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ABSTRACT

A model to simulate the dynamic behavior of shipping
packages (casks) and their rail car transporters during
normal transport conditions was developed. This model,
CARDS (Cask-Rail Car Dynamic Simulator), was used to
simulate the cask-rail car systems used in Tests 3, 10,
11, 13, 16 and 18 of the series of rail car coupllng
tests conducted at the Savannah River Laboratories in
1978. On the basis of good agreement between calculated
and measured results for these tests, it was concluded
that the model has been validated as an acceptable tool
for the simulation of similar systems.

A companion model, CARRS (Cask-Rail Car Response Spectrum
Generator), consisting of single—degree-of;freedom repre-
sentations of the equations of motion in CARDS, was
developed to generate frequency response spectra.

A parametric and sensitivity analysis’ was conducted that
identified the most influential of a selected set of
parameters and the response variables that are the most
sensitive to changes in the parameters.
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DYNAMIC ANALYSIS TO ESTABLISH NORMAL SHOCK AND VIBRATION

OF RADIOACTIVE MATERIAL SHIPPING PACKAGES

FINAL SUMMARY REPORT

SUMMARY

A computer moael CARDS (Cask-Rail Car Dynamic Simulator) was developed for
the U.S. Nuclear Regulatory Commission to provide input data for a broad
range of radioactive material package-tiedown structural assessments.

CARDS simulates the dynamic behavior of shipping packages and their rail car
transporters during normal transport conditions. The model was used to
identify parameters that significantly affect the normal shock and vibration
environments that, in turn, provide the basis for determining the forces
transmitted to the packages. The determination of these forces is necessary
for the package-tiedown structural assessments. The objective was to deter-
mine the extent to which the shocks and vibrations experienced by the ship-
ping packages during normal transport are influenced by, or are sensitive
to, various structural parameters of the transport system (i.e., package,
package supports, vehicle characteristics, etc.).

It was assumed that the greatest shock suffered by the cask-rail car in its
normal (not accident) transport environment will be that experienced during
coupling operations in a "humping" or classification yard. An earlier study
by the Sanaia Laboratories showed that 99.8% of all train coupling opera-
tions occurred at speeds of 11.05 mph or less. Eighteen tests were con-
ductea at the Savannah River Laboratory in 1978 during which coupling
velocities as high as 11.2 mph were recorded. The CARDS model was used to
simulate six of these tests. On the basis of the good agreement obtained
between the calculated ana experimental results, it was concluded that CARDS
1s_an acceptable tool for subsequent simulation of cask-rail car system
behavior during coupling operations.

CARLS is a complex two-dimensional, multi-degree-of-freedom model that deter-
mines the horizontal, vertical, ana rotational motion of both the package and
its transporter following impact with an anvil train during coupling opera-
tions. It also determines the horizontal motion of each of the cars in the
anvil train. For the simulation of the Savannah River tests, the current
version of CARDS has an anvil train that consists of four hopper cars filled
with ballast. However, the formulation of CARDS provides flexibility for

the simulation of a broad range of package-car, and package-car-anvil train
configurations.

The CARDS model consists of twelve equations of motion, one derived for each
uegree of freeaom (generalized coordinate), and supplementary auxiliary
equations. The equations of motion were derived from an energy balance on
the system (expressed in generalized coordinates). The entire model defini-
tion was written in the Advanced Continuous Simulation Language (ACSL).



A companion model CARRS (Cask-Rail Car Response Spectrum Generator), a model
to generate frequency response spectra using calculated results from CARDS,
was also developed. The equations of motion of the cask-rail car ‘system
were transformed into equivalent single-degree-of-freedom (1-DOF) represen-
tation of the relative vertical, horizontal and rotational motions between
the cask and its rail car platform or support. These equations of motion
were then used to construct CARRS. The right-hand sides of each of these
equivalent 1-DOF equations of motion represent the time-varying accelera-
tions of a platform (rail car) supporting 1-DOF devices defined by the
left-hand sides of the respective equations of motion. The definition of
CARRS was also written in the ACSL language.

Frequency response spectra were generated by the spectrum generator, CARRS,
using the time-varying support accelerations obtained from the simulator,
CARDS. Response spectra for a base-case cask-rail car system are presented
in Figures 118 through 123.

A parametric and sensitivity analysis was conducted to identify those param-
eters that significantly affect the normal shock and vibration environment
and the response of the cask-rail car system. The response of the system

was defined by the absolute values of the maximum support accelerations, the
maximum relative accelerations between the cask and its support, and the ver-
tical and horizontal tiedown forces. The sensitivities of these response
variables to changes in various parameters were determined (see Table 18).
For all the response variables except the vertical accelerations, the most
influential parameter is the vertical distance Z, (see Appendix I, NOMEN-
CLATURE OF TERMS). The parameter that has the most influence on the verti-
cal accelerations is lgcr, the horizontal distance between the centers-of-
gravity of the cask and rail car. The parameter that contributes most to the
sensitivities (total changes) of the horizontal accelerations is Wp, the
package or cask weight. The vertical accelerations are the most sensitive to
locrs and the rotational accelerations are the most sensitive to {ky},

t%e set of stiffness coefficients of the vertical components of the” tiedowns.
The tiedown forces DUSTmax, DUS4max, DUS2maxsand DUS3max are the most sensi-
tive to the parameters Wp, {kx}, Zp and Ly, respectively. The ranges of
parameters used to arrive at the sensitivities were specified at the outset
in the definition of the cases requested by Nuclear Regulatory Commission
personnel. More meaningful values of the sensitivities are obtained if

these ranges represent the uncertainties in the parameters.




INTRODUCTION

The objective of this study was to determine the extent to which the shocks
and vibrations experienced by radioactive material shipping packages during
normal transport conditions are influenced by, or are sensitive to, various
structural parameters of the transport system (i.e., package, package sup-
ports and vehicle). The purpose of this effort was to identify those param-
eters that significantly affect the normal shock and vibration environments
so as to provide the basis for determining the forces transmitted to radio-
active material packages. Determination of these forces will provide the
input data necessary for a broad range of package-tiedown structural
assessments.,

A computer model CARDS (Cask-Rail Car Dynamic Simulator) was developed to
provide the data for these assessments. A companion model CARRS (Cask Rail
Car Response Spectrum Generator) was also developed to generate frequency
response spectra using results from CARDS. These two models were used to
identify parameters that significantly affect the shock and vibration
environments and, in turn, the forces transmitted to the packages.

It was assumed that the greatest shock suffered by the cask-rail car in its
normal (not accident) transport environment will be that experienced during
coupling operations in a "humping" or classification yard. An earlier study
by the Sandia Laboratories showed that 99.8% of all train coupling operations
vccurred at speeds of 11.05 mph or less. Eighteen tests were conducted at
the Savannah River Laboratory in 1978 during which coupling velocities as
high as 11.2 mph were recorded. The validity of the CARDS model as an
acceptable tool for the simulation of cask-rail car systems was established
by comparison of calculated results with results obtained from six of these
tests.

The CARDS and CARRS models were used together to generate frequency response
spectra, to determine the sensitivity of selected response variables to
changes in parameters, and to rank the parameters according to their influ-
ence and their contribution to the sensitivity of the response variables.

This report interprets, supplements, consolidates, and summarizes information
previously published in the following gquarterly progress reports:

1. S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration

Environments Experienced by Radioactive Material Shipping Packages,
NUREG/CR-007T, (HEDLC-TME 75 19), QuarterTy Progress Eeporf (October 1 -
December 31, 19??), Hanford Engineering Development Laboratory, May
1978.

2. S. R. Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration of Radioactive Material Shipping Packages, NUREG/CR-0161,
(HEDL-TME 78-41), Quarterly Progress Report (January 1 - March 31,
1978), Hanford Engineering Development Laboratory, July 1978.
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S. R. Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration of Radioactive Material Shipping Packages, NUREG/CR-0448,

(HEDL-TME 78-74), Quarterly Progress Report (April 1 - June 30, 1978),
Hanford Engineering Development Laboratory, December 1978.

S. R. Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
ana Vibration of Radioactive Material Shipping Packages, NUREG/CR-0589,

(HEDL-TME 78-102), Quarterly Progress Report (July 2 - September 30,
1978), Hanford Engineering Development Laboratory, March 1979.

S. R. Fielas and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration of Radioactive Material Shipping Packages, NUREG/CR-0766,

(nkDL-TME 79-3), Quarterly Progress Report (October | - December 31,
1978), Hanford Engineering Development Laboratory, June 1979.

S. R. Fielas and S. J. Mech, Dynamic Analysis to Establish Normal Shock
ana Vibration of Radioactive Material Shipping Packages, NUREG/CR-0880,

(HEDL-TME 79-29), Quarterly Progress Report (January 1 - March 31,
1979), Hanford Engineering Development Laboratory, July 1979.

5. R, Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration and Radioactive Material Shipping Packages, NUREG/CR-1066,

(HEDL-TME 79-43), Quarterly Progress Report (April T - June 30, 1979),
Hanfora Engineering Development Laboratory, October 1979.

S. R. Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration of Radioactive Material Shipping Packages, NUREG/CR-1265,

(HEDL-TME 79-71), Quarterly Progress Report (July 1 - September 30, 1979),

Hanford Engineering Development Laboratory, March 1980.

S. R. Fields and S. J. Mech, Dynamic Analysis to Establish Normal Shock
and Vibration of Radioactive Material Shipping Packages, NUREG/CR-1484,

(HEDL-TME 80-24), Quarterly Progress Report (October 1 - December 31, 1979),

Hanford Engineering Development Laboratory, August 1980.

S. R. Fieldas, Dynamic Analysis to Establish Normal Shock and Vibration
ur Radioactive Material Shipping Packages, NUREG/CR-1685, Volume 1,
(HEDL-TME 80-51), Quarterly Progress Report (January 1 - March 31,
1980), Hanford Engineering Development Laboratory, January 1981.

S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration
of Radioactive Material Shipping Packages, NUREG/CR-1685, Volume 2,

(HEDL-TME 80-72), Quarterly Progress Report (April 1 - June 30, 1980),
Hanford Engineering Development Laboratory, April 1981,

S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration
of Radioactive Material Shipping Packages, NUREG/CR-1685, Volume 3,

(HEDL-TME 80-91), Quarterly Progress Report (July t - September 30,
1980), Hanford Engineering Development Laboratory, April 1981.



13. S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration of
Radioactive Material Shipping Packages, NUREG/CR-1685, Volume 4, (HEDL-TME
80-92), Quarterly Progress Report (October 1 - December 31, 1980), Hanford
Engineering Development Laboratory, July 1981.

14, S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration of
Radioactive Material Shipping Packages, NUREG/CR-2146, Volume 1, (HEDL-TME
81-15), QuarterTy Progress Report (January 1 - March 31, 1981), Hanford
Engineering Development Laboratory, November 1981.

15. S. R. Fields, Dynamic Analysis to Establish Normal Shock and Vibration of
Radioactive Material Shipping Packages, NUREG/CR-2146, Volume 2, (HEDL-TME
83-8), Quarterly Progress Report (April 1 - June 30, 1981), Hanford
Engineering Development Laboratory, July 1983.

NOTICE UF ERRORS IN PREVIOUS REPORTS

Errors were found in three of the above previously published quarterly
reports. These reports are Volumes 2, 3 and 4 of NUREG/CR-1685 (HEDL-TME
80-72, HEDL-TME 80-91 and HEDL-TME 80-92, respectively). In these reports,
all frequencies are angular frequencies and should be reported in units of
radians/second rather than in units of Hz. This applies to all figures with
frequency as the abscissa, and to all references to frequency in the texts
of the reports.






TECHNICAL APPROACH AND RESULTS

1.0 MODEL DEVELOPMENT
| ¥ CASK-RAIL CAR DYNAMIC SIMULATOR (CARDS)

A two-dimensional, multi-degree-of-freedom model of a spent fuel shipping
cask-rail car system was developed. A sketch of the idealized cask-rail car
system modeled is shown in Figure 1, and the spring-mass model of this system
is shown in Figure 2. This model was given the name CARDS: An acronym for
Cask-Rail Car Dynamic Simulator.

Each of the masses in the cask-rail car model of Figure 1 is free to trans-
late horizontally (front to back) and vertically, and to rotate about its
axis normal to the plane of the illustration. The system is excited by
impact with one or more cars (mass Mg) at the front coupler. One possible
orientation of the system after impact is shown in Figure 3, and a comparison
with the initial state is illustrated in Figure 4. Figure 5 is obtained by
superimposing Figures 2 and 3. (See Appendix I NOMENCLATURE OF TERMS for
definition of terms used in this report.)

The model consists of twelve equations of motion, one derived for each degree
of freedom (generalized coordinate), and supplementary auxiliary equations.
There are two general approaches that could have been used to derive the
equations of motion for this dynamic system. The first is known as the
force-acceleration method and the second is known as the energy method. The
first method 1s also sometimes referred to as the method of dynamic equilib-
rium, while the second method may be referred to as the Lagrange-equation
method. The force-acceleration method consists of analyzing the forces and
the torques applied to the system and relating them to the accelerations.

In the energy method one sets up the energy expressions for the system and
applies Lagrange's equation to get the equations of motion. The energy or
Lagrange-equation method was used for this study.

The equations of motion were derived from an energy balance (expressed in
generalized coordinates) on the system. This energy balance is sometimes
known as the law of virtual work, which states that the work done on the
system by the external forces (virtual work) during a virtual distortion (a
small change in one of the generalized coordinates? must equal the change in
internal strain energy. The work done by external forces includes the work
done by external loads, by inertia forces, and by damping or dissipation
forces. The energy balance on the system may be written as

oW, + oW, + 8N = sU (1)



where:

$We = Work done by external loads
6Win = Work done by inertia forces
§W. = Work done by damping forces
sU = Change in internal strain energy (potential energy)

For a generalized coordinate gj

sW = ._a& Gq- (2)
<5 aqi 1
alW
s
Gwc - E 6q1 (3)
_ 3
sU = 3q, 89, (4)
and
B d akK akK
Min = " Tt (5—\ = (—qf)“*i ()
1/ i
where:
J .
L 1 2
K= 3 5 MX (6)
r‘:
aK J 8 axr
b N M X— (7)
3qi 'f‘z=:| r‘aqi



r aqi

J :
. 9
L IR e (8)
95 r=l

Substituting (2), (3), (4) and (5) into (1) gives

Mo g fak ), ek, My (9}
3q dt aq; ag;  3g; 4,

or
a4 ¢ gkN, 3K sogd. o awc < awe (10)
dt aq1 aq1 g aqi aq1

where:

t = Time
qi = A generalized coordinate
Gi = Time rate of change of qj
K = Kinetic energy
U = Strain energy
We = Work done by damping forces
We = Work done by external loads

This equation is one form of Lagrange's equation. When appropriate expres-
sions are written for K, U, Wc and We, all in terms of the generalized
coordinates qj, 42,..., Qp, differentiated as indicated and substituted into
the above expression, equations of motion are obtained. There will be one
equation of motion for each of the n coordinates or degrees of freedom. In
all cases considered, 3aK/aq4j is zero, since kinetic energy is a function of
velocity rather than displacement. For example, consider an energy balance
on the cask (i.e., the mass Mp), and let the generalized coordinate be the
vertical displacement Yp, i.e.,

q: =Y (1)



therefore

|

L B ST BT RIS

: v e 2P - pp
aYp aYp
and
S ZAKSY il S s S
H(_T—) at (Mpr) = Mp\’p
aY
p
Also
30 = 2 (usay + Us3y)
p P
where:
us2y = Eég [(Yor= 2pplppe) = (Y. = 2500 )]2
2 RC “CR'RC p PR p
and
US3Y=KS3[(Y +upcep) - (Y + 2500 )]°
T RC CF RC p PF'p
Therefore
a{Us2Y} A g - &
aYp = k52 [(YRC ECRSRC) (Yp EPRBD)] DUS2
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(12)

(13)

(14)

(15)

(16)

(17)

(18)



and

a (US3Y) N i " .
kSB [(YRC LCFBRC) (Yp + zPFep)] DUS3

aYp
Finally,
iy
€ o 2 (4CS2Y + WCS3Y)
Y. - 3y
pl g
where:
NCS2Y # ~Bebls (Yo ~ bt i) e Y, & Ragh. Y]
s2lat (Y = %¢r ®re! = @t (Yp - *pr%p
x [(¥pe = 2cgepe) = (Yp = 2pgey)]
NOSHN = O [t o b= Do 1Y % g U
s3 Lat Mre * “crfre! - aT Yp * *pF%p
x L¥pe * 2cpfpe) - (Yp * 2pgop)]
and
a (WCS2Y) _ d _ g _ 2
i Cso [T (Re ~ %crO%c) - qE(Yp - tprop)] = DWS2
2 (WCS3Y) _ d d _
Y, Cs3 Lat (Re * crfRe) - aulYp + %ppop) ] = DWS3

There is no work done by external loads, so
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(19)

(20)

(22)

(25)



The equation of motion for the cask is then obtained by substitution of the
above terms in Lagrange's Equation [Eq. (10)] to give

a2y

Mp - 0 + DUS2 + DUS3 - DWS2 - DWS3 = 0O (26)
dt

The twelve derived equations of motion are:

(1) The Package or Cask

MpXp = (kgy + kgg)[(Xoe * Zpeope) - (Xp = Zpop)]
+ (Cgy *+ Cog)Xpe + Zpeope) - (X, - Zp0p)]

- (Wpy * Wpg)upgsan(Xp- Xpc) (27)

MoYp = ksp [(Ype * 20gopc) = (Yp * 2pp0p) ] + ko3l(Ype = 2¢p0pc)
= (Yp = 2ppop) I + Copl (Ype + 2gope) = (Yp * 2ppop)]

+ Co3l(Ype = 2epope) = (Yp - 2ppop)] (28)

lpep = (kS] + kS4)Zp[(xRC + ZRCBRC) - (Xp - Zpep)]

+

kso2prl(Ype * 2crre) = (Yp * 2pgép)]
= kgtppl (Yoo = #cpope) = (Yp = 2ppd, )]

(Cgy * CoalZyLiKpe + Zpebpe) = (X - Z0,)]

L

Cso%prl (YR * cr®Rc) = (Yp * 2pgop)d]

= Coqtprl (Yae = 2cpdre) = (Yp = 2ppop)] (29)
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(2)

The Rail Car

M, X

RCRC ~

MacYre =

Rc®re ©

- (kgy * kgg)[(Xpe * Zpcope) = (Xp - Z0)]

kssl (Xpe = ZpePre) = X1r) = Ksgl(Xpe = Zpere) = X!

- ksears(Xpe = Xp) - (Cgy *+ Co)l(Xpe + Zpeope) - (X5 - Z,8,)]

Cssl(Xpc - Zredre) - X1r) - Csgl (Xpe = Zpeore) - *rr )

(Wpy + Wpglupgsan(Xp - Xp) (30)

- kgoU(Ype * 2cpopc!
(Yp = 2pp0p)] = kgg(Ypr + 2pc0pc) = Ko7

=

= (R

s kS

+

(Y
ks

(C

Cs

(Y

= (Yp + 2pp0p)] = keal(Ype = 2¢p0pc)

(Yec = *Rcre!

= Cop [0pc * 2cfpe) = (Yp * 2pgop)] - Cogl(¥pe = 2pfpc)

- (Yp = 2pp8p) ] - Cogl¥pe * 2pc0pc) = Cs7(Ype = 2pcopc!
& onart Ve o il X K (X = x) | CPL 3y
cptBepis9"Yae = 2ep®re) | ®scars'®re ~ *F
s1 * ksq)Zpcl (Xpe + Zpctpe) = (Xp - Zp0p)]
2cr [(pe * *crfre) - (Yp *+ 2ppop) * kgl (Yoo - 20p0pc)

}J K =

P~ *pgfp ssfrcl (Xre = Zre®re! = *1r) - ksetrelYre * *Re®Re!

7rclYre = *re®re) * ksglrcl Fre = Zrefre) - XtF)
s1* Csa)Zpcl¥pe * Zpeope) = (Xp = Zp8,)]
(Y

2cRLURe * 2crPre) = (Yp *+ 2pgop) ] + Cogtppl (Yoo - 2cp0pc)

p = *pr®p) ) * CssZrcl (g = Zredre) = 1Rl

13



1

Cse®relYRe = *Re®re) * Cs7*relYRe = *RecfRe!

-+

Csglpcl (Xpe = Zre®re) - Xt

[+ ]
. - CPL
*uepteps9MYre - *epifre! Bepil¥scars(Xre - XF)
+ (Zepgo * 2cpLre)*scars(¥re = X+
(3) The Front and Rear Trucks
Mir¥1R = kssl(Xpe = Zpefre) - *1r) * Cosl{¥pe = Zpelre) - *mmd
- “TRNXTRSQ"(XTR) * BRAKER
Mrr*rr = Ksgl(Xpe = rePre) - *77d * Cogl¥pe - Zre®re) - *1rd
- uTFNXTFsgn(XTF) * BRAKEF
(4) The Anvil Train (Four Loaded Hopper Cars)
MeXe = Kscars{¥re = XF) - Kppa(Xp - Xpp) - wpWpsgn(Xe) © BRKIRC
MeoXr2 = Kepa(Xe = Xpp) = Keopa(Xep = Xp3) = upMppsan(Xe,) © BRKF2
MeaXes = Kpop3(Xep = Xp3) = Kespa(Xe3 = Xpg) - wpgWp3san(Xe3) * BRKF3

MeaXpa = Kr3ra(Xp3 = Xpg) - upgWpgson(Xg,) * BRKFA
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See Appendix I, NOMENCLATURE OF TERMS, for definitions of the terms used in
these equations.

