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PREFACE

ThlS report prov1des background 1nformat10n and techn1ca1
details on the principle of operation of strain gaUge instrumented
wheelsets used to make wheel/rail force measurements- Recently
three 1nstrumented 10comot1ve wheelsets were procured by the
National -Railroad Passenger Corporatlon (Amtrak) ‘and the Federal
Railroad Admlnlstratlon (FRA) A sepalate wheel 51gna1 processor
was procured by the’ Assoc1at10n of Amerlcan Ra11roads (AAR) The
above items were de51gned and manufactured in Sweden by ASLA AB
and the Swedish State Railways (SJ) due to‘thelr exten51ye¢

experience with continuously measuring instrumented wheelsets

The author would like to thank Mr. T. Anderson, D1rector of
the SJ/Rolling Stock Department Laboratory (RSDL) and Messrs 'A.
Nellgran and S. Eriksson also of RSDL for their hospltallty and
assistance during his visit to. RSDL. Addltlonally? the author-
would like to ‘thank Messrs. L.G. Brodlh;andﬁo'“EWers of ASEA Aﬁ
Mr. E.J. Lombardl, ‘Engineer of Tests, .for Amtrak Messrs ‘L. E.
Long and M. A. Yaffee of the Transportatlon Systems Center (TSC),
and Mr. R. A Hubbard for their cooperation and assistance in the
development and documentation of the wheel/ra11 force measurement

system described here1n
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1, INTRODUCTION

With the advent of modern measurement techniques, the world's
‘railroads have been undertaking detailed engineering tests in
- which the forces at the whecel/rail interface have been measured
with various degrees of accuracy and precision. An accurate
Value of the dynamic force at the wheel/rail contact 1is an cs-
sential measurement for the proper understandinghof the behavior
of vehicles and the ‘track on which they Tun. . The‘hheel/rail contact
forces depend on the hhcel/lall contact geometr) dnd the crecepage-
crecp force relationships (Wickens. and’ Cllchrlbt 1977) It is
the input force to the suspension which has an 1nf1uenee on ride
quality, ability to negotiate curves, wheel- tredd.weal, and de-
railment. It is also the force transmitted to the track, which
can damage rail ends, propagate'teil flewsﬂfprOduée rail wcar,
"loosen fastenings, produce corrdgations,iweaken ballast and cause

many -other kinds of damage:and pfoblems.

- The force which ‘occurs between a wheel and rail can be re-
solved into three components at right angles to each other, namely,
a vertical force, a lateral force in-a direction towards or away
from the flange, and a longitudinal force - parallel to the rail
(see TFigures 1 and 2). Note that when a wheelset moves in the ‘
lateral direction and the wheel flange approaches the rail, two
contact p01nt% between wheel and rail.are- usually assumed, one on
the wheel tread and the other on the flange At the.contact point

on the tread, vertical force and the creep forces ‘in-both

- longitudinal and lateral dlrectlons are transmltted and at the

p01nt on the flange only the 91de thrust 1s transmltted (Kunleda,
"1970) T ' '

Wickens, A.H. and A.0. Gilchrist, (1977), Vehicle dynamics - a

_ practical theory, Railway Engineer, 2, (4), 26-34.

Kunieda, M., (1970), Theoretical study on the side thrust of truck

: wheels running on curves, Q. Rpt. Railway Tech: Res. Inst. 11
(2), 105-108.
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During incipient flange c11mb1ng, however, both the Vertlcal
and lateral loads are transferred through the contact point on
the flange. - ' '

Vertical forces are due to the static weight of the vehicle;
dynamic forces from wheel irregularities and'the respense of the
vehicle and track to track geometry irregularities. Lateral forces
are produced from the vehicle response to track gedmetry irregu-
iarities, components of longitudinal train-action forces and ex-
terhal disturbances such as wind forces, self-excited hunting
motions, and creep and flange forces necessary to guide the vehicle
through curves. Longitudinal forces are caused by wheel/rail
creep, traction, and braking.

Experience and theoretical'reeearch point towards an increase
in the risk of derallment of an axle proportlonal to the ratio of -
the lateral (guldlng) component (Fgf) to the normal (1oad) componentf?
(F ) of the force applled 'to the rail by this. wheel. Because this
ratlo is expressed in different ways by various administrations
around: the world, Appendlx A presents a discussion of this

1mportant vehicle dynamlc parameter.

Ideally, we would wish to measure these forces at the wheel/
.rail contact point or at a point very'close to it. The simpler
"practice of measuiing forces in the suspension takes place at a
position.well removed from the place of occurrence and ‘even if
modified by the addition of a mass~times accelefation term, it
still leaves much to be desired as a useful 51gna1 In particular,
it 1s only possible to measure the total 1atera1 force between'
wheelset and track in thls_case, and, in consequence, vital data
with respect to derailmentAtendency and wheel flange and rail
side wear are not aVailable. If such data is to be obtained, then

it is essential to measure ‘individual wheel forces.

The difficulties with instrumented wheelsets involve obtaining
a relatively continﬁous'measurement; uncoupling vertical, lateral
and longitudinal force contributions to the étrains; and reliably
carrying the electrical measurements through slip rings, or some
type of telemetry device, to onboard recorders. 4



This report’wiilvpreseht a brief history and expound the
principle of operation of plate instrumented wheelsets. An exam-
ple of the principles expounded is provided for a locomotive wheel-
set having wheels with S-shaped plate regions and 40-in (1016-mm)
diameters. Finally, a summary of a complete measurement system
employing such instrumented wheelsets is presented.



20 BRIEF HISTORY ~- ~ ¢ i

. The basic éomponenx_Qf”instrumentqdﬁwheelsets,is*the electri-,
cal resistance strain gauge introduced into the United States in |
1939 by Ruge and Simmons (Hearn, 1971). In 1946 M. F. Verigo in
the Soviet Union suggested the introduction of a continuous
recording of the forces exerted by the wheel on the track, by
measuring the vertical and horizontal components of the wheel/rail
interaction forces through the use of the stressed state of the
wheel plate or disc. (Shafranofskii, 1965). The Japanese National
Railway (JNR) has been developing and improving techniques to
measure_wheel loads since 1952 (Konishi, 1967). They have
emphasized the performance of the spoked wheel over the plate
instrumented wheel based on the claim that the spoked wheel offers
better control of sensitivities and load isolation. The Office of
Reseafch and Experiments (ORE) of the International Railway Union '
(UIC) has also sponsored research on both spoke- and plate-instru- ;

mented wheelsets.

