C is a constant

m is the effective hunting mass, which is, in general, the 

mass of the wheel sets

a is the track semi-gauge

b is one-half of the wheel base

X is an effective wheel/rail contact coni city

Kgy is the truck axle yaw bending stiffness

KSy is the truck shear stiffness

Using typical values, shear stiffnesses were , calculated ..for 

several sample cases, as noted in the appendix to this Section, 

Appendix N-A. Since dynamic truck performance is not solely a function 

of shear stiffness, but includes the effects of the overall truck 

design, major groups of designs are defined and ranges for shear 

stiffness established within each. These groups are steerable and 

non-steerable passenger trucks and freight'trucks. The typical values 

of trucks in each group have been set with "conditions." j)f-shears



N.3.1.3 Total Truck Axle Yaw Bending Stiffness ;

Truck axle j/aw bending stiffness is a measure of the truck1 s 

resistance to relati ve yaw between ‘two wheel sets. This is shown 

schematically in Appendix N-A. Bending stiffness is particularly 

relevant to curving performance. Low bending stiffness allows the 

Wheel sets of a truck to take positions radial to a curve, thereby

reducing the wheel set-to-rail angle of attack. Steerable, • or radial, 

truck designs allow low bending stiffness through the structural 

interconnections of the wheel sets, such as cross-bracing or special 

shear pads. Lower bending stiffness allows sharper curving before 

lateral forces, due to the angle of attack, become a problem.

Conversely, low bending stiffness .can increase the tendency for

wheelset hunting.

As with shear stiffness, the absolute value of bending stiffness 

is useful oniy within the prescribed design groups of steerable and 

non-steerable passenger and freight trucks.

N.3.1.4 Wheel Base

Wheel base, the distance between the centers of the outside axles 

of a truck, can have a substantial effect on curving performance,

especially on tight curves. Long wheel bases increase the lateral 

forces required to move through a curve or spiral. In operation on 

tangent track, a long wheel base can reduce the probability of truck 

hunting, as shown by Parameter b in the equation for critical hunting 

speed in Section N.3.1.2.

N.3.1.5 Truck Yaw Friction

Truck yaw friction, or break-away torque, is defined as the peak 
torque required to initiate rotation of the truck relative to the car 

body. A high level of yaw friction can increase, the probability of 

problems with Spiral Negotiation and Dynamic Curving. However, the 

effects; of high yaw friction willdecrease ..the probability of truck

s t i f f n e s s  ( lo w ,  m edium , o r  h ig h )  as b e f i t s  th e  d e s ig n ,  even th o u g h  th e
a b s o lu te  v a lu e  ran ges  a re  n o t  th e  same f o r  each g ro u p ; . .



hunting. Most trucks will fall into the-medium or low categories, as 

defined in Appendix N-A.

N.3.1.6 Number of Axles per Truck

Although the number of axles per truck will usually be directly

correlated with the wheel base, the addition of a third or fourth axle

to a truck greatly increases the geometric constraints imposed during 

curve or spiral negotiation.

Conversely, a truck with three or more axles Will be less prone to 

truck hunting than one-or-two axle trucks, all other factors being 

constant.

N.3.1.7 Yaw Moment of Inertia

. The yaw moment of inertia of a truck is measured about a vertical 

axis through its center plate. The quantity of this parameter is

determined by the weight of the truck and by' the weight distribution

about the center of yaw rotation. A high yaw moment of inertia will 

increase the dynamic wheel/rail forces during dynamic curving or spiral 

negotiation and will slightly reduce the tendency toward truck hunting.

N.3.1.8 Wheel set Weight (Effecti ve Lateral Wheel set Mass)

The inertial mass or weight of an individual wheel set is relevant 

to the lateral wheel/rail forces generated during the negotiation of 

relatively short alignment perturbations. In many truck designs, there 

is sufficient lateral clearance between the axle and other components, 

such, as side frames and journal boxes, to allow rapid accelerations of 

the.wheelset without immediate coupling to the larger truck or car body 

masses. Traction motors may often be excluded from the effective 

lateral wheel set mass. In other cases, tight lateral clearances, such 

as those in tapered roller bearings, make the effective lateral dynamic 

wheel set mass substantially greater than that of the wheel set alone. 

Most freight and passenger trucks will fall into the "light" category, 

as shown in Appendix N-A. A low wheel set effective mass is generally 

beneficial for all Performance Issues.
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N.3.1.9 Net Braking Ratio •

With respect to the Performance Issues considered in this report, 

the interest in braking is only in determining circumstances in which a 

vehicle under investigation has a braking rate substantially different 

from t.he rest of a typical consist. Substantially different braking 

rates in.a consist may, initiate excessive buff.gr draft forces during 

braking.

For use in U.S. interchange, service, specific AAR rules must be 

rriet regarding braking ratios. These are summarized, in Appendix N-A 

with additional terms for non-tread brakes, novel brake shoes, and 

weight equalization braking systems.

Vehicles used in a unit train consist, in which all net braking 

ratios are equal, will not be prone to Performance Issues of interest 

here due to their braking system's equality of braking rates.

N.3.L10 Coupler/Draft Gear Longitudinal Energy Absorption .

The spring-mass system of a train composed of cars (mass) and 

couplers with draft gear (spring) can undergo longitudinal oscillations 

under certain conditions of braking and/or gravitational input. The 

Performance Issue, "Longitudinal Train Action," investigates this 

situation. The primary deterrent to oscillations is the damping 

afforded by the consist, including'that of. the draft gear. Some of the 

energy absorbed during a cycle of compression and extension is 

converted into heat and not returned to the oscillating system. This 

vehicle characteristic is measured by laboratory or field tests in 

which the forces generated during one quasi-static cycle of the draft 

gear are measured. The energy returned during extension is subtracted 

from the energy required for compression. This difference is’ the 

energy absorbed due to damping.

N.3.1.11 Coupler/Draft Gear Compressive Energy

During longitudinal impact,, such as during coupling in 

classification yards, the amount of energy whichcan be stored by. the 

draft gear during compression is dependent on the longitudinal
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stiffness of the coupler/draft gear and the amount of deflection 
allowed. If the coupler/draft gear, even when deflected to its limit, 

cannot absorb the kinetic energy of the impacting car, a High 

longitudinal force can result, which may. cause the car to pitch 

significantly and be susceptible to damage. For the purpose^ of 

evaluating the coupler/draft gear performance in impact, we can compare 

the total compressive energy which can be absorbed by the draft gear 

with the energy required to decelerate a 100 ton vehicle from 3 mph to 

standstill. During laboratory or field testing, the loads linay be 

applied slowly, if necessary, to establish a conservative estimate.

N.3.1.12 Truck Center Spacing

Track geometry inputs to the car body are filtered, spatially, by 

the truck center spacing. Specifically, track geometry alignment and 

profile perturbations which have wavelengths close to the truck center 

spacing (or one-half multiples of it) will have particularly strong 

effects on car body dynamics compared to other wavelength inputs. 

Typical revenue track geometry contains a spectrum of wavelengths and 

amplitudes. However, the most severe inputs for car body response are 

those with regular repeated cycles. On U.S. railroads, the common use 

of 39 foot staggered jointed rail segments make vehicles With truck 

center spacings of about 39 feet and 58 . feet (li rail lengths) 

particularly sensitive to track geometry inputs.

N.3.1.13 Car Body Resonant Frequencies

Railroad vehicles are often modeled as simple "spring-mass" 

systems, with the mass being the car body mass and the spring being the 

lateral or vertical suspension system between the car body and the 

rail. Such a spring-mass system will have displacement-amplitude gains 

dependent on the frequency of the input. The greatest gain comes at 

the resonant frequency.. The frequency of the input, is determined by 

the wavelength of the repeated track geometry perturbation and the 

vehicle speed. Although there is a continuum of perturbation 

wavelengths in typical trackage, the most common are due to the use of 

39 ft. rail. Vehicles with resonant frequencies in the range
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encountered during normal operating speeds over typical trackage will 

be especially susceptible to Performance Issues of twist and roll, 

pitch and bounce, and yaw and sway. Appendix N-A contains the cutoff 

frequencies for the ranges ot interest as well as suggestions for 

measuring the resonant frequency of a car body, if the ranges are not 

known. .. >. . ■; •

N.3.1.14 Car 'Body. Damping Ratio

Car body damping reduces the displacement amplitude response of a 

car body;due to any frequency input. Low damping can allow large car 

body displacements to occur, especially due to repeated inputs. 

Appendix N-A, gives the conditions of the damping ratio and suggested 

techniques for its: measurement, if the condition is not already known.

N.3.1.15 Car Body Torsional Stiffness

' . A torsionally stiff car body can have problems with wheel lift 

when negotiating a sharp spiral or any other track geometry with 

relatively large differences in crosslevel. Torsional stiffness can be 

measured as the amount of torque on the car body necessary to produce a 

certain amount of twist.

N.3.1.16 Overall Length:

The overall length of a vehicle affects spiral negotiation, due to 

the continuously increasing warp over increasing lengths of spiral, and 

steady state buff and draft, due to the lateral forces converted from 

axial forces on a curve.

N.3.1.17 Center of Gravity Height

The height of a vehicle's center of gravity has a significant 

effect on its response to roll inputs. Dynamic roll inputs can be 

achieved by' crosslevel variations on tangent or curved track and are 

related to Performance Issues of twist and roll, dynamic curving, and 

spiral negotiation. Static roll inputs due to operation on curved 

track at other than balance speed affects the Steady State Curving 

Performance Issue.
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N.3.2 Parameter Estimation Techniques for Vehicle 

Characterization

Appendix N-A "Potential Techniques for Vehicle Characterization" 

contains summary descriptions of the vehicle characteristics which are 

considered most relevant to dynamic performance. The appendix provides 

typical ranges and examples for each parameter as well as simple 

techniques for their measurement. However, for the most accurate 

assessment of a vehicles' characteristics under dynamic conditions, 

parameter estimation is recommended. Parameter estimation involves the 

empirical determination of a.systems' characteristics by monitoring its 

input and output.

N.3.2.1 Description

This section describes the application of parameter estimation 

techniques to the evaluation of a rail vehicle. Although the example 

presented involves estimating the parameters of the secondary lateral 

suspension of a vehicle, the technique is general and can be used for 

other applications.

An accurate knowledge of a rail vehicle's physical parameters is 

needed for simulation and modeling of vehicle dynamics. Parameters 

such as spring rates and viscous dynamic coefficients must be known 

precisely in order to produce reliable models.

A field measurement technique is described here for estimating 

vehicle suspension parameters, i.e., spring rate and damping 

coefficient. The concept of parameter estimation is given in Figure 

N-l. As opposed to the laboratory methods, this technique provides 

measurements under dynamic loading conditions. Another advantage of 

the technique is the extraction of both linear and nonlinear 

components.

N.3.2.2 Procedure

T a b le  N -2 o u t l in e s  th e  p ro c e d u re  f o r  th e  p a ra m e te r e s t im a t io n
te c h n iq u e .  The f i r s t  s te p  in  th e  p a ra m e te r e s t im a t io n  te c h n iq u e
in v o lv e s  th e  c o l l e c t i o n  o f  in p u t /o u tp u t  d a ta .  The number and lo c a t io n s
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b) Determine parameters c and k of equation: 

£ ' f ; my + c(x) + k(x) = 0

FIGURE N-l: PARAMETER ESTIMATION TECHNIQUE
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TABLE:N-2: SUMMARY PROCEDURE FOR PARAMETER ESTIMATION

1. Measure and record input/output data such as displacements 

and accelerations.

2. Hypothesize the model explaining the relationship  between 

input/output (Figure N -l).

3. Condition data for analysis. This includes f i lte r in g  and 

numerical d ifferentiation.

4. Estimate parameters using least squares method.

5. Analyze and interpret resu lts.
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of transducers should be selected carefu lly  to measure the required 

inputs and outputs. Figure N-2 shows a schematic diagram of 

instrumentation arrays to characterize the secondary lateral suspension 

of a locomotive. This includes two accelerometers to measure the 

lateral acceleration d irectly  above-the center, plates of each truck and 

two displacement transducers to measure the re lative  lateral 

displacement between the truck bolster and frame.

The next step in~ the parameter estimation is  hypothesizing the 

model which defines the re lationsh ip  between input and output. As 

shown in Reference [1]. The pure yaw response mode can be isolated 

from sway mode using the model of the form:

Mz + c(x) + k(x) = 0 (2)

where

M = I/2a2 * .

I = moment of inertia

Za = distance between accelerometers placed symmetrically with 

respect to the carbody center of gravity

x = “ 52

c(x) and k(x) may represent e ither linear or nonlinear viscous 

damping and spring forces respectively. Thus, assuming linear function 

fo r both elements, the moment balance equation can be written as:

Mz + .ĉ x + C3X" kjX + k3x' = 0 (3)

The parameter estimation technique now involves the estimation of 

coefficients c^, c3 , .k^, and kg.

Before proceeding with the estimation of the parameters, C p  c 3 , 

kj, and kg, i t  is  necessary to derive the relative  ve locity, x, from
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FIGURE N-2: THE INSTRUMENTATION ARRAY
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the measurement of relative displacement. Conceptually, th is involves 

taking the f i r s t  derivative which in th is  instance is  the f i r s t  f in ite  

difference divided by the sample interval. However, care must be 

exercised ’Tn ' ’WmericaT ' d iffe rentiation  because of the tendency to 

introduce errors which appear as noise at the sampling frequency or at 

the frequency of instrumentation noise.

The r ig id  body yaw. response mode of a typical ra il vehicle is  

below 5Hz, and the high frequency inputs are not of interest and should 

be filte red  out. An FFT f i l t e r  is  recommended fo r th is  purpose. This 

f i l t e r  has a unity- gain in the pass band and zero gain elsewhere. This 

f i l t e r  also has no phase sh ift .  .......  -

, The implementation of an FFT f i l t e r  is  a stra ight forward 

application of the use of Fourier Transform pa irs. The raw signal is  

Fourier Transformed. The Fourier Transform is  an array of vectors with 

each vector specifying the magnitude and phase angle of a given 

frequency. A ll vectors above the desired frequency are set to zero. 

The modified array is  then inverse transformed into the time domain 

giving the desired filte red  s ig n a l.

Once the relative  displacement is  f ilte red , the ve locity can be 

computed by taking the f i r s t  f in ite  difference divided by the sample 

interval"'.'*-'*"'=Th'i's-"-"stgnaT-'" i s " 'again filte red  using the same corner 

frequency used, to f i l t e r  the relative  displacement. The. next step is  

selecting^a-' suitable: means’ to  f i t  the four unknown parameters to the 

data. One of the most convenient methods to accomplish th is  is  the 

lea st-square s technique. Detail of th is  technique is  given in 

Reference [12].

One fina l stbp is  the analysis and interpretation of resu lts. 

Standard s ta t is t ic a l techniques are available to test the adequacy of
r  2regression models [12]. The coefficients of determination, R provides 

an indication of,what portion of output variations are explained by the 

model. T va lues can be used to test the hypothesis that the individual 

coefficients are not zero.
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N. 3.2.3 Limitations/Requirements for Application , .

Lim itations and requirements are summarized in Table N-3. The 

primary requirements for the technique is  the prio r knowledge of the 

candidate system model. A. c lassica l second order system has been 

assumed for the purpose of th is discussion. I t  is  further assumed that 

the r ig id  body equations are applicable.

Instrumentation errors can be d if f ic u lt  to account for. 

Therefore, test planning and collection of good quality data can not be 

over emphasized. Transducers should be located so that the yaw and 

sway modes can be ea s ily  isolated. The values of parameters c and k 

are sensitive  to temperature and environmental conditions and test 

conditions should thus be c learly defined.

Numerical d iffe rentiation  introduces errors and is  very sensitive  

to signal noise. Therefore, special attention must be given to f i l t e r  

the data to retain only the frequencies of interest. An FFT f i l t e r  

with a corner frequency of 5 Hz is  recommended for th is purpose.

Parameters are estimated using the least squares method. 

Therefore, i t  is  important that the assumptions underlying th is  method 

be met. Furthermore, resu lts are valid  only with the test range and 

should not be extrapolated beyond th is range.

N.3.2.4 Example

The parameter estimation technique was applied to characterize the 

High Traction Coefficient (HTC) truck secondary lateral suspension used 

on an SDP-40F locomotive. Data collected during the Perturbed Track 

Test conducted in 1978 were used for th is purpose. This offered an 

excellent example of the use of parameter estimation while at the same 

time delineating the mechanics of it s  application. The estimated 

values of spring rate and damping coeffic ient were compared with 

laboratory measurements and a good agreement was found between the two.