The energy method was used in this study because it is a convenient and
efficient process for deriving the equations of motion of the cask-rail car
system. Specifically, several reasons for its selection are:

(1)

(2)

(3)

It has the advantage that, for a multi-degree-of-freedom system, the
equations that describe the motion of the system are simplified and
reduced in number because all the internal forces that do no work will
not appear in the equations.

To express the results of the study as acceleration response spectra,
it is necessary to relate maximum system response to system frequency.
One way of accomplishing this is to use the modal method of analysis,
which is considered to be an energy method because the modal equations
are derived using the method outlined above. In the modal method,
responses in the normal modes are determined separately and then
superimposed to provide the total response. It can be shown that, by
the use of this approach, each normal mode may be treated as an inde-
pendent one-degree system. However the modal method was not used in
this study. Independent one-degree-of-freedom (1-DOF) systems were
used to relate system response to system frequency, but the technique
used was not the modal method. [See Section 1.2, CASK-RAIL CAR RESPONSE
SPECTRUM GENERATOR MODEL (CARRS)].

Common practice associates matrix formulation (stiffness matrices, etc.)
with the alternate method. This is not always necessary; nevertheless,
it is common to set up a problem in matrix notation when using the
force-acceleration method. This is not the case with the energy method,
although each method produces a system of differential equations of
motion that can be expressed in this form. The formulation of the
equations of motion using the energy method requires more mathematical
manipulation, which might be considered by some to be a disadvantage;
however, in this study, this was felt to be a small price to pay to
maintain a close feel for the system attributes and to be able to
subdivide the equations of motion into their various energy components.

The system simulation model is set up in terms of the equations of
motion, which are subdivided into the various energy terms. This
facilitates modification of the model at any time with a minimum of
effort. This provides extreme flexibility in model construction.

Both the energy methou and the force-acceleration method are only alternate
methods of formulating the equations of motion of the cask-rail car system.
They are not methods for solving the system of differential equations
obtained.” Because of the complexity of the system of equations and the fact
that the equations are non-linear, a numerical method of integration was
used in this study.
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The entire model defiqi&ion was written in the Advanced Continuous Simula-
tion Language (ACSL). 1) ACSL was developed for the purpose of modeling
systems described by time-dependent, non-linear differential equations
and/or transfer functions. Program preparation can either be from block
diagram interconnection, conventional FORTRAN statements, or a mixture of
both. The ACSL program is intended to provide a simple method of repre-
senting complex mathematical models on a digital computer. Working from a
system of equations describing the problem or from a block diagram, the user
writes ACSL statements to describe the system under investigation. State-
ments describing the model do not need to be ordered, since the ACSL proces-
sor will sort the equations so that no values are used before they have been
calculated. This operation of the language is in contrast to the usual
digital programming languages 1ike FORTRAN, where program execution depends
critically on statement order.

A1l integration in an ACSL program is handled by a centralized integration
routine. The user has a choice of four numerical integration algorithms:

The Adam's-Moulton variable-step, variable-order,
The Gears-Stiff variable-step, variable-order,
The Runge-Kutta second-order, and

The Runge-Kutta fourth-order.

oM —
— e —

The Runge-Kutta fourth-order algorithm was used in the model developed for
this study.

A listing of the CARDS Model is presented in Appendix IV.

1160 Rail Car Coupler and Draft Gear Subsystem Submode]l

The rail car coupler and draft gear subsystem affects the response of the
cask-rail car system more than any other component because the shock of
impact is attenuated and transmitted to the cask-rail car system through
this device.

A calculation sequence was developed to simulate the behavior of the coupler
subsystem for the cask-rail car and the lead car in the group it impacts
during humping operations. This coupler submodel determines the displace-
ments of the springs and dampers (dashpots) during normal operating condi-
tions, and the displacements and other conditions when one or more of these
components bottom out at their limits of travel. The submodel was developed
as a simplified preliminary model to develop and test the simulation of a
coupler with a friction draft gear. It was given the name CARDT, which is
an acronym for Cask-Rail Car Dynamic Test model. Later, after validation of
CARDT by comparing calculated results with some experimental data, the basic
features of the submodel were incorporated into CARDS.
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Friction draft gears consist of springs and dampers in parallel; therefore,
CARDT is based on the spring and damper arrangement shown in Figure 5(a).
The equations of motion for the simple rail car-coupler subsystem model of

Figure 5 are

2

it
e 7" - kil - g 59
and
d2XF
e el R (40)
where:

Xae = Displacement of the hammer car (in.)

XF = Displacement of the struck car (in.)
Mac = Mass of the hammer car, including lading [1b(f0rce)-52/in.]
MF = Mass of the struck car, including lading [1b(force)-52/1n.]

I

Total equivalent spring constant of the combined draft
gears [1b(force)/in.]

An equivalent spring representing the draft gears separating the cars is
obtained by combining the spring and damper of each draft gear into a single
equivalent spring [Figure 5(b)] and then reducing these series-connected
springs to a single spring [Figure 5(c)].

When a force is applied to a parallel arrangement of a spring and damper,
such as that representing the draft gear on the hammer car in Figure 5(a),
the forces and displacements are defined, respectively, by

Fry = Fy * Fpy Le1)

and

X=X =X (42)
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where:

Fr1 = Total force applied to the draft gear on the hammer car

[1b(force)]
F1 = Force causing displacement of the spring [1b(force)]
Fp1 = Force causing displacement of the damper [1b(force)]

X = Total travel or displacement of the draft gear on the
hammer car (in.)

X} = Displacement of the spring (in.)

Xyp = Displacement of the damper (in.)

The force on the spring is

F1 = k]x1 (43)
or, since X = X1

F] = k]X (44)
where: k1 = Spring constant of the spring in the hammer car draft gear

[1b(force)/in.]

According to Roggeveen,(z) in a friction draft gear the friction force is
caused by the spring force and is, therefore, proportional to it. With this
in mind, the friction force or force on the damper was defined as

FD] = uDF]sgn(X) (45)
where;
My = A multiplying factor corresponding to a coefficient of
friction
sgn(X) = Signum function or sign function
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The signum function is defined as

+1 3 i >0
sgn(X) = 0, X=0 (46)
-1, X <0
where: X = Total relative velocity of displacement or travel of the

draft gear (in./s)

Equation (45) implies that frictional damping in the draft gear is due to the
sliding of two surfaces with a friction coefficient of up, pressed together
by the spring force Fy. Equation (41), which defines the total force applied
to the draft gear, may now be written as

Frp = Fp * upFysgn(X) (47)

or Fry = F][T + uDsgn(i)] (48)

Using the definition of Fy from Equation (44), the equation for the total
force becomes

Fr1 = kX[1 + uDsgn(i)] (49)

Corresponding equations for the draft gear on the struck car are

Frp = Fy + Fppp (50)
Kk = R (51)
Fo ® Koty (52)
or Fy = kX' (53)
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and FTZ

where:

Xp2

koX'[1 + uDsgn(i')] (54)

Total force applied to the draft gear on the struck car
[Tb(force)]

Force causing displacement of the spring in the struck
car draft gear [1b(force)]

Force causing displacement of the damper in the struck
car draft gear [1b(force)]

Total displacement or travel of the graft gear on the
struck car (in.)

Displacement of the spring in the struck car draft gear
(in.)

Displacement of the damper in the struck car draft gear

(in.)

The coupler subsystem of Figure 5(a) can now be reduced to the equivalent
arrangement shown in Figure 5(b). The total forces acting on the draft gears
may now be expressed in terms of the spring constants of the equivalent

springs
F11 = *acog* (55)
and Fip = kepe'! (56)
where:
kRCDG = k][1 it HDSQH(’.‘)] (57)
Kepg = KqL1 + wpsan(X)) (58)
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For two springs in series, the total force applied is the same as that on
each spring,

Fro=Fo =F (59)

and the total relative displacement or travel of the two springs is equal to
the sum of the relative displacements of each of the springs,

XT =X+ X' (60)

For a single equivalent spring, the total force may be defined as

Fr= keXy (61)

where :

= Total relative displacement of a single spring representing
both draft gears (in.)

><
==
]

kT = Spring constant of the single equivalent spring

[1b(force)/in.]

Solving Equations (55), (56) and (61) for the displacements and substituting
into Equation (60) gives

-1
-
-

FDG (62)

but since Equation (59) is true, Equation (62) may be reduced to

] 1 1
— = + (63)
kt kpeoe  Krpg

or
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k k

T kpepe * *rog

Before this definition of ky can be used for the submodel of Figure 5(c),
both kRCDG and kppg must be expressed in terms of XT rather than as functions
of X and x'. The total travel of the combined draft gears may be expressed

as

X = Yo ¥ (65)

ks = fgpi -V {68)
Combining Equations (55) and (61) gives the relationship between X and Xt,

k
X = X X

K (67)
RCDG

T

and combining Equations (56) and (61) gives the corresponding relationship
between X' and X7,

KT
X' = X (68)
Kepg T
Differentiating Equations (67) and (68) with respect to time gives
k 1
ik
K i X (69)
“ReDG T
and
kT -
X' = X (70)
Kepg T
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Substituting from Equations (69) and (70) into Equations (57) and (58) makes
both krcpg and kfpg functions of Xr,

kpepa = KqL1 + wpsan(kyX;/kpepg) 1 (71)

Kepg = KolT * upsgnlkyXy/kgpg) ] (72)

but, since only the sign and not the magnitude of X1 is of interest and
since k1, krcpg and kppg are always positive,

kRCDG E k][] + HDSQN(XT)] (73)

and

Kepg = Kol + wpsan(Xp)] (74)

Equations (73) and (74) define the equivalent spring constants of the draft
gears in their "active" state, i.e., when the total displacement lies
between its upper and lower limits. When these limits are reached, the
draft gears go "solid", i.e., they behave like a solid beam with properties
consistent with the structural characteristics of the draft gears and rail
cars. Consequently, the definitions of kpcpg and kaG must be modified to
represent the transition from the "active" to "solid" states. This is
accomplished by branching within the submodel equivalent to the following:

kpcog = KqL1 + wpsan(Xy) ]

by 1< ep £ K (75)
rog = koLl + upsan(Xp)]
and
kpcog = *spe1
X E-XTL or X; > XTU (76)
KepG = Xspe2
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where:

Lower and upper limits, respectively, on the travel of

XTLs XTU
the combined draft gears (in.)

kspgls kspg2 = Spring constants of the "solid" draft gears on the
hammer car and struck cars, respectively [1b(force)/in.]

In the submodel, this branching is accomplished by the use of switching
functions. In Fortran notation,

KRCDG=RSW(XT.LT.XTU.AND.XT.GT.XTL,K1*(1.+MUD*SGNF (DXT)),KSDG1)  (77)

and

KFDG=RSW(XT.LT.XTU.AND.XT.GT.XTL,K2*(1.+MUD*SGNF (DXT)),KSDG2) (78)

where:

A "real switch" function in ACSL (Advanced Continuous
Simulation Language)

RSW ()

and SGNF ( ) = A specially constructed "signum function"

As a simple general example of how the real switch function works in ACSL,
let

R = RSW (A,B,C).

If Ais TRUE, R = B,

C.

Otherwise R

The foregoing has been a presentation of the development of the coupler sub-
system submodel. The same general approach was apq&ied to the suspension
subsystem submodel since a Barber stabilized truck utilizes friction
damping where friction is proportional to the load. (See Section 1.1.2,
Suspension Subsystem Submodels. )

The coupler submodel described here was used to simulate an actual impact
between two loaded 70-ton cars at ~6 mph. The calculated results are
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presented in Figures 6 and 7 as coupler force as a function of Eime during
impact. Results from the impact test, as reported by Bai}lie,( are also
presented in Figures 6 and 7 for comparison.

The results obtained from the model agreed reasonably well with the actual
results for the periods when the draft gears were "active", but deviated
considerably for the p?rSOd when the draft gears became "solid" after bot-
toming out. Roggeveen(®) simulated the same test using an analogue com-
puter and obtained the same general trend of results. He concluded that the
lower peak force during the actual test could be attributed to energy dis-
sipation due to lading slip or cargo shift, and developed a model that
divided the masses of each car into two masses, one for the car and one for
the lading. This "two lump" approach of Roggeveen's was not used. In its
place, an approach was used in which car-to-car characterization functions
were developed to characterize the behavior of rail cars and their draft
gears during the "solid" state of the draft gears. The "solid" state of a
draft gear refers to that state after bottoming out when the draft gear
behaves as a solid beam. This is in contrast to the draft gear's "active"
state which is the normal condition before the draft gear spring has reached
its limit of travel. A characterization function defines a pseudo spring
constant or resistance function for the draft gear for its "solid" state,
which accounts for dissipation of a portion of the total kinetic energy of
the system due to cargo shifting and/or deformation of the cargo or rail car
during this state. The spring constant defined is unique in that it
increases gradually at first while the cargo shifts or deforms easily, but
then rises sharply as the cargo compresses or stiffens. An upper limit is
imposed on the spring constant during compression which represents near total
compaction of the cargo. Energy dissipation due to crushing and deformation
of the cargo during the "solid" state is simulated by removing a large frac-
tion of the potential energy stored in the spring before the draft gear
rebounds or recovers at zero relative kinetic energy of the two coupled cars.
A car-to-car characterization function was first developed for CARDT and
then expanded and installed in CARDS. This function was developed to avoid
having to model each car in a train in detail.

The first step in the development of a car-to-car characterization function
was linked to the development and application of a model validation algo-
rithum based on Theil's inequality coefficients. (See Section 4.0, MODEL
VALIDATION). A Theil's inequality coefficient (TIC) is a figure of merit
computed from comparisions of predicted and measured time-varying (series)
values of a response variable. A TIC ranges in value from 0 (indicating
equality or perfect agreement) to 1 (indicating maximum inequality or
poorest agreement).

Simulation runs were made to define a spring constant for a draft gear in
its "solid" state. This spring constant was developed by varying certain
parameters and conditions to minimize a Theil's inequality coefficient for
comparision of calculated and measured time-varying values of coupler force.
The system simulated was the impact test wh?r? two gravel-filled 70-ton
hopper cards collided at 46 miles per hour. 4) The simulation runs were
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based on "solid" draft gear spring constants that were allowed to vary as
functions of the relative displacement

Xr = Xoo = Xe (79)

beyond the maximum value of X7 for the "active" state. The spring con-
stants increased in magnitude as Xy increased beyond this "active" limit.
The spring constants were expressed as the products of pre-selected base
values and a multiplying factor that varied as a function of Xy beyond its
active 1imit, as shown in Equations (80) and (81), and conditions (82).

kKspe1 = kspgro ¢(*7)

= k

kspge = Kspgao @ (X7)

where:

= base spring constants corresponding to kSDG] and kSDGZ’

| ok
SDG10* 750620 respectively [1b(force)/in.]

o(XT) = a multiplying factor, where

¢(XT) = 1.0, when XT = 5.6 in.
(82)
¢(XT) > 1.0, when X; > 5.6 in.

The Tower 1imit on the base "solid" state spring constants was set at the
value of the "active" state spring constant. The lower limit on the multi-
plying factor was 1.0, and the upper 1imit was an extrapolation from an
arbitrary upper value of 6.35 in. set for X7.

The time-varying coupler force, calculated using Equations (80) and (81), was
compared with Baillie's data in Figure 8. The calculated coupler force vs
time curve had the characteristic shape of the experimental curve, but both
its magnitude and duration were substantially larger than those of the
experimental curve. It was determined that, if the "solid" draft gear spring
constants were bounded at some upper value less than that reached at zero
relative velocity (i.e., dX7/dt = 0), the peak coupler force would be
reduced, but the duration would be increased. It was further determined
that the duration could then be reduced by extracting a suitable fraction of

26



the potential energy stored in the springs. To accomplish these two effects,
Equations (80) and (81), and conditions (82), were modified as follows:

kspg1 = Kspgro?l AP LT + uygsan(¥y)] (%)
kspez = Kspgaot(Xp)L1 * uyysan(Xy)] (84)
and
¢(XT) = ¢(XT)L when XT < 5.6 in. 'j
o(X;) = o(X;) when 5.6 < X; < 6.35 in. > (85)
¢(XT) = ¢(XT)U when XT > 6.35 in. 5
where: e A multiplying factor representing the extent of energy

dissipation (0 < uyp < 1),

When the draft gears bottom out and enter their "solid" state, the relative
displacement X7 no longer represents the travel of the combined draft

gears. The terms x%c and XF are the horizontal displacements of the
centers of gravity (cg) of the hammer car and anvil car, respectively.
During the "solid" state of the draft gears, the cargo shifts or displaces,
causing a shift or change in these displacements even though the actual
travel of the draft gears during this period may be very slight. Conse-
quently, the coupler force between the cars becomes a function of the
resistance of the cargo to shift or deformation. A load-deflection curve
for the cargo during this period would be based on cargo displacement rela-
tive to that of the rail car (i.e., displacement of the cg) and would
produce a pseudo spring constant with the characteristics of the "solid"
draft gear spring constants described in the previous paragraph. It is
assumed that no cargo shifting or deformation occurs during the "“active"
state of the draft gears. This pseudo spring constant or "solid" draft gear
spring constant also contains a term that accounts for the dissipation of a
large portion of the energy required to shift or deform the cargo. Normally,
a spring would restore to the system its energy of compression. In cargo
shifting and deformation, energy is dissipated due to friction and due to
permanent deformation of the cargo. Therefore, in the model, when the cargo
is no longer compelled to move in the direction of greater compaction, the
energy stored in the spring is discarded from the system by a substantial
reduction in the spring constant for the recovery phase. This is accom~
plished by adjusting the parameter uyx7. During the compaction or shifting
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of the cargo, when the relative velocity iT is positive, uxt is set at U
or some small fraction. At the end of compaction, when the spring would

normally restore the energy of compaction to the system and when X1 is
negative, uyt is set at some large fraction. wuyy is defined by

MyT = MyTeC when XT > 0 (Compaction)
(86)

MyT = HXTE when XT.i 0 (Recovery)

where:

Hx1c = An energy dissipation coefficient for cargo compaction

PxTE = An energy dissipation coefficient for the cargo recovery phase

The equivalent spring constants of the draft gears in both their "active" and
“solid" states may be summarized by restating Equation (75) and combining
Equations (76), (83) and (84) to give

krepg = kLT * upsgn(Xy)]
XTL < XT < XTU (75)
kepg = Kol1 + upsgn(X)]
for the "active" state, and
kpcog = Kspgro?(Xp) [T+ uygson(Xy)]
X

Lol 04y 2 ', ()

Kppe = Kspeaot(X7) L1+ uygsan(Xy)]

for the "solid" state.
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Using the above expressions for the spring constants of the draft gears in
the CARDT model, additional runs were made to simulate the 6 mph impact -
between the two gravel-loaded 70-ton hopper cars discussed earlier. During
these runs, values of the parameters kspg10s kspg20s ¢(XT), wxtC and

uxTE were adjusted to obtain a coupler force vs time curve that compared
reasonably well with the actual data reported by Baillie(4) for this
experiment. Final values of these and other pertinent parameters are sum-
marized in Table 1. The parameter ¢(Xy) is presented in Figure 9. Results
of these simulation runs are compared with experimental results in Figures 10
through 13. Coupler forces, relative displacements of the centers of gravity
of the cars, relative velocities and relative accelerations are compared in
Figures 10, 11, 12 and 13, respectively. Good comparisons were obtained up
to ~0.076 second after impact. Beyond this time the response variables
deviate as shown, indicating that further adjustments in the parameters are
required. The experimental coupler force peaks at about 0.07 second while
the calculated force peaks at ~0.085 second. The calculated coupler force
as a function of calculated relative displacement is presented in Figure 14.
This load-deflection curve for the single equivalent spring separating the
rail cars encompasses both the "active" and "solid" states of the draft
gears. The shape of h? cyclic curzg of Figure 14 is not unlike the curves
presented by Kasbekar 6) and Scales for standard draft gears.

It was noted that a lower value of the spring constant for the "solid" draft
gear lowers the peak coupler force and increases its duration (i.e., broadens
the peak), while a higher spring constant increases the peak force and
decreases the duration. The calculated coupler force curve may be "shaped™
to approach that of the experimental curve by the judicious adjust-

ment of the parameters kspgjo, ksp6zos ¢(X1)s wxtc and uxye. The first
three parameters tend to raise and lower the peak force with a corres-
ponaing narrowing and broadening of its duration. The last two parameters,
when used with the sign function sgn(XT), cause the coupler force to drop

to a level consistent with the dissipation of energy due to cargo shifting
and deformation. The width of the pulse then depends upon the time at which
XT goes negative.