The basic technique for measuring wheel/rail interaction
forces makes use of strain gauges placed on the plate or spokes
of a railroad wheel. These gauges transduce the strain in the
wheel produced by the wheel/rail interaction forces into propor-
tional electrical signals which can then be recorded. The:strain
gaﬁge patterns on the wheel have a narrow influence zone about the
wheel/rail contact patch (plus or minus a few centimeters) with a

Hearn, E. J. (1971), Strain Gauges, Merrow Publ Co., Ltd.,
Watford, England.

‘::3 Shafranovskll A. K. (1965), Continuous Recordlng of Vertical

and'Lateral,Forces of Interaction Between the Wheel and a Rail,
Central Scientific Research Institute, MinistrY~of Rolling

‘ Stock, Moscow. (In Russian)-: ‘ ‘

- Konishi, 8. (1967), Measurement of loads on wheel sets, Japanese
Rallway Tnglneerlng, 8, (3), 26- 29. :




nominal maximum gain as the gauge pattern passes through:the plane
of the force vector. Therefore, each wheel-mounted :gauge pattern
sees a vertical or lateral force sample once-(or twice) per revolu-

tion.

The ﬁistory of instrumented wheelsets is open to differcnt
interpretations, but the technique became well-known after being .
publicized in the papers by Olson and Johnsson (1959, 1960).

Since then there have been elaborations and improvements primarily
in the area of signal conditioning. This history w111‘40a14on1y

with plate instrumented wheelsets.

Olson and Johnsson established that -the radlal .$trains of
the wheel plate are very sensitive to . lateral -forces -and .almost
insensitive to vertical forces. This enabled.them to work.out a
method of continuous'recording of lateral (horizontal. transverse)
forces acting between the wheel and rail, by measuring the radial
strains of the wheel plate, and to design instruments fqr

statistical recordlng of average values of the forccs

In 1962 the Electro Motive Division - (FMD) of . the beneral
Moters Corporation (GM) constructed a plate instrumented locomo-
tive wheelset which provided a lateral force signal proportional
to the average strain in the wheel plate (Koci and Marta, 1965).

‘Vertical wheel load information was obtained from gauges mounted

Olson, P. E. and S. Johnsson, (1959), Lateral forces between wheel
and rail, Glas. Ann., 83, (5), 153-161. (In German)

Olson, P. E. and S. Iohnggbn.‘(1960) Lateral forces between wheels
and rails - an experimental investigation, ASME Paper.No. 60-RR-6,

also in Anthology of Rail Vehicle Dynamics, Vol. III, }Axles'
Wheels and Rail-Wheel Interaction,.S. G. Guins and C. E. Tack,
Editors, American society of Mechanlcal anlneers New York,
pp. 253-261.

Koci, L. F. and H. A. Marta, -(1965),. Lateral loadlng between
locomotive truck wheels and rail due to curve negotlatlon, ASMF
Paper No. 65-WA/RR-4, also in Anthology of Rail Vehicle Dynamics,
Vol. III, Axles, Wheels and Rail-Wheel Interactions, S. G. Guins
and C. E. Tack, Editors, American Soc1ety of Mechan1ca1 *

Engineers, New York, pp. 119-129,

>




in a hole drilled through the wheel plate. This arrangement pro-
vided a spike signal proportional to the vertical wheel load once
per revolution. ' This wheélset was regauged in 1968 and used until .
1972.

Russian experiménters have reported using a number of radially
oriented strain gauges, equally spaced, but wired into a common
bridge to S$ense either vertical or lateral loads (Shafranovskii,
1965). -

A new locomotive wheelset was prepafed by EMD in 1973. This
‘wheelset utilized new gauge locations to minimize the influence
.of wheel/rail 1aterél orientation effects on the lateral output
and some new wiring arrangements. The strain gauge bridge was"
configured in such a way ‘that its output was sénsitive to sym-
- metrical bending. More detailed information on the EMD wheelsets
is provided by Modransky et al. (1979)

In 1973 the FRA contracted w1th the Association of American
Railroads (AAR) to instrument all four CK-36 cast stcel wheels of
~a Barber S-2 100-ton freight car truck to measure the lateral and‘
vertical forces. '(Anéﬁ.’1975). The wheelsets measured lateral
forces continuously -but the vertical load measurement was limited

to a-spatial- resolutlon of one quarter of the wheel circumference.

The Canadlan Natlonal (CN) Research Center developed an 1n-'
strumented wheelset using standard disc wheels, but they used cast
wheels instead of wrought wheels. This was done to obtain a wheel
thickness that is uniform within 1/16 of an inch, which is con-
siderably better than wrought wheels (Prause and Harrison, 1975).

Modransky, J., W. J. Donnelly, S. P. Novak and K. R. Sm1th (1979),
" Instrumented locomotive wheels for continuous measurements of
vertical and lateral loads, ASME Paper No. 79-RT-8, Amerlcan -
Soc1ety of Mechanical Englneers, New York. b
Anon. (1974), Instrumentation for measurement of forces on wheels
of rail vehicles, Rpt. No. FRA-ORD§D-75-11, Association of
American Railroads, Chlcago IL and ENSCO Inc , Springfield
VA (PB-247154), S
Prause, R. H. and H. D.‘Harrlson, (1975), Data analysis and instru-
mentation requirements for evaluating rail joints and rail
fasteners in urban track, Rpt. No. DOT-TSC-UMTA-75-2, Battelle
Columbus Laboratories, Columbus OH. '



Both General Electric (Dolecki and Hartzell, 1974) on the
U30C locomotive and FEMD on the SDP-40 locomotive have utilized a
number of radially oriented strain gauges in individual bridges
sensed only within the narrow arc of maximum sensitivity, . On bhoth
of these locomotives, only a single instrumented wheelset was-
utilized usually placed as the lead axle of the leading-or trail-

ing truck of the locomotive unit.