A schematic of instrumentation array is  given in Figure N-2. The 

test zone was a tangent zone designed with piecewise linear alignment
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l.  Candidate system model must be developed p rio r to 

analysis.

. 2. Requires careful, planning for selection and collection of

: data.

3. D ig ita l data acquisition and processing is  recommended.

4. Data should be f ilte red  to include, only spec ific  

frequencies of interest.

5. Numerical d iffe rentiation  can introduce s ign ifican t 

noise.

6. Results: should not be extrapolated beyond test

conditions. -

TABLE N -3 : SUMMARY OF LIMITATIONS AND REQUIREMENTS FOR
PARAMETERS ESTIMATION TECHNIQUE
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perturbations as shown in Figure N-3. These perturbations were 

sp e c if ic a lly  designed to excite the yaw mode of the locomotive.

The instrumented vehicles were run over the test zone at speeds 

between 40 mph and 70 mph. In a l l,  eleven runs were made at the speeds 

given in Table N-4.

TABLE N-4: TEST MATRIX

Run
Number 1 2 3 4 5 6 7 8 9 10 11
Test
Speed 40 55 70 40 55 43 63 47 60 50 70
( m p h ) ____________________

The sample rate used to d ig it ize  the data was 256 Hz per channel. 

Thus, a 40 mph run was 6.6 seconds long and the related data stream was 

1,700 samples per channel. A 60 mph run would create ju st le ss than

1,000 samples per channel.

Data were f ilte re d  using an FFT f i l t e r  with a cut-off frequency of 

5 Hz. The ve loc ity  was computed by taking the f i r s t  f in ite  difference 

divided by the sample interval. Estimation was then sought of the 

parameters of Equation (3).

Table N-5 gives the representative resu lts fo r a 63 mph test. In 

addition to the values of the suspension characteristics are given the? 2
F value, the coeffic ient of determination R and the standard error s 

for the estimate.

The. F value confirms that the indicated resu lts are not ju st by

chance and that the hypothesized model does explain the observations. 2
The R value of 0.99 indicates that the model accounts fo r rather a 

s ign if ican t portion of variations.

The re su lts indicate that the suspension has a "soften ing" spring 

since the kg coeffic ient is  negative. This means that the natural 

frequency of the system would be s l ig h t ly  lower for large displacements 

than i t  i s  fo r small displacements. This re su lt is  typical for
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Left Rail
1.5"

FIGURE N-3: PLAN VIEW OF.PTT TEST SECTION 8

kl
Tb/in :

k3
lb/ in3

C1
Tb sec/in

c3
lb sec3/ in3 f ■ R2 ; s 2

3.5 x 104 -6.3 x 102 1.0 x 103 -1.1 2.9 x 105 0.9994 o.oooi

TABLE; N-5: SUSPENSION CHARACTERISTICS
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elastomeric shear springs of the type in th is  locomotive. The damping 

coeffic ient is  s im ila rly  nonlinear. As the suspension ve locity 

increases, the effective damping decreases s lig h t ly .  This is  typical 

of the force lim ited type dampers in sta lled  on the SDP-40F. The 

dampers have a pressure re lie f  which lim its the maximum damping force 

to 1,800 pounds.

The above resu lts are extremely d if f ic u lt ,  i f  not impossible to 

obtain from laboratory or sta tic  suspension tests. Only by exciting 

the system under actual conditions can the effects of vertical loading, 

large displacements, and high ve loc itie s under dynamic, conditions be 

observed. Parameter estimation can then be used to accurately 

determine vehicle characteristics from the dynamic response data.

N.4 Evaluation of Performance Issues Due to Vehicle Characteristics

Once a ve h ic le 's  characteristics are known, at least to a degree 

which allows the selection of an appropriate range fo r each 

characteristic  (as defined in Appendix N-A), Table N-6 may be used to 

evaluate that veh ic le 's  su scep tib ility  to each Performance Issue. The 

condition of each parameter is  marked manually on the fable under the 

heading "Test Vehicle Condition." Then, fo r the column under each 

Performance Issue, accumulate the quantities fo r each condition of a 

vehicle characteristic  which is  marked. Write the total of each column 

in the space provided at the bottom of the table. This, number can be 

used fo r re la tive  ranking of each Performance Issue. The weighting 

quantities have been adjusted so that a ranking of 100 or more is  an 

indication that the Performance Issue should de fin ite ly  be considered 

fo r investigation. A minimum value of zero indicates that i t  is  very 

un like ly that the Performance Issue would be worth investigating. A 

fina l d isp lay of the use of th is  table is  to l i s t  the Performance 

Issues, in descending order of the ir rankings, in the space provided on 

the lower le ft  side of the table. The Performance Issues with a 

ranking of about 70 or more should be considered fo r further 

investigation. I f  the condition of a vehicle characteristic  is  not 

known confidently, the user can, perhaps, estimate two possible
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PERFORMANCE ISSUE RANKING -

1 ________
2_______________________________________

: ■ 3 ______;_______s________•, • _______
' 4 : • ■ - ' ’ '
: i _______________ '
6 .. . ...... _• .. ..... ... . . . •___ _
7 • ___________________ ;____________ /

8 ..;...'• _______ ' •
9 • . , : • . . _______________________________

io ________' ________  !

TABLE N -6 : PERFORMANCE ISSUE EVALUATION THROUGH
VEHICLE CHARACTERIZATION (c o n t in u e d )

NOTES:

1.-'

2.;

3..

4 . -

See Appendix N-A for parameter defin itions,

Total Shear S tiffne ss (refer to Appendix N-A, for the ranges of 
each parameter).

Truck Axle Yaw Bending Stiffne ss (refer to Appendix N-A, for the 
ranges of each parameter).

Net Braking Ratio-(refer to Appendix N-A, for the range's ot eacn 
parameter).
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conditions for that characteristic and note a range of rankings which 

apply to that vehicle.

Note that all Performance Tissues are weighted about an arbitrary 

value of 100. This does not judge the relative severity of a 

Performance Issue, just the relative probability of the vehicle being 

sensitive to that Performance Issue.

After using Table N-6 , return to the main body of this report, 

Part I, and use this information along with,,the .results of-the Accident 

History Investigations and Literature Searches to'select Performance 

Issues for further investigation and for possible field. testing or 

computer simulation.

N.4.1 Examples of Performance Issue Evaluation

Two examples of the use of Table N-6 are given in Tables N-7 and

N-8 .

Table N-7 applies the characteristics of a loaded 100 ton coal 

hopper to the matrix of Table N-6 . The parameter conditions are 

supplied by using the sample cases in Appendix N-A. The results 

suggest that for this car the rigid car body dynamics, (i.e., Perfor­

mance Issues twist and roll, pitch and.bounce, and yaw and sway), are 

of primary importance, along with longitudinal impact. Next, with 

values greater than 70, are longitudinal train action, steady state 

curving, and dynamic curving. The user must combine this evaluation 

with other research into accident history and literature reviews to 

select Performance Issues for further investigations. ....

Table N-8 considers a six-axle locomotive in the same fashion. 

The results suggest a closer examination of the rigid car body 

dynamics, plus longitudinal train action, dynamic curving,, and spiral 

negotiation.
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OF A lOO-TON HOPPER CAR
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TABLE N -7 : EXAMPLE OF PERFORMANCE ISSUE EVALUATION OF A
100 TON HOPPER CAR (c o n t in u e d )
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>0.20 L  o u t/  o

20
10

5
1,

Yaw Natural Frequency 
Low 
High

< 3 Hz 
> 3 Hz L D b J

10
5

3 . 
1

Yaw Damping 
Low 
High

<0.20
>0.20 L O U  °

• • 20
'5

5 ■ 
1

20
5

Sway Natural Frequency 
Low 
High

< 3 Hz 
> 3 Hz l d \ J  *

10 
5 '

3
r..

Sway Damping 
Low 
High

<0.20 
> 0120 L O U  a ; 20

'5
5
i ;

20
5

Torsional Stiffness 
Low ■
High

£l09inlb/rad 
>10^ inlb/rad L O U  °

■lb-
30

Overall Length 
Short 
Long

< 75 ft. 
> 75 ft.

if
5  H O / ? T  D „ - 10

20
20
60

Center of Gravity Height 
Low 
High

< 90.0 in . 
>90.0 in

.15
30

10,
20

.6,
3

2
5

10
40

SUMMARY BY ISSUE 
(ADD QUANTITIES / )

SUBTOTAL (Page 2) 0 m lo o lo o Ho H i S3 3 d t i > 7 0

TOTAL
(Page 1 i Page 2)

loO (00 too too ?p .aSi CM o SO % D
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EXAMPLE OF PERFORMANCE ISSUE EVALUATION
OF A 6-AXLE LOCOMOTIVE

TABLE N-8:

"  ’ ’ ' ~  ’ "  '  .......... " TEST
VEHICLE CHARACTERISTICS
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|

1
PARAMETER RANGE

TEST
VEHICLE

. CONDITION (/ )

WHEEL ' ; 

P ro f ile , Conicity 
‘Low

. ’ . Medium. . . . . . .  .
nigh

< 2% ■
2-10%  . .. . 
>10% ' H o  a

0
' 20 

30

20
10
0

10
5
0

10
5
0

TRUCK

Total Shear S tiffn ess  
Low
Medium 

' High-
(See Note 2)

c

A //6  H  »

20 
10 

'  0

20
10

0

8
5
0

5
5
0

-

Tot. Ax.l e Yaw Bending Sti f* . ’ 
.Low 
.Medium 

. High
(See Note 3)

□ 20
10
0

0
10
30

0
5

10

0
5

lg
Wheel Base 

Short 
Long

< 7.0 f t  
> 7 .O f t / S  F T  %

5
' 0

0
10

0
10

0
10

■; ■

. Yaw. fr ic t io n  ~ ; 
Low ’’
Medium
High

< 1 .5 .in lb/ lb  
1 .3 -3 .0  In lb / lb  

> 3 .0 :in lb / lb

0
&

H€biUM 0
10 ' 5 
0

0
5

10

-0
5

10
-Number o f  Axles/Truck-.

.Low
High

1 or 2 
3 o r  more

0
J 0-"8 0

10
0

15
0

15

-

• Yaw Moment o f In e rt ia  
Low'

.Medium
High.

<30,000 lbsec2fn 
30,000 -*45,000 lbsec2in > 45,000 1bsec2in h i g h  i

5'
5
0

0
1
2

0
5
5

Wheel set weight 
Light 
Heavy

<5,000 lb  
>5,000 lb s- 0

5
0
2

0
5

. Net Braking Ratio 
Standard/'Jnit Train - 
High/Low (Interchange)

(See Note 4)
. r J

srA/uDfheh o 10
30

0
20 ;

COu’pLER/DRAFT GEAR 
Long.Compressive Energy 

Low 
■ High

< 61 , 000‘f t .  pounds 
>61,000 f t .  pounds u>u) 0

-

20
10

; Long. Energy Absorption.. 
Low; High

<40,000 f t .  pounds 
>40,000 f t .  pounds Lox) □ 10

30

SUMMARY- BY ISSUE-* V" ...... -■ -*■*• -......• .. ....... (ADO QUANTITIES / )
; SUBTOTAL (Page 1) S O 0 0 0 bO 41& to lb Ao
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TABLE N -8 : EXAMPLE OF PERFORMANCE ISSUE EVALUATION OF
A 6-AXLE LOCOMOTIVE (c o n t in u e d )

c
c3

occ.
-actO
4->V)
5h-

OJCJc3OCD
-ac03
"a+->
a.

>><0300
■ac<TJ
3ns>-

o
=>
3C_>
CJ4->fO+J00
-O*raCJ+J00

co
+J(Q
oCOa>z

CLoo

O)c
>u3O
o
<T3C

! - u- i :'Q E S- O ’
'"o a ; = «c -<Z | - 

. 1 c ‘ J4- .H- . to3 ! s- ;CD h- , 
QJ ;r— !

4->Oraa.E

PARAMETER RANGE

TEST 
VEHICLE 
CONDITION (/)

rt3■MCO
>>■araQJ4->OO

c ‘ c
-o ! -a3 > 3 +■>
OY ; C7)c c o < o_j ! _J

1
BODY
Truck Center Spacing 
33 feet 
58 feet 
Other

36 - 42 ft. 
55'- 61 ft. 
Other

s /

40 FT. □

30
10
5

40
40
10

40
40
10

10
10
5

0
10
10

iiiii
I
i

Bounce Natural Frequency 
Lc’*/
High

<6 Hz 
>6 Hz L O  Ia ) a

IQ
5

0
1

---1

Bounce Damping 
Low 
High

< 0.20 
> 0.20 L O u )  n

20
5

5
1

0
0

Pitch Natural Frequency 
Low 
High

£6 Hz 
> 6 Hz L O U )  □

10
5

3 - 
1

Pitch Damping 
Low 
High

<0.20 
> 0.20 L O u )  □

20
5

5
1

20
5

30
10

Roll Natural Frequency 
Low 
High

<3 Hz 
> 3 Hz

@

L O u )  0
20
10

2
1

Roll Damping 
Low 
High

<0.20
>0.20 L O u )  °

20
10

5
1

Yaw Natural Frequency 
Low 
High

< 3 Hz 
>3 Hz

&
L O u ) o

10
5

3
1

Yaw Damping 
Low 
High

<0.20
>0.20 L O u )  o

20
5

5
1

20
5

Sway Natural Frequency 
Low 
High

< 3 Hz 
> 3 Hz LOU) °

10
5'

3
1

Sway Damping 
Low 
High

< 0.20 
> 0 : 2 0

9
L O U J  a

20
5

5
1

20
5

Torsi onal Sti ffness 
Low 
High

<_ 109 inlb/rad 
> 109 inlb/rad HUSH ’

10
30

Overall Length 
Short 
Long

< 75 ft. 
> 75 ft. L>5 FT. °

10
20

20 ' 
60

Center of Gravity Height 
Low 
High

< 90.0 in 
> 90.0 in

BT

So iW.

15
30

10
20

0
3

2
5

10
40

SUMMARY BY ISSUE 
(ADD QUANTITIES / )

SUBTOTAL (Page 2) 0 leO too 10 30 50ao (J O 4o

TOTAL
(Page 1 .1 Page 2)

30 is 10010010 6? u£50 80 60
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APPENDIX N-A

POTENTIAL TECHNIQUES FOR VEHICLE CHARACTERIZATION 

PARAMETER:

Wheel Profile

STATISTIC:

Coni city, mean

CONDITIONS:

Low Coni city <2%

Medium Coni city 2->10%

High Coni city >10%

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Use tracing profilometer to get cross-sectional profile of 
test wheel. Do same for AAR 1/20 new wheel. Overlay traces. 
Compare tread slopes and determine if test wheel is sub­
stantially more or less coned than the AAR 1/20 wheel.

This assumes that the vehicle will be exposed to a wide
variety of rail profiles in service.

*

SAMPLE CASES:

Low Coni city Medium Coni city High.Coni city

Cylindrical AAR 1/20, 1/40 Severely worn, self­
steering truck wheelsmost "worn", 

Heumann, CNR, ORE

R e fe re n ce s  [ 1 ,  3 ]

N-33



PARAMETER:

Total Truck Shear Stiffness

STATISTIC:

Stiffness, Mean, in operating range

CONDITIONS:

Nonsteerable Steerable

\ Low < 2.0 x 107 Tb/ft < 6.0 xlO5 lb/ft

Freight > Medium > 2.0 xlO7 lb/ft 6 . Ox 105 + 9.8x 10!

) High N/A > 9.8 x 105 lb/ft

\ Low < 8.0 x 104 lb/ft N/A

Passenger YMedium 8.0 x 104 -*- 1.3 x 105 lb/ft <3.0 xlO6 lb/ft

) High > 1.3.x 105 lb/ft. >3.0x 106 Tb/ft

MEASUREMENT DEFINITIONS AND; TECHNIQUES:

SAMPLE CASES:

Laboratory measurement using test 
truck under full vertical load, on 
a low friction surface. A similar 
test involving an appropriate 
selection from, the samnle cases 
should be performed also for com­
parison.