After a careful study of the differences between the calculated and measured
values of coupler force, relative displacement, relative velocity, and rela-
tive acceleration compared in Figures 10, 11, 12 and 13, respectively, it was
determinea that two adjustments were necessary to obtain better agreement.

The first adjustment made was to the energy dissipation coefficient, uytE.
wXTE was changed from a value of 0.9 to 0.95 (see Table 1). This drops the
coupler force to a lTower value after the velocity XT goes negative (cargo
recovery phase).

The second adjustment made was in the argument of the sign functions in
Equations (87) and to the control variable for Equations (86). As stated
earlier, the width of the coupler force pulse depends upon the time at which
XT goes negative. The velocity X7 cannot be altered since it is deter-
mined from the equations of motion of the system; however, the argument of
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the sign functions and the control variable for Equation (86) can be re-
defined to produce the desired results. For this purpose, an "adjusted"
relative velocity of displacement or travel of the centers of gravity of
the two rail cars, Xyap, was used and Equations (87) and (86) changed to

kreog = Kspgrot(¥p) 1+ wuyp son(Xpad] | Xy < Xy
or (88)
epe = Kspgaot(Xp) L1+ uypsan(Xp)d | Xy 2 Xgy
and
MyT = MxTC when xTA > 0 (Compaction)
(89)
MyT = MyTE when X., < 0 (Recovery)
where: iTA = Adjusted relative velocity of displacement or travel of
the cgs of the two rail cars (in./s)
The adjusted relative velocity is defined as
deA ? dXT v deA 5
dt dt dt
or
s W B U
where: kLg = An adjustment factor or relative velocity to regulate

the relative velocity Xy (in./s)

The function of XLA is to make the argument and control variable, XTA, 0
negative before Xy. A constant value of X a would give a time plot of Xyp
similar to that shown in Figure 15. Therefore, X p becomes an additional
control variable that can be used to vary the size of the pulse of the
coupler force curve by "shaving" slices from its back side. Increasing the
magnitude of X p would result in larger slices being removed from the pulse.
A negative value of X p would add slices to the pulse.
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The adjusted relative velocities, iTA and X p, may be related to the veloc-
ities of the rail cars (not the cg's) and the velocities of the cargos on the

rail cars, respectively, as follows. The velocity of the cg of the hammer
car is defined as

_ Mc*ere * Mirc*Lre

X (92)
Be Yrre
and the velocity of tue center of gravity of the anvil car as
. Melee tWiche
TF
where:
MF = Mass of the anvil car (M)
Mrc = Mass of the hammer car (M)
M_F = Mass of the lading or cargo on the anvil car (M)
M.rc = Mass of the lading or cargo on the hammer car (M)
XrRc = Velocity of the cg of the hammer car and its cargo (L/e)
X = Velocity of the cg of the anvil car and its cargo (L/e)
XcRe = Velocity of the cg of the empty hammer car (L/e)
iCF = Velocity o™ the cg of the empty anvil car (L/e)
MrF = Total mass of the anvil car and its cargo (M)
= MF + MLF (94)
Mrrc = Total mass of the hammer car and its cargo (M)
= Mc + MR (95)
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The relative velocity of displacement or travel of the centers of gravity of
the two loaded rail cars is defined by

K= dee - % (96)

Substitution from Equations (92) and (93) into Equation (96) gives

« - Mekea thaekine Yelort MEAE
7 = M ¥ M (97)
TRC TF
Replacing iT in Equation (91) with the above gives
~Mockere T Ml btmer Mt Yiktlee
(e M & M = a (98)
TRC TF
Assuming that iLA may be expressed in terms of the velocities of the
cargos and their mass fractions as
- Moo Npe Miphie
TRC 1]
Then Equation (98) may be rewritten as
i ke fore o Mo e Meter | Mielte SPIRetRe  MUPhE o0
™o T TR TR
RC RC TF TF . RC F
or
C My X M_X
. o MLCRC TFIGE (101)
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Equation (101) states that the adjusted relative velocity of the centers of
gravity of the two rail cars is equal to the difference between the products
of the mass fractions of the cars and their absolute velocities, if the
adjustment factor or relative velocity X p is defined as the difference
between the products of the mass fractions of the cargos and their absolute
velocities. The velocity X o may be considered to be the adjusted relative
velocity of the cargos on the two rail cars.

The expressions for the spring constants of the draft gears in the CARDT
mode1 were replaced by Equations (88) and (89), and the simulation of the

6 mph impact between the two gravel-loaded 70-ton hopper cars was repeated.
A constant value of 30 in./s was assumed for X A. Results of this simula-
tion run are compared with the results reported by Baillie(4) in Figures 16
through 19.

Coupler forces, relative displacements of the centers of gravity of the cars,
relative velocities and relative accelerations as functions of time are com-
pared in Figures 16, 17, 18 and 19, respectively. The calculated coupler
force as a function of calculated relative displacement is presented in
Figure 20, and the experimental coupler force as a function of the experi-
mental relative displacement is presented in Figure 21. The comparisons
between the calculated and experimental response variables show some improve-
ment over those shown in Figures 10 through 13. The "goodness" of the com-
parisons has been expressed in terms of Theil's inequality coefficients for
each response variable and Theil's multiple inequality coefficient for the
simultaneous comparison of all the response variables (see Section 4, MODEL
VALIDATION).

The CARDS model was modified to include equations equivalent to Equa-
tions (75), (88) and (89), and the function presented in Figure 9. Sets of
equations were written to represent the linkage between the cask-rail car
(hammer car) and the first ballast-filled anvil car, and the linkages between
the remaining three ballast-filled anvil cars. However, an additional con-
trol variable was required since the cargo of the cask-rail car (the cask)
is considered as a separate mass with its own equations of motion. Also,
the trucks on the rail car are considered as separate masses with their own
equations of motion. Consequently since the character of the cask-rail car
is known and modeled accordingly, that portion of the car characterization
function for the hammer car-anvil car linkage need not include the effects
of cargo compaction and energy dissipation. To accomplish this, the control
variable RCOR was introduced to provide control over the draft gear spring
constant during the "solid" state. RCOR was added as a restriction on
Equation set (88) as follows:

kreog = Kspgro?(Xq) L1+ uygsan(Xga)]
(102)

kepg = Kspgo? (Xp) [T + uygsan(Xg,)]
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when

X < A D > X

T L T TU
and
RCOR = 0
and
Krcog = Xspa10
. (103)
kFog = *spg20? (x)L! * uxrS9n(¥ra)]
when
XT < XTL or X7 > X7y
and
RCOR = 1
where:
RCOR = cask-rail car override variable, with the control function

RCOR = 1.0, to override rail car characterization function

RCOR

0, to activate rail car characterization function

RCOR is a control variable that is set at 1 since the cargo on the cask-rail
car (the cask) is considered as _a separate mass with its own equations of
motion. The adjustment factor XL A is an input parameter. Similar equa-
tions and conditions were defined for the linkages between the other anvil
cars in the train; however, the control variables equivalent to RCOR were
set equal to O.
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When the cask-rail car strikes one or more anvil cars, it will tend to rotate
abouts its center of gravity such that the striking or front end will tend

to move downward and the far or rear end will move upward. This rotational
or pitching motion is opposed by the damping in the suspension subsystems,
and by frictional damping due to the vertical sliding motion of the coupler
face on the cask-rail car against the coupler face on the adjacent anvil car.
The frictional force at the coupler faces is represented as a vertical dash-
pot in Figure 22.

The energy dissipated as frictional work at the coupler faces was defined as

Woop = F

crF - FyreYepL (104)

where:

Werp = Energy dissipated as frictional work, [1b(force)-in.]

Fyrp = Frictional force opposing movement of sliding coupler
faces [1b(force)]

YcpL = Vertical displacement of coupler face on cask-rail car,

(in.)

The frictional force Fyrr was defined by *he expression

*CPL
FYRF = HcpL |FCPL s (Yep )8 cpL {fas)
where:
|FCPLI = Absolute value of force applied to coupler faces
perpendicular to the sliding surfaces [1b(force)]
fCPL = Vertical velocity of coupler face on cask-rail car (in./s)
(Coupler on anvil car is assumed to be stationary.)
BepL” A multiplying factor representing the fraction of FCPL
actually applied to the moving coupler faces
MepL” Coefficient of friction for the sliding of the two coupler
faces against each other
sgn(YcpL) = Signum function or sign function of Ygpi
acpL = A factor to allow the damping term to vary as a function

of the absolute value of Fcp; raised to the factor power
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The force applied to the coupler, FcpL, is the coupler force, i.e.,

FepL = Kscars{fre = %) (106)
where:
kscars = Spring constant of an equivalent single spring repre- '
senting the draft gears on cask-rail car and first anvil
car [1b(force)/in.]
Xxc = Horizontal displacement of cask-rail car (in.)
Xf = Horizontal displacement of first anvil car (in.)
The equivalent spring constant, kS%ARS' is actually ky, the spring constant
defined by Equation (64) as a function of the equivalent spring constants
representing the draft gears on each car.
By combining Equations (104) and (105), the energy dissipated as work may be
expressed as
" a Y
More = = vepe | Fpu| TCPL s9n(Yepy 8cp Yept LieH)
or
W = - IF “eeL sgn(; -2 é 38 s (Yor = S 8gn) (108)
CRF HepL | T ePL RC = *CPL°RC’®CPL''RC ~ *CPL°RC
where:

YRc = Vertical displacement of the cg of the cask-rail car (in.)
oRCc = Angle of rotation of the Xgc and Ypc axes about an
axis perpendicular to the Xgc - YrRc plane through the cg
of the rail car (rad)
acpL = Horizontal distance from vertical centerline of cask-rail

car to coupler face (in.)

Differentiating Equation (108) with respect to each of the generalized coor-
dinates of the system yields
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oW = :
DOCRE = -uepy [Fepy |Sgn Re ™ *epLRe) fepL (109)
aY
RC
and
e repuveee | Fope 97 (e = *epubec ) oot L
RC

These terms were included as energy dissipation terms in those equations of
motion of the system that define the vertical and angular acce1erat1ons,

Yrc and 8pc, respectively. Although the coupler force, Fcpr, is a function
of Xgc and Xg, similar dissipation terms were not derived from Equation (108)
for these coordinates since it was felt that an energy dissipation term for
vertical motion in the equations of motion defining the horizontal accelera-
tions did not seem appropriate. However, since the existence of these dis-
sipation terms is indicated by the use of the energy method, further study
should be made to determine if these terms are significant.

12 Suspension Subsystem Submodel

The rail car suspension subsystem is important since it controls the
vertical and rotational movement of the car during and after impact. Like
the coupler subsystem, suspension subsystems consist of springs and damp?rg
in parallel, as illustrated in Figure 22. In a Barber stabilized truck,
the stabilizing or damping friction force is proportional to the load on the
truck. Therefore, the spring constants for the equivalent springs shown in
Figure 22 are defined by equations similar to those for the draft gears,
i.e.,

=~
]

o
- 6 -
s6 = Ke [‘ : ”DGB6IYRC56‘ Sgn(YRCSG)] Yrese > Yrewax (111

or Ke, = Kk < (12)

s6 = Xgs Yrese < YRemax

a
, 7
g Ksz = k7 [‘ - "D?B7|YRC?8l Sgn(YRC?B)] "re78 > Yromax (113)

or Kk =k

§7 ° 18 Yec78 (114)

| A

YRCMAX
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where:

CPTL N Factors that allow the damping term to vary as a function of
the absolute value of the velocity raised to the factor power

ksg,ks7 = Spring constants for the equivalent springs representing

S . g .

the rear and front suspensions, respectively [1b(force)/in.]

kgsk7 = Spring constants of the combined springs in the rear and
front suspensions, respectively, in their "active" state

[1b(force)/in.]

kessKk7s = Spring constants of the combined springs in the rear and
front suspensions, respectively, in their "solid" state,
i.e., after they have bottomed out [1b(force)/in.]

YRC56’YRC?8 = Vertical displacement velocities of the rail car at the rear
and front suspensions, respectively (in./s)

YRCMAX = Maximum downward vertical displacement of the rail car (the
point at which the suspension springs bottom out or go
"solid") (in.)

n

Vertical displacements of the rail car at the rear and front
suspensions, respectively (in.)

YRC565 YRC78

Mpe*Hp7 = Multiplying factors corresponding to coefficients of friction
for the dampers in the rear and front suspensions, respectively

36’8? = Multiplying factors representing the fraction of the load on
the respective suspensions that is applied perpendicular to
the sliding surfaces of the damper

san(Yrcse) s sgn(YRe7g) = Signum functions or sign functions of gRCSG and
YRc78, respectively.

The signum function is defined as follows for an argument Y

sgn(¥) =d =1, Y =0 (115)
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Equations (111) and (113) differ from those of the draft gears in two ways.
First, the sign of the second term is opposite to that of the draft gear
equations. This is necessary since the sign convention used for the model
is positive horizontal displacement to the right and positive vertical
displacement upward. With this convention, the velocity of the vertical
displacement js negative downward in the direction of the load compressing
the suspension subsystem. A negative value of this velocity in Equations
(111) and (113) will result in the addition of the terms in the brackets.
The net result is that the equivalent springs for the suspension subsystems
will be stiffer during compression than during relaxation or 1ifting. The
second way in which Equations (111) and (113) differ from those of the draft
gears is due to the multiplying factors gg and g7. These factors are related
to the action of the so-called "side springs" that apply the force perpen-
dicular to the sliding surfaces of the damping device. These factors repre-
sent fractions of the force on the respective suspension subsystems which
are actually applied to the sliding surfaces for damping. The action of the
velocity terms in Equations (111) and ‘113) is to augment the friction fac-
tors upe and upy. They act in conjunchion with the load fractions gg and

g7 and the friction factors to regulate the amount of energy lost due to the
forces exerted on the friction surfaces by the side springs. The absolute
value of the velocity multiplied by a sign function with the velocity as the
argument is equivalent to the vertical velocity; therefore, the second term
in Equations (111) and (113) is equivalent to a viscous damping term. How-
ever, due to the presence of the factors ag and a7, greater latitude than
either pure viscous or pure frictional damping is possible.

Lo b Pitching Moment Caused by the Offset of the Coupler and the Center
of Gravity of the Rail Car

The CARDS model contains a term representing the pitching moment caused by
the offset of the coupler and the center of gravity of the rail car. This
term is part of the equation of motion defining the angle of rotation of the
car.

Figure 23 is a simplified sketch of the rail car portion of the CARDS model
that shows how the rotation of the rail car about a lateral axis passing
through its center of gravity is enhanced by the moment of the coupler force
about the axis. The moment about the center of gravity is

Z0pGDUSCAR (116)

Mcce

where:

Zepg = Vertical distance between the line of force and the cg
of the rail car (in.)
DUSCAR = Coupler force [1b(force)]
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The coupler force is defined by

DUSCAR = (117)

Kscars e = %¢)
The vertical distance, Zgpg, is defined by
(118)

Lepe = Lepeo * *cpLORe

where:

Zcpgo = Distance between the centerline of the draft gear and the
cg of the cask-rail car (in.)
acpL = Horizontal distance from the vertical centerline of the

cask-rail car to the coupler face (in.)

®pc = Angle of rotation of the cask-rail car about the lateral
axis through its cg (rad)

The pitching moment, Mpccg, was added to the equation of motion that defines
the angle of rotation of the cask-rail car, i.e.,

N
2 D [(0USy) (23] + Moceq
d'9sc L
B i (119)
dt RC
where:
DUS; = i-th force on the rail car [1b(force)]
%3 = Distance from the rail car cg to the line of the applied

i-th force (in.)

elg Cask-Rail Car Bending Submodel

The CARDS model contains a submodel to simulate bending of the cask-rail car
(hammer car); however, although a spring arrangement to represent bending of
the car was developed and incorporated into the model, it has never been
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used or tested. At present, the bending submodel is isolated from the rest
of the model by the use of switching functions that are in the deactivate
mode.

The bending submodel remains isolated since time did not permit a study of
some potential problems affecting superposition. The system of equations
that define the present rail car model is based on the rotation (front to
back pitching) of a rigid, nonbending rail car. The displacement at all
support points on the rail car (cask to rail car and rail car to trucks) are
functions of the vertical displacement of the center of mass of the rail

car, angle of rotation, and a constant (nonbending) distance from the center
of mass to the support points. When bending of the rail car occurs, the
center of mass and, therefore, the vertical displacement are no longer
located on a straight line and can no longer be related to the support points
simply as a function of the distance and angle of rotation. If the increment
of displacement due to bending is small, the present bending submodel may be
used with 1ittle error. If the effect of bending is large, modifications
will be necessary to assure that the displacements of the support points are
correctly represented.

It was felt from the start that bending of the cask-rail car would be slight
and that the effect on system response would be small. Subsequent compari-

sons of measured and calculated response variables have tended to re-enforce
this belief. However, a bending submodel was developed and, although it has
never been used or tested, the approach to its development is presented here
for the recora.

The approach used is based on the reFr§sentat10n of a beam with lumped masses
as a far-coupled spring-mass system. 8) The proper spring arrangement to
represent bending of the rail car was established by considering the rail
car as a beam, and defining a stiffness coefficient ki to be a force
applied at point j to produce a deflection equal to unity in the direction
of the force, while point i is restrained against translation (zero deflec-
tion at i). The coefficients kijj represent a force system that is capable
of translating point j a unit amount while preventing the translation of
point i. For example, in Figure 24, application of the force k7 at posi-
tion 1 to give a deflection yj = 1, while preventing translation or deflec-
tions at the other load positions, causes the reactions kg1, k31, ko7, and
kg at the rear support R, positions 3 and 2, and the front support F,
respectively. Similar application of forces k33 and kyp yields the reac-
tions shown. Because of Maxwell's reciprocal law

It:]2 = k21 (120)

and
kog = K32 (121)

Relating the mass or load positions to the reactions, the bending submodel
of the beam (rail car) may be represented by the far-coupled spring-mass
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system shown in Figure 25(a). If the front and rear supports are mounted on
springs (suspension system), the bending submodel is represented by the
spring-mass arrangement of Figure 25(b).

The stiffness coefficients or spring constants, kjj, for the bending _
submodel are obtained from a determination of flex%bility influence coeffi-
cients. The influence coefficients are determined, as shown in Figure 26,
by placing a unit load at one load position at a time (positions 1, 2 and 3
in Figure 26) and making use of the area-moment method to determine the

deflections Djj. These deflections are superimposed and then combined
with the actuai loads (F;) at the positions to obtain the total deflections

Y1 = FyDyy # FoDyp + F3Dyg (122)

Y, = F1DZ1 + FZDZZ + FBDZB (123)

and ¥g = F]DBI + F2032 + F:‘]D33 (124)

When this system of equations is solved for the loads, three equations of

motion are obtained. The coefficients of yj, yp and y3 in these equations
of motion are combinations of the Djj, and can be shown to be equal to the
appropriate ky;. Equations for the aij and the k;;, in terms of the loca-
tions of the support points and other vail car par%meters, have been pro-

grammed into the model.

The springs representing bending have been incorporated into the cask-rail
car model, as shown in Figure 27.

1.1.5 Modeling the Anvil Train

During humping operations, the cask-rail car may impact "n" loaded cars
making up a train. The CARDS model consists of the cask-rail car (hammer
car) and four “anvil" cars in an "anvil train" as shown in Figures 28 and 29.
Although any number of anvil cars may be considered in the anvil train, only
four are in the model at present to be consistent with the make-up of the
train used in the humping tests conducted at the Savannah River Laboratories
from June 8, 1978 to August 3, 1978.

The model of the anvil train consists of the four masses, Mr, Mr2, MF3 and

MFgq, each representing a single loaded car and each separated from the
other by a coupler. The equations of motion for the four anvil cars are:
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MeXe = Kears (X ~ X

R

Mpakpp Tikero (e £ g - Keagabley < Sl dpoN om G 0)

FFZ(XF - XFZ) - uFNFsgn(XF) * BRKIRC

* BRKF2

MegXes = Kpops3(Xeo = Xe3) = Kpgpa(Xp3 - Xpg) - upgWasan(Xes)  BRKF3

- X

Meghrg = Kpgpathes sripgles

Fa qsgn(XFq) * BRKF4

The terms in Equations (125) through (128) are defined as follows:

Meor Mg and Mo,

BRKIRC, BRKF2, BRKF3 and BRKF4

Kscars® Xrr2» Kparp3 @4 Kpspy
Xes Xeos Xpg and Xe, =
Wes Weos Wpg and Wey

Mps WEps Mp3 ANd up, =

= Masses of anvil cars 1 through 4,

respectively

(125)

(126)

(127)

(128)

Brake switches for anvil cars 1 through 4,

respectively. (Brakes are on and locked
when equal to 1 and off when equal to 0.)

= Spring constants of equivalent springs

representing the draft gear combinations
between cars [1b(force)/in.]

Horizontal displacement of anvil cars
1 through 4, respectively (in.)