In 1976 Amtrak cvaluated the ASEA-built Rc4A locomotive on
American track using two strain-gauged wheelsets provided by SJ
on one truck to provide analog signals of single-wheel vertical
and latcral wheel/rail forces, and both single-wheel and total-

truck (one rail) lateral to vertical force ratios (8).

The FRA contracted with ENSCO, Inc. to construct an instru-
mented locomotive wheelset where each wheel contained two vertical
and two lateral bridges Vertical brldges were composed of strain
gauges installed in the top and bottom of holes drllled through the
wheel plate as in the LMD wheelsets (INSCO 1977) Thls wheelset A‘
was used in the tests of an Amtrak E-8 train con51st on Che551e -
system track in 1977 (Tong et al. 1979).

In 1977 Amtrak and the FRA procured three 1nstrumented loco-
-motive wheelsets from ASEA AB. ASEA AB teamed -with :the Swedish
~ State Railways to produce the instrumented locomotive wheelsets :
| which are described in Chapter 4 of this report.nghe'continuous‘
vertical force is produced by combining two triangular wave
shapes electronically. (Eriksson and Nellgran (1978). These

Dolecki, E. A. and C. E. Hartzell, (1974), Operating and ride
qualities, three axle, floating bolster truck, GE Tech. Infor.

| Series, DF74LC2690, General Electric Co., Erie PA
ENSCO, (1977), SPD—40F/E 8 locomotives - tebt results report:

' dynamic performance testing, Rpt. No., DOT-78-10, Vol. II, ENSCO,
Inc., Engineering Test § Analysis Div., Alexandria VA.

Tong, P., R. Brantman, R. Greif and J. Mirabella, (1979), Tests of
the Amtrak SDP-40F train consist conducted on Chessie System
track, Rpt. no. DOT-TSC-FRA-79-14, DOT/Transportation Systems
Center Cambridge MA.

Erlksson, S and A. Nellgran, (1978), Improved signal condltlonlng
methods for measuring the vertical forces at the wheel/rall
1nterface, ZEV-Glas. 102, (5), 143-146, (1n German)



wheelsets were used in the recently concluded Perturbed Track
Tests conducted by the FRA in November-December 1978 at the
Transportation Test Center (TTC) in Pueblo, Colorado.

Burada et al. (1978) reported on some experimental investiga-
tions where the vertical force measuring sensitivity was increased
by creating small '"dummy spokes' by drilling the plate of the

wheel close to the rim, where assembly stresses are small.

Most recently Modransky et al. (1979) have reported on the
latest instrumented locomotive wheelsets produced by EMD which can
continuouély measure lateral and vertical wheel/rail forces. The
technique utilizes strain gauges applied to a typical locomotive
wheel plate to generate sinusoidal waveforms which are electroni- -
cally combined to provide continuous signals proportional to the
lateral and vertical :components of the net wheel loading.

Figure 3 111ustrates the evolutlonary development of plate B
‘instrumented wheelsets as determined from the publlshed 11terature,
The scale on the absc1ssa is a relative one 1nd1cat1ng only the
types of forces handled. For example, p01nt D represents a wheel—;
set which can measure lateral wheel/rail forces contlnuously and
vertical wheel/rail forces on a intermittent basis. Generally;
as one proceeds to the 1970's, the accuracy of the wheelsets as
transducers increases because new electronic'fechﬁiques make im—
proved 51gna1 proce551ng, sometimes on the wheelset 1tse1f
p0551b1e. " ' ‘

Burada, C., M. Buga,vL Nailescu and A. Popistas, (1078) Pos- o
sibilities to improve sensitivity of the methods for the Q- foree‘
measuring by means of spoke wheels ‘and disk wheels, pp. 3-4-1 "
through 3-4-18 in Proceeding of the Sixth International Wheelset

Congress, Colorado Springs CO, October.
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3., PRINCIPLE OF OPERATION

3.1 STRESS/STRAIN RELATIONSHIPS

The use of strain gauge instrumented wheelsets is based on .
standard techniques used 'in experimental stress analysis (Holister;
1967). When a force is applied to a structure, the structure will
deform in a manner dependent on its. shape, the type of matcerial
from which it is constructed and the manner 1n which the force is
applied. This dcformation is called the straln (e¢). Strain is
usually expressed as a ratio of the change-in dimension (di), to the
original dimension and, since we are only concerned with strain in

a length of wire, (2), we may write
e = de/2 - (1)

- where d2 is the change in length. Therefore, strain is dimensiori-
less and because of the relatively small ratlo is usually expressed
as mlerostraln (ne). Thus .

6

1lue= d&/2 x 10 (2) .

For the application here, the applied force per unit area, -
the stress, (o) will always be within the elastic .limit of the
materials so that the materials will obey Hooke's law and the ratlo
of stress/strain is a constant denoted by E Young S modulus

Thus .we may write.

o/e = E or o .= Ee o _','1::;(3)5
that 'is, stress is proportional to strain. The unité of'thegprd-?
portionality constant (E) will be those of_stress:(i.e.,wLb/in.g

or N/mz) because ‘strain is dimensionless.

Holistef, G. S. (1967), Experimental Stress“Analysis: Principles
and Methods, Cambridge Univ. Press, Cambridge, England.
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As an example, for steel below the limit of proportionality the

2

modulus of elasticity is about 3 x 107 1b/in. According to Hooke's

law this means that when steel is subjected to a strain of, for

example, 0.1% (e = 10_3), the‘corresponding stress in the steel

is: o = E.e = (3 x 107) (10°) = 3 x 10** 1b/in® = 30 ksi.

Since the electrical resistance of the strain gauge is proportional
to the stress, the strain gauge can be regarded as a stress-

" measuring device and can be calibrated to give stress readings

for any particular material.

3.2 LLLCFRICAL RESISTANCE STRAIN GAUGE

The electrlcal resiStance strain gauge was 1nt10duced in 1939
by Ruge and Simmons.. It operates on the prlnc1ple, discovercd in
1856 by Lord Kelvin, that when an electrical conductor is strained,
its resistance varies in proportion to the strain; extensional
strains producing for most metals an increase in reblstance com-

pressional strains produc1ng a decrease.