FREIGHT TRUCK

Nonsteerable: Conventional 3 piece 70 ton freight truck (1.9 x
107 lb/ft) (cannot become much softer due to 
"pinned joints" and cannot become much stiffer 
without becoming a radial design)

Steerable: Radial design 70 ton freight truck (7.5xlOb lb/ft)
(significant changes to shear stiffnesses are unlikely)

R e fe re n ce s  [ 1 , 2 ,  3 ]
N-34



(T o ta l T ru c k  S hear S t i f f n e s s  -  c o n t in u e d )

PASSENGER TRUCK 

Nonsteerable:

Steerable:

Budd-Pioneer 3 truck (1.0x10^ lb/ft)
(some design variations are possible)

GSI-Scheffel (3 .7 x 106 lb/ft)
(significant design variations are unlikely)

N-35



PARAMETER:

Total Truck Axle Yaw Bending Stiffness 

STATISTIC:

Stiffness, Mean, in operating range 

CONDITIONS:

/ Low

Freight < Medium 

) High

Low

Passenger< Medium 

( High

Nonsteerable

N/A

< 108 ftlb/rad 

> 108 ftlb/rad

Steerable 

< 108 ftlb/rad 

106 ^ 2 .0 x 106 ftlb/rad 

>2. Ox 1C6 ftlb/rad

< 2 .0 x 106 ftlb/rad < 8.5 x 105 ftlb/rad

2 .0 x 106 -*4.0x 106 ftlb/rad > 8.5 x 10'5 ftlb/rad 

>4.Ox 106 ftlb/rad N/A

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Laboratory measurement using 
standard truck and test truckj 
under full vertical load, on 
Iqw friction surface. Use outer­
most axles on 3-axle trucks.

SAMPLE CASES:

FREIGHT TRUCK

Nonsteerable: Conventional 70 ton 3 piece (4.0xl08 ft-lb/rad)
(stiffness is fixed by design)

Steerable: Radial design 70 ton ft. (1.3xl08 ft-lb/rad
(some design modifications are feasible)

PASSENGER: TRUCK
Nonsteerable: Pioneer 3 (Budd) (2 .4x106 ft-lb/rad)

Steerable: Radial GSI-Scheffel (6.0xl05 ft-lb/rad)
(some bending stiffness changes may be significant)

R e fe re n ce s  [ 1 , 2 , 3 ]
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PARAMETER:

Wheel Base

STATISTIC:

Measurement, feet

CONDITIONS:

Range

Short <^7.0 feet

Long > 7.0 feet

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Measure "Xj| with tape measure.

SAMPLE CASES:

Short Wheel Base Long Wheel Base

70 ton Frt Truck (5.67') GSI (Passenger) Swing hanger (8.75')

125 ton Frt Truck (6.00') EMD 6 Wheel HTC (13.7')

References [4, 5]
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PARAMETER:

Truck Yaw Friction

STATISTIC:

Break-away torque/vertical load, in-lb/lb

CONDITIONS:

Low Friction <1.5 in-lb/lb - vertical

Medium Friction 1.5 -*■ 3.0 in-lb/lb - vertical 

High Friction >3.0 in-lb/lb - vertical

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Break-away torque is the peak torque needed, under quasi- 
static conditions, to initiate truck motion.

A laboratory test is required to quantify the break-away 
torque under typical full, load weight conditions. The 
Weight on the truck is also required.

SAMPLE CASES:

Low Friction Medium Friction

Teflon Surface 70 ton Frt, dry (2.1 in-lb/lb)
(0.41 in-lb/lb) 50 ton Frt, dry (2.4 in-lb/lb)

125 ton Frt, dry (2.8 in-lb/lb)

R e fe r e n c e  [ 4 ]

Friction
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PARAMETER:

Number of Axles/Truck

STATISTIC:

Number

CONDITIONS:

Range 

1 or 2 

3 or more

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Count axles per truck.

SAMPLE CASES:

1 or 2

Conv. 3-piece Frt.

Passenger

4 axle locomotives

3 or more

6 axle locomotives 

Special purpose frt. cars

R e f e r e n c e s  [ 4 ,  5 ]
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PARAMETER:

Truck Yaw Moment of Inertia

STATISTIC: '

Mass-distribution Moment of Inertia about centerplate

CONDITIONS:

Range

Low < 30,000 lb sec2 in

Medium 30,000 - 45,000 lb sec2 in 

High > 45,000 lb sec2 in

MEASUREMENT DEFINITIONS AND,TECHNIQUES: ■

Support truck/on low-friction bearings, apply torque, T, 
and measure angular acceleration,-n;

M. of I. -12!™?- ■' i 6 ’ - _ '

SAMPLE CASES:

Low Medium High ,

Pioneer 3 Passenger 50 Ton Frt (30,400 lb,sec2 in) Locomotive
(24,000 lb sec2 in) 100 Ton Frt (43,820 lb sec2 in) 4-WH G.E.

70 ton Frt (35,950 lb sec2 in) (80,000 lb sec2 in)

Reference [4]
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PARAMETER:

Wheel set Weight (Effective Lateral Weight*)

STATISTIC:

Weight, pounds

CONDITIONS:

Range

Light £  5,000 pounds

Heavy > 5,000 pounds

MEASUREMENT DEFINITIONS AND TECHNIQUES:

*Under dynamic loading conditions (e.g., Dynamic Curving), the 
"effective lateral" wheelsdt weight is affected by the weight 
‘of the axle and any components which are "tightly" coupled to 
it, such as traction motors. Each design iri question must be 
reviewed and some portion of the weight of all attached compo­
nents based on geometry and clearances, will be added to the 
wheel set weights.

SAMPLE CASES:

Light Heavy

50 ton Frt trucks (1932 pounds) Locomotive (4 axle EMD) (5136 pounds) 
70 ton Frt trucks (2164 pounds)
100 ton Frt trucks (2588 pounds)
125 ton Frt trucks (3130 pounds)
Passenger (Pioneer 3) (3437 pounds)

R e f e r e n c e  [ 4 ]
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PARAMETER:

Net Braking Ratio (NBR)

STATISTIC:

BWheeigLoFadCe x 1°°̂  at 0̂ psi brake pipe reduction 

CONDITIONS:

RANGE
AAR Standard or Dedicated Consist 6.5? < NBR <10? (of gross wheel load) and NBR < 30? (of 

empty wheel load) 9 e_
High/Low Ratio (Interchange) NBRg <6.5? (gross) or NBRg > 10 (empty) or NBRg >30? (empty)

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Braking Force ■B [Net Braking Force at \ 
\20 psi ^Br^Pipe ReducJ *

Measure with "calibrated ■ 
brake shoe" instrument

(Test Shoe Friction._________ )
Std. Composition Shoe Friction^

Use manufacturer1s spec* s . 
or laboratory research

/Radius of Applicator^ 
^Radius of^Tread J

Measure with metal 
. tape measure

nrr _ /Braking Force V  NBR _ ( Braking Force \
gross \Gross single wheel loadJ  empty \Empty weight single wheel load/

SAMPLE CASES:

All AAR-accepted brake systems fa ll within the "standard" range. Determined as: brake 
rigging with leverage ratio = 7.5 and 50 psi brake cylinder pressures at 20 psi brake 
pipe reduction. ..

Reference [6]
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PARAMETER:

Coupler Draft Gear Longitudinal Energy Absorption

STATISTIC:

Energy absorbed per loading cycle, ft-lbs/cycle

CONDITIONS:

Range
Low Energy Absorption <_ 40,000 ft. lbs.

High Energy Absorption >40,000 ft. lbs.

MEASUREMENT DEFINITIONS AND TECHNIQUES:

The energy absorbed during one loading cycle of the draft 
gear is equal to the work required to compress the gear 
minus the work returned during the release of the gear.

If the condition is unknown, a laboratory experiment can 
be performed to achieve a Force/Displacement plot for one 
complete loading cycle for a draft gear with low damping and 
the test draft gear. A quasi-static test may be used to be 
conservative.

N -4 3



The difference in the work is the energy absorbed and can 
be measured graphically as the area between the load and 
release curves.

SAMPLE CASES:

Low Energy Absorption High Energy Absorption

Reference [7]

N -4 4



PARAMETER:

Coupler Draft Gear Compressive Energy

STATISTIC:

Total Energy

CONDITIONS:

Low <_ 61,000 ft. lbs.

High > 61,000 ft. lbs.

MEASUREMENT DEFINITIONS AND TECHNIQUES:

In a laboratory or field test, compress the draft gear to 
its full excursion. Instrument the coupler to continuously 
measure longitudinal force during the impact. Integrate the 
force-displacement measurements to estimate the total energy 
which can be absorbed during compression. This is then~ 
compared to the energy required to decelerate a 100-ton . 
vehicle from 3 to 0 miles per hour.

SAMPLE CASES:

Low High

Miner SL-76 (47,820 ft. lbs) Miner RF-75 (84,280 ft. Ibs.) 
Reference [13]
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PARAMETER:

Truck Center Spacing

STATISTIC:

Measurement, feet

CONDITIONS:

Range

39 ft 36 - 42 ft.

58 ft 55 - 61 ft. '

Other .< 36 ft., or > 42 ft. and < 55 ft., or > 61 ft.

MEASUREMENT DEFINITIONS AND TECHNIQUES:

SAMPLE CASES:

39; FT. 58 FT. /  Other

70 Tonj Box (40ft.) Passenger-cars (60 ft.) F 7/9 loco (30 ft.)
100 Ton; Coal Gond 70 Ton Flat car (58 ft.) GP 7/9 loco (30 ft.)
(40.5 ft.) 100T Covered Hopper (46 ft.)

Six axle loco (40ft.) - 70 Ton Tank Car (29ft.)
70 Ton Vehicular Flat (65 ft.)

R e f e r e n c e  [ 4 ;  5 ]
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PARAMETER:

Vehicle Resonant Frequencies; in Bounce, Pitch, Roll'; 
Yaw, Sway

STATISTIC:

Frequency, Hz

CONDITIONS:

Bounce

Pitch

Roll

Yaw

Sway

Low < 6
High > 6

Low < 6
High > 6

Low < 6
High > 6

Low < 6
High > 6

Low < 6
High > 6

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Under conditions of "free response" to an initial displace­
ment, the carbody will oscillate at its natural (resonant) 
frequency. The vehicle lading and maintenance condition is 
selected through accident history investigations or-analytical- 
considerations, as determined during the Assessment Procedures.

FIELD TEST with perturbation input; record response during 
free response immediately after leaving perturbation, count 
oscillations per second.

LABORATORY TEST with static displacement, then release and 
record free response. Count oscillations per second.

Estimate natural frequency, knowing suspension stiffnesses 
and masses or moments of inertia, as

w2 _ K . wn = natural frequency, rad/sec, . ' f

n M ‘ K = stiffness

M = mass

SAMPLE CASES:

-70 Ton Box Car is "Low" for all. modes

Reference [8,9, 10] N-47



PARAMETER:

Vehicle Damping; in Bounce, Pitch, Roll, Yaw, Sway 

STATISTIC:

Damping ratio

CONDITIONS: 

Bounce 

Pi tch 

Roll 

Yaw 

Sway

Low <0.20
High > 0.20

Low <0.20
High >0.20

Low <0.20
High >0.20

Low <0.20
High >0.20

Low <0.20
High >0.20

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Select vehicle lading configuration through Assessment 
Procedures. - ;

FIELD TEST or LABORATORY TEST; Displace carbody and release 
record carbody displacements during free response, measure 
oscillation amplitudes, for each consecutive pair of. oscil­
lations; calculate 6 (logarithmic decrement) as

6 = H  (xl/x2)

where xi and X2 are consecutive amplitudes; calculate s 
ratio as

The following table is a sample:
?: xl/x2

.03 1.21
0.10 1.88
0.20 3.61
0.30 7.21

SAMPLE CASES:

70 Ton Box Car is "Low" for all modes.

N -4 8R e fe r e n c e s  [ 8 ,  9 ,  1 0 ]



PARAMETER:

Carbody Torsional Stiffness

STATISTIC:

Torque twist (in-lb/rad)

CONDITIONS:

Low Stiffness <_ 109 in-lb/rad

High Stiffness > 10^ in-lb/rad

MEASUREMENT DEFINITIONS AND TECHNIQUES:

In laboratory, support carbody level on load cells at each 
of 4 corners

lower one support 
by 1 inch

lower support at one of the corners by 1 inch and measure 
resulting forces (F), repeat until force at low corner is 
<10% of force on high corner

Plot Torque =[= ^ Fhign " Flowj vs- Angular Deflection

[- tan’1 (il splacement of support width

SAMPLE CASES:

Torque slope is torsional 
stiffness

Angular deflection

Low

50' 70 ton box (41xl07 in-lb/rad) 
40' 50 ton box (171x 107 in-lb/rad)

High

10,000 gal 50 ton tank car 
(2105x 107 in-lb/rad) 
locomotives

N -4 9



PARAMETER:

Overall Length between Coupler Pulling Faces

STATISTIC:

Measurement, feet

CONDITIONS:

Range

Short £  75 feet

Long > 75 feet

MEASUREMENT DEFINITIONS AND TECHNIQUES:

SAMPLE CASES:

Short Long

100 ton box (68 ft.) High cube box cars (90 ft.)
70 ton refrigerated box car (58 ft.) TOFC/COFC flats (90 ft.)
100 ton.covered hopper (54 ft.) 70 ton Auto Rack (94 ft.)
6’ axle locomotive (65 ft. )

R e fe r e n c e s  [ 4 ,  5 ] N -5 0



PARAMETER:

Center of Gravity Height

STATISTIC:

Center of gravity, height above railhead, loaded

CONDITIONS:

Low < 90.0 inches

High >_ 90.0 inches

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Estimate by calculations; knowing weight of truck assemblies, 
weight of empty carbody, design strength of trucks (e.g,,
100 ton).

Measure: (empty car)
Weight on all wheels, zl->-8 = Ww 
Weight of carbody alone = Wq 

Calculate:
Lading weight, WL = Design Strength - Ww 

Measure:
Height of centerplate above railhead, Hep 
Extreme height of car above railhead when loaded, H^x 

Calculate approximate height of carbody center of 
gravity above centerplate, Hcc (default is to geometric 
center; ^(Hex - Hep)).

Assume W|_ will be located at the geometric center of 
the loaded carbody

nCC

‘EX

HCP
+ Wc (HCC + HCP) + WL <"H__ x Ww = (W - W j  eg w w c' 2

solve for Height of Center of Gravity, HCg

HEX " HCP + Hcp)

SAMPLE CASES:

Low Center of Gravity

70 ton covered hopper (80 in) 
70 ton box car (70 in)
6 axle locomotive (80in)

R e fe r e n c e s  [ 4 , 5 ]

High Center of Gravity

100 ton tank car (92 in)
100 ton coal hopper (98in)

N-51/N-52



SECTION 0
USE AND CHOICE OF REFERENCE VEHICLES

0-1. INTRODUCTION

This report is concerned with the use of Reference 
Vehicles in rail vehicle testing and relates their use to the 
Performance Issues described in Appendix 0-A. Only those in 
which a reference vehicle concept is appropriate are included 
in this study. The concept of the use of a vehicle, regarded 
and perhaps maintained as a standard, against which other test 
vehicles and/or_ measured results can be compared, is an at­
tractive extension of many more fundamental measurement tech­
niques. However, the complexity of the dynamic process causes 
difficulties in the interpretation.

Several potential uses for Reference Vehicles are 
examined. Each has a different objective. In each, certain 
of the measurable system variables may be controlled, perhaps 
by special measurement and correction or simply by maintenance 
into a choice of standard under which the test is to be run. 
The uses identified were broken down into

• Track Calibration
• Test Calibration
• Baseline Comparison
• Extrapolation to Normal Track Service
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• Model Validation
• Component Environment Assessment (to

ascertain the service environment of a
rail vehicle component by measurement on

. the reference vehicle). . ,. —

In the last two uses above, the vehicle becomes the 
sole test vehicle, useful for its known characteristics, and 
no separate consideration of a reference vehicle is carried 
out in the study reported. The other uses are examined in 
detail .' EacH has' its own features leading to different sub­
sets of controlled vehicle/track system variables. A reason- 

"* ably complete furidaiherital'' set of measurable system variables, 
defining or contributing to the dynamic response of a Vehicle 
on track was"uhdertaken 'in this study.

From the'complete set , a subset was identified' impor­
tant to eacii of the Performance Issues in Appendix A. This is 
a judgemental step requiring knowledge of the results of ana­
lyses and tests for each issue. The identification of each 
subset is described in the report. The reason for the inclu­
sion of each .system variable has been discussed with Other 

, .experienced persons and use made of published material.’ Each 
.system variable is also identified by cause for tHe standard 
freight car in Table 0-1. The freight car of present design 
is considered as the basic vehicle type in this study.

Since the objective of a reference vehicle is to pro­
vide the least expensive means of satisfying the defined use, 
the most desirable use will be that in which the Teast number 
of variables can be measured by v-the simplest observation, per­
haps even., by visual inspection, during, the. .use. To that end,
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the immediate objective of the task reported here is to report 
on the optimum choice and means of using reference vehicles 
leading to the least complex observation. The study however, 
also identifies the cost of complexity where needed to do the 
test conclusively and makes comparison with alternatives using 
vehicle simulations and additional measurements.