= Weights of loaded anvil cars 1 through 4,

respectively [1b(force)]

Coefficients of friction for sliding con-
tact between the tracks and the wheels of
anvil cars 1 through 4, respectively

The size of the anvil train may be increased by adding additional equations
between the equations for the first anvil car [Equation (125)] and the last
anvil car [Equation (128)]. Also, appropriate auxiliary equations for the
spring constants, etc. must be added to the model. The size of the anvil
train may be easily varied by using switches as multipliers of the spring
constants of the equivalent springs representing the couplers separating the
cars. Cars may be switched into or out of the train, as desired, by simply
setting these switches either to 1 or to 0, respectively.
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Some results of a simulation of Test 3 of the humping tests at Savannah River
Laboratories are presented in Figures 30 and 31 to illustrate how the shock
of impact is propagated through the train. The coupler force between cars

as a function of time after impact is presented in Figure 30, and Figure 31
shows the corresponding horizontal displacements or travel of each car along
the track. Rebounding and multiple collisions of the cars in the train, with
energy dissipation, are illustrated in these two figures. Figure 30 shows
four force peaks in rapid succession initially, due to successive bottoming
of the draft gears at impact. Friction in the draft gears and at the sliding
contacts between the wheels and the track continually dissipates the energy
in the system, resulting in a weakening of the force peaks after the first
cycle. Some rebounding of the cars due to release of potential energy stored
in the draft gears appears to occur during the first cycle, which accounts
for the dips in the displacement curves in Figure 31. The dip in the dis-
placement curve for the hammer car is more prominent than those for the other
cars because it was the only car that did not have its brakes on and Tocked.

This simulation of Test 3 was conducted prior to final validation of the
cask-rail car portion of the CARDS model. The validation was carried out
using the coupler forces recorded during each of the tests as the shock
forces causing vibration of the respective systems. (See Section 4.0,
MODEL VALIDATION.) Time did not permit a repetition of this simulation
after validation in which the coupler force for Test 3 would be calculated
along with other variables that describe the response of both the cask-rail
car and the anvil train.

1.2 CASK-RAIL CAR RESPONSE SPECTRUM GENERATOR (CARRS)

Equations of motion were derived for equivalent single degree-of-freedom
(1-DOF) representations of the relative horizontal, vertical and rotational
motion between a radioactive material shipping package and its rail car
(support). These equations of motion (EOMs) were used to construct CARRS
(Cask Rail Car Response Spectrum Generator), a model to generate frequency
response spectra using calculated results obtained from the CARDS (Cask Rail
Car Dynamic Simulator) model.

Response spectra for the cask-rail car system are obtained by converting the
coupled EOMs for the cask in the CARDS model into EOMs for equivalent inde-
pendent 1-DOF systems. The pro? ?ure for making this conversion is patterned
after that of Harris and Crede. Equivalent independent 1-DOF equations
describing the relative horizontal, vertical and rotational motion between
the cask and rail car will now be derived using this procedure.

In the CARDS model, the equation of motion for vertical motion of the cask
is expressed as

Mp?p = - DUS2 - DUS3 + DWS2 + DWS3 (129)
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where:

Dus2 = —ksz[(YRC + nCReRC) - (YP + aPRap)] (130)
DUS3 = -ks3[(YRC - QCFQRC) - (YP B zPFap)] (131)
pWS2 = Csz[(YRC + LCRGRC) - (YP + LPRep)] (132)
DWS3 = CS3[(YRC - ECFBRC) - (YP - apFap)] (133)

A sketch of the spring-mass model of the cask-rail car system is shown in
Figure 2. A nomenclature of terms used in all the equations is presented
in Appendix I. Combining Equations (129) through (133) gives

Mpyp = kgol (Yoo * 2crope) = (Yp *+ 2pgey)] + kgal(Ype - 2epope)
- (Yp = 2pap)] + Coil(Ype + 2egope) = (Yp + 2pgop)]
+ Csal (Yo = rte) = (Yp = 2pp0y)] (28)
Let the relative vertical displacement be defined as
Yg = Ye - Yp (134)
The relative vertical velocity and acceleration are

Yy = Yoo =1 % (135)

and "
Yd =Y - Y (136)

Substituting from Equations (134) through (136) into Equation (28) and
rearranging gives
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Mo¥ae = Mp¥y = Kool ¥y * (2cpope = 2ppop) ] * Kgal¥y = (2cpope = 2pe0p) ]

+ Coal¥g * (acpope - prop)1 * Cs3lYg = (2cpope = 2ppep)] (137)

Further rearrangement of Equation (137) yields an EOM in terms of the rela-
tive displacement Yy

MpYg + (kgp * kga) Yy + (Cop + Cog)¥y = Mp¥pe + (Kggtep = Keptiplope
+ (kgotpp = Ks3tpple,
* (Cgqtep = Cooteplope
+ (CSZLPR - CS3“PF)9p (138)

The cask-rail car configuration used in Tests 1 and 4 conducted at the
Savannah River Laboratories (SRL) is defined in Table 2 and Figure 32.
Measurements before the tests show that, for this configuration, the cask is
not centered on the rail car (along its length) (see Figure 2), i.e.,

bor > Yer (139)

However, the lengths e¢pr and 2pf are equal. Using this information,
Equation (138) may be rewritten as

MY + (k

pYg * (kg + kgg)¥y + (Cgp + Coa)¥y = MpYpr + (kggtep = Kgpteplope

+ (k k

s2 = Ks3)%pRop
*+ (Coqtcr = Copcr) Ope

46



If it is assumed that

] ksp = ks3 (141)
an
Cs2 = Cs3 (142)

then Equation (140) may be expressed as

MpYq * (kgp + kg3)Yy * (Cgp + Co3)¥y = Mp¥pe + kop(oep - 2cplepe + 0

+ Coplape = teplope * 0 (143)
Dividing Equation (143) by Mp and introducing the frequency
2 tksa# kep) (124)
gives
ST T TR Gl
Yot oyla * T Vet et etier R eme ey - Yl tae (199

If the cask had been mounted at the center of the rail car (i.e., if the
center of gravity of the cask had been placed to coincide with that of the
rail car), then ¢cp would have been equal to scr and Equation (145) would be
reduced to

- (Cgp + Csal
i A

=Y (146)
: d = YRe

Equation (146) is an EOM for an equivalent single-degree-of-freedom (1-DOF)
representation of the cask-rail car system with support (rail car) motion Ypc.

When &cF = &cr, the EOM for vertical motion is uncoupled from that for rota-
tional motion of the rail car. However, since the cask was not centered on
the rail car in Tests 1 through 4, Equation (145) must be used to determine
the response spectra for these tests.
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The CARDS model equation for horizontal motion of the cask is

MoX, = -DUS] - DUSA + DHST + DWS4 + DWP1 + DWP4 (147)
where:
DUS1 = 'kSl[(XRC + ZRCBRC) - (XP - ZPeP)] (148)
DUS4 = -k L(Xpe * Zpeope) = (Xo = Zp0p)] (149)
DHST = Co [ (Xee + Zpeoge) - (X = Zpop)] (150)
DHSE = Ceul (Koe + Zogboe) = (X = Z9o)] (151)
DWPT = - 1san(Xo - Xoc) (152)
DWP4 = -uprP4sgn(ip - iRC) (153)

Combining Equations (147) through (153) gives
MoXp = (ksy + Kg) (g + Zpgope) = (hp = Zpop)]
* (Cgp *+ Cog)Dhnc * Zpcope) = (Xp = Zpsp)]
- uppiWpy * Wpg)san(Xp - Xgr) (154)
Let the relative horizontal displacement be defined as
X4 = Xc - Xp (155)
The relative horizontal velocity and acceleration are then
Xy = Koo = X (156)
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and

(157)

Substituting from Equations (156) through (157) into Equation (154) and
rearranging gives

MoXae = MpXg = (Kgq + Kgg)Xy + (Coq + Cop)Xy + upp(Mpy + Wpp)sgn(Xy)

+ (k +Ze)+(cS +c4)(z +ZeP) (158)

s1 * Ksq) (Zpcope RCORC

Aaditional rearrangement of Equation (158) yields an EOM in terms of the
relative displacement X4

Mpxd + (kS] ¥ k54)xd + (CS'I + CSd)Xd + HPR(NP] + wpa)sgn(xd)
= MpXpe = (kgy + kgq) (Zpeope + Zpop)

+7.0.) (159)

- (Cgq + Cgq) (Zpeope * 8,

Dividing Equation (159) by Mp and introducing the frequency

fker * kapn)
2 (kgy + kg
Wy S ==t (160)
X My
gives
. v (C 3 C )- o .
2 s1 % Csq PR,
Kg *ogXy? M, g * MP‘“PT + Wpg)sgn(Xy)
] Bl Ui ipdiy
. 2 (Csy * Coy
= Xac = @x(Zctpe + Zpop) 2l (ZRC re * L 9 p) (161)
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Now, if
e = 2p =0 (see Figure 2) (162)

that is, if the tiedown attachment points on the cask and rail car are
located on horizontal lines through their respective cg's, then Equation (161)
would reduce to

s (Coy * Cepgle .
2 S1 S47; PR o TR

Equation (163) is an EOM for an equivalent 1-DOF representation of the cask-
rail car system with support (rail car) motion Xpc. When both Zpc and Zp are
equal to zero, the EOM for horizontal motion is uncoupled from those for
rotational motion of the cask and rail car. Since part of the tiedown con-
figuration for the cask-rail car system used in the experiments is embodied
in the cask base, framework, chocks and horizontal load cells, it does not
seem likely that Zgc and Zp are zero; therefore, Equation (161) probably
should be used to determine the response spectra for horizontal motion.

Under certain special conditions, and if

LR = (164)

and

(162)

|
<
]
o

e =

the vertical response spectra may be obtained from the solution of Equation
(146) and the horizontal response spectra from Equation (163). This is
accomplished by determining the support motions, YR and XR either from
measurements from experiments or from simulations using a mode] such as
CARDS. If the support motions are in no way influenced by the package
motion, as in the case of earthquake analysis where the ground motion is not
significantly infTuenced by structure motion, then YR¢ and Xg¢ may be input
input to‘Eﬁuaf10ns (T46) and (T163), respect1ve1y, and the equations solved
for the maximum values of Yd and X4 at various values of the frequencies
wy and wy. One plot of maximum response vs frequency is generated for each
level of damping defined by the last term on the left-hand side (LHS) of
Equation (146) and the last two terms on the LHS of Equation (163),
respectively.
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For the cask-rail car configurations being considered, the support or rail
car motion is strongly influenced by the motion of the cask. Results from
the CARDS simulation of Test 3 will now be used to justify this statement.
This simulation run produced results as functions of time which agreed very
well with experimental measurements, in terms of both shape and magnitude of
the time plots. The equations in the CARDS model that define the vertical
motion of the cask and rail car are

MP¥P - DUS2 - DUS3 + DWS2 + DWS3

and

MRC¥RC DUS2 + DUS3 - DUS6 - DUS7 - DWS2 - DWS3 - DWS6 - DWS7 + DWCRF
respectively. Combining Equations (129) and (165) gives
MRCYRC = - MPYP - DUS6 - DUS7 - DWS6 - DWS7 + DWCRF

where:

I

DUS6 = kgg(Ype * 2pcfRc!

DUS?7 = kS?(YRC - aRCeRC)
DWSE = Cge(Ype * Lpclre)
DWCRF = oy gy 8 IDUSCAR'GCPLS n(Yor = %00 000)
HepLPepL IntTrc = *cpLoRre
DUSCAR = Coupler force

The terms DUS2, DUS3, DWS2 and DWS3 are defined by Equations (130) through
(133), respectively.

In the Test 3 simulation run, at the time when the vertical acceleration

of the rail car (support) Ygc is a maximum (0.116 s), these force terms

have the numerical values shown in Table 3. Using these values in Equations
(129) and (166) gives
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(165)
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(168)

(169)

(170)

(171)



-DUS2 = -44754.6
-DUS3 = 54094.7
+DWS2 = 17889.5
+DWS3 = 4904.6
MPYP = 76285.6 = ZFYP (172)
and
-MPYP = -76285.6
-puUs6 = -74418.0
-DUS7 = 5K1971.8
-DWS6 = 0.0
-DWS7 = 0.0
+DWCRF = 0.0
MRCYRC = -98731.8 = EFYRC (173)

It is clear that, if the force MpYp were not included in the summation of
Equation (173) (i.e., if the cask were cut loose or isolated from the rail
car), the deceleration of Mpc.(the rail car or support) would be substan-
tially reduced. The force MpYp is the following fraction of the sum of the
absoTute values of all the vertical forces acting on the rail car.

|MPYP| _ _76285.6 _
z[Vertical Forces| = 202675.4

0.376 (174)

This shows that the vertical motion of the cask strongly influences the
vertical motion of the rail car (support).

The influence of the horizontal motion of the cask on the horizontal motion
of the rail car may be determined in the same way. The equations in the
CARDS model that define the horizontal motion of the cask and rail car are

Mpip = - DUS] - DUS4 + DWS] + DWS4 + DWP1 + DWP4 (147)

and

MRCiRC = DUS1 + DUS4 - DUS5 - DUS8 - DUSCAR - DWS1 - DWS4
+ DWS5 + DWS8 - DWP1 - DWPR (175)

respectively. Combining Equations (147) and (175) gives
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MRCXRC = - M,X, - DUS5 - DUS8 - DUSCAR + DWS5 + DWS8 (176)

PP
where:

DUS5 = kSS[(XRC - ZRCGRC) - XTR] (177)

DUS8 = kss[(XRC - ZRCGRC) - XTF] (178)

DWS5 = -Ceel (Xor - Zgeope) - ¥qr) (179)

DWS8 = -Cogl (Xor = Zgeope) = X7 (180)

DUSCAR = k (Xgr = Xg) (If calculated coupler (181)

SCARS™"RC 5 force is used.)
= DUSX4 (If measured coupler force is used.) (182)

The terms DUS1, DUS4, DWS1, DWS4, DWP1 and DWP4 are defined by Equations
(148) through (153), respectively.

In the Test 3 simulation run, at the time when the horizontal acceleration
of the rail car Xgc is a maximum (0.057 s), these force terms have the
values shown in Table 4. Using these values in Equations (147) and (176)

gives
-DUS1 = -221589.0
-puUsS4 = 0.0
+DWS1 = -57230.0
+DWS4 = -57230.0
+DWP1 = -23200.0
+DWP4 = -23200.0
MpXp = -382449.0 = zF,, (183)
and
_MPXP = 382449.0
-DUS5 =  31802.7
-DUS8 =  31802.7
-DUSCAR = -1160000.0
+DWS5 =  34563.8
+DWS8 =  34563.8
MacXpe = -644818.0 = zFyp- (184)
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From this it appears that, if the force MpXp were removed from the summa-
tion of Equation (184) (i.e., if the cask were cut loose or isolated from
the rail car), the deceleration of Mg (the rail car or support) would be
substantially increased. The force MpXp is the following fraction of the
sum of the absolute values of all horizontal forces acting on the rail car

p’p _ 382449 _
r[Horizontal Forces| T644T182 0.233 (185)

This shows that the horizontal motion of the cask strongly influences the
horizontal motion of the rail car (support); however, since this fraction is
smalTer than that of Equation (T174), it appears that the cask affects the
vertical motion of the support to a greater degree.

To confirm this conclusion, the CARDS model was adjusted to disconnect all
components that tend to decrease the magnitude of the deceleration of the
rail car (i.e., the cask and trucks), and a simulation run was made to
determine the horizontal acceleration of the rail car. The experimentally
measured coupler force was used in this simulation. The results of this
simulation are compared, in Figure 33, to the calculated and experimental
results for the complete cask-rail car system. It is evident that the cal-
culated and experimental results for the full system compare well, but the
deceleration of the "isolated" rail car is substantially greater. The
deceleration of the "isolated" car, as might be expected, follows the coupler
force curve. The experimental data used in this comparison contained high
frequency noise that had to be filtered out before comparisons could be made.
Filtering of these high frequency noise (>100 Hz) components from the experi-
mental data was accomplished using the Fast Fourier Transform (FFT) program.
(See Section 4.0, MODEL VALIDATION.)

Earlier in this section, EOMs were derived for 1-DOF representations of the
cask-rail car system for determination of the response spectra in terms of
the relative motion between the cask and rail car in both the vertical and
horizontal directions. It was shown that, for special orientation of the
cask on the rail car, the EOMs could be uncoupled from the rotational or
pitching components of motion. Unfortunately, the cask-rail car configura-
tions used in the tests at SRL were not arranged to provide for this
uncoupling. Consequently, the EOMs that must be used to generate the
desired response spectra are Equation (145),

2
(Csp + Cg3)e .. wy Cso :
g o e Tee? 7%k = Lerlope * _ﬁ;(ECF - 2eplepe  (145)

for the relative vertical motion [or Equation (140) if kg» # ks3], and
Equation (161)
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= (Coy* Cop)e upp .
Xg +oyXq * Wor, T Mgy * Wpg)sanihy)

4 (Cgy * Cgy)
- Ko = ol by - S AL

RC rcPre * Zpfp) - I8 (z

rcre * Zpop) (161)

for the relative horizontal motion. The uncoupled equivalent of Equa-

tion (145) is Equation (145) without the last two terms on the right hand
side (RHS) [see Equation (146)]. The uncoupled equivalent of Equation (161)
is Equation (161) without the last two terms on its RHS [see Equation (163)].

How important are the rotational terms in Equations (145) and (161)? To
answer this, the RHSs of each equation were evaluated using input data and
results from the same simulation run (using the CARDS model) from which the
results of Tables 3 and 4 were obtained. The RHS of Equation (145) may be
expressed as

2
B o {.IJY Csz .
RHE(Y45) =Yge + - ep™ Foplingt® SISEEE ~Boat¥pp (e
and that of Equation (161) as
e (G > HEia) . )
_ 2 S S4
RHS(161) = Xoo - wy(Zpc8pc + Zpop) --——~——!;1-P————-(ZRC9RC + Z50p) (187)
The frequencies are defined by
wl = {ksp * kg3) (144)
Mp
and
(Ko Fikes)
wf)f(:_sl_ﬂ__sﬁ_ (160)

P

Using the values given in Table 5,

wi = 966.2 5'2
wy = 31.08 s_]
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and

RHS(145) = -353.9 in./s® + 131.3 in./s% - 120.5 in./s°

-353.9 in./s + 10.8 in./s?

The last two terms of RHS(145) only contribute about 3% of the total.
Similarly, using the values given in Table 6

ot = 5072.5 577
-1
wy = .22 S
and
_ ) e v B o B
RHS(161) = -4180.5 in./s” - 110.9 in./s" - 47.9 in./s

= -4180.5 in./s® - 158.8 in./s®

The last two terms of RHS(161) contribute about 4% of the total. Since
maximum displacement occurs at zero velocity and maximum velocity occurs at
zero displacement, the net magnitudes of the last two terms in the RHSs of
Equations (145) and (161) should remain nearly constant. Consequently, the
percentages of the contributions should increase as the magnitudes of the
vertical and horizontal accelerations of the support decrease from their
maximum values. At this time, it is not clear how the variation of the
rotational components would affect the values of Yq and X4.

The vertical motion of the cg of the rail car was never measured during the
experiments; however, measurements of the vertical acceleration were made
for the car structure at the struck end, far end, and above the truck center
at the struck end, using two piezoelectric (PE) accelerometers and one
piezoresistive (PR) accelerometer. Apparently the vertical rail car motion
at these locations was at a frequency that was outside the range that could
be recorded by a PE accelerometer, so the data recorded could not be used.
However, piezoresistive accelerometers are capable of measurements at these
frequencies. The only PR accelerometer was located on the car structure at
the struck end; however, the data recorded by this accelerometer was useless
due to a considerable amount of noise that could not be filtered out. The
output of this instrument was processed using the Fast Fourier Transform
(FFT) program to filter out the high noise components, but to no avail. It
was thought that, if these data were judged to be valid, they might be used
to replace Yge in a modified version of Equation (186). To accomplish

this, the ver%ica] displacement of the rail car at the struck end (see
Figures 2 through 4) is defined as
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Yac78 = YRC - *RCORC (188)

and the acceleration as

Yac7s = YRe - *RCPRC (189)
Solving Equation (189) for ¥RC gives
Yre = YRe7s * *ReBRe (190)

Substitution from Equation (190) into Equation (186) gives

RHS(145) = Y + 8,000 + fg—{a - ) + E§§ ( - bpg) (191)
Rc78 T *rcPrc T T2 '*cF T *cr’/%Re M %cF4™ *crR/°Re

Since the data from the PR accelerometer were not valid, then response
spectra could not be obtained from Equation (145), using the experimentally
measured support motion Ygpc7g. However, if these data had been valid and
if the rotational terms are small compared to Ypc78, then Equation (191)
could have been reduced to the approximation

RHS(145) = Y (192)

RC78

It was established earlier that the last two terms of RHS(145) [Equation
(191)] are quite small, but from Table 5,

bpe © 264 in.