It is found that the basic equation relating chénge of resis-

’tanée:(R) of a wire strain gauge of length (&) is

dR _ 4 d&. AR (4).

where d&/4% is the longitudinal strain and k is the 'gauge factor'
or strain sensitivity factor for a'given gauge. For the gauges
used here, k is approximately 2.

If. a conducting wire is bonded to a structure so that strains
experienced by the structure are transmitted to the wire, a measure
of the wire's resistance change will give us an indication of the

surface strain in the direction of the W1re

3.3 BASIC WHEATSTONE BRIDGE

To measure the change in resistance in a strain gauge we make
‘use of an electrical circuit; named the Wheatstone bridge in honor
of the English physicist Sir Charles Wheatstone. A basic Wheatstone

13




S ALVANOMETER
. 0

FIGURE 4. BASIC WHEATSTONF BRIDGE CIRCIIIT FOR MEASURING
RLSISTAN(‘F CII/\N(‘FS
. bridge is shown in Figure 4, whe_rele,le,'R3 and Ry representnthe
resistances of strain gauge numbers 1-4, respectively. If Ry is
an active gauge, then readings of R} under 'load' and 'no-load'
conditions will give us a measure of SR and hence:

k R (5) -
where € 1is the strain in R1 and k is the gauge factor.

By carrying out a detalled circuit ana1y51s it can be shown
that the out-of-balance voltage appearlng across the galvanometer
termlnals (e ) is approximately proportlonalAto the gauge axial
strain (e) (assuming an infinite resistance across b-c). The -
equation is N

R ], | o
Sbe :[ TamZlt 1 @

14



where m is defined by Rz = mR; and R; = nRz = mnRy and R4 = nRy
and n is a constant of proportionality. Thus the out-of-balance

. voltage (ebc) is approximately proportional to the gauge strain(e).
Without going into details, it is generally true that for

maximum bridge sensitivity m = 1 and R1 = R2 = Rg = R4 is the case

used in most bridge circuits.

Thus for one active gauge (Quarter-bridge)

(7)

Considering a general expression for the bridge output voltage

e when R1 = R2 = R3 = R4 and
R1 changes to R1 + GRl
R, changes to R2 +'<SR2
R3 changes to R3 + GR3
R, changes to R, + &R

4

we have, from. (7)

. U 6R1 GRZ GR3 6R4
bc 4

- + - 8
R, L (8)

for the circuit illustrated in Figure 4.

' 3.4 SPECIAL CIRCUITS

3.4.1 Half-Bridge Circuit for Measurement of Bending Strains Only

By combining gauges in various configurations it is possible 
to measure various types of strains. Part A of Figure 5 ShowsA '
strain gauges arranged in a half-bridge configuration for the
‘,measurement of bending strains only. Géugeé R1 and R2 are mounted
on opposite sides of the material, have equal resistances (i.e.,

m = 1), and are connected as shown.

15
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‘ R1 R3
- (I
R2 R4

FIGURE 5.  CIRCUIT DIAGRAMS FOR MEASURING BENDING STRESSES:
(A)- HALF-BRIDGE, (B) FULL BRIDGE

16



Under load conditions it can be shown using (8).that

kU Sz
®be =k 7 Em O & kKU ®be . , (9)
where €n is the axial strain. Thus we have doubled the sensitivity
of the normal bridge in which R, is inactive (7). This type of
circuit is used in vertical force measuring bridges described in
Section 3.8.

3.4.2 Full-Bridge Circuit for Measurement of Bending Strains Only

Part B of Figure 5 shows strain gauges arranged in a full-

bridge configuration for the measurement .of bending strains only.

'Gauges Rl and RZ’ and R3 and R4 are mounted on opposite sides of

the material, have equal resistances (i.e., m = 1), and are con-

nected as shown.

Under load conditions it can be shown using (8) that

) 1 |
= kU e_ or ¢_ = T © (10)

®be m m bc.

- Thus we have achieved a sensitivity four times the normal bridge

circuit.

This type of circuit is used in the lateral fofce'measuring PR

bridges described in Section 3.9.

3.5 STRAIN DISTRIBUTION ON WHEEL PLATES

There has been some interest in the theoretical prediction
and measurement of the strain distributions on railroad wheel

plates under various loading conditions. Since many of the calcu-

‘lation procedures involve proprietary information, they are not

generally available to the public. Recently, however, some

studies in predicting surface strain stresses have become available

17 .



and reported by Johnson and Yeung (1977) so that the following
brief summary has been made possible. This information should
help to understand better the principle of operation of instrumented

wheelsets.

Figure 6 shows predictions of surface stresses from a 32,000
1b (145 kN) vertical wheel l1oad for a two-wear wrought steel (J36)
wheel. The stresscs are directed along the intersection of a
radial plane with both the inside and outside plate surfaces
(sce Figure 2) of the.wheel. Part A of Figure 6 shows data for
the radial cross section of the wheel containing the wheel/rail
contact point (0° position) and Part B of Figure 6 shows data for
the rest of the plane containing the wheel/rail contact point on
the opposite side of the hub (180° position). The wheel plate
stresses reach their local maxima and minima at these two posi-
tions: the stress at any given point of the wheel has a cyclic
character as the wheel rotates as is indicated by the curve in
Figure 7 which happens to be for a railroad wheel with a different

shaped plate region.

The position of application of the vertical load on the tread
of the wheel also affects the surface stress in the J36 wheel.
Figure 6 shows stress predictions for the vertical load applied
at the tape. line and at positions 1-in. (2.54—¢m) in and the 1-in.. -

©" (2.54-cm) out from the tape line. The largest cyclic variation

occurs.on the inside of the wheel at the rim fillet'where-fbr'théglﬁﬁ{_;&;;\.

l-in. (2.54-cm) in application of load the cyclic variation is
from -7.5 to +1.2 ksi. A stress range almost as large occurs at
the outside hub fillet for the 1-in. (2.54-cm) out application of
load where the cyclic stress range is from -5.6 to +2.2 ksi.

The S-shaped wheel plate used in the present wheelset was
selected because there is no measurable variation with the lateral
position of application of the vertical load.