0-1.1 SUMMARY

From the discussions of reference vehicle validity 
and the cost of alternative means of measurement it is 
concluded that good use can be made of freight reference 
vehicles in tests for hunting, twist and roll, pitch and 
bounce and steady-state curving. Extrapolation of the results 
to service conditions is difficult unless the test and 
reference vehicles are similar or an analytic model is 
available.

Three basic freight reference vehicles are 
sufficient to cover all uses. They are an 89 ft. flat-car (70 
ton, 69 ft TCD), a 60 ft. box-car (100 ton, 39£ ft. TCD), and 
a coal gondola or long covered hopper (100 ton, 48 ft. TCD. 
Vehicle maintenance is required for consistant vehicle dynamic 
performance, and wheel profiles must be selected for the 
specific test.

For passenger and locomotives the variety of designs 
requiring testing suggests that the reference vehicle be 
chosen to suit the particular test. The choice should be made 
to effect similarity with the test vehicle and if possible a 
previous history of performance and test records.
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: - TABLE 0-1 ..
.'-CHARACTERISTICS FOR FREIGHT VEHICLE

COD
E PHYSICAL . DESCRIPTION VARIABLE - SYSTEM - CHARACTERISTIC

PERFORMANCE ' ISSUES AFFECTED „ (APPENDIX A). - LOCATION OFVARIABLE
CAUSE OF “ ' :- VARIATION

OESIGN .WEAR I. CLIMATE1 2 3 4 5 6 7 VEHICLE TRACK HISTORY TEST
1.1 TRACK GEOMETRY ALIGNMENT x* X* IP* X* X* X* X* X* pX
1.2 “ GAUGE x» ■ IP*' pX X* X* ' X* X* • - X*
1.3 SURFACE PROFILE x* px X*1 X* X* X* pX X*
,.1.4 CROSS LEVEL x>* px X* X* X* X* X* X*
1.5 CURVATURE X* X* X* • X* > X* pX
1.6 SUPERELEVATION X* -X* X* pX X* X* x*>
. 2.1 TRACK COMPLIANCE - VERTICAL TRACK STIFFNESS " 'x* x» X* X* X* pX X* X* |X
22 . VERTICAL DAMPING , ** x* x* • X* X* |X
2,3 . - ... LATERAL RAIL STIFFNESS IP* X* - (x*l X* . < X* -X* X*
- 2.4 LATERAL 0AM PING N/A
3.1.WHEEL-RAIL CONTACT WHEEL PROFILE x* X* »<* X* •X X* X* - X*
3.2 RAIL PROFILE X* x* IP* X* X* x - - X*
3.3 SURFACE CREEP > SPIN pX px X* X* X* X* X* X* X* X* pX
4.1 BODY GEOMETRY TRUCK CENTERS x* x» X* X* - X* X*
5.1 BODY TO 80LSTER SUSPENSION ROLL STIFFNESS pX X* X* X* X* - -
5.2 YAW DAMPING X* px X* xX X* lx*! X*
6.1 BOOY COMPLIANCE ‘ TORSIONAL STIFFNESS pX X’ X* X* ' x' X*
6.2 ; ~ ~ ■ v . 7 ■:VERTICAL BENDING- STIFFNESS X* - X* - •• X*
• 7.1 LAOING/BODY INERTIA - ; . MASS X* pX X* X* X* ■X* X* , X*
7.2 ROLL RAO OF GYR; x» .• X* X* X* X* ' X’
“ 7.3 : .(PITCH RAO OF GYR X* X. ■ X*
7.47- - , ■. YAW RAO OF GYR »x «p* X* X* •X - : X*
7.5 C.G. POSITION pX X* X* X* X* ■X X* X* X* . x>
8.1 TRUCK GEOMETRY WHEEL RAOIUS pX IP* X* X* X* X* X*
8.2 WHEEL BASE N/A
9.1 TRUCK COMPLIANCE LATERAL BEARING STIFFNESS X* x* px - x» X* X*
9.2 LATERAL BEARING DAMPING N/A
9.3 TRAM STIFFNESS ** - X* X* X* X* X*
9.4 TRAM DAMPING N/A ~
10.1 TRUCK (BOLSTER) SUSPENSION VERTICALSTIFFNESS x* IP* px

'
X* X* X* •X

10.2 VERTICAL OAMPING x* X* px X* X* X* p* X* (xx| (»x|
10.3 LATERALSTIFFNESS pX X* px - X* X X* X*
10.4 LATERAL DAMPING N/A
NM - NOT APPLICABLE1*1 - POSSIBLY BUT NOT NORMALLY A SOURCE OF VARIATION . ,
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0-2. REFERENCE VEHICLE USES

The following paragraphs describe more completely the 
uses identified for the reference vehicles.

0-2.1 TRACK CALIBRATION

The use is intended to

• Identify levels of track change which 
change vehicle performance

• Provide guidelines on permissible toler­
ances to track geometry

• Identify when and where track mainte- . 
nance is required.

The vehicle has the effect of filtering the track inputs in­
cluding those which would not normally be part of any present 
track record, so that the total track input may be judged as 
consistent in a particular performance issue for which the 
reference vehicle is chosen..

The main feature of this use is that the reference 
vehicle activity is independent of any actual test. It may be 
periodic if the test site is to remain operational for an ex­
tended period. The environment in which the reference vehicle 
is used may be controlled by selection, e.g., rainy days may 
be avoided. In this sense, track calibration is most appro­
priately related to the repeated use of a particular track for 
testing. Since the same reference vehicle is used for each
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calibration, vehicle design is not variable. However, those 
features of the design requiring maintenance are variable and 
must be controlled. The remaining variables' are those associ­
ated with track design and history (wear, track heave, usage, 
etc.). These are the variables which the reference vehicle is 
used; to measure1. Identifying them ‘for eath performance issue 
defines the nature and choice of reference vehicle and its 
effectiveness in calibrating the track.

0-2.2 TEST CALIBRATION

As with the track calibration use, only the reference 
vehicle results are compared in this use and hence, its design 
is not variable for any particular performance issue. How­
ever, it may vary historically due to wear or climate and is 
assumed to be maintained to minimize these variations. The 
objectives of test calibration are to:

• Identify changes in performance due to
. test conditions

:: • 'Develop factors for normalizing the test :
results. .... ..

T h e  v a r i a t i o n s  w h ic h  t h i s  u s e  i s  d e s ig n e d  t o  m e a su re  a r e  t h o s e  

due t o  c l i m a t i c  c o n d i t i o n s  on t h e  s y s t e m  a t  t h e  t im e  o f  t h e  

t e s t .  Orie o b v i o u s  e x a m p le  o f  t h i s  u s e  i s  t h e  r u n n i n g  o f  t h e  

r e f e r e n c e ' v e h i c l e  ' i n  t h e  t e s t  c o n s i s t ,  n o t  f o r  d i r e c t  

c o m p a r is o n  w i t h  t h e  t e s t  v e h i c l e  d i s c u s s e d  u n d e r  b a s e l i n e  

c o m p a r is o n ,  b u t  t o  i d e n t i f y  c h a n g e s  i n -  t h e  c l i m a t i c  ' t e s t  

c o n d i t i o n s  a t  t e s t  t im e s  and t h e i r  e f f e c t  on i s s u e  u n d e r  t e s t .  

I n  a more g e n e r a l  a p p r o a c h  - i t  may- be  p o s s i b l e  t o  p r o v i d e  

n o r m a l i z i n g  f a c t o r s  f o r  - e a ch  c l i m a t i c  v a r i a b l e ,  f ro m  t h e  

r e f e r e n c e  v e h i c l e  t e s t  r e s u l t s ,  a s s u m in g  t h e  v e h i c l e  r e m a in s  

c o n s t a n t  and t h e  t r a c k  i s  m a i n t a in e d  t o  a s t a n d a r d  u s i n g  o t h e r
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means of measurement. Thus,, for example, humidity may be cor­
related with a particular reference vehicle response quantity.

0-2.3 BASELINE COMPARISON

The objective of the baseline test is the comparison 
and assessment of vehicle designs and only vehicle design 
variation is considered, all other variables due to climate, 
wear or track design are eliminated from Table 0-1 or speci­
ally maintained constant. This results from the assumed 
running of the test and reference vehicles under identical 
conditions on the same track. Direct comparison is attempted 
between the response of the reference vehicle and the test 
vehicle in the same consist or in tests carried out consecu­
tively. These results are used to infer comparisons between 
different tests and different or modified test vehicles using 
the same reference vehicle used for test calibration- The 
assumption is made that the test conditions are the same for 
both the test and reference vehicles in each test and that 
differences between tests may be compensated through compari­
son with the reference vehicle results for the particular 
performance issue under study. Track compliance variation is 
still possible due to variation in vehicle weight. It's, im­
portance is dependent on the performance issue under test.

0-2.4 PERFORMANCE EXTRAPOLATION TO SERVICE CONDITIONS

The objective of this use is to develop means of pre­
dicting the performance of new, perhaps experimental, test 
vehicles in service using the performance of the reference 
vehicle in test and under service conditions. The major test
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work is undertaken on the reference- vehicle'to provide a stan­
dard basis for comparison. The method reduces the need for 
putting untried vehicles into service conditions. The ap­
proach may be described as

• Carry out a baseline test (as described 
. in, Section 0-2.3) for the test vehicle
under consideration, together^ with the 

‘ reference vehicle . , •'
• Record reference vehicle performance 

under service conditions
• Infer the test vehicle's performance in 

service conditions.

The process -is identified in Fig. 0-1. For validity, the ref­
erence vehicle must have identical characteristics in service 

- and under test'.- The service reference vehicle test variables 
are the same as in test and track calibration but only those 

"variables identified as due' to vehicle history are control­
lable through maintenance in the field. Variations due to 
track history, design, and test climate are not controllable 
since they relate- directly to real world conditions. (In 
terms of Table 0-1, this means that the controllable variables 
comprise the union between the controllable variables in test 
and track calibration for the particular performance issue 
subset).
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• PROBLEM

Gi, G 2  ARE SETS OF 
NONLINEAR FUNCTIONS 
OF S, R.

Figure 0-1 The Process of Extrapolation to Service

0-2.5 CONSTRUCTION OF PERFORMANCE ISSUE TABLES

Using these.concepts for the four reference vehicle 
uses, the sets of variables given in Table 0-1, and knowledge 
of the dynamic processes during each performance issue, it is 
possible to discuss the validity of the reference vehicle con­
cept for each issue. The process is summarized for the uses 
designated as follows.
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0-2.5.1 Track Calibration

• Vehicle History - controlled : . ©
• Track Design - to be measured - " ; 

and History r I V

• :Test ~ Climate-- controlled 
(does not include vehicle design) ©

0-2.5.2 Test Calibration

Vehicle History - controlled ©

• Track History - controlled ©

• Test Climate - to be measured* 
(does not include vehicle design)

V

0-2.5.3 Baseline Use

• Vehicle design only - V

• Historical variations - ©

• Lateral rail stiffness- ( V )

0-2.5.4 Extrapolation to Service

• Union of Track and Test Calibration for 
extrapolation (only the test of the 
reference vehice in service is discussed 
under this heading. The complete process 
also involves a .Baseline Test)

In the above '-/■ indicate significant variability 
(^)indi cate control

hence(7)indicates a controlled variable 
i () special case of variability
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0-3. REFERENCE VEHICLES AND PERFORMANCE ISSUES 
FOR FREIGHT CAR TESTING

As has been indicated in Table 0-1, each performance 
issue in Appendix 0-A has its own set of variable system char­
acteristics. In this chapter the severity of their effect is 
discussed together with the subsets associated with each ref­
erence vehicle, use. Mention is made of those which would 
normally vary if not controlled. This will be identified for 
track and reference vehicle maintenance requirements. Thus, 
for each performance issue a minimum set of system variables 
remains which must be deduced from the reference vehicle re­
sponse or from some other special measurement. Each is dis­
cussed in turn following which conclusions are reached and 
summarized in Section 0-3.8.

0-3.1 PI #1-HUNTING

Table 0-2 summarizes the variable system characteris­
tics for hunting tests and gives an indication of the severity 
of their effect on performance. The breakdown into each ref­
erence vehicle use and into those variables requiring control, 
J) , and those in which the reference vehicle response may be 
used as a measurement, Vs is now discussed for each use.

0-3.1.1 Track Calibration

In this use, changes in the reference vehicle re­
sponse indicate variations in track alignment, gauge, lateral
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TABLE 0-2
PERFORMANCE ISSUE NO. 1-HUNTING

COD
E PHYSICALDESCRIPTION VARIABLESYSTEMCHARACTERISTIC

'AFFECT ON PfftFO«MANCEissues SET OF CHARACTERISTICS* ... AFFECTING PERFORMANCE
MODERATE SEVERE TRACKCAL. TEST CAL. BASELINEUSE SERVICE

1.1 TRACK GEOMETRY ALIGNMENT 00 00 0 00

1.2 i- • ‘‘‘ • ' _' '• - • '. .GAUGE': po* , 00 *

2.3 TRACK COMPLIANCE . . , LATERAL RAIL- STIFFNESS " 00 00 (00) 00

3.1 ■ WHEEL-RAIL CONTACT . WHEEL PROFILE 00 © . 0 ,. ©  . ©
3:2 RAIL PROFILE 00 00 :© *

3.3 ' ; . • SURFACE CREEP 4- SPIN * ; 00 ©• = 00 © 00

5.2 - BODY TO BOLSTER SUSPENSION. YAW DAMPING *>» © ©  - © ©
6.1 ' BODY COMPLIANCE TORSIONALSTIFFNESS 00 00 '

7.1- LADING/BODY INERTIA MASS 00 00

7.4 YAW RAO OF GYR 00 •• • *

7.5 C.G. POSITION »P» © © " ©  ' '©
8.1 TRUCK GEOMETRY WHEEL RAOIUS *

9.1 TRUCK COMPLIANCE LATERAL BEARING STIFFNESS *

9.3 TRAM STIFFNESS 00

10.3 TRUCK (BOLSTER) SUSPENSION LATERALSTIFFNESS •0 00

 ̂ - - T
'

© - SUBSET THAT MUST 8E CONTROLLED FOR THIS USE.ft?) - CHARACTERISTICS POSSIBLY BUT NOT NORMALLY VARIABLE IN THIS USE.
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rail stiffness and rail profile. Wheel profiles must be
measured and controlled through regular turning to a standard. 
Wheel surface condition can greatly affect vehicle
performance. Hunting is typified by the "critical" speed at 
which it commences and this is generally reduced with 
wheel/rail profiles of high "effective conicity" (change in
the rolling radius difference between wheels on the same axle 
when displaced laterally). A profile giving a high enough
effective conicity to promote hunting is desirable. The 
Canadian National Railway "worn wheel" profile is frequently 
used for this purpose and is suitable (Ref. 1). Rail
profiles also contribute to effective conicity through the 
variation of position at which the wheel contacts the track. 
This is measurable from the vehicle response as a change in
wavelength of the kinematic oscillation, i.e., the wandering 
from side to side during hunting. The amplitude may also be 
affected.

Like the effect of rail profile, the variation of 
gauge can give rise to variation in "effective conicity" with 
similar results. Together with alignment, gauge variation can 
also give rise to a lateral excitation thought to encourage 
hunting at lower critical speeds by forcing the wheelset into 
a limit cycle oscillation only stable above a certain ampli­
tude (Ref. 2). The independent effect of alignment and 
lateral rail elasticity are moderate within the normal range 
of their values.

It is possible to conclude that a carefully main­
tained reference vehicle can be put to good effect in this 
use. Particular attention is required for maintenance of a 
consistently low level of friction at the centerplate (yaw 
damping). It will, however, remain difficult to establish 
which track variable is responsible for performance change, 
since some will effect the hunting.in a superficially similar 
way. Since the techniques are available for measuring track
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parameters independently and are only moderately difficult to 
per.form it., is- generally: recommended that these be carried out. 
Of particular, importance is the rail profile. Track compli- 
ance .is presently . a complex measurement which can be avoided 
using tolerances on reference vehicle response (Ref. 3 and 4).

-The concept, of controlling the rail/wheel surface 
condition - by .choosing thetime of track testing may provide 
, difficulties for some geographic locations and is important in 
the choice of a test site or season. This and rail profile 

.may both benefit from independent measurement. However, meas­
ured wheelset response can also, be used to identify track 

/changes. More, complete discussions of the effect on vehicle 
response due to variation in track, profiles can be found in 
Ref. 5 and 6.