0gc = -6.89 rad/s’
and

i ) ' 2
YRC?S = 1465.5 in./s
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The product ERCBRC is

. e . 2
pcfre © (264)(-6.89) 1819 in./s
The magnitude of this product is larger than that of YRC?B’ therefore, if

a measured value of VDC?S_Qad been used to generate the response spectra,
it would have had to be accompanied by a measurement of aRC' No such

measurement was made, so Equation (192) still would not have been valid.

The horizontal acceleration of the cg of the rail car also was not measured
during the experiments, but measurements were made using both a PE and a PR
accelerometer at the struck end, and a PE accelerometer at the far end. Only
the PE accelerometer at the struck end appears to have failed to provide good
data. Since the data from the other two accelerometers appeared to be valid,
they were used for Xgc in Equation (187). The horizontal displacement of

the rail car at the struck end is defined by

Xrc78 = *re = ZRefRe (193)

and the acceleration by

Xre78 = *re - ZRefRe (194)

Solving Equation (194) for Xpc gives

Xre = *re78 * ZreRe (195)

Substituting Qe from Equation (195) into Equation (187) gives

L 5 -
RHS(161) = Xae7g * Zpe®re = @x(ZrcPre * Zpop)
(Csp * Coq) - °
" Zrere * Lplp) ()

4
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Earlier, it was determined that the last two terms of this equation are small
compared to Xgc. If it can be shown that the second term is small compared
to Xgc78, then it would justify the use of Xyc7g as an approximation of Xpc.
From Table 6, Zgc = 18.0 inches. The output from the CARDS simulation of
Test 3 shows that the maximum value of &g¢ occurs at 0.104 second.

At this time,

Bpp= 11 rad /st

and

ST ' >
XRC = -2036 in./s

The product ZRCGRC is

ZRCHRC = (18)(-11.4)
= -205.2 in./s®
Substituting these values into Equation (194) gives
ch?a = 2036 + 205.2

= -1830.8 in./s?

The second term is ~11% of the absolute value of YRC?B‘ If this percentage

is deemed small enough then the measurements of YDC?Q may be used as an

approximation of ch, and Equation (196) may be reduced to

RHS(161) = QRC?B (197)

The horizontal displacement and acceleration of the far end of the rail car
are defined by

Xecs6 = *re = ZRePRe (198)
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and

Xrese = *rc = ZRCORe (199)

respectively. Since the RHSs of these equatigns are the same as those of
Equations (193) and (194), Xpcse is equal to Xgc7g and the same conclu-
sions apply.

Finally, to determine response spectra using Equations (145) and/or (161), a
special compatibility condition must exist between the RHS and left hand
side (LHS) of each equation. This compatibility condition requires that if
the RHS is determined at a particular frequency, then the relative response
may be determined from the LHS only at that same frequency. In other words,
the relative response cannot be determined from the LHS for various fre-
quencies while using a RHS determined from a different frequency. This is
supported by the previous discussion of the influence of the cask and trucks
on the rail car (support) motion. Changes in the tiedown spring constants
change the frequencies and the response of the rail car to cask motion.
Isolation of the car from the cask and trucks may be accomplished by setting
the appropriate spring constants equal to zero. The effect of this is
illustrated in Figure 33.

The RHS forcing functions obtained from CARDS contain frequencies, or
variables that are contained in the frequencies, corresponding to the fre-
quencies on the LHSs of the respective 1-DOF EOMs. Therefore, when the
frequencies on the LHSs are set at successively different values and runs
made using the time-varying RHSs determined for a specific frequency, it
would seem that an incompatibility exists. However, if it is assumed that a
shaker table in a vibration testing facility is given motion matching the
appropriate RHS forcing function, then the response of a device described by
the respective 1-DOF EOMs may be studied. The shaker table (support) would
be given time-varying accelerations or motions equal to the RHSs, i.e.

Yo = RHS(145) (200)

Xg = RHS(161) (201)
where:

Ys = Vertical acceleration of the support or shaker table (L/e2)

fs = Horizontal acceleration of the support or shaker table (L/e2)
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Comparing Equations (186) and (200), VS may be expressed as

2
Wi 3 s T Csz(a AR (202)
s = Yre * Z{%cr - *er)O%Re * W, (AcR T Aor)®Re

-
n

Similarly, comparison of Equations (187) and (201) yields

$hc. = Caz)
2 51+ Csq
¢ = ox (Zpeope * Zpop) "““‘TW“““(ZRC Re * 2 GP) (203)

Xg = X
S R p

Since kg2 might not be the same as kg3, and ng may be different than Cs3, a
more general equation of motion may be obtained from Equation (140), i.

b 2y o aose NPl ol s e Keaa
T R e i RC
(kg - ks3)
3
S0 e %pROp
. Csater - Csoten) :
My RC
s G . (204)
M, PROP
or
3 Cih PCNAS =+,
2, , (Csp * Cg3
Vg ¥ wyly : Sl (205)
where, in this case,
A (keatcp = koptep) oy (kg = kg3)
s = Yre 8 Re TR pafe
(Coater - CSZ"CR) (Csz - Cg3) 3 (206)
LY — W “PR%p
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Assuming Xg and Y5 to be the motion of a support not influenced by the device
attached to it, the response spectra of the device may be determined by
varying the frequencies on the LHSs of Equations (161) and (205).

The experiments at SRL were run with two casks and four tiedown configura-
tions (see Figure 32). Experiments or tests may be identified according to
particular combinations of these masses and "springs," and frequencies deter-
mined. The maximum relative responses may be determined from Equations (145)
and (161) using these frequencies and the appropriate measurements available
for their respective RHSs. These could then be compared to the corresponding
calculated maximum responses at the same frequencies, using calculated
response data for the RHSs of Equations (145) and (161).

An equivalent independent 1-DOF equation describing the relative rotational
motion between the cask and rail car was also derived using the same proce-
dure used to get Equations (145) and (161). In the CARDS model, the equation
of motion for rotational motion of the cask is expressed as

IPBP 5 ZP(DUS] + DUS4 - DWS1 - DWS4) - mpR(DUSZ - DWS2)

+ £PF(DUS3 - DWS3) (207)

The terms DUS1, DUS4, DWS1 and DWS4 are defined by Equations (148) through
(151), respectively, and the terms DUS2, DUS3, DWS2 and DWS3 are defined by
Equations (130) through (133), respectively. Combining these Equations with
Equation (207) gives

*+ kg2prl (Ype * 2cpope) = (Yp * 2pgop)]

- kg3tpel(Ype = 2cpfpc) = (Yp - pgtp)]

- ZplCsy * Cog) Ll * Zpcope) = (Xp = Zp9p))
+

Csotprl (Ype * 2crORc) = (Yp * %pgop)]

" Co3tprl (e = erope) = (Yp = %ppdp)] Lo
Let the relative horizontal displacement be defined as
04 = Opc - ap (209)
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The relative rotational velocity and acceleration are then

-0 (210)
and
(211)

Combining Equations (208) through (211) gives, after much algebra, the
following EOM in terms of the relative displacement o4

-e - i .. 2 -
Og * wgdq T %% T Ppc-ti9etre T KoPre T Yo (212)
The frequency wy is defined by

2

2
2 Tplkgy * kog) *ikeot R * Ksathr il
“o 'T_ b
The term g4 is a damping coefficient defined as
22 (¢ sl # i 5 Bott (214)
e Lk s2%hR * Csatr
o L

The remaining term, Vg, is a coupling term. It is expressed in terms of the
coordinates Xge, ¢» and egc describing the motion of the rail car, and the
two remaining c00r§1nates Xp and Yp describing the horizontal and vertical
motion of the cask. This coupling term is defined as
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bo = {= Zplkgq * kgg)l{Xpe + Zpeope) = Xp]

+

ksotppl (Ype * LRc®rc) = Ypd
- kg3tpel(Ype = 2¢pre) ~ Ypd

- Zp(Cqq + Cog)L(Xae * Zpcope) = %pl

+

Csotprl (Ype * *crpe) - Yp!

Cotprl (Yae = 2cpfpe) = Ypd 1/ T (215)

Equations (161), (204) and (212) are independent 1-DOF EOMs with forcing
functions defined by the right hand sides (RHSs) of the respective equations.
As stated earlier, if it is assumed that the RHS of each 1-DOF EOM represents
the time-varying acceleration of a platform supporting a 1-DOF device defined
by the left hand side (LHS) of the respective EOM, then the response of the
device to various platform or support motions may be studied. The RHSs of
Equations (161) and (204) are defined by Equations (203) and (206), respec-
tively. The RHS of Equation (212) is defined by

S : )
85 = 8rc * 9o®rc T Fo%c "~ Yo (216)

The 1-DOF EOMs of the cask-rail car system may now be summarized as follows:

2y . (5o Csa)

e (C b ) u . .4
2 s1* Coq PR a
Kg + oikg + —— Kg * gelipy + Wpg)san(Xy) = Xg (217)
and
e (218)
d " %% T Safd S

where: 55 = Rotational acceleration of support or shaker table (1/62)
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Assuming that the motion of a support is not influenced by the device
attached to it, the response spectra of the device may be determined by
varying the frequencies on the LHSs of Equations (205), (217) and (218).

Equations (205), (217) and (218) were used to construct the response spec-
trum generator model CARRS. The support accelerations, defined by Equa-
tions (203), (206) and (216), are determined as functions of time by the
CARDS model during a simulation and are written on a file to be read later
by the CARRS model to generate the response spectra.

Response spectra are generated by the CARRS model in the following manner.
Time-varying support accelerations (the RHSs of the 1-DOF EOMs in CARRS) are
read from the file created by CARDS until arrays are filled. These arrays
are then accessed at each time interval as the transient progresses. A
common frequency is then set for the LHSs of the 1-DOF EOMs. The support
accelerations are then traversed over the complete transient and the relative
horizontal, vertical and rotational accelerations computed. The frequency

on the LHSs of the 1-DOF EOMs is then set at a different value, the integra-
tors are re-initialized, and the transient traversed again to obtain new
values of the relative accelerations. This procedure was repeated for fre-
quencies of 2, 5 and 10 through 260 rad/s in 10 rad/s increments. The entire
frequency range was covered, for a particular set of support accelerations,
by successive CARRS runs chained together as one run. A set of maximum or
peak relative accelerations for each frequency was automatically determined
by CARRS. Response spectra were then obtained by plotting the absolute
values of these maximum accelerations against the frequency.

A listing of the CARRS model is presented in Appendix V.
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2.0 TEST DATA COLLECTION AND REDUCTION

Shock and vibration data gathered from the cask-rail car humping tests con-
ducted at the Savannah River Laboratories in July and August of 1978 were
reduced and analyzed to be used for validation of the CARDS model.

A summary of the configurations and conditions of these completed tests is
presented as Table 2. For convenience, this summary has been transformed
into a 4-dimensional morphological space as shown in Figure 32. The four
dimensions are rail car design, cask design, tiedown configuration and type
of coupler. Entries at each of these levels or dimensions are linked
together, if they are related, by lines representing the tests identified by
test numbers.

To collect and reduce data for model validation, transducers sensitive to
force, displacement, and acceleration were mounted on the shipping container,
tieaowns, and rail car in positions that corresponded to those in the analyt-
ical model. Following data reduction, the empirical data, together with the
corresponding analytical data, were analyzed to allow modification and veri-
fication of the model. A simplified flow diagram of the procedure from data
collection through model verification is shown in Figure 34.

The locations, types, and ranges of selected transducers were based on pre-
liminary analytical results. Since the dynamic model described in the
previous section simulates the longitudinal, vertical and rotational motion
of the cask-rail car system, four additional data locations were required.
These locations, on each set of trucks and on the car bed immediately above
those trucks, were expected to produce accelerations in the ranges of +120 g
and +150 g, respectively, within a frequency band of 3 to 1100 Hz. These
requirements fell within the scope of previously planned instrumentation
support.

The test plan specified 26 data channels plus a voice channel and timing
channel with a FM-multiplexed into two channels of information on the test
vehicle. The two channels were transmitted via a radio frequency link to a
Sandia-supplied ground station, where they were recorded on both magnetic
tape and oscillograph.

Oscillographic data give on-line quick-look data for test data verification.
The magnetic tape recordings, because they represented the only reproducible
form of all the test data, were reproduced under laboratory conditions at
Sandia following the tests. Once copies of the original data tapes were
made, they were demodulated to their original analog form and remodulated and
recorded in a wide-band FM format compatible with equipment at the Hanford
Engineering Development Laboratory (HEDL). Following this re-recording, the
tapes containing all the experimental data and timing information were sent
to HEDL for data reduction and analysis.
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Data reduction consisted of reducing all data channels, with the aid of the
appropriate calibration information and timing tracks, to a set of time-
amplitude digital records of the experimental data. This step was performed
on an existing Time-Data system, producing digital records compatible with
Digital Equipment Corporation PDP-11 series computers.

Digital data flowed between the Time-Data system and the existing PDP-11/34
for various forms of data analysis, and between the PDP-11/34 and Boeing
Computer Service's (BCS) Cyber 74 and Univac 1140/44 for model verification.

Initial data reduction consisted of conventional normalization of data ampli-
tude with respect to calibration information. Digital and analog recordings
of the time domain record were prepared for comparison with the original
on-line oscilloyraphic recordings. Simultaneously, the power spectra of

each information channel were generated.

Data analysis and model verification, where practical, employed existing
software. Software systems available included:

Time-Data: TSL (Time Series Language) - Time-Data proprietary analysis
software system.

PDP-11/34: SPS-Basic (Scientific Programming System) - Tektronix
operating system with graphical as well as analysis
capabilities.

SPARTA: DEC RT-11 buffer oriented interactive system.

SSR: (Scientific Subroutine Package) DEC RT-11 Fortran
subroutines.

RT-11: DEC operating system; digital information transfer to BCS.

RSX-11M: DEC operating system; multi-user operating system for

special verification and analysis software.

These software systems, together with the communications link to the
analytical model at BCS, processed the data to be used later for model
validation.

Early in the study, it was decided to exercise the data reduction and model
verification techniques to be used. For this purpose, data were synthesized
employing a preliminary version of the CARDS model. (See Section 1.0, MODEL
DEVELOPMENT, and Figures 2, 3 and 4.) Arbitrary values were used for some
of the spring constants, damping factors, masses and dimensions. The model
(shown in Figures 2, 3 and 4) produced instantaneous acceleration, velocity
and displacement of three locations at 0.01-s intervals for a total interval
of 2 seconds.
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The parameters employed in this exercise were:

XRC - Horizontal displacement at center of rail car

Vertical displacement at rear of car above support
(rear truck)

YRC56

YRC78 - Vertical displacement at front of car above support
(front truck)

DXRC - Derivative of XRC, or velocity

DYRC56 - Derivative of YRC56, or velocity

D2XRC - Second derivative of XRC, or acceleration

D2YR56 - Second derivative of YRC56, or acceleration

D2YR78 - Second derivative of YRC78, or acceleration

Impact was assumed to be at the "front-end" of the car.

Data obtained experimentally are generally acceleration, but by employing the
proper boundary conditions to establish the constants of integration, both
the velocity and displacement data can be derived. Because of this, the
displacement, velocity and acceleration data derived from the model are
assumed equivalent to that obtained experimentally.

Initially, the acceleration d?ta for the three positions were operated on by
Fast Fourier Transforms (FFT) 10) producing the frequency domain equivalent
of original time-domain data. The results of this process (shown in Fig-
ure 35% are the same as those derived from a spectrum analyzer--power
spectral density.

The inverse FFT, which transforms the frequency domain data to its time-
domain equivalent, offers an ideal filtering ability. If the bandwidth of
the information is reduced, the time-domain information is altered, as shown
in Figure 36.

The exampie given is where the vertical acceleration on the struck end
(D2YR56) is limited to 75% and 50% of the total bandwidth of 50 Hz. It
should be noted that, as the higher frequency information is deleted (as in
the 50% bandwidth case), the instantaneous peak acceleration value is
altered. This process, if improperly used, could misrepresent the
instantaneous peak forces in a system. Similarly, if one were to attempt to
find similarities between filtered time-domain waveforms, the nature of the
filtering would have to be comparable.
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Discrete Fourier transform methods assume a repetitive function of time
convolved with a rectangular window that covers the interval of the time-
domain sample. The results of this assumption are both beneficial and
detrimental. The benefit is that a non-recurrent wave, such as the response
to impact, may be objectively analyzed. The detriment is that an artifact-
leakage 10 may occur if the time-domain constituents are not harmonically
related to the sample window.

A method of minimizing this "leakage" is to shape the time-domain information
with a cosine or Hanning window, as illustrated in Figure 37. The Hanning
weighting,

A = 0.5(1 - 2nt/T) for € =00 T,

while reducing the leakage, preserves the amplitude information in the fre-
quency domain. The amplitude of frequency domain parameters, when shaped
with the Hanning window, is scaled by 0.5 if the information is uniform in
the sample interval.

The example shown in Figure 37 illustrates that the spectral information for
both the weighted and original data are similar, while their corresponding
time-domain representations are quite different.

These simple exercises in data analysis illustrate some of the fundamental
techniques used for the analysis of the experimental data and, ultimately,
for model verification.

Because of the restrictions of the data analysis techniques, it would be pure
chance that data generated analytically and that obtained experimentally
would be comparable in their time-domain form. The technique that was
initially employed to reduce the experimental data is as follows:

o Digitize all acceleration information with attention given to a
consistent time scale with respect to impact

o Assure that the time sample t for each digital representation con-
forms to t < 1/2f, where f, is the highest frequency of interest
in the measurement

v Scale the time-domain information with the Hanning window

. Repeat the operation for data generated from the analytical model

Once the power spectra are in the same form, the model's parameters may be
adjusted to force agreement.
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Instrumentation configurations were developed to be compatible with the rail
car-cask tiedown system being tested. The instruments, together with the
mechanical configuration they support, are illustrated in Figures 38 through
41. A brief description of this instrumentation is given in Table 7. The
aata acquisition techniques described in the opening paragraphs of this
section were employed.

As during the “"preliminary tests", high-speed photogrametric instrumentation
(high-speed movies) recorded the coupling action of the rail car under test,
as well as the interactions of the rail car, shipping cask, and the tiedown

mechanism. In addition, still photographic records were made of the instru-
mentation, rail car, shipping cask, and tiedown assembly.

During these impact tests, the velocity of the rail car under test was
accurately measured just prior to impact. The technique employed was to
break glass wands with a protrusion extending from the moving rail car.
Since the wands were of known separation, the elapsed time between the rods
allowed accurate velocity measurements. These values agreed with those from
radar measurements.

As expected, some data acquisition channels failed during tests. Also, some
estimated peak amplitudes (used during calibration of the systems) were too
large or too small producing either data that was on the same order of magni-
tude as the background noise or was clipped off at the saturation level of
the system. Although these problems voided the data on the affected channels
and reduced the amount and variety of data available for model validation,
the model validation task was successfully completed. (See Section 4.0,
MODEL VALIDATION.)

A further shakedown of the data reduction methods used was undertaken by
analyzing representative data derived from Test 1, an 8.3 mph impact of a
70-ton SCL (Seaboard Coastline) rail car with a standard coupler, a 40-ton
shipping cask, and tiedown configuration "A". This configuration and the
location of the instruments are shown in Figure 38.

Initial analysis consisted of digitizing the ana]oq 3ignals at 5.12 kHz*
which, according to the Nyquist sampling theorem,( 0) will accurately

define and preserve frequencies up to 2.56 kHz. This is consistent with the
2.5 kHz band width of information obtainable from the employed wide-band FM
analog recordings made at 7-1/2 IPS (IRIG intermediate band). Further, the
maximum frequency of information was estimated by specialists at the Sandia
Laboratories to be no greater than 1100 Hz (with instrument 7 the single
exception at 2.56 kHz).

*kHz = kilohertz
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For this initial effort, every second data point from the digitized time-
domain record was employed for analysis and presentation. This data selec-
tion process results in an effective sampling rate of 2.56 kHz, which
preserves information content up to 1.28 kHz.

The data reduction effort produced the following results:

. Raw time-domain data and their peak excursion values
. Filtered time-domain data and their peak excursion values

. Instant Fast Fourier Transform (FFT) for both unfiltered
and filtered data

. Relative spectral energy content of filtered and raw data

. Example transfer functions

Table 8 summarizes the measured and reduced parameter values from the
time-domain information.