Johnson, M.R. and XK. S. Yeung, (1978), Application of finite
element analysis to the study of railroad wheel failure
phenomena, pp. 387-403 in Track/Train Dynamics § Design: Advanced
Techniques, Edited by G. J. Moyar, W. D. Pilkey and B. F. '
Pilkey, Pergamon Press, New York
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KEY TO LOAD POSITION

3 b ———~~ —=——== 1 INCH OUT
yd ~ INSIDE  TAPE. LINE
OF WHEEL —e—e—- 1 INCH IN

RADTAL SURFACE STRESS (ksi)

RADIAL SURFACE STRESS (ksi)

Y INSIDE OF WHEEL

6 7 8 9 10 11 12 13 14 15
RADIAL DISTANCE (in.)

FIGURE 6. CALCULATED RADIAL SURFACE STRESS ON A TWO-WEAR 36-in
(914.4-mm) DIAMETER RAILROAD WHEEL RESULTING FROM A 32 ,000 1b
(145 kN) VERTICAL LOAD IN THE (A) 0° RADIAL PLANE - THE PLANE OF

'LOAD APPLICATION: AND THE (B) 180° RADIAL PLANE - THE PLANE

OPPOSITE LOAD APPLICATION (AFTER JOHNSON AND YEUNG, 1978)
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FIGURE .7. . TYPICAL CALCULATED ANGULAR STRAIN DISTRIBUTION FOR A RAILROAD WHEEL WITH AN
S-SHAPED PLATE REGION AS WOULD BE EXPERIENCED BY ONE STRAIN GAUGE ON A POSITION OF THE
INSIDE OF THE WHEEL PLATE WITH NO LATERAL LOAD AND A 100 kN (22,000 1b) VERTICAL LOAD



Figure 8 shows similar predictions for the effects of a
10,000 1b (44.5 kN) lateral load acting against the flange of the
wheel. The figure shows stress data for both the 0° and 180°

radial plane. In this case, the largest stress occurs in the hub

fillet region.

3.6 STRAIN SEARCH TLCHNIQUL

The fundamental technique which allows the standard wheel to
be used is the strain search technique illustrated in Figure 9. A
series of strain gauges are mounted along a radial line on both the
inside and outside surfaces of the wheel. A set of measurements
arc made for several combinations of vertical and lateral load.
The curves produced from these measurements quickly locate the
radius of a circle which produces a minimum amount of crosstalk
between the vertical and lateral force measurements. Whether this
location actually occurs on the inside or outside of the wheel

depends on the particular wheel configuration.

3.7 INSTRUMENTED WHEEL PLATES

The goal of the wheel/rail force measurement system described
herein is to provide accurate continuous signals representing the
vertical and lateral forces being experienced at the wheel/rail
interface. This is difficult to achieve because, as described
above, there is an inherent variation in the signal strength of
any wheel mounted strain gauge bridge as a function of wheel posi-
tion even though the wheel load is constant. This occurs because
the gauges have maximum sensitivity when they are positioned on
the radial line between the center of the wheel and the wheel/réil
contact point. A symmetrical bridge on a diametrical line will
provide a full load signal twice per revolution but the signal
strength will diminish rapidly as the gauge line is rotated away
from the wheel/rail contact point. At some intermediate positioh,
the signal goes through zero so that each Succeeding peak is |

opposite in sign as was shown in Figure 7.
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" FIGURE 8. CALCULATED RADIAL SURFACE STRESS ON A WHEEL PLATE ~

RESULTING FROM A 10,000 1b (44.5 kN) LATERAL LOAD AGAINST THE
FLANGE ON. A TWO- WEAR 36-in (014 4 mm) DIAMETER WHEEL (AFTER
pJOHNSON AND YEUNG, 1978) T
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FIGURE 9. ILLUSTRATION OF THE STRAIN SEARCH TECHNIQUE
FOR A RAILROAD WHEEL WITH A SOLID PLATE
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The output of a bridge containing several gauges distributed
around the wheel will have less variation with rotation. Some
bridge arrays will provide a nearly constant output over a com-
plete wheel revolution. This type of bridge will show some change
in sensitivity when the individual strain gauges rotate through
a line between the center of the wheel and the wheel/rail contact
point.

Thus, the strain gauge placement tcchniques described in
Section 3.6 are utilized to achlieve an optimum bending stress
sensitivity for the strain gauge bridges. The placement of the
bridges is chosen to provide as nearly a continuous output signal

as possible.

- 3.8 VERTICAL LOAD BRIDGES.

Sensitivity is increased in the vertical load measuring
bridges (Figure 10) by using half-bridge circuits and placing the:
appropriate strain gauges on opposite sides of the wheel plate.
Continuity of signal output is partially achieved by orientating
pairs of gauges symmetrically on a diametrical line. That is, two
gauges (for example Rl3 and;R]7) are placed on one side of the
wheel plate and two gauges (for example R14 and Rls) are placed
on the opposite side at the same radial positions. There are then
several such quadruple sets distributed symmetricaliy around the
wheel and the two vertical bridges are oriented 45° apart. Despite
this arrangement, it 1s necessary to combine the signals from two
vertical load measuring bridges in an electronic wheel signal pro-
cessor to produce the desired continuous output signal. Figures
11A and 11B illustrate the arrangement used in the present plate
instrumented wheelsets. Eriksson and Nellgran (1978) discuss the

improved signal conditioning methods.