Analytic techniques now exist using vehicle and track 
models to differentiate between causes of track variation such 

;;. as used in (Ref. 7). However, they have yet to be used spe­
cif ically. for .such a purpose. With the advancing technology 
they will become increasingly important.

0-3.1.2 -Test Calibration

. . < In this use, lateral rail stiffness and its surface
condition remain to be determined following careful mainte­
nance of both track and vehicle to pre-determined standard. 
Of particular importance to the maintenance of the track, are 
gauge and rail profile and in the vehicle, truck yaw damping 
at the centerplate. The uncontrollable variable is the rail/ 
wheel surface interface which may vary considerably and which 
is predominant in its effect on hunting. The reference ve­
hicle may be used with confidence to identify whether a change 
has taken place/since this is the only significant variable
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unaccounted for. Freight vehicles of present design have 
similar suspension geometry and those which hunt tend to have 
similar characteristics. They are generally light weight ve­
hicles and. may have worn wheels. A reference vehicle should 
also have these characteristics. In its most complete -use, 
the reference vehicle response can. be measured to identify the 
surface condition directly, if the measurements made contain 
the necessary wheelset forces and displacements, using an ana­
lytical vehicle model. This use of the. reference vehicle 
would be experimental.

0-3.1.3 Baseline Use

Variables identified for this use are all due to ve­
hicle differences. Those having a severe effect, -such as 
wheel profile, surface conditions and yaw damping, may be 
maintained to give similarity.between the reference vehicle 
and test vehicle. However, there remain other variables of 
severity which are a consequence of the design, such as lad- 
ing/body mass, yaw inertia, lateral axle bearing stiffness and 
truck tram (out-of-square) stiffness. These are also important 
design variables and their optimization may be the reason for 
the test. The usefulness of direct comparison between the 
reference and test vehicles is therefore dependent upon the 
number of different design variables they have or the instru­
mentation applied to both test and reference vehicles. If the 
important ones mentioned are all significantly different, no 
design related conclusion can be reached directly from test 
results without further analysis involving a significant num­
ber of measured response parameters on both vehicles. How­
ever, if the reference vehicle is of a similar type and the 
test used to identify improvements in a particular area, such 
as a sidebearing change, then meaningful direct comparison is 
possible.
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At the present date* there are a large number df 
computer simulations of freight car hunting, e.g., Ref. 5, 
which are relatively inexpensive and can be used to identify 
the significance' of hunting test results. To be used properly 
the models require -knowledge of the vehicle variables as 
tested. For this performance issue,, values of the significant 
variables periodically measured on the reference vehicle may 
remain constant for a significant time. Since the utility of 
the reference vehicle is related to its similarity with the 
vehicle being tested for hunting performance, it makes sense 
to choose a reference vehicle in common usage susceptible to 
hunting as in the previous use.

0-3.1.4 Extrapolation to Service

The, process of extrapolation into service includes 
the baseline use for the reference vehicle. The preceding 
discussion therefore also applies -to this process. The re­
maining test comparing the performance of the reference ve­
hicle on test track and in service has characteristics similar 
to both test and track calibration. However, the number of 
uncontrollable variations is increased due to the nature of 
the climate and geography in service. The most important 
variations are related to the region of wheel/rail contact and 
in particular, to the profiles and friction and creep coeffi­
cients. Service conditions provide a variety of input condi­
tions, occurring simultaneously, which can show similar 
effects in the response. Hunting response is generally char­
acterized as body yaw with truck kinematic oscillation, the 
latter comprising lateral and yaw motion of the wheelsets. 
These amplitudes if measured on the reference vehicle in ser­
vice and on test track will give an indicator of the test 
severity. The validity of the extrapolation is primarily
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limited by the baseline test and measurements and analyses 
associated with it.

0-3.2 PI #2-TWIST AND ROLL

Table 0-3 shows the variable system characteristics 
affecting response in twist and roll. Once again those to be 
controlled for each use are indicated (7)•

0-3.2.1 Track Calibration

The variations in. the reference vehicle response in 
this use are track surface and crosslevel, vertical track 
stiffness and damping and rail profile. Of these only cross­
level has a severe effect on the vehicle response. It may 
prove difficult to calibrate the track under consistent 
weather conditions in the north where freezing is possible. 
However, the reference vehicle, maintained to give consistency 
to wheel profile and surface, suspension roll stiffness (e.g., 
sidebearer clearance), and lading, will give a very effective 
measure of variations in track condition through measurement 
of roll angle response. Further insight has been found from 
use of analytic models as with Ref. 8.

0-3.2.2 Test Calibration

With the track maintained to the required standard, 
the most significant test variables will be associated with 
vertical snubbers due perhaps to changes in the friction co­
efficient with humidity and to track compliance variations. 
Very little qualitative work has been documented identifying 
the effect of weather on the latter. Undoubtedly freezing of 
a wet ballast or subsoil will increase its rigidity. The ref­
erence vehicle use in this manner is experimental.
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" TABLE 0-3
PERFORMANCE ISSUE NO. 2-TWIST AND ROLL

COD
E PHYSICALDESCRIPTION VARIABLESYSTEMCHARACTERISTIC

AFFECT ON PERFORMANCE •SUES SET OF CHARACTERISTICS* AFFECTING PERFORMANCE
MODERATE SEVERE ‘TRACKcal.: . TEST CAL C: BASELINE' USE SERVICE

1.3 TRACK GEOMETRY SURFACE PROFILE ** «** © *■*
1.4 ' -r " •' : - *- '• ' CROSS LEVEL ✓ ©  ' 9*

2.1 , TRACK COMPLIANCE ' VERTICAL TRACK * STIFFNESS"' 9*

2.2 VERTICAL 1- DAMPING »-» ✓ 9*

3.1 WHEEL-RAIL CONTACT WHEEL PROFILE 0. . . ©  ■ © . ©
3.2 RAIL PROFILE •O' - - • ■ ' ~ ' © '9"
3.3 , SURFACE . CREEP + SPIN * © 0 9*

4.1 BODY GEOMETRY TRUCK CENTERS
■

✓
5.1 , BODY TO BOLSTER SUSPENSION; ROLL-STIFFNESS 0  . 0 * ©
6.1.-7: BODY COMPLIANCE TORSIONAL .STIFFNESS- '• 9* ✓
7?1 . LAOING/BODY INERTIA . MASS _

7.2-:- ’ ■ . xi' ■ ROLL RAO OF GYR . x.-' : ' ■**-
7:5;; : ' - . •' .T - C.G. POSITION f • 0 © ©
9.1 *- TRUCK COMPLIANCE v - . r\ LATERAL BEARING -STIFFNESS -
id'r--v TRUCK-IBOLSTER) SUSPENSION' VERTICALSTIFFNESS ✓ ✓
 ̂- 10.2 X -;.m xx.xx' VERTICAL ' DAMPING ✓ 0 (>) (p*V ■- - ¥»
10.3'■7 i' *•".; : • LATERAL . • ' - STIFFNESS " ** 7 . . ✓

'
1 . -.. ' V--

* ■* .

... .. \ . i-.
, ̂ . . . . -

SUBSET THAT MUST BE CONTROLLED FOR THIS USE.CHARACTERISTICS POSSIBLY BUt NOT NORMALLY.VARIABLES THIS'USE.'"
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0-3.2.3 Baseline Use

Many of the critical parameters in twist and roll are 
vehicle design dependent. Using a reference vehicle reason­
ably geometrically similar to the test vehicle, direct compar­
ison is possible. Otherwise additional simulation analysis is 
required. The importance of this geometric relationship is 
discussed in Ref. 9 which identifies the "geometric transfer 
functions". It is necessary to select a reference vehicle in 
this performance issue which is known to behave badiy and will 
have characteristics not unlike a poorly behaving test vehicle 
Since twist is a structural mode which varies with body design 
roll is the more important use for the reference vehicle which 
should have a truck center distance close to rail length 
(39 ft.), and a roll stiffness characteristic (including 
sidebearing clearance) giving a roll frequency close to 0.7 Hz 
for a laden car with a high body center of gravity.

The significance of roll in this performance issue is 
the large and potentially unsafe roll oscillation excited by 
track crosslevel variation over each successive rail length. 
However, the activity of the trucks during derailment may be 
significant. Tests have shown considerable truck activity 
(Ref. 10). Measurements of the wheelset lateral and yaw 
dynamics may be required to ensure compatibility between 
vehicles.

0-3.2.4 Extrapolation to Service

The variation in rail/wheel surface condition during 
the test of the reference vehicle and the climatic variation 
of vertical and roll snubbing in service will cause differ­
ences between the severity of the track test and service con­
ditions which may be identified. However, the nature of the
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performance issue demands a high roll, response in service as 
in the track and test calibration. Any subsequent extrapola­
tion for the test vehicle, using the baseline test results, 
has the same limitation expressed in Section 0-3.2,, 3.

0-3.3 ,. PI #3-PITCH AND BOUNCE

. The. variable system characteristics described in 
Table 0-4, tracks with staggered joints, and design of - freight 
cars combine to make.this performance issue relatively safe. 
All variable system characteristics have therefore been re­
garded as having only a moderate effect.. The major difference 
-between twist and roll and pitch and bounce are in the fre­
quency and modal shape. Both- exercise the vertical suspen­
sion. Use of the reference vehicle for this issue may provide 
a means of track and test calibration for other issues.

0-3.3.1 Track Calibration

The track, variables which affect the response of the 
vehicle in this issue are surface, crosslevel, vertical track 
stiffness and damping. Vertical response of the maintained 
reference vehicle suspension can be measured to calibrate the 
track but not directly separate the causes and this may vary 
with vehicle weight. Test runs with more than one reference 
vehicle may provide more insight. Recommendations on the 
nature of the required track maintenance,will not be possible 
from reference vehicle response without additional measure­
ments. An improved assessment of the cause may be possible 
using spectral .analysis o.f the measured suspension. movement 
;(Ref. 11).
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TABLE 0-4
PERFORMANCE ISSUE NO. 3-PITCH AND BOUNCE R-87860

COD
E

1

PHYSICALDESCRIPTION VARIABLESYSTEMCHARACTERISTIC
AFFECT ON PERFORMANCE •SUES SET OF CHARACTERISTICS* AFFECTING PERFORMANCE
MODERATE SEVERE TRACKCAL. TEST CAL. BASEUNEUSE SERVICE

1.3 TRACK GEOMETRY SURFACE PROFILE * © (O’
1.4 CROSS LEVEL * *• © •O’
2.1 TRACK COMPUANCE VERTICAL TRACK STIFFNESS * ¥*

Z2 VERTICALDAMPING ** * *

4.1 BODY GEOMETRY TRUCK CENTERS
6.2 BODY COMPUANCE VERTICAL B6NO- ING STIFFNESS ft

7.3 LADING/BODY INERTIA PITCH RAD OF GYR **> *

7.5 C.G. POSITION •o' © © © ©
10.1. TRUCK (BOLSTER) SUSPENSION VERTICALSTIFFNESS **

10.2 VERTICALDAMPING ✓ © t*l !✓) •»*

-

*e, SUBSET THAT MUST BE CONTROLLED FOR THIS USE.CHARACTERISTICS POSSIBLY BUT NOT NORMALLY VARIABLE IN THIS USE.
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0-3.3.2 Test Calibration

- Since vertical track compliance is the most signifi­
cant7variable following- "recommended track maintenance j use of 
the reference vehicle may provide a method of studying its ef­
fect with variation in climate.~ An investigation of‘this type 
with a ‘ suitable‘analytic model can provide factors relating 
lest reStilts' to test climate for use in assessing other issues
such as rock and roll

0-3.3•3 Baseline Use

Tests, for pitch and bounce response are similar to 
tests for twist and roll, but the dominant modes of activity 
are different. If the test and reference vehicles differ 
significantly, the response will differ and will require 
analysis to resolve the significant causes of the different 
response as measured. However similarity between vehicles may 
render ah immediate interpretation directly from the results. 
A'ladly' behaving reference vehicle is an unlikely choice for 
comparison, since freight vehicles generally behave well in 
this mode. ■ - ■ -

.... Q-3.3.4 Extrapolation to Service

The test of the reference vehicle in service will 
give an indication of the severity of any special test under­
taken for this performance issue, particularly since the cli­
matic conditions have little effect at test time. The excep­
tion may be the indication of variations in track compliance. 
An assessment of test severity is still possible, especially 
for light vehicles.
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0-3.4 PI #4-YAW AND SWAY

The variable system characteristics and the severity 
are shown in Table 0-5 for this performance issue. Derail­
ments have occurred, particularly following track panel shift 
and rail rollover. Rail/wheel forces can become large and are 
dependent upon the contact conditions and. vehicle modal re­
sponse in yaw and sway. Since the issue is complex (Ref. .12) 
many system variables have a potentially severe effect and are 
so designated in Table 0-5. As the name implies, the mode of 
the oscillation has closely coupled yaw and sway content until 
flange contact of the wheel on rail.

0-3.4.1 Track Calibration

Maintenance of the reference vehicle in use in this 
issue is necessary to ensure consistent wheel profiles, roll 
stiffness, yaw damping, position of the,.center of gravity of 
the load and snubber action. In addition,, control of the cli­
mate at the time of this test through choice of test time and 
weather is assumed. The remaining variables which the refer­
ence vehicle response indicates are track alignment and gauge, 
rail lateral compliance and rail cross sectional profile. 
These are all rated as having a severe effect on the response 
although the last two become severe only under rail climbing 
conditions.

The severity of these characteristics are amplitude/ 
speed dependent and use may be made of this to separate their 
effects and to identify the condition of the track. A low 
speed run over perturbed track, sufficient to excite the ve­
hicle response without severe flange contact, may be used as 
an indicator of track condition in alignment and gauge by 
measurement of the body response in yaw and roll and its vari­
ation from previous runs. Runs at worst response speed may

0-23



TABLE 0-5 v - ‘
PERFORMANCE ISSUE NO. 4-YAW & SWAY

COD
E PHYSICALDESCRIPTION . VARIABLE .' SYSTEM CHARACTERISTIC

AFFECT ON PERFORMANCE •SUES SET OF CHARACTERISTICS* . r AFFECTING PERFORMANCE
, MOOERATE SEVERE TRACK : CAL. TEST CAL. BASELINEUSE SERVICE

LI TRACK GEOMETRY ALIGNMENT. ; • v ' - ©
1.2 ' '■GAUGE.: ■ ©  • V
2.3 TRACK COMPLIANCE . LATERAL RAIL , STIFFNESS' - ** >

3.1 WHEEL-RAIL CONTACT WHEEL PROFILE © © 0 0
3.2 RAIL PROFILE - * * w* ©
3.3 SURFACE . CREEP + SPIN © ✓ ' *
4.1 BODY GEOMETRY TRUCK CENTERS ✓ *

5.1 BODY TO BOLSTER SUSPENSION ROLL STIFFNESS 0 © * 0
5.2 YAW DAMPING * © © © ©
7.1 LADING/BODY INERTIA MASS
7.2 ROLL RAO OF GYR *<» **
7.4 YAW RAO OF GYR **

7.5 C.G. POSITION \ r *■» © © © ©
8.1- ■ TRUCK GEOMETRY , WHEEL.RAOIUS p<»
9.1 TRUCK COMPLIANCE LATERAL BEARING STIFFNESS, 1 * (O'
9.3 -• . ; .TRAM STIFFNESS ✓
10.1 ' TRUCK (BOLSTER) SUSPENSION .VERTICAL , STIFFNESS * **

10:2 VERTICALOAMPING ** 0 (**l *•»
10.3 LATERALSTIFFNESS ** - v

*

0 - SUBSET THAT MUST BE CONTROLLED FOR THIS USE.(✓> - CHARACTERISTICS POSSIBLY BUT NOT NORMALLY-VARIABLE IN THIS USE.
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then be accompanied by rail/wheel force measurement to provide 
an assessment of rail lateral compliance. Further runs with 
reference vehicles of different weight may be necessary to es­
tablish the effect of compliance under varying static loads. 
A fundamental measure of rail profile is again desirable.

0-3.4.2 Test Calibration

With the track and reference vehicle maintained to 
the required standards, there remain only lateral rail stiff­
ness, snubbing friction if affected by weather, and rail sur­
face condition as variables for which this calibration, test is 
carried out. The effect of the rail stiffness and surface 
condition under severe flanging conditions are complex. It is 
unlikely that a simple, reliable and universally applicable 
set of factors are possible without the support of analytic 
models. One method of separating the effects would be to 
measure lateral track stiffness directly and use an analytic 
model to identify its effect in vehicle response. As with the 
hunting issue, complex fundamental measurement of wheel/rail 
forces, moments and dynamics may be used to provide the most 
direct comparison between tests accounting for test conditions 
without further analysis.