Raw time-domain data (one example is illustrated in Figure 42) are the first
400 ms* (1024 samples of 0.39 ms/sample) following initial displacement as
measured on instrument No. 4, Figure 43. These data were transformed into
their frequency domain equivalent using the Fast Fourier Transforms (FFT)
discussed earlier. The resulting spectra, corresponding to the time-domain
waveform of Figure 42, is a measure of the frequency content of the waveform.
These spectra are shown in Figure 44,

The representation of spectra content covers a range form DC (Oth har-
monic) to 1.28 kHz (512th harmonic), where a harmonic division is 2.5 Hz.
The units of measure of these instant FFTs are g's//Hz for acceleration or
k-1b//AZ.** As in an electronic spectrum analyzer, the total harmonic
content over a finite band width (2.5 Hz) must be reported at a single
point; therefore, a normalizing factor K is applied. To permit the magni-
tudes presented here to be compared with those derived by qﬁher methods of
analysis, a test was developed around Parseval's formula: (11)

dw

fm Ifz(t)ldt - ]fj | F2(0)

*ms = milliseconds
**k-1b//Hz = kilopounds per square root of hertz.
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where:

f(t) = Time-domain information
F(w) = Fourier Transform of f(t)
K = Applied scale factor (previously mentioned)

A unity magnitude sine wave was synthesized such that the sample window was
equal to an integral number of periods. The resulting integral of the
squared instant FFT, when compared to the integral of the original input
wave square, revealed that:

_ 1 » 2
K = No. of Harmonics  No. of Input Samples

Since K is associated with FZ(w) or average power spectras, the employed
instant FFTs have an applied scale factor of 1//K. In the presented example
of 512 harmonics of instant FFTs, a scale factor of 1//512, or 0.0442, has
been incorporated.

One of the objectives of this empirical data analysis was to provide infor-
mation to validate the analytical model. It was determined that, by analyzing
a narrow band of frequencies rather than the entire spectrum, a first-order
solution would be more easily obtained. Further, if the energy content of
that narrow band represented the major portion of the total energy, further
analysis might be minimized. Using the symmetric properties of the FFT, ideal
filtering was performed by truncating the frequency at the 100th harmonic (250
Hz) and performing an inverse FFT.

Table 9 compares the energy in the band-width 1imited spectra to the energy of
the entire spectra, for a selected example of acceleration data. These data
are shown as unfiltered time-domain information in Figure 42, and as filtered
time-domain data in Figure 44. It is apparent that the time-domain peak values
may be significantly reduced when the eliminated high frequency energy repre-
sented an appreciable portion of the entire spectrum. Note that this energy
relationship .is a necessary but not sufficient condition to cause the peak
value variations.

Also related to the Timited band width energy distribution is the range of
effectiveness of a transfer function H(w). Transfer functions are essen-
tially ratios of corresponding instant FFTs derived from the input and output
of the system. For a linear, time-invariant system:

=]
|

f)
)

H(f) = = Transfer function

2
—
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where:

Complex frequency domain input function
Complex frequency domain output function

This function represents the system's output response to an input stimuli of
a single frequency. If incomplete parameters are employed to represent the
system's response, the response is incompletely characterized. However, the
system is accurately characterized over that limited range. The data pre-
sented here consider the band of frequencies DC to 250 Hz. The assumption
was made that system noise was above 250 Hz, but no attempt has been made to
characterize or to quantify that noise.

The above transfer function obviously is dependent on the input and output
spectra being over the same range; hence, windowing or filtering may be
necessary. It is conceivable that a matrix of transfer functions, appropri-
ately windowed, will permit the data to verify the model in a piece-wise
linear fashion. At the minimum, it should give insight into the nature of
the required model modification.

Figures 45 and 46 illustrate the transfer function magnitude relating the
energy transfer from instrument 22 to 11 and from instrument 11 to 9 over the
frequency range DC to 250 Hz. This corresponds to the vertical transfer of
energy from the far end of the car on its structure, to the far end of the
cask; then to the struck end of the cask. These figures show that |H| > 1.
Therefore, the energy is transferred from 9 to 11 (from the struck end to

the far end) rather than the direction shown (11 to 9).

In a similar fashion, Figures 47 and 48 illustrate the longitudinal energy
transfer characteristics from Instruments 12 to 10 and 10 to 8. Again
observing the value of |H| relative to 1, general characteristics of energy
couplings directions are revealed. In this case the direction is related to
frequency in a complicated manner relative to the simple paths assumed.

The results of these efforts illustrate the techniques that were employed
for data reduction. They show the applicability of analyzing the band width
limited data as a first step towards model verification.

A meeting to discuss the quality of the data obtained from the SRL rail car
impact tests was held at the Sandia Laboratories in Albuquerque, New Mexico
on December 4, 1979. It was learned that data on the vertical acceleration
of points on the rail car, and on the horizontal acceleration of the trucks,
were lost due to the use of piezoelectric (PE) accelerometers. These

accelerometers were not functional at the frequency range of the rail car
and truck responses to be measured.

Measurements of vertical acceleration were made for points on the car struc-
ture at the struck end, far end, and above the truck center at the struck
end using two PE accelerometers and one piezoresistive (PR) accelerometer.
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Apparently the frequency of the vertical rail car motion at these locations
was outside the range of the PE accelerometers, so the data recorded could
not be used. A PR accelerometer is capable of measurements at these fre-
quencies. The vertical acceleration of the rail car structure at the struck
end was monitored using a PR accelerometer, but these data were lost due to
either “clipping" (over-ranging) or substructure "noise".

The horizontal accelerations of the rail car and cask and the vertical
accelerations of the cask were recorded without difficulty. These data were

adequate for the successful validation of the CARDS model. (See Section 4.0,
MODEL VALIDATION.)
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3.0 COLLECT PARAMETER DATA

A literature search was made to collect data on key parameters to be used in
the CARDS model for model validation (see Section 4.0, MODEL VALIDATION) and
for the parametric and sensitivity analysis (see Section 5.0, PARAMETRIC AND
SENSITIVITY ANALYSIS). Data collected included characteristics of flat bulk-
head rail cars (i.e., dimensions, weights, etc.), data on rail car suspension
systems, data on draft gears (couplers), and data on heavy shielded spent-
fuel shipping casks and their tiedown systems.

Dimensions, weights and other data that make up specifications for the
design, fabrication and construction of a 50-ton flat bulkh?g car were
obtained from the Association of American Railroads (AAR).( These data
were supplemented by drawings supplied by Savannah River Laboratories of the
flat bulkhead car used in the coupling tests.

Load-def lection characteristics and the arrangement of springs in rail car
suspension systems were obtained from AAR specifications (References 13 and
14, respectively). The load-deflection characteristics are given for helical
springs, in terms of spring diameter and number of turns. These must be
related to the proper height, number and grouping for a suspension system
before they can be translated into a spring constant for that particular
system.

Kasbekar et a].,(ﬁ) present a piece-wise linear load-deflection_curve for
an M-901E draft gear obtained from tests performed by the AAR.(]S?
Roggeveen(z) implies that a spring constant of ~6.25 x 104 1b(force)/in. may
be acceptable for a draft gear in a coupling situation.

Weights, dimensions and other data on some heavy shielded spent fuel shipping
casks and their tiedown systems are available in Reference 16 and in safety
analysis reports for the National Lead Industries NLI 1/2, and Nuclear Fuel
Services NFS-4 shipping casks.

It was noted that the sources of parameter data in the literature, in turn,
usually refer to publications of the Association of American Railroads (AAR)
as the source of their information. Therefore, several individuals in the
AAR were contacted to obtain information on rail car suspension subsystem
and coupler subsystem components. In particular, information was sought on
the damping devices in these subsystems, including the side-springs in the
suspension subsystem spring groups. Also, AAR specifications were obtained
that contained a broad spectrum of pertinent information on flat bulkhead
cars and other types of cars suitable for hauling heavy radioactive material
packages.

ENSCO, Inc. was retained to provide parameter data on the railway equipment
used in the coupling tests conducted at the Savannah River Laboratories, and
on equipment that may be encountered in future studies. In addition, ENSCO
supplied data from similar independent experiments conducted in the past to
supplement the SRL data for model validation. Information on draft gear
modeling, cargo shifting, and on the mix of rail car types present in an
anvil train were also provided.
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The parameter data supplied by ENSCO were used in the CARDS model to estab-
1ish a base case to be used in model validation and in the parametric and
sensitivity analyses. These data are clearly presented in the listing of
the CARDS model in Appendix IV. It should be pointed out here that some of
these data required adjustment during the subsequent model validation runs,
as the model was being tuned to the particular test analyzed. The adjusted
data are also clearly noted in the model listing.
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4.0 MODEL VALIDATION

Three model validation techniques or algorithms were used, at various points
throughout the study, to assess the "goodness" of agreement between time-
varying response variables measured during humping or coupling experiments
and their counterparts calculated using the CARDT and CARDS models. These

techniques are:

1) A statistical technique for comparing, in the time domain, the
differences between predicted and measured values of a time
varying response variable

2) A spectral analysis technique that maps the predicted and measured
values of a response variable into the frequency domain for
comparison

3) A straightforward visual comparison of the time-varying response
variables in the time domain

4.1 THEIL'S INEQUALITY COEFFICIENTS

The first model validation algorithm used is a statistical technique for
computing a figure of merit from comparisons of time-varying values (series)
of preaicted and actual outputs. Statistical techniques available for
testing the "goodness" of fit of models to actual system behavior include
analysis of variance, the Chi-square test, factor analysis, Kolmogorov-
Smirnov tests, nonparametric test, r?qr%ssion analysis, spectral analysis,
and Theil's inequality coefficients. 7)  The technique based on Theil's
inequality coefficients was selected. It was first programmed into the
CAKDT model and demonstrated successfully, and then included in the CARDS
model. This technique was chosen as one of the three validation algorithms

considered for three reasons:

1) It represents a simple addition to the dynamic model

2) It produces one number or figure of merit (the inequality coeffi-
cient) that reflects the degree of agreement between the model and
the system modeled

3) It may be expanded to measure the degree of agreement based on "n"
output variables by using Theil's multiple inequality coefficient
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Theil's inequality coefficient is defined as

1 n 2 0.5
wr D Mg g

TIC = (219)

0.5 0.5

2 I 2
5, s il }: Yai
1

where: n = Number of sampling points, and
Yp-l' sz’ YP3’ “-eey Ypi’ - sy an
YA]' YAZ’ YA3, S oy YAi’ o YAn

are the values of output variable Y at discrete points in time (a time
series). Ypi and Ypj are the corresponding predicted and actual values,
respectively, of the output variable Y. The values of TIC from Equation
(219) will vary between the following two extremes:

TIC =0 when Ypj = Yaj for all i (The
case of equality or perfect
agreement)

TIC = 1 (The case of maximum inequality

or poor agreement)

Theil's multiple or overall inequality coefficient (TMIC) is a figure of
merit based on the number of observations or data points, the values of
several output or response variables selected at discrete points, and the
two-variable inequality coefficients (TICs) defined by Equation (219). The
two-variable (calculated and experimental v?ri ble values) inequality coef-
ficients are combined to generate the TMIC.(17) The TMIC is defined by

(PPD+PXD)TICD+(PPV+PXV)TICV+(PPA+PXA)TICA+(PPF+PXF)TIC (220)

TMIC = (PPD+PXD+PPV+PXV+PPA+PXA+PPF+PXF)

where :

PPD = / — (221)
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TMIC

TIC,TICD,TICV,TICA
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. -l (222)
3 é%i (223)
~ iTﬁz (224)
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- ing (226)
= EE§£ (227)
v FEng he)

equations are

= Theil's multiple inequality coefficient

= Theil's two-variable inequality coefficients for
comparison of calculated and experimental values of
coupler force, relative displacement, relative velo-
city, and relative acceleration, respectively

= Calculated and experimental coupler forces,
respectively [1b(force)]

= Calculated and experimental relative displacements,
respectively (in.)

= Calculated and experimental relative velocities,
respectively (in./s)
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XT’XTX = Calculated and experimental relative accelerations,
respectively (in./s/s)

Number of observations or sampling points

= |
]

Equation (220) is a corrected version of the equation presented in Refer-
ence 17. A correction was made to this equation when it was discovered,
after an evaluation, that a factor of 2 in the denominator was a mistake.
This factor was removed. Equations (220) through (228) were added to the
CARDT model for calculation of the TMIC during the simulation discussed in
Section 1.0, MODEL DEVELOPMENT. The values of TMIC from Equation (220) will
vary between the following two extremes:

TMIC
TMIC

0 (The case of equality or perfect agreement)
1 (The case of maximum inequality or poor agreement)

The model validation algorithm based on Theil's inequality coefficients
(TIC) was tested by comparing actual values of some time-varying response
variables, recorded fo]1?ﬁ3ng a 6-mph impact between the two 70-ton hopper
cars loaded with gravel, with values calculated using the CARDT model.
(See Section 1.1.1, Rail Car Coupler and Draft Gear Subsystem Submodel.)
Theil's inequality coefficients for the response variables of Figures 16, 17,
18 and 19, in the time domain, are presented as Figures 49, 50, 51 and 52,
respectively. Theil's multiple inequality coefficient for the time domain
is presented in Figure 53. The final value of the multiple coefficient of
Figure 53 is ~0.106, which indicates that the model accomplishes a reason-
ably good simulation of the experiment. However, it is also an indication
that further refinements and adjustments are possible to drive TMIC as close
to 0 as possible. The values of TMIC presented in Figure 53 are low by a
factor of 2. This is due to the factor of 2 error discovered in the litera-
ture version of Equation (216). This error was not discovered until after
the CARDT simulation was completed. The final value of TMIC in Figure 53
should be about 0.212 rather than 0.106.

The shape of -the TIC vs time curve of Figure 49 may be explained as follows.
The maximum value of TIC of about 0.74 is due to a perturbation in the
experimental data during the first 0.002 second after impact (see Figure 16).
During this time period, the measured coupler force rises from 0 to

~50,000 1b(force) at 0.002 second after impact, and then drops back to 0
during the following 0.001 second. The calculated coupler force varies
gradually during this period. ConsequentTy, due to the differences between
the values of the calculated and measured coupler forces and the small number
of data points for comparison, the TIC calculated for this period amplifies
the poor initial agreement between the model output and experimental data.
Further examination of Figures 16 and 49 reveals a quick recovery by TIC as
it drops to its lowest value (best agreement) of about 0.0684 just before
the next major perturbation in the measured coupler force at about 0.053
second.
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This perturbation causes a short sharp rise in TIC followed by a short
recovery period. The draft gears then bottom out, and large differences
between measured and calculated values of coupler force during the draft
gears' "solid" state result in an increase in TIC to about 0.25. TIC then
recovers to some extent at rebound to a value of about 0.12, and then levels
off at a final value of about 0.212 when the draft gears re-enter their
"active" state.

4.2 FAST FOURIER TRANSFORMS

The second model validation algorithm chosen for use with the CARDS model is
based on spectral analysis. This algorithm was transformed into the computer
program FFT (Fast Fourier Transform) as part of the data collection and
reduction task. (A listing of FFT is presented in Appendix VI). FFT con-
verts the displacement, velocity and acceleration response of a cask-rail

car system from the time domain to the frequency domain and allows the
response spectra to be determined directly from either model output or from
test data. An example of response spectra produced by FFT from test data is
presented as Figure 44. Additional examples may be found in References 18
and 19.

Originally, it was intended that FFT would be used as a subroutine in the
CARDS model; but, due to certain incompatibilities with ACSL (Advanced
Continuous Simulation Language), it was used instead as a separate program
for processing model output as if it were the recorded output from an
experiment. FFT was used only to a limited extent for model validation.

Its primary uses were to map response variables from the time domain into
the frequency domain and to filter out the high frequency noise in the test
data. [See Section 1.2, CASK-RAIL CAR RESPONSE SPECTRUM GENERATOR (CARRS)].

4.3 VISUAL COMPARISON OF RESPONSE VARIABLES

The third technique used to assess the "goodness" of agreement between
measured and calculated response variables was a straightforward visual
comparison of plots of the response variables in the time domain.

As the study progressed, after the CARDS model had been modified and tuned
to account for flaws in some of the test configurations, this technique was
found to be adequate and was used exclusively for the comparison of measured
and calculated response variables.

4.4 FREQUENCY RESPONSE SPECTRA

A fourth technique was developed for both model validation and for the
parametric and sensitivity analysis discussed in Section 5.0. However, for
reasons stated in Section 1.2, this technique was not used for model valida-
tion. This technique is based on the transformation of the multi-degree-of -
freedom representation of the cask-rail car system into an equivalent
single-degree-of-freedom representation. [See Section 1.2, CASK-RAIL CAR
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RESPONSE SPECTRUM GENERATOR (CARRS)]. Theoretically, the single degree-of -
freedom (1-DOF) representation of the system (CARRS model) may be used to
generate frequency response spectra for both the test configurations and
their simulations (using the CARDS model). The "goodness" of agreement of
these spectra would be a measure of how well the CARDS model simulates the
tests. Horizontal and vertical accelerations measured at varicus points on
the cask-rail car systems of the tests would be used as the forcing functions
in the CARRS model to generate "measured or experimentally derived" frequency
response spectra. Calculated accelerations (forcing functions) obtained

from the CARDS model simulations of the tests would then be used to generate
the corresponding "calculated" spectra to be compared to the "measured or
experimentally derived" spectra. However, for the reasons discussed in
Section 1.2, the "experimentally derived" spectra for relative vertical
motion could not be generated. Specifically, these spectra could not be
generated because all measurements of the vertical accelerations of the rail
car structure were lost. The "experimentally derived" spectra for relative
horizontal motion could have been generated but, since visual comparisons of
the horizontal accelerations for Test 3 were good, it was decided that these
visual comparisons would be sufficient.

4.5 MODEL VALIDATION AND RESULTS

During the development of the CARDS model it was noted that, although the
time-domain plots of some measured and calculated response variables were
similar in appearance, they were offset sufficiently to yield values of
their inequality coefficients (TICs) that suggested poor agreement. In some
cases, the model was "tuned" to identify the parameter or parameters causing
the offset and to determine the values of these parameters that would bring
the plots closer together. This "tuning" process consisted of varying the
values of selected parameters one at a time while holding the others constant
at their base case values, and computing values of Theil's multiple inequal-
ity coefficient (TMIC). A minimum value of TMIC would be obtained for the
"best" value of a given parameter. One of the first parameters investigated
was the time shift required to obtain the best fit when values of calculated
and experimental response variables were superimposed. Early in the study,
an initial comparison of the time-varying calculated and experimental coupler
forces showed that the ramps and peaks of the experimental curve lagged con-
siderably behind those of the calculated curve. Since the starting time for
the CARDS simulation is the time at which the coupler begins to travel, this
suggested that perhaps the recording device installed for the experiment was
activated by almost imperceptible movements of the coupler mechanism prior
to significant compression. Frame by frame examination of the high speed
film of this portion of Test 3 showed that, from the instant of initial con-
tact between the couplers to the first sign of draft gear travel, 9 frames
were exposed. At 400 frames per second, this meant that 0.0225 second had
elapsed over this interval. A shift of the results by this amount of time
produced much better agreement between the times at which the various events
occurred. This time shift represents a suspected lag between the time the
recording device was activated and the time at which the coupler actually
begins to travel. A final value of this time lag was established by trying
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a number of values while evaluating Theil's two-variable inequality coeffi-
cient for the coupler force, and Theil's multiple inequality coefficient.
Minimum values of these coefficients (indicating the best agreement) occurred
for a time shift of 0.038 second. The time shift of 0.038 second fixed the
common zero point on the time traces of the experimental data for further
comparisons.

4.5.1 Comparison of Measured and Calculated Results for Test 3

In Reference 20 it was shown that results obtained from a CARDS simulation
of Test 3 of the SRL coupling tests were in good agreement with experimental
results except fo{ t?e vertical accelerations of the cask. In the following
reporting period,(21) ENSCO, Inc. completed a study to provide parameter
data on the railway equipment used in the coupling tests at SRL. These data
were inserted in the CARDS model to establish a base case for model valida-
tion and for planned parametric and sensitivity analyses. Additional simula-
tion runs were made to obtain new calculated results to be compared with the

experimental results.

At first, the new data resulted in less agreement between the calculated
and experimental results than had been obtained previously. The calculated
and experimental values of the vertical acceleration of the cask at the far
end did not show acceptable agreement when compared both visually and quan-
titatively. After modifications were made to the model, based on a review
of high speed films of the tests and of system structural features, a
dramatic improvement in the agreement was realized (especially in the visual
comparisons). The high speed films of Test 3 showed that water was ejected
from the collar around the cask at the far end at impact (rain water had
collected under the collar during a rain storm the night before the test).
It was also recalled that a rubber gasket or shim was used under the collar.
This suggested that the rubber, or a gap, or both, could cause both an
increase in the magnitude and frequency of the acceleration readings at the
far end, precisely the characteristics needed to achieve agreement. Double
integration of the measured accelerations gave displacements that confirmed
this conclusion. Therefore, a nonlinear stiffness coefficient was devised
for the rear tiedowns that was assumed to consist of a series combination of
an initial gap between the cask and its collar, a rubber shim, and then the
;ntgndgd tiedown structure. A corresponding damping coefficient was also
evised.