3.9 LATERAL LOAD BRIDGES

The sensitivity is increased in the lateral load bridges by
using full-bridge circuits and placing the appropriate gauges on
opposite sides of the wheel plate. The goal of a continuous
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‘ VERTICAL BRIDGE © VERTICAL BRIDGE
(A) LATERAL BRIDGE ~(B) - (TYPE 1) (c) (TYPE 2)

FIGURE 10. CIRCUIT DIAGRAMS OF THE STRAIN GAUGE BRIDGES USED IN THE PLATE INSTRUMENTED
WHEELS: (A) & (B) TWO HALF BRIDGES FOR MEASUREMENT OF BENDING STRAINS ONLY: (C) FULL
BRIDGE FOR MEASUREMENT OF BENDING STRAINS ONLY



LEFT-HAND SIDE

180°

OUTSIDE
VIEW

INSIDE
VIEW

STRAIN GAUGES IN A LATERAL BRIDGE
STRAIN GAUGES IN A TYPE 1 VERTICAL BRIDGE
STRAIN GAUGES IN A TYPE 2 VERTICAL BRIDGE

>bEo

FIGURE 11A. DIAGRAM INDICATING THE POSITIONS OF STRAIN GAUGES ON
THE INSTRUMENTED PLATE WHEELSETS: LEFT-HAND SIDE
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RIGHT~HAND SIDE
180°

OUTSIDE
VIEW

INSIDE
VIEW

» BULL GEAR SIDE
@ STRAIN GAUGES IN A LATERAL BRTDGE

B STRAIN GAUGES IN A TYPI 1 VERTICAL BRIDGE
A STRAIN GAUGES IN A TYPL 2 VERTICAL BRIDGE

FIGURE 11B. DIAGRAM INDICATING THE POSITIONS OF STRAIN GAUGES ON
THE INSTRUMENTED PLATLE WHEELSETS: RIGHT-HAND SIDE
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signal is more nearly accomplished for the lateral bridgeé‘by"“‘
distributing the gauges symmetrically around the whecl. This~ié'f g
the technique pioneered by Olson and Johnsson (1960). The»i'nher’e“nt_}~
variations are low enough (3-5%) that no furthef processing of the

data is required.
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i i, SYSTEM DESCRIPTION

4.1 OVERVIEW

A wheel/rail force measurement system 1is dlagrammed in Flgure

++12. The symbol used to represent the force transducer is that

“approved in ISA’ (1976) The. forces on. the wheel are Converted 1nto>'
electrical re51stance changes in the varlous legs of the straln
‘gauge bridges whlch in turn gives rise to Voltage changes at the
bridge outputs. These'yoltage signals are fed: along various
cable runs through a slipring assembly to the wheel signal
precessor. The wheel signal processor converts the signals from
the vertical bridges into a continuous signal using information
from the lateral strain gage bridge to enter a slight correction
into the analog algorithm. The straln‘gauges are driven'by an AC
‘voltage The voltage changes resultlng from strains are taken from
the carrier signal by .a phase sensitive demodulator as 111ustrated .
in I1gure 13. ‘ ‘ '
Iach of the 1nd1v1dua1 components will be descrlbed in enough
_1eta11 to provide the necessary 1nformat10n to understand the

basic functlons of ~each.

h 4.2 WHEELSETS

_ Each wheelset consists of two wheels and an axle with a bull
“gear as shown in Figure 14. The wheels are 40-in. (1016-mm) in
diameter having an S-shaped plate region (see<Figure 15) with a
conical taper (1:40) tread. The'Wheels and axles'Were‘manufactured
by -the Surahammar. Works 1n Surahammar Sweden. There were several
small (0. 25 in. [6 35- mm]) diameter holes drilled through the '

plate reglon to allow for wiring of the straln gauge bridges.

_jSA, (1976), Standard spec1f1cat10ns and tests for strain gauge
© force transducers, Standard No. ANSI/ISA S37— 8, Instrument .
Society of Amerlca, P1ttsburgh PA.
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FIGURE 14. PHOTOGRAPH OF PARTIALLY ASSEMBLED ASEA/SJ INSTRUMENTED
WHEELSET (JUNE 1978) '
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The wheels were shrink fitted onto all-turned axles. During
the process the wheels were slowly hecated to 210-240°C, which is
well below the tempering temperature of 450°C. In the center of
the axle there is a 1.18-in. (30-mm) dlametel hole bored through
the entire length. At one end there is a 2,76-1n.j(70-mm) diam-
eter hole drilled 9.45-in. (240-mm) long into the axle center to
house the slip ring assemb]y.j Figure 16'iilustrates the axle and

bull gear.
4.3 STRAiN GAUGE BRIDGL WIRING

The strain transducers used in the instrumented wheelset sub-
system are commercially available, temperature compensated, con-
stantan wire type strain gauges. The temperature coefficient of
the resistance wire is matched to steel with a thermal'expansion
coefficient (a) of 12.0 x 10_6/°C. The gauges have an ohmic resis-
tance of 120 ohms, and are generally accepted for good self-
heating properties (Holister, 1967, p. 94). . The dimensions of
the active area are 0.078-in. (2-mm) wide and 0.256-in. (6.5-mm)
long. : ’

The circuit diagrams of the strain‘genge bridges used in making
lateral force measurements were given in part A of Figure 10.
Because there are three strain gauges'per arm the total resistance
of the bridge is 360 ohms. The circuitvdiagrams of the strain gauge
bridges used in making vertical force measuréments were shown in
parts B and C of Figure 10. Because there are<two strain gauges

per arm the total resistance of the brldges is 240 ohms

Shielded, single wire cables are used to connect the. strain
gauges on the wheel plate. Because of the rotating-strain gauge
system, it is necessary to transfer the electrical signals to a
nonrotating system. One effective way is by the use of a com-
mercially available slipring device in which both the Wheatstone
bridge supply voltages and the resuiting strain voltages are
transferred through brushes in contact with- rotatlng annular
surfaces. The cables are wired into brldges at connection boards
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located on the plate region of the wheels. Between the connection
boards and the slipring device, 4-wire shielded cables are used
giving a total of six such cables at each slipring device so that
it must have 24 leads and an electrical ground.

4.4 CABLING

The cabling between the slipring device on the axle and the
bridge exciter/amplifier is shielded and durable to resist the
severe railroad environment.

4.5 STRAIN GAGE BRIDGE EXCITER/AMPLIFIER

.The bridge exciter/amplifier is a commercially available AC
carrier amplifier with a carrier frequency of 6 kHz. The basic
principle of operation was shown in Figure 13.

4.6 WHEEL SIGNAL PROCESSOR

‘The wheel signal proqeésor.(known as the Q-shaper‘in Swedish
nomenclature) is a'custom built electronic instrument which converts
individual signals from the vertical strain gaugé bridges mounted
on the wheelsets into continuous, analog output signals. To ac-
complish this, two separaté bridges for measuring vertical forces
are mounted on each wheel at an angle of 45° from each other.