0-3.4.3 Baseline Use

The vehicle design parametric variables, identified 
in Table 0-5 as not maintainable for consistent performance, 
are important to the yaw and sway response of the vehicle. 
Each different vehicle design will provide a different re­
sponse with its own modal response ratios and worst frequency. 
If the vehicles are substantially similar, direct baseline 
test comparison is useful in identifying critical differences 
in vehicle response.
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The conditions of derailment and the proximity: to de­
railment in this issue iar̂ e.: complex,, yet .they, frequently.-, com­
prise the sole test objective in. .this use. . They.; involve 
wheel set lateral /position and velocity, .yaw jangle: and/angular 
Velocity, rotational speed and: accelerations. wheel load, pro­
file shapes of both wheel and rail and surface conditions. 
Analytic models of the process are;just being.perfected (Ref. 
13) which can predict derailment behavior. There remains 
considerable difficulty in assessing derailment proximity 
without 'besting ' to derailment . ■ Simple indicators such as the 
L/V -ratiomonitored during tests of vehicles in this perform­
ance issue in Japan (Ref. 14) have been shown to be incomplete 
(Ref. 15). Difficulties have also arisen in the. measuring 
methods for this issue and for subsequent issues (Ref. 16).

- The most complete use for the reference vehicle in 
this baseline comparison is to provide analytical model vali­
dation and parameter identification under identical test, con­
ditions so that -the model of the test vehicle can, be. used to 
assess its proximity.to derailment. This is particularly true 
if the reference vehicle analytic model has been, validated up

-to and including'derailment under previous testing. The proc­
ess of changing vehicle design parameters in an analytic model 
does not lead to inaccurate conclusions so long as the cri­
tical wheelset and rail parameters are known or do not change 
between models. If the reference and.test vehicles are geo­
metrically - similar. in most respects direct comparison is a 
meaningful way in which to -identify the effect of the varia­
tion without- recourse- to analytic modeling. .

: - - 0-3.4. k- Extrapolation to. Service

- - In order to provide a baseline for subsequent extrap­
olation of the test vehicle results to indiqate its perform­
ance in service, the reference vehicle 'must be of a type which
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responds with large amplitude itself in this issue in service. 
Evidence of this may be sought from accident statistics (Ref. 
17). The limitations of direct extrapolation and the need for 
analytic models for all but the simplest comparisons are sim­
ilar to those expressed in the discussion of the baseline test 
use. Extrapolation to service use adds the difficulty that 
the track conditions in service, identified in Table 0-5, can 
not be measured from the reference vehicle beahvior. Some 
estimate of the conditions leading to service derailments have 
been attempted through model testing using the reference 
vehicle parameters following model validation.

0-3.5 PI #5-STEADY-STATE CURVING

Under normal operation, steady-state curving does not 
lead to derailment. It more often results, with the tradi­
tional freight car truck design, in bad wear on both wheels 
and rails which may subsequently promote a derailment condi­
tion. The steady-state curving process, although not simple, 
is now well understood (Ref. 18). The measurements required 
relate to rail/wheel forces and positions.

By its very nature this performance issue requires 
that the track provide no dynamically varying input to the 
vehicle response. The constant curve must be long enough for 
all transients to decay to a small value. In Table 0-6, align­
ment implies variation in curvature, and crosslevel variation 
in superelevation. Since the motion of interest is in the 
plane of the track; crosslevel variation does not generally 
have a severe effect on vehicle performance. In the steady 
condition gauge and alignment variation combine to represent 
variation in alignment on each rail, the outer rail alignment

0-27



■ TABLE 0-6 .
PERFORMANCE ISSUE NO. 5-STEADY-STATE .CURVING

COD
E . PHYSICAL . DESCRIPTION. ; VARIABLE SYSTEM . CHARACTERISTIC

AFFECT ON PERFORMANCEssues ' SET 0F CHARACTERIST1CS* AFFECTING PERFORMANCE
MODERATE SEVERE TRACK • CAL. TEST CAL. BASELINEUSE SERVICE

1.1 TRACK GEOMETRY ALIGNMENT , * ✓ , ©  .
\.2 . GAUGE •** * © *

1.4; : - - ; ;* . CROSS LEVEL - - - ©
1.5 CURVATURE *»* ©
1-6 . SUPERELEVATION ' * ; ©
3.1 WHEEL-RAIL CONTACT WHEEL PROFILE , © , ©  • , © ©
3.2 RAIL PROFILE *<* ©
3.3 SURFACE CREEP + SPIN © * **

7.1 LADING/BODY INERTIA MASS *

7.5 C.G. POSITION *■* . 0 © © ©
a TRUCK GEOMETRY WHEEL RADIUS * w*

9.3 ' TRUCK COMPLIANCE TRAM STIFFNESS
10.3 TRUCK (BOLSTER) SUSPENSION 1 LATERAL STIFFNESS ✓ ***

'

■ ' -
- -

■, ■ :

• 0 - SUBSET THAT MUST BE CONTROLLED FOR THIS USE.ft*) - CHARACTERISTICS POSSIBLY BUT NOT NORMALLY VARIABLE IN THIS USE.
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being essential to the steady-state path of the wheelset. All 
track variables have been identified as having a potentially 
severe effect in Table 0-6 although the severity is dependent 
on the way in which they combine dynamically.

Rail and wheel prdfiles and surface conditions have 
an important effect on the forces generated during curving.

0-3.5.1 Track Calibration

Lateral leading wheelset activity of the maintained 
reference vehicle during flanging is a direct measure of outer 
rail alignment and gauge. Its dynamic content can be used in 
assessing track maintenance requirements. Rail profile ef­
fects may be apparent in the same response but are more likely 
to be seen as a variation in force. Direct measurement of 
this profile is desirable.

0-3.5.2 Test Calibration

Table 0^6 shows that the controlled subset, indicat­
ing maintenance of vehicle and track, leaves only surface 
creepage and spin characteristics as a variable at test time. 
The low wheel/rail performance is particularly important here 
in that it provides a means of establishing the required char­
acteristic which includes the value of the limiting coeffi­
cient of friction. This requires a knowledge of wheelset 
position relative to the track, the wheel and rail profiles 
and the forces and moments acting. These measurements are not 
simple. In particular, longitudinal forces are not presently 
measured using instrumented wheelsets in North America tests. 
However, approximations can be made using results from inex­
pensive analytic models (Ref. 18). Because there is no re­
quirement for a dynamic model, the analysis can be performed
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at minimum cost. - Apkrt from the calculation of fundamental 
characteristics, the reference vehicle is a good general 
measurement of test condition consistency in this performance 
issue . ; ■ ‘ • '

0-3.5.3 - Baseline Use

The vehicle design parameters having severe influence 
on steady-state vehicle curving are wheelset.load ("mass" in 
Table 0-6) and truck stiffnesses in the plane of the rail. 
Direct comparison of vehicle performance is therefore possible 
and is greatly enhanced by the inexpensive analyses previously 
mentioned, particulary if wear is to be studied. Basic meas­
urements such as arigle-of-attack of the wheelsets to the rail 
and-lateral wheel/rail forces also provide a fundamental com­
parison of vehicle performance. Since the response is not 
dynamic the measured duration is irrelevant, greatly simplify­
ing the assessment of proximity to derailment. This use for 
the reference vehicle provides a sound assessment of the rela­
tive merits of vehicles during curving.

0-3.5.4 Extrapolation to Service

The nature of this performance issue limits the ex­
trapolation that can be made since it excludes the possibility 
of dynamic effects. It is therefore not a possible use for 
the reference vehicle. The reference vehicle can be used to 
-ascertain what' importance steady-state conditions play in 
identifying service: use. This is perhaps better carried out 
using the records of track geometry available (Ref. 19).
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0-3.6 PI #6-SPIRAL NEGOTIATION

Derailments during spiral negotiations are not infre­
quent, especially with torsionally stiff vehicles and constant 
contact side bearings. Rapid changes in superelevation (of 
crosslevel) cause wheel unloading which, together with high 
lateral forces, produce rail climbing potential, especially 
where the terrain leads to short spiral lengths. Uneven vari­
ation in curvature or alignment increases the potential for 
derailment. Table 0-7 gives an assessment of the severity of 
these track characteristics . on the vehicle response in- spi­
rals. Lateral rail stiffness is judged as having only a 
moderate effect since the offending vehicles are often light. 
All vehicle characteristic associated with static body roll, 
especially differential roll between trucks are rated as hav­
ing a severe effect. In addition, truck stiffnesses in the 
track plane have an important effect in the development of 
guiding forces.

0-3.6.1 Track Calibration

Track geometry records are the most direct measure­
ment of the track variables listed in Table 0-7. However, 
they may not exhibit similar track loading and in their ab­
sence similar information can be inferred from reference 
vehicle response. Short term transients during spiral nego­
tiation are frequently seen in test records, especially if the 
test vehicle has a natural frequency and mode excited by the 
input. These can be noted and their location identified for 
track maintenance. Static measurements or slow speed runs may 
be used, for example roll response may be.measured as an indi­
cator of superelevation and lateral position during flange 
contact an indicator of high rail alignment. Rail profile is
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T A B L E  0-7
PERFORMANCE I S S U E  NO. 6 - S P I R A L  N E G O T I A T I O N

UJ
a PHYSICAL VARIABLE

SYSTEM

AFFECT ON PERFORMANCE 
■SUES SET OF CHARACTERISTICS* 

AFFECTING PERFORMANCE
o
a DESCRIPTION CHARACTERISTIC MODERATE SEVERE TRACK

CAL. TEST C A L BASELINE
USE SERVICE

1.1 TRACK GEOMETRY ALIGNMENT - pp ©
1.2 GAUGE pp © pp

1-3 SURFACE PROFILE pp p* © pp

1.4 CROSS LEVEL pp © pp

1.5 CURVATURE pp pp © pp

1.6 SUPERELEVATION pp pp © pp

2.1 TRACK COMPLIANCE VERTICAL TRACK 
STIFFNESS pp pp pp

2.3 LATERAL RAIL 
STIFFNESS - - \pp\ pp

3.1 WHEEL-RAIL CONTACT WHEEL PROFILE pp © © © ©
3.2 RAIL PROFILE pp pp © pp

3.3 SURFACE 
CREEP * SPIN pp

©
pp © p

4.1 BODY GEOMETRY TRUCK CENTERS pp pp

5.1 BOOY TO 80LSTER SUSPENSION ROLL STIFFNESS pp © © pp ©
5.2 YAW DAMPING pp © © pp

©

6.1 BODY COMPLIANCE TORSIONAL
STIFFNESS pp pp

7.1 LADING/BODY INERTIA MASS - pp

7.2 ROLL RAO OF GYR ROLL RAO OF GYR pp p>

7.4 YAW RAO OF GYR pp pp

7.5 C.G. POSITION pP © © © ©
8.1 TRUCK GEOMETRY WHEEL RADIUS pp pp

9.1 TRUCK COMPLIANCE LATERAL BEARING 
STIFFNESS pp pp

9.3 TRAM STIFFNESS pp pp

10.1 TRUCK (BOLSTER) SUSPENSION VERTICAL
STIFFNESS pp

10.2 VERTICAL
DAMPING © <**i (pp) p

10.3 LATERAL
STIFFNESS pp pp

2) - SUBSET THAT MUST BE CONTROLLED FOR THIS USE.✓ ) - CHARACTERISTICS POSSIBLY BUT NOT NORMALLY VARIABLE IN THIS USE.
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i m p o r t a n t  a n d  d i f f i c u l t  t o  a s s e s s  f r o m  r e f e r e n c e  v e h i c l e  r e ­
s p o n s e .  I t  i s  r e a d i l y  m e a s u r e d  d i r e c t l y  u s i n g  a r a i l  p r o -  
f i l o m e t e r .  W h e e l  p r o f i l e  a n d  s u r f a c e  c o n d i t i o n  m u s t  b e  c o n ­
t r o l l e d  b y  m a i n t e n a n c e  a n d / o r  r u n n i n g - i n  t o  c l e a n  t h e  w h e e l  
s u r f a c e .  I n  t h i s  u s e  i t  i s  i m p o r t a n t  t o  m a i n t a i n  t h e  b o d y  t o  
b o l s t e r  r o l l  c h a r a c t e r i s t i c  b y  c h e c k i n g  s i d e b e a r i n g s  a n d  g a p s  
a n d  t h e  b o l s t e r  r o l l  c h a r a c t e r i s t i c  b y  c h e c k i n g  s n u b b e r  a c t i o n .

3 . 6.2 T e s t  C a l i b r a t i o n

M a i n t e n a n c e  a n d  c o n t r o l  o f  t h e  r e f e r e n c e  v e h i c l e ,  a s  
i n  t r a c k  c a l i b r a t i o n ,  t o g e t h e r  w i t h  t r a c k  g e o m e t r i c  m a i n t e ­
n a n c e ,  g i v e  l a t e r a l  a n d  v e r t i c a l  r a i l  s t i f f n e s s e s  a n d  s u r f a c e  
c o n d i t i o n  a s  t h e  r e m a i n i n g  v a r i a b l e s  i n  T a b l e  0 - 7 . T h i s  i s  
r a t h e r  s i m i l a r  t o  P I  #4  Yaw a n d  S w a y ,  a n d  n o t  g r e a t l y  d i f f e r ­
e n t  f r o m  P I  # 5 , S t e a d y - S t a t e  c u r v i n g .  T h e  d i f f e r e n c e  i s  i n  
t h e  p e r c e i v e d  i m p o r t a n c e  o f  r a i l  e l a s t i c  r e s p o n s e  w h i c h  i s  
d i r e c t l y  a f f e c t e d  b y  t h e  d y n a m i c  a c t i v i t y  o f  t h e  w h e e l s e t s  a n d  
t h e  d e g r e e  o f  v e r t i c a l  u n l o a d i n g .  T h e  c o m p l e x i t y  o f  t h e  m e a s ­

u r e m e n t  o r  r e q u i r e m e n t  f o r  a n a l y t i c  m o d e l i n g  l i e s  b e t w e e n  a 
f u l l  d e s c r i p t i o n  a n d  m e a s u r e m e n t  a s  i n  y a w  a n d  s w a y  a n d  t h e  
d i r e c t  s t e a d y  w h e e l  o n  r a i l  m e a s u r e m e n t s  d i s c u s s e d  i n  s t e a d y -  
s t a t e  c u r v i n g ,  a l t h o u g h  a  m o r e  c o m p l e x  v e r t i c a l  t r a c k  m o d e l  i s  
d e s i r a b l e  i n  t h i s  i s s u e .  S p i r a l  n e g o t i a t i o n  t r a c k  i n p u t  c o m ­
m e n c e s  a s  i n  y a w  a n d  s w a y  b u t  f i n i s h e s  i n  a  l i n e a r  v a r y i n g  
c u r v e d  p a t h  i n  w h i c h  f l a n g e  c o n t a c t  p e r s i s t s  a s  w i t h  s t e a d y -  
s t a t e  c u r v i n g  b u t  w i t h  t h e  a d d i t i o n  o f  w h e e l  u n l o a d i n g .  I n  
f l a n g e  c o n t a c t  t h e  f o r c e s  a n d  w h e e l s e t  p o s i t i o n  w i l l  v a r y  w i t h  
c u r v a t u r e  a s  w e l l  a s  w i t h  s u r f a c e  c o n d i t i o n s .  I t  i s  a g a i n  u n ­
l i k e l y ,  t h e r e f o r e ,  t h a t  a  s i m p l e ,  r e l i a b l e  s e t  o f  f a c t o r s  c a n  
b e  g e n e r a t e d  w i t h o u t  s u p p o r t i n g  a n a l y t i c a l  m o d e l i n g  a n d  f u n d a ­
m e n t a l  w h e e l s e t  m o t i o n  m e a s u r e m e n t  s u f f i c i e n t l y  t o  i d e n t i f y  
t h e  e f f e c t  o f  t e s t  v a r i a b l e s  o n  v e h i c l e  r e s p o n s e .  H o w e v e r ,  
r e c o r d s  m a y  b e  a v a i l a b l e  i n  c o n j u n c t i o n  w i t h  l e s s  c o m p l e x  p e r ­
f o r m a n c e  i s s u e s  i f  t e s t e d  c o n c u r r e n t l y .
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0-3.6.3 Baseline Use

S p i r a l  n e g o t i a t i o n  e x e r c i s e s  m a n y  o f  t h e  v e h i c l e  d e ­
s i g n  p a r a m e t e r s .  W h e e l  u n l o a d i n g  i s  a  p r e d o m i n a n t l y  s t e a d y  
c o n d i t i o n  d u e  t o  r a t e  o f  c h a n g e  o f  s u p e r e l e v a t i o n  w i t h  d i s ­
t a n c e  a l o n g  t h e  t r a c k .  R o l l  a n d  y a w  r e s o n a n c e  a r e  t h e r e f o r e  
d i s c o u n t e d  i n  t h i s  p e r f o r m a n c e  i s s u e  a n d  r e g a r d e d  a s  h a v i n g  
o n l y  a m o d e r a t e  e f f e c t .  S t e e r i n g  f o r c e s  a r e  i m p o r t a n t .  D i ­
r e c t  b a s e l i n e  c o m p a r i s o n  m a y  b e  m i s l e a d i n g  d u e  t o  t h e  c o m p l e x  
c o m b i n a t i o n  o f  h i g h  l a t e r a l  f o r c e  r e s p o n s e  a n d  v e r t i c a l  u n ­
l o a d i n g .  I n  so m e  v e h i c l e s  s i m p l e  s t a t i c  w h e e l  u n l o a d i n g  i s  
s u f f i c i e n t  t o  c a u s e  d e r a i l m e n t .