As in the preliminary assessment of Reference 20, the latest assessment of
how well the CARDS model simulated the behavior of the cask-rail car system
for the conditions of Test 3 of the SRL experiments was made by comparing,
for two cases, both visually and quantitatively, the calculated and experi-
mental values of coupler force, the longitudinal force of interaction between
the cask and rail car, the horizonal acceleration of the rail car, the hori-
zontal acceleration of the cask, the vertical acceleration of the cask at

the far end, and the vertical acceleration of the cask at the struck end.
Also, in this latest assessment, the calculated vertical displacements of

the cask were compared to those obtained by double integration of the
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measured vertical accelerations of the cask. In both cases, the coupler
force was the force of excitation causing the system to vibrate. In the
first case (Case 1), the experimentally measured coupler force was used. In
the second case (Case 2), the coupler force used was that calculated by the
CARDS model. Visual comparisons are presented in Figures 54 through 60 for
Case 1, and in Figures 62 through 68 for Case 2. To supplement these com-
parisons, calculated vertical tiedown forces are presented in Figure 61 for
Case 1, and in Figure 69 for Case 2. Quantitative comparisons of each pair
of individual response variables were made using Theil's two-variable
inequality coefficients. A simultaneous quantitative comparison of all the
response variables was made using Theil's multiple inequality coefficient.
The quantitative comparisons are summarized in Eab]e 9. Theil's two-variable

inequality coefficients and Theil's multiple inequality coefficient are dis-
cussed in Section 4.1.

The Theil's inequality coefficients in Table 9 show that good agreement
between calculated and experimental results was obtained for all but the
vertical accelerations. The vertical accelerations of the cask produced
two-variable inequality coefficients above 0.5 (Theil's inequality coeffi-
cients are zero at perfect agreement and 1 at the poorest agreement). How-
ever, Figures 58, 59, 66 and 67 show that good visual agreement exists
between the vertical accelerations. Both the magnitude and frequency of
these plots are in good agreement. It appears, however, that better quanti-
tative agreement could be obtained if the calculated vertical acceleration
at the far end (Figures 58 and 66) could be made to shift ~0.025 second
forward on the time scale, and if the calculated vertical acceleration at
the struck end (Figures 59 and 67) could be shifted ~0.02 second backward
on the time scale. Theil's multiple inequality coefficient for Case 1 is
0.059, and that for Case 2 is 0.214.

The plots of calculated vertical acceleration of the cask at the far end in
Figures 58 and 66 are shaped by the nonlinear stiffness coefficient devised
for the rear tiedowns. Initially, then the cask accelerates freely upward
due to the loose fit of the collar, but then it soon encounters the rubber-
cushioned collar and decelerates rapidly. The stiffness coefficient of the
rubber shim varies with reTative displacement; therefore, the frequency
varies. The structural damping of the collar varies in a manner similar to
that of the stiffness coefficient.

The vertical displacements of the cask are presented in Figures 60 and 68.
These figures compare the calculated vertical displacements with those
obtained by double integration of the measured vertical accelerations of the
cask. Figure 60 presents the comparisons of Case 1 results, and Figure 68
the comparisons of Case 2 results. Both of these figures show good agreement
up to about 0.1 second, and then the calculated and "experimental" displace-
ment curves show substantial separation.
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4.5.2 Comparison of Measured and Calculated Results for Tests 10 and 11

An assessment of how well the CARDS model simulates the behavior of the
cask-rail car system for the conditions of Tests 10 and 11 was made by com-
paring the calculated and experimental values of the longitudinal force of
interaction between the cask and rail car, the horizontal acceleration of
the rail car, the horizontal acceleration of the cask, and the vertical
acceleration of the cask at the far end. The coupler force measured during
these tests was used as the force of excitation causing the system simulated
by CARDS to vibrate. This coupler force is shown in Figures 70 and 76 for
Tests 10 and 11, respectively.

The cask-rail car system used in Tests 10 and 11 consisted of a 70-ton cask
mounted on a flat bulkhead rail car with standard couplers. (For test con-
figurations and conditions, see Table 2 and Figure 32.) The cask used in
these tests was a rectangular box-shaped 70-ton cask used for onsite ship-
ments at SRL. The rail car was the same one used in Test 3. When the base
of the cask was placed in contact with the bumper beams between the cask and
the load cells, its vertical centerline (fore and aft) fell almost 8.0 feet
forward [toward the struck end (SE)] of the rail car centerline. This offset
placed the far end (FE) of the cask almost directly over the center of
gravity of the rail car.

For Test 10, the calculated longitudinal force of interaction between the
cask and rail car, the horizontal acceleration of the rail car, the horizon-
tal acceleration of the cask, and the vertical acceleration of the cask at
the far end are compared with corresponding experimental data in Figures 71,
72, 73 and 74, respectively. All of these response variables compare well
with their experimental counterparts, except for the vertical acceleration
of the cask at the far end. The peak values of the calculated vertical
acceleration of the cask in Figure 74 are substantially lower than the peaks
on the plot of the experimental data. There is evidence indicating that the
experimental data may be in error. First, these vertical accelerations of
the cask are compared, in Figure 74, to the calculated vertical acceleration
of a point on the rail car over the trucks at the far end. The agreement
between this calculated vertical rail car acceleration and the experimental
data for the vertical acceleration of the cask is better than that between
the calculated and experimental values of the vertical accelerations of the
cask. This would mean that the far end of the cask was pitching as much as
the far end of the rail car. This does not seem reasonable in view of the
statement made earlier that the far end of the cask was located almost
directly above the center of gravity (cg) of the rail car. There is rotation
about the cg of the rail car, but the vertical motion of the rail car at this
point is substantially less than that of the rail car over the trucks at the
struck and far ends. The second piece of evidence which indicates that the
experimental data from Test 10 may be in error is found by moving forward in
the text to Figure 80 where the vertical acceleration of the cask at the far
end, calculated for Test 11 conditions, is compared to the same vertical
acceleration measured during Test 11. Figure 80 shows that very good agree-
ment exists between the calculated and experimental values of this accelera-
tion, and that they both differ substantially from a superimposed plot of
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the vertical acceleration of a point on the rail car over the trucks at the
far end. The only changes made to CARDS in proceeding from the simulation
of Test 10 to the simulation of Test 11 were 1) the impact velocity was
increased from 8.0 miles per hour to 11.2 miles per hour, and 2) the coupler
force recorded during Test 11 (Figure 76) replaced that from Test 10

(Figure 70) as the force of excitation applied at the coupler. None of the
structural parameters of the cask-rail car system were changed.

Two key assumptions were made when the parameters were prepared for insertion
into CARDS for the simulation of Tests 10 and 11. First of all, it was
assumed that the vertical components of the tiedowns were tight. This is in
contrast to the simulation of the cask-rail car system of Test 3 where some
looseness, and the installation of rubber bushings in the collar at the far
end of the 40-ton Hallam cask, required the use of a nonlinear stiffness
coefficient to represent the vertical component of the tiedown structure
(see Section 4.5.1). The 70-ton cask used in Tests 10 and 11, unlike the
40-ton Hallam cask used in the rest of the tests, did not require a cradle
structure that became part of the tiedown structure. The 70-ton cask was
bolted directly to the rail car structure. The assumption of tight vertical
tiedowns for Tests 10 and 11 appears to be justified by the good agreement
between the calculated and experimental values of the vertical acceleration
of the far end of the cask, for Test 11, as shown in Figure 80.

The horizontal component of the tiedowns, in Tests 10 and 11, consisted of a
rigid welded stop to restrain the cask from moving longitudinally. Ini-
tially, it was assumed that the stiffness coefficient of this _horizontal
component was constant. Several values, ranging up to 5 x 108 1b/in.,

were tried; however, none of these trial simulations produced results that
matched the experimental data. These simulations suggested that a nonlinear
stiffness coefficient was required for the horizontal component of the tie-
downs. Consequently, this was the second assumption made for the simulation
of Tests 10 and 11. It was assumed that a constant stiffness coefficient of
1.0 x 10° 1b(force)/in. was valid up to a relative displacement between

the cask and rail car of ~0.2 in. and that, after this initial movement,

the tiedowns yielded and could be represented by the nonlinear stiffness
coefficient shown in Figure 75. This stiffness coefficient was established
for Test 10 and used, without change, for the simulation of Test 11.

For Test 11, the calculated longitudinal force of interaction between the
cask and rail car, the horizontal acceleration of the cask, and the vertical
acceleration of the cask at the far end are compared with experimental data
in Figures 77, 79 and 80, respectively. The calculated horizontal accelera-
tion of the rail car is presented in Figure 78. In the comparisons for

Test 10, this acceleration was compared to data from instrument 12. However,
in Test 11 the data from instrument 12, and from all other instruments
measuring the horizontal acceleration of the car, were not suitable for use,
so no experimental data are shown in Figure 78. Except for the horizontal
acceleration of the car, all of the response variables listed above compare

well with the corresponding experimental data.
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There is some uncertainty with regard to the measured coupler force shown

in Figure 76. The experimental traces show that, from ~0.2 s to ~0.5 s,
this coupler force leveled off at a value of ~200,000 1b(force) rather

than 0. In contrast, the coupler force measured for Test 10 dropped to zero
force after ~0.25 s. It is not known whether or not this failure to drop

to zero, as would be expected, is due to a faulty instrument and, if so, at
what point along the trace the instrument went awry. A comparison of the
coupler force plots in Figures 70 and 76 suggests that the instrument for
Test 11 might have experienced some difficulty at ~0.2 s.

The experimental acceleration data used in the above comparisons contained
high frequency noise that had to be filtered out before the comparisons could
be made. As indicated in Fiqures 72 through 74, and Figures 78 through 80,
the horizontal acceleration data were filtered at 100 Hz and the vertical
acceleration data at 50 Hz. Filtering of the high frequency noise components
from these data was accomplished using the FFT (Fast Fourier Transform
program. (See Section 4.2.)

4:5.3 Comparison of Measured and Calculated Results for Tests 13, 16
and 18

The validation of the CARDS model was completed with the comparison of
measured results from Tests 13, 16 and 18 with corresponding results calcu-
latea using the CARDS model.

An assessment of how well the CARDS model simulates the behavior of the cask-
rail car systems used in these tests was made by comparing calculated and
measured values of the horizontal force of interaction between the cask and
rail car, the horizontal acceleration of the rail car, the horizontal
acceleration of the cask, the vertical acceleration of the cask at the far
end, and the vertical acceleration of the cask at the struck end. The
coupler force measured during these tests was used as the force of excitation
causing the system simulated by CARDS to vibrate. This coupler force is
shown in Figures 85, 93 and 99 for Tests 16, 13 and 18, respectively.

The cask used in Tests 13, 16 and 18 was the 40-ton Hallam cask used in

Test 3 (see Figure 32 and Table 2). Unlike the box-shaped 70-ton cask used
in Tests 10 and 11, this cylindrical cask was mounted on and secured to a
cradle structure that served as part of the tiedown structure. In Test 3,
this cradle structure was fastened to a rail car with bolts, but in Tests 13,
16 and 18, it was fastened to a different rail car (a different one for each
of these three tests) with cables. As reported in Section 4.5.1, good
agreement between the calculated and experimental results for Test 3 was
obtained only after allowance was made for slack in the vertical tiedown
structure at the far end (opposite the struck end of the car). This slack,
or looseness, in the tiedowns was evident in high speed films of Test 3.

The films showed rain water being ejected from the collar at the far end of
the cask at impact. Also, it was recalled that a rubber shim had been
installed between the collar and the cask. When this gap and rubber shim
combination was considered as part of the tiedown structure, and an appro-
priate nonlinear stiffness coefficient devised, good agreement between the
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calculated and experimental results was obtained. This same nonlinear
representation of the stiffness coefficient for the vertical component of
the rear tiedowns was used, without change, in the simulations of Tests 13,
16 and 18.

In Tests 10 and 11, the 70-ton cask was bolted directly to the rail car. As
shown in Figure 32 and Table 2, the same rail car was used in Tests 3, 10

and 11. This rail car was a Seaboard Coastline (SCL) flat, bulkhead car

with standard couplers. For Tests 13 and 16, an 80-ton flat rail car with
three-wheeled trucks was used. The 80-ton rail car was equipped with a
standard coupler on one end for use in Test 16, and a 15-in. travel end-of-
car (EOC) cushion device on the opposite end for use in Test 13. This latter
car is referred to as the 80-ton Union Carbide car because the Union Carbide
Corporation converted it for transporting canisters placed in ? g?1ded,
"saw-toothed" rack superstructure added to the top of the car. 2 For

Test 18, a SCL flat bulkhead car with a cushion underframe coupling mechanism
was used. The principal difference between this car aTd She one used in
Tests 3, 10 and 11 was in the coupling mechanism used. (22

The CARDS model is a complex two-dimensional, multi-degree-of-freedom model
that determines the horizontal, vertical and rotational motion of both the
cask and its rail car following impact with an anvil train during coupling
operations. Results of a parametric and sensitivity analysis, using CARDS
and the cask-rail car configuration of Test 3, showed that the relative
vertical and rotational accelerations (of the cask relative to the rail car)
are highly sensitive and sensitive, respectively, to the horizontal distance
between the cgs of the cask and rail car. (See Section 5.0, PARAMETRIC AND
SENSITIVITY ANALYSIS.) This horizontal distance, given the parameter name
1gcr in Section 5.0, is highlighted in Figures 2 and 81 through 84.

Figures 81, 82, 83 and 84 are sketches of the cask-rail car configurations
used in Tests 3 and 18, 10 and 11, 13, and 16, respectively. These figures
identify not only Igcr and the casks and rail cars used in the tests, but
also the types of couplers and tiedowns used.

The simulations of Tests 13, 16 and 18 were initially guided by comparisons
of measured and calculated values of the horizontal force of interaction
between the cask and the rail car. In the CARDS model, this force is defined
by the equation,

DUSLF

~(kgy * kgq) [Upe * ZpcOpc) - (Xp - Zpop)] (229)
where:

DUSLF

n

Horizontal interaction force [1b(force)]
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kg1 and kgq = Stiffnesses of the horizontal components of the rear
and front tiedowns, respectively, between the cask and

rail car [1b(force)/in.]

Xxc = Horizontal displacement of the cg of the cask-rail car

(in.)

Xp = Horizontal displacement of the cg of the cask or package
(in.)

Zrc = Vertical distance from the horizontal centerline of the
cask-rail car to its top and bottom surfaces (in.)

Zp = Vertical distance from the horizontal centerline of the
cask to its top and bottom surfaces (in.)

6pc = Angle of rotation of the Xgc and Ygc axes about an
axis peripendicular to the Xgc - YRc plane through the
cg of the rail car (rad)

ep = Angle of rotation of the Xp and Yp axes about an axis
perpendicular to the Xp - Yp plane through the cg of
the cask or package (rad)

Initial comparisons revealed poor agreement between the calculated and meas-
ured values of this force. Specifically, after the peak forces following

the impact pulses of Tests 13 and 16, the calculated results included some
substantial negative values of this force while the measured results included
only a few small negative values.

Of the three tests, Test 16 was the most similar to Test 3, a test simulated
successfully earlier in the study (see Section 4.5.1). The horizontal inter-
action force calculated for Test 3 did not show this tendency to negative
values, so it was concluded that reasons for the differences in the results
might be found by examining the differences in the cask-rail car systems

used in these two tests. The primary differences between the cask-rail car
systems of Test 3 and Test 16 are (see Figures 32, 81 and 84 and Table 2):

1) A 70-ton SCL flat, bulkhead rail car was used in Test 3. In
Test 16 the 80-ton Union Carbide rail car was used. Both of these
tests were conducted with standard couplers.

2) In Test 3, the cg of the cask was located 49.0 in. forward of the

cg of the rail car. In Test 16, the cg of the cask was located
18.25 inches aft of the cg of the rail car (see Figures 81 and 84)

3) Bolted tiedowns were used for vertical restraint in Test 3. In
Test 16, cable tiedowns were used.
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The major difference between the cars used was in the car weights. The
average weight of the loaded 80-ton Union Carbide car (designated as
OR0OX805), based on weights measured prior to Tests 6 through 9 and Tests 12
through 16, is 160,105 1b. Only the 40-ton cask was used with this car, so
subtracting the weight of this cask gives a car weight (which includes the
cask cradle) of about 80,105 1b. The 70-ton SCL rail car used in Tests 1
through 5 and in Tests 10 and 11 was designated as ACL78498. The loaded
weight of this car, measured prior to Tests 10 and 11, was 222,920 1b.
Subtracting the weight of the 70-ton cask gives a car weight of about
82,920 1b. This means that the rail car used in Test 16 was about 3.4%
lighter than the rail car used in Test 3. A lighter car would decelerate
faster, resulting in less horizontal displacement of the car (i.e., Xg¢ in
Equation (229) would be smaller). This would produce a greater tendency
toward negative values of the horizontal interaction force; however, it was
felt that the difference in the car weights was too small to account for the
large negative values obtained from the model.

The location of the cask along the length of the rail car has little effect
on the horizontal force of interaction. This is evident from the results of
the parametric and sensitivity analysis reported in Section 5.0. In Fig-
ures 130 and 131, the horizontal distance between the vertical centerlines
of the cask and rail car, lggr, is listed in the eighth and tenth posi-
tions, respectively, out of Een parameters ranked according to their influ-
ence on the horizontal tiedown force. The only parameters ranked below

1UC$ (that is, in positions indicating less influence) are the stiffness
coefficients of the vertical components of the tiedowns, and two composite
parameters representing variations of these coefficients.

The remaining difference between the cask-rail car systems of Tests 3 and 16
that might account for the differences in the calculated values of the hori-
zontal interaction force is in the type of tiedowns used. The effect of the
type of tiedowns used on the horizontal interaction force is primarily due
to the stiffness coefficients of the horizontal components of the tiedowns
[see Equation (229)]. It was reasoned that, because cables instead of bolts
were used for vertical restraint in Test 16, the cask (and its cradle)
apparently tended to shift longitudinally during impact and did not return
to its original position. This was because the restoring "spring" action or
"chocking" effect of the vertically oriented bolts was missing. Instead,
energy was dissipated during the shifting of the cask.

The equations in the CARDS model that define the stiffness coefficients of
the horizontal components of the tiedowns were modified to account for this
loss of energy due to shifting of the cask. Previously, these stiffness
coefficients were computed in a calculation sequence that set the coeffi-
cients either to their high or low values, or to the sum of their high and
low values, depending upon conditions related to the movement of the cask
(and its cradle). This procedure was retained, but the values computed
were modified as follows. Let the unmodified values be expressed as
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S1

and

Ksq

These coefficients were modified using the expressions

ks1(new)

and

k54(new)

where:

= ks](o1d) [1 + MkS]sgn(

= k54(o]d) [} + Mks4sgn (

= Relative velocity of cask-rail car combination (in./s)

fl[kST(low)’ ks1(high)]

fq[ks4(low), ks4(high)]

dXP dX

RC

~TRE it

U

)
&)

Velocity of the cask (in./s)

Velocity of the rail car (in./s)

(230)

(231)

(232)

(233)

Energy dissipation factors for kST and ksq, respectively

Sign function

e [ |

-1, A

>0

0

where A =
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The values of the energy dissipation factors used depend upon the conditions
encountered and imposed, i.e.,

dXpPRC
KSi = MkSlF 1f-—7ﬂ?—-< 0 and cable tiedowns used (234)

Mgsy = 0 [otherwise]

Similarly,

dx
. 9Xepre ] f285)

Mesa = Mesap [1f“‘a€‘“ < 0 and cable tiedowns used

Mcsq = O [otherwise ]

Mcs1F and Mcsap

Arbitrary factors currently set at 0.5

The above representation of the stiffness coefficients in CARDS produced a
good comparison of the calculated and measured values of the horizontal force
of interaction between the cask and rail car of Test 16 (see Figure 86), and
reasonable agreement in comparisons of four additional response variables
(see Figures 87, 88, 89 and 90).

When the above equations and factors were used, without change, to determine
the stiffness coefficients kg and kggq for Tests 13 and 18, improvements

in the comparisons of the calculated and measured results for these tests
were also realized (see Figures 93 through 104).

The stiffness coefficients defined by Equations (232) and (233) generate
hysteresis-type curves. Figure 91 is a load-deflection curve generated for
the horizontal component of the tiedown at the far end during the simulation
of Test 16, and Figure 92 is the corresponding plot of the stiffness coeffi-
cient kgy as a function of the relative displacement, Xp - Xgc.

Figure 87 shows three plots of the horizontal acceleration of the rail car
during Test 16. The solid line is a plot of the calculated acceleration,

the dashed line is a plot of the measured acceleration, and the dash-dot

l1ine is a plot of the calculated acceleration of the rail car with no cask.
The calculated and measured values of the acceleration of the loaded rail

car show poor agreement. During the peak pulse, the calculated acceleration
is only about one-fourth of the measured acceleration. The peak acceleration
of the unloaded rail car is about one-half that of the measured acceleration
during the same time period. There is strong evidence that suggests that

the measured values of the acceleration may be in error. In Figure 33, val-
ues of the horizontal acceleration of the loaded rail car, measured during
Test 3, were compared with calculated values for both the loaded and unloaded
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rail car (an unloaded rail car is defined as one without both the cask and
the trucks). The purpose of this earlier comparison of results was to show
that the horizontal motion of the cask strongly influences the horizontal
motion of the rail car. These earlier comparisons showed that the calculated
and measured results for the "loaded" system compare very well, and that the
deceleration of the "isolated" or "unloaded" rail car is substantially
greater. It was also shown that the deceleration of the unloaded car follows
the coupler force curve. When the results in Figure 87 are compared with
those of Figure 33, the following facts may be noted:

1)  The measured and calculated accelerations in Figure 33 are in very
close agreement

2) The peak calculated accelerations of both the loaded and unloaded
rail cars in Figure 87 are consistent with those in Figure 33

3) The calculated accelerations of the unloaded rail car in Figures 87
and 33 follow the respective coupler force curves for Tests 16
and 3

4) The coupler force curves for Test 3 (see Figure 54) and for
Test 16 (see Figure 85) are not identical, but they are very
similar and their peak values are in the neighborhood of
1.1 x 108 1b(force).