For .example, the Wheatstone bridges made up of vertical bridges
type 1 and type 2 in Flgure 10 are mounted at an angle of 45° as

was 1nd1gated in Figures 11-A and 11-B. TEach Wheatstone bridge

is Lonnected in such.a way as to give a 51gna1 that is approximately
a sine wave with a frequency of two. cycles per revolution, as shown
in Figure 17.

. The wheel signal processor first amplifies the signal U; and
Uz'from the signal bridges to a suitable signal level and
rectifies both signals, giving the absolute value |U;| and U1,
respectively. These two signals are then summed to give a third
combined 'signal U3. The‘amplitude of Ug is adjusted to give the
same amplitude as the maximum of U; or U,.
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"FIGURE 17. ANGULAR DIAGRAM OF SIGNALS FROM THE TWO VERTICAL
STRAIN GAUGE BRIDGES ON EACH WHEEL OF THE ASEA/SJ INSTRUMENTED

WHEELSETS WITH A CONSTANT VERTICAL FORCE
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The signal Ul’ UZ‘ or U, which has the largest amplitude at

3
any given time is treated as the true vertical signal. This
resulting signal (U) is continuous in nature and has approximately
5% ripple. The signal is then filtered in the wheel signal

processor.

Because the vertical signals are somewhat sensitive to the
lateral forces due to crosstalk, a compensation 1s made on each

vertical signal.

4.7 CALIBRATION

The characteristics of wheelsets would be incompléete without
discussing the calibration procedures. Each of the wheels was
calibrated in a dynamic test fixture and the resulting data
recorded on stripcharts. A field calibratioh is performed to
cheékrtﬁe condition of the wheels after Shipping. The results of
combining field and laboratory calibration values on the three
wheelsets (six wheels) described herein is summarized in Table 1.
Note that the‘verticalvand 1aterél sensitivities vary by a factor
of approximately”three indicating that the wheel bends more
readily 1atera11yvthan it does in vertical compression.

The lateral-to-vertical crosstalk can be eliminated by proper
signal_processing. Thus, although further developmenfs could be
ﬁndertaken to determine the two unknown parameters, they are
considéred‘to‘bevsecond-order effects and the wheelsets are in
féét aCcurate force transducers within the stated limits of error.
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TABLE 1. SUMMARY OF THE CALIBRATION VALUES OF THE SIX 40-in
(1016-mm) DIAMETER INSTRUMENTED LOCOMOTIVE WHEELS

PARAMETER

VALUL

Vertical-lateral crosstalk

Lateral-vertical crosstalk (%)

centrifugal loading

Average lateral ripple (%)

' signal processor output (%)

Mean vertical sensitivity (pin/in/kip)

Mean lateral sensitivity (uin/in/kip)

Lateral and vertical sensitivity to
position of vertical reaction

Lateral and vertical sensitivity
to position of lateral reaction

Lateral and vertical sensitivity to

LLateral and vertical sensitivity to
wheelplate temperature variations

Average vertical ripple from wheel

4.13
15.41
negligible

0-13
negligible

unknown

negligible

unknown
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5. SYSTEM CALIBRATION

5.1 ANALYTICAL TRANSDUCER/WHEEL PROPERTIES

All wheel plates on the three instrumented wheelsets have the
same arrangement of strain gauges described before. However, each
'strain gauge 1is individually placedAand tested for final placement.
On each wheel there are three Wheatstone bridges: one is for
'measufihg the lateral forcé and the other two are‘for.measuring"

the vertical force.

5.2 STRESS/STRAIN RELATIONSHIP

The stress/strain relationship on the wheels was preliminary-
1y determined by using an ASEA developed finite element analysis
of the S-shaped and conical shaped wheel plates.

ASEA has a proprietary wheel analysis computer program which
uses the following"parameters as input: vertical, lateral, and
céntrifugal forces, moment and temperature. Rasically, the
wheei analysis progrém uses finite element and Fourier analysis
techniques to compute the radial distribution of various load
- parameters. The results afe manipulated to optimize the output
from vertical and lateral loads to eliminate the crosstalk. A

typical result was presented in Figure 11.

Proprietary'computer programs for conical wheels have been
developed in the United States. However, a new program which has
: betome"publiCally available (Johnson and Yeung, 1978) has recently
been developed. Some results based on that program were shown in
Figure 8. ' .

Results of the preliminary laboratory testing of the ASEA/SJ
»instrumentedawheelsets were provided in Table 1.
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6. POSTLUDE

This report has provided background, expounded the principle
of operation of plate instrumented wheelsets, and presented a
specific example of the application of the principles to three
specific locomotive wheelsets. Table 2 contains a summary of the

characteristics for the example presented.

The wheelsets discussed herein were.used in a series of fielda
tests co-sponsored by the AAR, Amtrak and the FRA in the fall of
1978. These Perturbed Track Tests were successfully completed in
December 1978 (Coltman et al., 1980), Data obtained with the wheel-

sets will be included in reports being prepared on these tests.

TABLE 2. SUMMARY OF CHARACTERISTICS OF THE 40-IN. (1016-mm)
DTAMETER INSTRUMENTED LOCOMOTIVE WHELLSETS

Value
Vertical Force|} Lateral Force
Featurc : "~ Bridges Bridges
Type of strain gauges®* : wire wire
Number of bridges per wheel 2 | 1
Orientation of bridges 45° -
Number of strain gauges per bridge arm 2 » 3
Strain gauge .locations Fig. 11 Fig. 11
Signal processing wheel signal -
. processor
Typical bridge sensitivity (uV/kip) 12 36

*The strain gauges on one wheel of each of two wheelsets of the
three manufactured in this lot were accidentally damaged and the
strain gauges were replaced with foil type gauges of similar
characteristics. : :

Coltman, M., R. Brantman and P. Tong, (1980), A description
of the tests conducted and data obtained during the Perturbed
Track Test, Rpt. No. DOT-TSC-FRA-80-3, DOT/Transportation
Systems Center, Cambridge, MA.
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APPENDIX A