S i n c e  w h e e l  u n l o a d i n g  m a y  b e  m e a s u r e d  s t a t i c a l l y  a t  
t h e  w o r s t  p o i n t  i n  t h e  c u r v e  a d i r e c t  m e a s u r e  o f  t h i s  c a n  b e  
m a d e  o n  b o t h  t e s t  a n d  r e f e r e n c e  v e h i c l e  f o r  c o m p a r i s o n .  T h e  
r e f e r e n c e  v e h i c l e  i s  n o t  n e c e s s a r y  i n  t h i s  t e s t  s i n c e  a n  a b s o ­
l u t e  m e a s u r e  o f  w h e e l  u n l o a d i n g  a n d  a l i m i t  t o  i t s  v a l u e  m a y  
b e  s e t  d i r e c t l y .  H o w e v e r ,  t e s t s  o n  a r e f e r e n c e  v e h i c l e  m a y  
h e l p  i n  e s t a b l i s h i n g  t h e  i n i t i a l  s a f e - c r i t i c a l  v a l u e  f o r  i m ­
p e n d i n g  d e r a i l m e n t .

I f  t h e  j u d g m e n t  o f  u n l o a d i n g  i s  m a d e  s e p a r a t e l y ,  c o m ­
p a r i s o n  b e t w e e n  t e s t  a n d  r e f e r e n c e  v e h i c l e  i n  t h e  s p i r a l  i s  
r e d u c e d  t o  t h e  c o m p a r i s o n  o f  g u i d i n g  f o r c e s  a n d  l a t e r a l  w h e e l -  
s e t  r e s p o n s e .  Some m e a s u r e  o f  d i r e c t  c o m p a r i s o n  i s  p o s s i b l e  
b u t  c a n  n o t  b e  d i r e c t l y  e x t r a p o l a t e d  t o  p e r f o r m a n c e  i n  o t h e r  
s p i r a l s  b e c a u s e  o f  t h e  d i f f e r e n c e s  i n  t h e  e f f e c t  o f  w h e e l  u n ­
l o a d i n g  a n d  s t e e r i n g  f o r c e s  o n  d i f f e r e n t  v e h i c l e s .

0 - 3 . 6 . A E x t r a p o l a t i o n  t o  S e r v i c e

The testing of the reference vehicle in service for
this performance issue requires continuous recording of
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guidance and vertical wheel forces in order to provide the 
necessary comparison between test and service conditions. For 
reasons, mentioned under Baseline Testing above, variation be­
tween test" and reference vehicle design will produce effects 
on derailment potential requiring a study of both lateral and 
vertical force response. The complexity of this consideration 
suggests a supporting analytic model. No such model currently 
exists in this country although a change to TASC’s SIMCAR pro­
gram (Ref. 20) is being considered to allow full freight ve­
hicle simulation in spirals.

0-3.7 PI #7-DYNAMIC CURVING

This performance issue exercises nearly all the vari­
able system characteristics identified in Table 0-1 and listed 
in Table 0-8 for this scenario. Vehicle performance is seldom- 
discussed in such complex terms and analytic models are. only 
just reaching the complexity necessary to simulate the full 
vehicle dynamics required (Ref. 20). However, the principal 
concern is with curving performance arid as such the primary 
activity is in the plane of the rails. Roll activity Of theibody is important and vertical vehicle and track stiffness is 
therefore important. The response includes transient effects.

0-3.7.1 Track Calibration

As with all other performance issues discussed here, 
the test track geometry may be established .by direct measure­
ment on site or with a track geometry car. The problem with 
such methods lies in the fact that they are not measured under 
the load conditions seen during testing. If used, track re­
cording cars are light compared to a fully laden 100 ton 
freight car and apart from hunting and static wheel unloading
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: - TABLE 0-8
, : PERFORMANCE ISSUE NO., 7-DYNAMIC CURVING

UlO'oU
ry

"• PHYSICAL ; 
DESCRIPTION

, VARIABLE - 
SYSTEM

CHARACTERISTIC

APPECT ON PERFORMANCE
•SUES. SET OF CHARACTERISTICS*

- AFFECTING PERFORMANCE'

MODERATE SEVERE TRACK 
CAL. . TEST CAL. BASELINE.

• .USE . ... SERVICE

_-K1 , TRACK GEOMETRY • © , ' f ALIGNMENT ■ - - - ■ 9* ‘ © - 99

L2; "GAUGE. ' -. • -v.. . ©  ^ ’ 99
1.3-' : ' .: SURFACE PROFILE •> i9 ©  - ' 99
1.4-5 ■ .r.; f V  j GROSS LEVEL ** ' 9* ■ ‘ * ©

• ''' ' '■■99
1.5 CURVATURE * 9* ‘ ' ; ©

1.6 SUPERELEVATION 9* 9• © *
2.1 TRACK COMPLIANCE VERTICAL TRACK 

STIFFNESS ** 9» 99 99
2.2 VERTICAL

OAMPING ** 9* 9 99
2.3 LATERAL RAIL 

STIFFNESS * 9* - 99
3.1 WHEEL-RAIL CONTACT WHEEL PROFILE 99 O  . © , . ©  . , 0

3.2 RAIL PROFILE 9* ‘ 9* -

3.3 ...... ,
SURFACE 
CREEP * SPIN . ✓ ® 9 99

4.1 BODY GEOMETRY TRUCK CENTERS 9* v>
5.1 . BOOY TO BOLSTER SUSPENSION .ROLL STIFFNESS . ** 0 ©  :

99 • ;...©

- 5.2, YAW. DAMPING ■ - ©. © : ©

6.1, BOO Y. COMPLIANCE ■ . TORSIONAL 
; STIFFNESS ■ ' * '

7;1 LADING/BODY INERTIA ,-MASS /; «•* - 99 -

7,2 ... ... •; . •, ROLL RAD Of GYR ■ p9 , •

7.4 YAW RAD OF GYR ' ✓ . 9*
7.5 C.G. POSITION - „ . ' 0  - © ■ © ' ©

8.1 TRUCK GEOMETRY WHEEL RAOIUS •*» 99
9.1' J TRUCK COMPLIANCE" LATERAL BEARING 

STIFFNESS IT** 9*
9.3' ", V ' • 7 ‘ .• ./ TRAM STIFFNESS ' 9* 9*
lOfl'" TRUCK (BOLSTER) SUSPENSION VERTICAL - 

STIFFNESS *
10.2 *’1 " * ''•* 1 ‘ VERTICAL 

DAMPING x* ‘ ©  ' l-l \*9\ 99

10.3 ' LATERAL “ 
STIFFNESS 9* .<9

.. .

^ -  SUBSET THAT MUST 86 CONTROLLED FOR THIS USE.✓  ) -  CHARACTERISTICS POSSIBLY BUT NOT NORMALLY VARIABLE IN THIS USE.
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it is the laden cars which are most susceptible to derailment 
under dynamic conditions. The concept of using a reference 
vehicle to. identify changes to track under laden conditions is 
therefore attractive, particularly for Twist and Roll, Yaw and 
Sway and this performance issue.

The particular difficulty for this issue is that the 
track input varies in all six track geometric values generally 
recorded as well as track compliance. Consequently, it becomes 
difficult to identify with any precision, the nature of the 
track maintenance required due to differences in the reference 
vehicle behavior during testing. Fundamental measurement of 
vertical and lateral motion at each wheel is possible. The 
lateral position is an indicator of outside rail alignment, 
while the wheel is in flange contact with the rail. However, 
the position of the rail is that as dynamically laden and in­
cludes rail movement due to compliant track. This requires 
knowledge of the wheel/rail forces and separate measurement of 
track compliance under laden conditions in order to separate 
any changes in track by cause. No method of maintaining track 
for compliance has been tested sufficiently to ensure relia­
bility. If the test track is on good "hard" foundations, 
track compliance may be neglected as a variable. Under these 
circumstances the reference vehicle performance may be used to 
calibrate the track and indicate the severity of changes in 
its geometry.

0-3.7.2 Test Calibration

The severity of the test reduces, as indicated in 
Table 0-8, to consideration of track compliance, surface con­
dition and snubbing effects. If track compliance is regarded 
as consistent or measured and maintained separately, the re­
maining variables can be assessed, since they have substanti­
ally different effects. Low rail performance can be used to

0 - 3 7



measure creepage coefficients up to and ..including. full slip­
page if . the measurement system on .the reference vehicle is 
appropriate. 4 more complete discussion . of this possibility 
.was given.in .preceding Test Calibration discussion, partic­
ularly Section 0-3.5.2. In this issue varying wheel loads is 
an additional difficulty. This could be mitigated somewhat 
through.analytic models of the wheel rail process if and when 
they are available.

. 0-3.7.3 Baseline Use ;_

.. Unless the. potential design, variables in Table 0-8 
are reduced to a particular changed .characteristic such as a 
damping device, direct comparison is only possible between the 
reference vehicle and test vehicle with considerable measure­
ment,. anU analytic model capability to identify overall per­
formance. The selection of a limited measurement to compare 
the derailment safety of the test and reference vehicle is of 
uncertain validity at best and at worst could lead to a.mis­
leading assessment of the vehicle performance. It. is recom­
mended that efforts be made towards a full explanation of , de­
railment potential through validation, of vehicle models and 
subsequent use of these models for performance assessment. If 
the tes.t and ̂ reference vehicles are of the same basic . design 
direct comparison of .results is possible,

3.7.4 Extrapolation to Service

Following the discussion under Baseline Use, no ex­
trapolation is recommended without validated analytic model 
.support , in this complex, performance issue.unless the vehicles 
used ,are similar in design. < , 5 . . .
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0 - 4 .  C O N C L U S IO N S :  R E F E R E N C E  V E H IC L E  U T I L I T Y  AN D  C H O IC E

The preceding Section 0-3 discussed and identified 
the advisability of the uses of freight reference vehicles on 
technical grounds, making suggestions in general terms on how 
the vehicles should be used, the importance of maintenance 
where needed to ensure consistency in vehicle response, and 
the necessity for analytical support. Each performance issue 
was considered separately although some comments were made 
linking the issues for optimum reference vehicle use. It was 
assumed throughout that instrumentation packages discussed 
elsewhere (Ref. 21) were available but that a minimum level of 
complexity represented the best use for the reference vehicle.

In this section the costs of alternative measurements 
are discussed, conclusions are made on the utility of refer­
ence vehicles and their choice is discussed.

0-4.1 ALTERNATIVE MEASUREMENT METHODS

The present state of the art in measurement of the 
variable system characteristics is summarized in Table 0-9 
with a statement on the present alternative method to the ref­
erence vehicle use. These alternative methods do not imply 
any selectivity for the performance issues discussed. They 
range from easy, such as the measurement of wheel radius or 
truck center distance, to extremely hard, such as the measure­
ment of creep and spin characteristics which cannot presently 
be carried out in the field. The cost is related to the 
difficulty.
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TABLE 0-9
ALTERNATIVE MEASUREMENTS

CO
DE PHYSICAL

DESCRIPTION
VARIABLE
SYSTEM

CHARACTERISTIC

STATUS OF PRESENT 
MEASUREMENT METHOD

. MEASUREMENT 
DIFFICULTY ,

POSSIBLE
METHOONEW NEEDS

MOD.
WILL
DO GOOD EASY MOD­

ERATE HARO

1,1. .TRACK GEOMETRY . , ALIGNMENT *x - 1

1.2. , .... - GAUGE *x x*

1.3 - . / 7 - .; SURFACE PROFILE ✓ V TR)
GEON

tCK
1ETRY

V4 > _ > ■ " . CROSS LEVEL . * *x
CAf
WA>

1 OH 
SIDE

T.S ■ CURVATURE »x - *x

V.8 SUPERELEVATION >x x*
• ' ■

11 ' TRACK COMPLIANCE VERTICAL TRACK 
STIFFNESS xx ' X*

2.2 VERTICAL DAMPING •XX • XX SPECIE
OR

L CAR 
RIG

2.3 LATERAL RAIL 
STIFFNESS " ■ • XX

3.1 WHEEL-RAIL CONTACT WHEEL PROFILE x»
PROFILC

\
METER
riPUTER

)3.2 RAIL PROFILE r* «X
ANO COI

3.3 SURFACE 
CREEP + SPIN »x XX NEEDS DESIGN

4.1 BODY GEOMETRY TRUCK CENTERS x» »x TAPE MEASURE

5.1 BODY TO BOLSTER 
SUSPENSION ROLL STIFFNESS ** x* . FIELD TEST

5.2 YAW 0AMP1NG * x» - ‘t

6.1 BODY COMPLIANCE TORSIONAL
STIFFNESS. x» x»

' i

6.2 VERTICAL BENOING 
STIFFNESS xx ?

LOAOING

7.1 LADING/BODY INERTIA MASS ■ XX *
AT SCALE 

1

7.2 ROLL RAO OF GYR . -.X* . x»
t

7:3 PITCH RAQ OF GYR . X* •X ■

7.4 YAW RAO OF GYR : - X*. -x»

IS! c:g; position , L _ *X ' -
8'1' ~ TRUCK GEOMETRY ' WHEELRADIUS x» TAPE-MEASURE

9.1 TRUCK COMPLIANCE LATERAL1 BEARING • 
STIFFNESS .. - XX' • XX ‘ . ,L

9.2 ■ -  - TRAM STIFFNESS •X xx‘

10.1 TRUCK (BOLSTER) 
SUSPENSION

VERTICAL
STIFFNESS

. : ' ’ x» ; xx LOAO 
OR FIEL

:RAME 
D TEST

10.2 VERTICAL DAMPING XX xx

10.3 LATERAL STIFFNESS XX xX
’ ’
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In general the least costly adequate method has been 
indicated. For example use of the full size Vibration Test 
Unit at the Transportation Test 'Center involves an expensive 
test but could be used as the special rig in 0-5.2, for the 
measurement of yaw damping. Simpler methods using load cells, 
hand actuators and. an air bearing have been used very success­
fully at moderate cost and are indicated (Ref . 22)>. A number 
of methods have been used to measure track' compliance (see, 
for example, Refs. 23 and 24). They are generally complex and 
require a significant number of people and apparatus. Use of 
the reference vehicle as a vertical load source is possible 
with measurement of track displacement. Lateral loading gen­
erally requires a special device or vehicle such as the 
"Decarotor" (Ref. 3).

Measurement of rail and wheel profile for dynamic as­
sessment purposes is not the same as for wear since a common 
reference is required for both wheels or both rails and a high 
degree of accuracy is required. However, devices presently 
exist such as that used at the Transportation Test Center 
(Ref. 25). They are moderately easy to use but over a signi­
ficant length of rail can be time consuming. No satisfactory 
device exists for measuring surface forces in the field. Such 
a development is long overdue. Measurement of friction coef­
ficient is possible but not easy.

Characteristics for all stiffness and yaw damping re­
quire the application of a known lqad and the measurement of a 
resulting angle. Both can be effected.in the field with suit­
able tackle, load cells and displacement, measurement. They 
require rigid points of attachment fpr load application. Tor­
sional body stiffness has similar requirements but the loads 
are higher and the need for a rigid measuring base suggests a 
more formal laboratory test. Vertical body stiffness is easier
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and can generally be undertaken during loading at a suitable 
• .weigh scale .with accompanying deflection measurement. The 
- ; ;total.-yehicle. weight can-also be measured at this time.

. . . The value of the various radii of gyration would be
expensive to measure using perhaps a form of pendular suspen­
sion. Estimates assuming uniformity of the loading have 
proven accurate enough for most purposes-. Trucks compliance 
and suspension stiffnesses can be measured in the field with 
varying . degrees of difficulty. These could be made more 
readily with .the design of a standard rig to be applied to the 
truck. The most 'difficult measurement is. that-of tram stiff- 
ness,. Methods used in measuring .truck variables may be found 
in Refs. 26 and 27.

- In Table 0-9, "Status of Present Method,"

■ New implies the. design of special equipment
for use in the field.

Need Mod(ification) implies that the apparatus 
exists but may need improvement or 
adaptation.

Will do indicates that present methods are 
marginally adequate in accuracy or 

; . reading speed.
Good is completely satisfactory.

"Using Table 0-9 it is possible to evaluate those meas­
urements which the reference vehicle testing will replace or 
result in a reduced requirement when the use is for track or 
test calibration. Table 0-10 permits a judgment as to the 
saving in cost and effort which can be made with the reference 
vehicle use.
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T HE ANALYTIC SCIENCES CORPORATION

TABLE 0-10
COST OF ALTERNATIVE MEASUREMENTS

PI
#. PERFORMANCE ISSUE TRACK

CAL.
TEST . 
CAL.

BASELINE
USE SERVICE

1 Hunting Moderate High High High
2 Twist and Roll Moderate Moderate Moderate Moderate ~
3 Pitch and Bounce Moderate Moderate Low Moderate
4 Yaw and Sway High High High -High
5 Steady State Curving Moderate High High High
6 Spiral Negotiation High High High High
7 Dynamic Curving High High High High

The interpretation of the results for Baseline Test 
Use and Service Testing for Extrapolation are different from 
those for Track and Test Calibration. The track maintenance 
resulting from the Track Calibration and the factors required 
from the Test Calibration would require the alternative meas­
urement to be carried out. In Baseline Use the measurements 
represent a complete set of design variables sufficient to 
carry out an analysis on the test vehicle which together with 
the service test would enable a full service simulation to be 
carried out without the use of the reference vehicle. . How­
ever, the same process can be carried out on the reference 
vehicle to permit validation of the analytic tools prior to 
use on the test vehicle. , .

Difficulty was experienced in accounting for the 
severity of the variable on each use and issue. For example, 
track compliance is difficult to measure and may have only a
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moderate effect on vehicle, behavior. In this case its degree 
of difficulty was, reduced to moderate to give an overall pic­
ture. Where it is recommended that a measure be taken to sup­
port— reference ^vehicle use ' it is omitted' frbm consideration. 
This is particularly true of profile measurement; The costs 
related tp. ffleasurement; - difficulty of easy, moderate1, hard in 
'Table;-..OS9' are >given ^the categories low, moderate, high, re­
spectively. .Although the approximate nature of this prelimin­
ary analysis prevents detailed costing, these categories would 
not generally be inconsistent with total costs for each vari­
able -measured >of 0-$200 , $200-$2000 and above $2000 respec­
tively, These, figures are given here only as a guide..

The resulting Table 0-10 shows the impact of the high 
cost of rail^compliance measurement and its importance to de­
railmentstudies: resulting from tests in the high "flanging 
load, dynamic performance issues.

0-4.2 CONCLUSIONS ON UTILITY OF THE
........ FREIGHT REFERENCE VEHICLES

The preceding discussions have described the technical 
considerations in the uses of reference vehicles and the cost 
saving for each of the performance issues, using the tables of 
variable system characteristics in each use identified. Some 
technical considerations are repetitive in performance issues 
having similarities. For example, performance issues involv­
ing motions in the track plane are dependent upon its surface 
properties and vary with weather conditions, particularly 
humidity. Vertical motions involve vertical track stiffness 
which may change in freezing conditions._ In general neither 
will be known in service testing but they are likely to be 
similar in baseline use.
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The most satisfactory uses for the reference vehicle 
are. those in which each unknown can be determined from a sim­
ple response measurement.

Table 0-11 has been drawn up from the preceding dis­
cussion to summarize the reference vehicle uses, and complex­
ities in their validity. It is suggested from this.table that 
the more complex performance issues lead to difficulties in 
the interpretation of reference vehicle, results. Many would 
benefit substantially from soundly validated analytic models 
which describe the vehicle performance in .the issue consid­
ered. Such models already exist for issued 1, 2, 3 and 5 and 
are _under development for the remaining- issues. In general 
direct extrapolation to service conditions is only possible 
where the baseline test is carried out On a test vehicle 
geometrically similar to the reference vehicle.

0-4.3 CHOICE OF FREIGHT REFERENCE VEHICLES

The choice of reference vehicle must include avail­
ability not mentioned in the preceding discussion. However, 
since the Performance Issues themselves were chosen from con­
cerns arising out of the performance of the present fleet of 
vehicles, there already exist significant numbers of.vehicles 
suitable for the purpose.

The approach to choosing suitable freight reference 
vehicles has been to identify the requirements for each per­
formance issue. Table 0-12 summarizes the requirement per­
ceived for the Performance Issues considered. In some 
instances a need for more than one has been identified from 
the discussion undertaken in Section 0-2. In drawing up this
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T A B L E  0 - 1 1

C O N C L U S IO N S  ON R E F E R E N C E  V E H IC L E  U T I L I T Y

PI
■

PERFORMANCE. ISSUE
USE 0 1

TRACK CALIBRATION
use m

TEST CALIBRATION
' USE #3 

BASELINE USE
v. ;> use #
EXTRAPOLATION TO SERVICE 

CONDITIONS

l Hunting

l:

Good use
Weather important 
Light car 
Worn wheels" 
Simple measure

Good use
Maintenance important 
Light car 
Worn wheels 
Simple measure.'

‘ J ,

Good use for' , 
similar vehicles' 
Analysis.aval1able 
if cars differ 
Measure vehicle 
characteristics .; ;

- Possible '
Measures test severity
On board
measures
required

v * - ■ '

2 Twist and Roil

Good use
Maintenance important 

"Heavy car 
High center of gravity 
Simple measures

Good use to 
identify weather 
Heavy car
.High center of gravity 
Experimental

Good use for 
■ similar vehicles. 

Analysis available 
i f cars di ffer 
Measures to fit 
differences

Good use for 
similar vehicles 
Maintenance Important 
Analysis desirable 
Measures simple 
for test severity;

3 Pitch and Bounce

Good use
Vary car weight
Experimental
Simple measure
with spectral analysis

Good use 
Vary car weight 
Experimental 
to determine 
track compliance

Good use. for 
similar vehicles 
Low priority issue

Good use for ■ 
similar vehicle ... 
Low priority issue

i, Yaw and SWay

Complex use 
Weather important 
Maintenance important 
Measurements complex 
Analysis complex

Complex use 
Maintenance important 
Additional track 
measurements 
Analysis complex

Best used , 
with analytic model 
Measurements. , 
complex

Best used. 
with analytic model 
Measurements -. 
complex

5 .Steady State Curving'

Good use
Weather important 
Direct simple 
measurement .

Good use
Simple or complex 
Fundamental 
measurement possible

Good use for 
similar vehicles 
Analysis available 
to extend to 
new vehicles

., Not appropriate
see dynamic curving

6 Spiral negotiation

Complex use 
Special vehicle 
maintenance 
and test runs 
in good weather

.Complex use 
Difficult to analyze 
Experimental 
Combine with 
other issues

Complex use 
Not required 
for X-level 
Direct measure 
valid for.test 1 spiral only

Possible only 
with analytic 
model
Complex.uSe

7 Dynamic Curving
Complex use 
Analysis difficult 
Complex measurement 
Experimental

Good use
Simple or complex 
Fundamental 
measurement possible

Possible Only 
with, similar vehicles 
or new analytic 
support

Not recommended 
without full 
analytic model 
support



table it has been assumed that the reference vehicle will be 
of standard form with standard three-piece trucks. This 
limits the choice of variables to body basic design, body 
truck connection and wheel profile. The change out or turning 
of wheels is relatively straightforward and in the following 
discussion it has been assumed that either new or worn pro­
files may be accommodated.

Similarly the degree of roll restraint between the 
carbody and bolster may be changed by.changing the sidebearing 
configuration or center plate extension. The design choices 
are greater here but it is certainly possible to effect free 
play before contact at the sidebearing or rigidity without play 
but with increased yaw restraint. This choice is also assumed 
to affect the choice of basic vehicle.

The_ ideal vehicles indicated in Table 0-12 do not 
necessarily exist. Compromise may therefore be necessary to 
give characteristics closest to that required. Since payload 
is the governing feature of the design the requirements are 
broken down by vehicle weig;ht.

The following Table 0-13 gives the breakdown by 
weight allowing for compromise in vehicle body compliance 
where both rigid and flexible designs are ideally required. 
This is reduced to a design of "mid(dle) flex(ibility)".

In Ref. 28, Radford identified the following vehicles:

Type A 89' Flat-Car (or Tri-level) 70 ton 64' TCD
Type B 601 Box Car 100 ton or 70 ton 46'-49' TCD
Type C Covered Hopper Car 100 ton 39%' TCD

Coal Gondola Car 100 ton 39'-46' TCD
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T A B L E  0 - 1 2

F R E IG H T  R E F E R E N C E  V E H IC L E  C H O IC E

PI
#

. PERFORMANCE #
BODY . ... TRUCK

COMMENT
WEIGHT ; TCD CG HEIGHT COMPLIANCE ROLL+

CONTROL
WHEEL

PROFILE

1 Hunting 1.1 Light Long Low Flex .Free play Worn ;

2 Twist and'roll 2.1 Heavy 39 ft High NC Free play New . Ro ll’response2.2 Light 59 ft NC Flex No play NC: Twist response

3 Pitch and bounce 3.1 . Medium A9 ft Medium NC NC . NC - Pitch response
3.2 Heavy 30 ft High NC NC NC Bounce response

A Yaw and sway Ail Heavy 59 ft Medium Flex Free play New

5 Steady state curving 5.1 Light NC Low NC No play New

6 Spiral negotiation 6.1 Light Long NC Rigid No play New6.2 Heavy . Long NC Rigid No play New For track Stiffness

7 Dynamic curving 7.1 Heavy 39 ft High NC Free'play, ' New
7.2 Medium NC Medium NC Free play New For track and

length variation

NC - Not critical to this issues. 

+Body to bolster (S.B.j CPEP, etc.)
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TYPE WEIGHT TCD CG HEIGHT COMPLIANCE **-PI #s
A Light 59 ft Low Midflex 1,2,5,6
B Medium 40 ft Medium Flex 3,7
C Heavy 39 ft High JL

/VNC 2,3,7
D Heavy 59 ft Medium Midflex 4,6

*NC - Not Critical, + * See Appendix 0-A.

The Coal Gondola is also known to hunt (PI #1) when 
light although its suitability for PI #6 Spiral Negotiation is 
not ideal since it is rather flexible in torsion. It is also 
somewhat shorter than the desired length. An alternative to 
the Gondola for Type D might be sought such as a long covered 
hopper, 48' TCD. It is generally difficult to find a car 
found frequently in service which is long, heavy and torsion- 
ally rigid. The torsionally flexible car required for is­
sues #1, hunting, is perhaps better satisfied by the 89 ft 
Flat car of Type A.

0-4.4 CHOICE OF OTHER (NOT FREIGHT) VEHICLES

Two other types of vehicles were considered appro­
priate to this study. They are Locomotives and Intercity 
passenger vehicles. Two factors identify the differences be­
tween the freight vehicle discussions and those for these 
other vehicles. They are truck design in which considerable 
variety exists and, where powered, the power source.
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The truck design is important for several reasons;

• Variation of numbers of axles per truck 
in locomotives

• Prevalence of "rigid frame" designs for 
locomotives and passenger vehicles

• Different lateral suspensions including 
"swing hangers"

• Variation in primary suspension includes 
rubber chevrons bushings and helical 
springs with guideways

• Different forms of "equalization" in 
primary suspensions

• Variation in connection between the body 
and truck including center plates, shear 
pads, air springs, rubber springs, flex- 
icoils.

The. suspensions can generally be broken down into 
primary and secondary suspension issues. Table 0-1 can be ad­
justed to suit the new requirement. However, the number of 
variables for designs in. present use provides the necessity 
for a different form of Table 0-1 for each design and this, was 
not undertaken. The recommended approach for these vehicles 
is to. identify a similar vehicle, of known performance, perhaps 
even the same type for baseline comparison. Track and test 
calibration can then be. examined for each vehicle using the 
philosophy outlined for the freight vehicle in each particular 
case where such testing is thought desirable.

Since the variation in design is considerable, ana­
lytic models are of considerable advantage to aid in resolving 
reasons for the apparent differences in response. The 
Perturbed Track Test on. 6-axled. locomotives (Ref. 12) is an

0 - 5 0



excellent example both of the use of geometrically similar ve­
hicles and of the need for good analytic models which were not 
readily available in validated form at the time of these tests

For passenger vehicles there exists a compendium of 
suspension types (Ref. 29) which may be used in identifying a 
vehicle similar to the test vehicle and available for use. A 
likely source of reference vehicle is the supplier of the test 
vehicle. In general the choice of reference vehicle must ac­
company the test planning. The location of the proposed test 
will also address the need for an appropriate source of power 
which will then be available to both test and reference 
locomotive.

It is suggested that the reference vehicle be chosen 
at test planning time, with appropriately similar truck design 
to the test vehicle satisfying the power source requirement 
and with known service performance. Issues such as the need 
for instrumentation, supporting analysis, and the method of 
track and test calibration to be used, must be addressed using 
an approach similar to that used in this report for the 
freight vehicle, drawing up the particular set of characteris­
tics for the particular vehicle options and performance issues 
concerned.
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APPENDIX 0-A 
PERFORMANCE ISSUES

1. Hunting —  A form of self-excited oscillation of wheelset,
truck or carbody that is also termed an "instability". It 
can arise on perfect track and self-excites once it is 
started. It is one of the most complex dynamic phenomena
observed in the railroad environment, and a complete 
understanding of all the parameters affecting it does not 
exist. It is known, however, that many aspects of the 
design and wear characteristics of the trucks and the 
carbody are important, including specifically the design of 
the suspension system and the wear profiles of the wheels 
and rails. Hunting occurs in certain speed ranges,
demarcated by "critical speeds". Often, the objective of 
the vehicle designer is to achieve critical speeds which lie 
outside the speed range in which the vehicle is expected to 
operate.

2. Twist and Roll —  A form of low-speed, externally excited, 
resonance-type oscillation in which the vehicle ocsillates 
about an axis parallel to the train. Twist refers to the 
torsional bending of the carbody, whereas roll refers to the 
rotational motion of the carbody around a longitudinal axis. 
This oscillation has historically been associated with cars 
with a high center of gravity, whose truck spacing lies in a 
fairly narrow range of lengths, while operating on track 
with staggered-joint, bolted-rail construction having 
"dipped" joints, or on newly installed, continuously welded 
rail with joint memory in the track support, or car induced 
"dipped" or low locations caused by car roll dynamics.

3. Pitch and Bounce —  Externally excited vertical oscillations 
of the body of the vehicle, caused by track goemetry 
variation. Pitch refers to the rotational motion of the 
carbody around a lateral axis whereas bounce refers to the 
motion in the vertical direction. Usually of greater

The following is a numerical listing and description of the
Performance Issues as used in this section.
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concern for human comfort (as in locomotives) and lading 
damage (in freight cars), pitch and bounce occasionally 
contribute to derailments.

4. Yaw and Sway —  Externally excited transverse oscillations 
of the body of the vehicle, caused by track geometry 
variation. Yaw refers to the rotational motion of the 
carbody around a vertical axis, whereas sway refers to the 
motion in the lateral direction. These oscillations can be 
contributors to derailments by generating large lateral 
forces between wheels and rails, or when oscillations are 
coupled with light vertical wheel loads.

5. Steady-State Curving —  Large steady-state lateral forces 
may be generated between the rails and the wheels of the 
vehicle, even when track conditions are excellent. 
Contributing factors are trucks of large wheelbase on sharp 
curves, and inadequate maintenance of parts such as 
sidebearings and centerplates that may cause binding.

6. Spiral Negotiation —  Track warp, such as the spiral between 
tangent and curve, may cause loss of vertical contact 
between a wheel and rail, while large lateral wheel-rail 
forces are being generated. This phenomenon is typically 
associated with either improper track construction or 
maintenance such that the track is improperly superelevated, 
or with torsionally stiff and long carbodies, which are 
unable to accommodate the warp in the track, or contain 
insufficient sidebearing clearance or excessively stiff 
constant contact side bearings.

7. Dynamic Curving —  High lateral forces may be generated 
between wheel and rail as a result of geometric 
irregularities in a curve. Dynamic curving is still a 
relatively poorly understood phenomenon. High forces have 
been observed typically with, vehicles that have high axle 
loads. Many other vehicle factors, not yet clearly
identified, also play an important role.
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