A DIMENSIONLESS WHEEL/RAIL DYNAMICS PARAMETER

A.1- BACKGROUND

In rail vehicle dynamic analyses the lateral wheel/rail force
and the vertical wheel/rail force are of primary interest because
these forces are indicators of the potential problem of flange
climbing, which can occur when a laterally-loaded wheel flange
rolls forward while being pressed against the rail. Under certain
conditions the flange can support the equilibrium of the wheel in
question; then any increase in lateral force will cause 1t to
climb up the side of the rail, or possibly rail rollover may occur.
This equilibrium condition of "incipient" flange climbing has been
sought in many analyses and the ratio of the lateral wheel/rail
force to the vertical wheel/rail force has been used by many
administrations as a measure of the degree of danger due to
possible derailment. Table A-1 lists 15 such ratioés indicating
the same dimensionless wheel/rail dynamics parameter. Analysis
of the table shows that:

a) Q represents the vertical wheel/rail force in European
(ORE) notation and the lateral wheel/rail force in

Japanese notation.

b) The letter L lacks universality as a symbol for the
lateral wheel/rail force as it is the symbol for the
lambert which is the unit of luminance in the Centimeter
Gram Second (CGS) System of Units.#

C) The letter V lacks universality as a symbol for the ver-
tical wheel/rail force as it is the symbol for the volt
which is the unit of electromotive force in the Interna-
tional System of Units (SI). (Anon. 1975),

*The International System (SI) unit, candela per square meter is
preferred. (Anon. 1975, pp. 3-4). :

Anon. (1975), Units, constants and conversion factors, Ch. 3 in
Reference Data for Radio Engineers, Howard W. Sams & Co., New
York.




. TABLE A-1. TERMS USED TO DESCRIBE A DIMENSIONLESS WHEEL/RAIL
+" . DYNAMICS VARIABLE . ‘ |

No. | .Tcrm , Symboi* Reference (s)
~ ,‘i 'coeffiqieut.of derailment Q/PA' . Nakamura and Tanaka- (1967)
| 2] coefficient of the safety| Y/Q ORE (1970) BT
: against derailment ' ' : JEET
3 | derailment coefficient. Y/Q "Yokose (I9606)
) Tanahashi (1973)
4 | derailment ratio ) Y/Q Gilchrist and Brickle (19706)
derailment criterion (Y/Q)lim ORE (1970)
¢ | derailment quotient Q/p Matsui (1955)
Q/Pp Yokosc (1966)
Y/Q ORE, (1970)
Y/Q Gilchrist and Brickle (1976)
_ : L/V Jeffcoat (1977)
7 derailment related per- L/V , Dimasi and Weinstock (1978)
{ formance index- . o
8 | latcra1~to>vgrtica1 ratio 'L/V Anon. (1974)
94,11atefaljtoivqrtica] L/V = ] Anon. (1974)
| force ratios '
1o I./V performance index L/V Dimasi and Weinstock (1978)
11 | L/V ratio. ‘ L/V Anon. (1977) '
’ L/V Dimasi and Weinstock (1978)
12 ratio of lateral to 1 L/v Cooperrider and Law (1978)
‘ vertical forces ' ‘ '
13 ratios of lateral to L/v . Anon. (1977)
-vertical (L/V)
, wheel loading
14 ratio Y/Q Y/Q Gilchrist and Brickle (1976)
15.] Y/Q ratios Y/Q . Gilchrist and Brickle (1976)
*See Seétion A-2 for the definition of the nomenclature. ’ .

&
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d) The letter P lacks universality as a symbol for the
vertical wheel/rail force as it is the symbol for the

15

prefix peta which is a multiple of 10 in the metric

system, and

¢) The use of such terms as "L/V ratio," "ratio Y/Q," etc.,

is redundant and awkward.

For these reasons it is proposed to define an unambigious
" quantity and symbol for adoption as a universal standard for the

measurement of derailment tendency in Section A.3.

A.2 NOMENCLATURE

CGS Centimeter Gram Second System of Units

Fz lateral wheel/rail force
Ft tangential wheel/rail force
I vertical wheel/rail force

Iim limit

L lateral wheel/rail force (American usage)

ORE' Office for Research § Experiments of the International
Railway Union ’

P vertical wheel/rail force (Japanese usage) ‘

Q vertical wheel/rail force (European usage, ORE) or lateral
wheel/rail force (Japanese usage)

SI International System of Units

| vertical wheel/rail force (American usage)

Y lateral wheel/rail force (European usage, ORE)
§  index of derailment
A.3 PROPOSED PARAMETER »

Before presenting the proposéd dimensionless wheel/rail
‘dynamics parameter, it seems appropriate to discuss the symbology
of the component parts. The wheel/rail forces should be indicated
by the symbol "F'" because F is the symbol traditionally used in

the fundamental definition of force. (Baumeister et al. 1975, p.



3-3): Therefore, it is proposed that the followihg symbols be
considered for use in describing wheel/rail forces:

Fy = lateral force at the wheel/rail interface (A-1)
Fy = tangential force at the wheel/rail interface (A-2)
F, = vertical forcevatvthe wheel/rail interface (A-3)

¥
where the directions are shown in Figure A-1.
The parameter proposed to unify the various symbols will be
called the "index of derailment" since this term has not been
used in any of the literature examined to ‘date and is fully

~descriptive of the meaning of the dimensionless parameter 1t

7represents The defining. equatlon is:
,6C5 ;nde;9fIQerai;menF'E(Eg/Fv>c v ‘ (A-4)

" The. Gréék'ietfér dﬁwas chbseﬁ’éiﬁcé”it transliterates to the Roman
n7d Whth could be a’ useful mnemonic to 1nd1cate derailment.
Secondly, it is not used in any system of units and thlrdly, the
.most closely related Roman letters would have been ID, ‘which ’
usually stands for 1n51de diameter or identification (Baumelster
et al. 1975) . .
| “”The crltlcalvvalues of § and the associated time durations
‘are still the topic of research. '

Baumelster T., E. A. Avallone and T. Baumelster, IIT1, (1978),

Marks' Standard Handbook for Mechanical E
McGraw-Hill, New York. ngineers, §th Edition,
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