In addition to these facts, further evidence is suggested by the comparison
of the measured and calculated values of the horizontal acceleration of the
cask in Figure 88. This figure shows that very good agreement between the
measured and calculated values was realized. It seems doubtful that such
good agreement could be obtained for the horizontal acceleration of the cask
while the measured and calculated values of the horizontal acceleration of
the rail car show such poor agreement. It was shown earlier, in Section 1.2,
CASK-RAIL CAR RESPONSE SPECTRUM GENERATOR (CARRS), that the horizontal motion
of the cask strongly influences the horizontal motion of the rail car.

Measured and calculated values of the vertical acceleration of the cask
at the far end are compared in Figure 89. Only fair agreement was realized
since the peak values of the calculated acceleration are about 50% or 60%
greater than the measured accelerations, and the frequency is lower. How-
ever, the calculated results appear to be consistent with the corresponding
results for Test 3 (see Figure 58), while the measured results are about a
factor of 2 less than those obtained from Test 3. The press of time ruled
out an in-depth analysis of these differences that might have led to their
verification or to some justification for modifications to the model that
would have produced better agreement.

Figure 90 compares measured and calculated values of the-vertical accelera-

tion of the cask at the struck end. Here again, only fair agreement was
realized. Comparisons with Test 3 results, in this case, do not show any
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resemblance or consistency. In fact, it appears that there is better agree-
ment between the measured and calculated values for Test 16 than there 1is
between corresponding values from Test 16 and Test 3. For example, the
frequencies of both the measured and calculated values of Test 16 are higher
than those of Test 3, and are consistent with one another. However, the
frequency of the calculated results is higher than that of the measured
results.

Although time did not permit an in-depth analysis to find a reason for the
differences in the vertical accelerations of the cask obtained for the
cask-rail car systems used in Tests 3 and 16, it should be pointed out again
that one of the three primary differences between the cask-rail car systems
used in these tests is the parameter lgcr, the horizontal distance between
the vertical centerlines of the cask and rail car. In Test 3, the cqg of the
cask was located 49.0 in. forward of the cg of the rail car whereas, in

Test 16, the cg of the cask was located 18.25 in. aft of the cg of the rail
car (see Figures 81 and 84). It is not certain what effect this has on the
vertical accelerations; however, the results of the parametric and sensi-
tivity analysis show that both the maximum absolute relative vertical accel-
eration of an equivalent single-degree-of-freedom model of the cask-rail car
system of Test 3 and the maximum vertical acceleration of its support are
highly sensitive to Igcr (see Table 17 and Figures 125 and 128).

It was stated earlier that when Equations (230) through (235) and the
arbitrary factors MgsiF and Mys4qfF were used, without change, to deter-

mine the stiffness coefficients kg and kgq for the cask-rail car systems
used in Tests 13 and 18, improvements in the comparisons of the calculated
and measured results for these tests were also realized. For these tests,
time did not permit further analysis beyond this stage; consequently, com-
parisons of measured and calculated values of response variables for these
tests are presented, as developed, in Figures 94 through 104. Figures 94
through 104 show that, even though no further work was done, the calculated
and measured results for these tests are in reasonable agreement.
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5.0 PARAMETRIC AND SENSITIVITY ANALYSIS

A parametric and sensitivity analysis was conducted to identify those param-
eters that significantly affect the normal shock and vibration environment
and the response of the cask-rail car system. Frequency response spectra
were generated for the horizontal, vertical and rotational accelerations of
a radioactive material shipping package (cask) relative to the accelerations
of its support (rail car). Generation of the response spectra was coupled
to a parametric and sensitivity analysis to assess the effects on the
response spectra (and on selected response variables) of varying certain
selected parameters.

Parameters are usually varied to study the effect on one or more response
variables (RV) or figures of merit (FOM). This is termed a parametric analy-
sis. A parametric analysis is usually coupled to a sensitivity analysis.
The objectives of a sensitivity analysis are to arrive at a measure of how
sensitive the RVs or FOMs are to changes in the parameters, and to rank the
parameters according to their influence on the RVs or FOMs. The determina-
tion of the response spectra, an assessment of the changes in these spectra
due to the variation of the parameters, and the identification of the most
influential parameters constitutes a parametric and sensitivity analysis.
Details of the sensitivity analysis and the ranking of parameters will be
presented and discussed later.

Equivalent single-degree-of-freedom (1-DOF) equations of motion (EOMs) were
derived to generate the response spectra [see Section 1.2, CASK-RAIL CAR
RESPONSE SPECTRUM GENERATOR (CARRS)]. These 1-DOF EOMs have forcing func-
tions on their right-hand sides that are equivalent to the motions of a sup-
port (or shaker table in a testing facility). These support motions, and
the 1-DOF EOMs, are derived from the equations of motion used in the CARDS
model. (See Sections 1.1 and 1.2.)

Parameters are varied in the CARDS model to produce "support" accelerations
as functions of time. These time-varying support motions are then used in
the 1-DOF EOMs of the CARRS model to generate the horizontal, vertical and
rotational accelerations of the cask relative to the actual acceleration of
the rail car. The actual rail car acceleration is not the same as the sup-
port acceleration. Detailed derivations of the horizontal, vertical and
rotational accelerations of the support, along with derivations of the 1-DOF
EOMs in terms of the corresponding relative accelerations, are presented in
Section 1.2.

Frequency response spectra were generated using the CARRS model (Section 1.2)
and results obtained from the CARDS model (Section 1.1). Two sets of
response spectra were generated. The first set, designated as "preliminary",
was generated for five preliminary or exploratory cases. A second set of
response spectra, designated as "requested", was generated for 23 cases (in
addition to a base case) based on conditions and parameters specified or
requested by the US Nuclear Regulatory Commission. The five "preliminary"
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cases are defined in Table 10, and the "requested" cases are defined in
Tables 11 through 13. The procedure used to generate the response spectra,
using CARDS and CARRS, is described in Section 1.2.

The cask-rail car system simulated by CARDS for the parametric and sensi-
tivity analysis was the Test 3 configuration shown in Figures 1 and 81.

The preliminary cases defined in Table 10 differ due to only three of the
conditions listed. The only difference between Cases 1 and 2 is due to the
condition of the rear tiedowns. Case 1 represents the actual condition of
the rear tiedowns in Test 3 of the coupling tests conducted at SRL. It was
stated earlier in Section 4.5.1 that ENSCO, Inc. had completed a study to
provide parameter data on the railway equipment used in the coupling tests
conducted at SRL. These data were used to establish the base case for the
simulation of Test 3 using the CARDS model. After experiencing difficulty

in matching the vertical acceleration of the cask at the far end (as deter-
mined using the CARDS model) with that measured during the test, high speed
films of Test 3 were examined for some indication of the reason for the mis-
match. The films showed that water (rain water collected during a rain storm
the previous night) was ejected from the collar around the cask at the far
end. It was also recalled that a rubber bushing or liner had been installed
between the cask and the collar. These conditions indicated a possible loose
fit between the cask and the collar. Because this cask and collar combina-
tion is part of the tiedown system at the far end, it was concluded that the
mismatch of results was due to looseness in the rear tiedowns. This was
confirmed by integrating the cask acceleration recorded during the test twice
with respect to time to get cask displacement, and then comparing this dis-
placement to the calculated displacement (see Figures 60 and 68). It was
found that the calculated displacement matched the "integrated-measured"
displacement reasonably well only by assuming an initial "free" or loose

rear tiedown, followed by contact with a rubber bushing, and finally followed
by "solid" contact with rubber compressed against the collar.

Case 2 in Table 10 represents a condition where neither slack nor a rubber
bushing exists in the rear tiedowns, i.e., the rear tiedowns are as tight as
the front tiedowns. This case is, in effect, the base case for Cases 1, 3,
4 and 5. Case 2 represents a set of conditions including:

1) No looseness in the vertical component of the rear (or front)
tiedowns

2) The cask centerline is positioned 4 ft forward of the rail car
centerline

3) The time-varying coupler force is that measured during the SRL
tests

4) Damping in the equations of motion in the CARDS model includes both

viscous (structural) damping and damping due to friction opposing
the horizontal motion of the cask relative to the rail car
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5) Damping in the 1-DOF EOMs in the CARRS model is the same as
of Condition (4) above.

Case 3 differs from Case 2 due to a change in Condition 5) above, i.e.,
there is no damping of any kind in the 1-DOF EOMs in CARRS. The only dif-
ference between Case 4 and Case 2 is also due to a change in Condition 5),
however, in Case 4, there is viscous (structural) damping only. Finally,
Case 5 differs from Case 2 due to Condition 2), i.e., the cask is centered
fore and aft on the rail car rather than being shifted 4 ft forward of this
position, as in the SRL tests.

Results for the "preliminary" cases are presented in the form of "support"
accelerations as functions of time, and maximum absolute relative (MAR)
accelerations as functions of frequency. The MAR accelerations are the
response spectra.

The support accelerations [defined by Equations (203), (206), and (216)] for
the preliminary cases defined in Table 10, calculated by CARDS, are presented
in Figures 105, 106 and 107. Figure 105 is a plot of the horizontal accel-
eration of the support for the equivalent 1-DOF system, as a function of
time, for Cases 2, 3 and 4. Figures 106 and 107 are the corresponding plots
for the vertical and rotational accelerations of the support, respectively.
The support accelerations for Cases 1 and 5 are different than those shown

in Figures 105, 106 and 107 because the differences in Conditions (1) and (2)
in Table 10 required separate CARDS simulations, which produced different
results. The support accelerations of Figures 105, 106 and 107 are presented
as tgpica] examples of the RHS forcing functions used in the 1-DOF EOMs in
CARRS.

The response spectra generated by the CARRS model, for the "preliminary"
cases defined in Table 10, are presented in Figures 108, 109 and 110.

Figure 108 consists of plots of the maximum absolute relative (MAR) hori-
zontal acceleration of the equivalent 1-DOF system as a function of frequency
[see Equation (161)]. Figures 109 and 110 are the corresponding frequency
plots of the maximum absolute relative vertical and rotational accelerations,
respectively. In Figure 108, Cases 3 and 5 produce almost identical plots
with the highest accelerations over the range of frequencies considered.
These plots have a common maximum vaiue of the maximum (maximax) absolute
relative horizontal acceleration of about 8500 in./s¢ at a frequency of

250 rad/s. The significance of the identical plots produced by Cases 3 and

5 is that the only difference between these cases is the positioning of the
cask on the rail car (see Table 10). Case 3 has the cask centerline posi-
tioned 4 ft forward of the rail car centerline, while Case 5 has the cask
centered fore and aft. The conclusion may be drawn that this difference in
the location of the cask on the rail car has little effect on the maximum
absolute relative horizontal acceleration over the range of frequencies con-
sidered. However, the location of the cask on the rail car has a great
effect on the maximum absolute relative vertical acceleration, as shown in
Figure 109. A maximax absolute relative vertical acceleration of about
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, .-, at a frequency of 50 rad/s, is obtained for Case 3, while the
um (not maximax) absolute relative vertical acceleration obtained for
5 is less than 100 in./s2 over the entire frequency range. It should
Jointed out here that these accelerations are the relative vertical
.celerations of the cg of the cask relative to the cg of the rail car.

.here are higher relative vertical accelerations at other locations on the
cask. Results from the CARDS model show that, for the centered cask case
(Case 5), the absolute relative vertical accelerations of the cask at the
tiedown attachment points are ~280 in./sZ, while the gorresponding absolute
relative vertical acceleration at the cg is ~62 in./s¢. The absolute
relative vertical accelerations at the tiedown attachment points are almost
> times greater than the corresponding accelerations at the cgq.

The plots for Cases 1 and 2 in Figure 108 are close together, which indi-
cates that looseness in the vertical component of the rear tiedowns has
little effect on the maximum absolute relative horizontal acceleration. In
contrast, the plots for Cases 1 and 2 in Figure 109 are widely separated,
indicating that this looseness in the rear tiedowns produces significantly
higher values of the maximum absolute relative vertical acceleration at all
frequencies. Vertical looseness in the rear tiedowns also produces substan-
tially greater maximum absolute relative (MAR) rotational accelerations, as
shown in Figure 110. Figure 110 shows widely separated plots for Cases 1
and 2, with Case 1 having the higher accelerations over the range of
frequencies considered.

The effect of frictional damping opposing the horizontal motion of the cask
relative to the rail car is illustrated by the plots for Cases 2 and 4 in
Figures 108, 109 and 110. In Figure 108, separation of the plots for

Cases 2 and 4 shows that frictional damping decreases the MAR horizontal
acceleration over most of the frequency range. The Tower plot in Figure 108
consists of the results for Case 2, the case where frictional damping is
present along with viscous (structural) damping. The results of Case 4 are
presented as the upper plot in Figure 108. This case has viscous damping
but no frictional damping. Frictional damping has little effect on the MAR
vertical acceleration and on the MAR rotational acceleration, as indicated
by the superposition of points on the plots for Cases 2 and 4 in Figures 109
and 110, respectively.

The 23 cases "requested" are defined in Tables 11, 12 and 13. These cases
are defined in terms of the requested conditions in Table 11, and in terms

of the requested parameters in Tables 12 and 13. The parameters used in the
definitions of Tables 12 and 13 are defined in NOMENCLATURE OF TERMS, Appen-
dix I. Some of these parameters are also shown in Figure 2, 3 and 4. It
should be noted that, among the conditions specified in Table 11, the coupler
force used for all the cases was that measured during Test 3 of the humping
tests.

Table 11 shows that the conditions are the same for all the "requested"
cases and that, except for one condition, the cases would be the same as
"preliminary" Case 4. The requested cases do not include frictional damping
opposing the horizontal motion of the cask relative to the rail car in the
EOMs in the CARDS model.
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The requested parameters were divided into two groups. The first group con-
sists of five parameters designated as "pure" parameters. The second group
contains eight parameters designated as "composite" parameters. The group
of pure parameters includes individual parameters, but has been extended to
include sets of parameters that are closely related. The two sets included
in this group are {ky}, a set of stiffness coefficients consisting of those
for the horizontal components of the rear and front tiedowns and {ky}, a set
of stiffness coefficients consisting of those for the vertical compgnents of
the rear and front tiedowns. Composite parameters consist of unrelated
parameters, or related parameters that are varied by differing amounts. For
example, the composite parameter CP1 defined in Table 13 consists of the
stiffness coefficients of both the horizontal and vertical components of the
tiedowns. The stiffness coefficients of these components are considered to
be unrelated because of their differences in orientation. Pure parameters
and definitions of their cases are presented in Table 12. Composite para-
meters and definitions of their cases are presented in Table 13.

The definitions of the cases are expanded in Table 14 in terms of the numeri-
cal values of the parameters. It should be noted that there are high and

low values of the stiffness coefficients of the horizontal components of the
tiedowns. The low value represents the stiffness coefficient of a tiedown
consisting of such devices as cables, chains, bolts, etc, which provide
constraint while the cask and frame combination is free to move between
chocks. The high value represents the stiffness coefficient of a chock.

The actual stiffness coefficient used when the chock is encountered is a
combination of these two values.

The results for the "requested" have been presented in the form of "support"
accelerations as functions of time, and MAR accelerations as functions of
frequency. In addition, the forces in the horizontal and vertical components
of the tiedowns at both the struck and far ends have been presented as func-
tions of time. The horizontal, vertical and rotational accelerations of the
“support" were presented as functions of time (for the base case and Cases
1, 2, C, D, and 3 through 8) in Figures 2 through 16 in Reference 23, and
(for the base case and Cases 9 through 21) in Figures 2 through 19 in Ref-
erence 24, The forces in the tiedowns, for Cases 1, 2, C, D, and 3 through
21, were presented as functions of time in Figures 20 through 63 in Refer-
ence 24. The MAR accelerations were presented as functions of frequency
(for the base case and Cases 1, 2, C, D, and 3 through 8) in Figures 17
through 31 in Reference 23, and (for the base case and Cases 9 through 21)
in Figures 64 through 81 in Reference 24. Only those plots for the base
case and Cases 7 and 8 are presented here as examples. The bulk of the
results will be summarized later in some special tables and figures.

The support accelerations (for the base case and Cases 7 and 8), as functions
of time, are presented in Figures 111, 112 and 113, and the corresponding
tiedown forces are presented in Figures 114 through 117. The corresponding
MAR accelerations as functions of frequency (the response spectra) are shown
in Figures 118, 119 and 120.
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In Reference 23, plots of the MAR horizontal accelerations as functions of
frequency are presented in Figures 17, 20, 23, 26 and 29. Corresponding
plots of the MAR vertical accelerations are presented in Figures 18, 21, 24,
27 and 30, and the corresponding MAR rotational accelerations are presented
in Figures 19, 22, 25, 28, and 31.

Figure 20 in Reference 23 is almost identical to Figure 26 of the same
reference, which indicates that Cases C and D produce MAR horizontal accel-
erations nearly equal to those produced by Cases 5 and 6. Tables 12, 13 and
14 show that, in Cases C and D, the stiffness coefficients of both the hori-
zontal and vertical components of the tiedowns were varied and that, in
Cases 5 and 6, only the stiffness coefficients of the horizontal components
were varied. This indicates that the stiffness coefficients of the vertical
components have little, if any, effect on the MAR horizontal acceleration.
In Figure 29 of Reference 23, the plots for the base case and Cases 7 and 8
are very close together. Tables 13 and 14 show that the only parameters
varied in Cases 7 and 8 were the stiffness coefficients of the vertical
components of the tiedowns. Therefore, this confirms the previous conclu-
sion that these coefficients have little effect on the MAR horizontal
accelerations.

Figures 21 and 30 in Reference 23, although far from identical, are similar.
These figures contain plots of the MAR vertical acceleration vs frequency
for the base case and Cases C and D, and Cases 7 and 8, respectively. The
similarity of these plots is an indication that a similarity exists between
Cases C and D and Cases 7 and 8. Tables 12, 13 and 14 show that, in Cases C
and D, the stiffness coefficients of both the horizontal and vertical compo-
nents of the tiedowns were varied and that, in Cases 7 and 8, only the
stiffness coefficients of the vertical components of the tiedowns were
varied. It may be concluded from this that the MAR vertical acceleration is
moderately affected by the stiffness coefficients of the horizontal compo-
nents of the tiedowns.

Figure 28 in Reference 23 contains plots of the MAR rotational acceleration
for the base case and Cases 5 and 6. These plots, although not identical,
are close together compared to those in Figures 19, 22, 25 and 31 in the same
reference. Recalling that, in Cases 5 and 6, only the stiffness coefficients
of the horizontal components of the tiedowns were varied, this indicates that
these coefficients only moderately affect the MAR rotational acceleration.
This may be confirmed by comparing Figures 22 (Cases C and D) and 31 (Cases

7 and 8) of Reference 23. This comparison suggests that Cases C and D
produce nearly the same results as those obtained from Cases 7 and 8. The
only parameters that are not common to these two sets of cases are the
stiffness coefficients of the vertical components of the tiedowns.

A crossover or change of position of the plots, dver the range of frequencies
considered, is evident in Figures 17, 20, 23, 26, 27 and 28 in Reference 23.
This change of position also occurs over a very short frequency span at the
high frequency range in Figure 21 (Reference 23). As an example of how the
plots change position, consider Figure 23 (Reference 23). In this figure,
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over the range of frequencies from 2 rad/s to ~100 rad/s, Case 3 is repre-
sented by the lower plot and Case 4 by the upper plot. Between 100 rad/s
and 130 rad/s, the plot representing the base case becomes the upper plot,
and the Case 4 plot becomes the middle plot. Over the frequency range
between 130 rad/s and 260 rad/s, the Case 3 plot becomes the upper plot, the
Case 4 plot becomes the lower plot, and the base case plot occupies the
middle position again. It is not clear at this time whether this changing
of position is due to the frequency used in the 1-DOF EOMs in CARRS or
whether it is due to the variation in the support accelerations produced by
CARDS for the various cases.

The MAR acceleration plots in References 23 and 24 are the acceleration
response spectra for paired cases compared to the base case. These spectra
are concentrated on three plots (presented in this report as Figures 121,

122 and 123), one for each of the three MAR accelerations, to show how the
various spectra lie with respect to a band bounded by *50% values of the

base case spectra. The horizontal spectra are well behaved, that is, all of
the spectra lie within the band; however, the vertical and rotational spectra
do not conform as well. Seven cases fall outside the band for the vertical
spectra, and ten cases fall outside the band for the rotational spectra.
These cases, and the parameters they represent, are:

Vertical Spectra Rotational Spectra
Case Parameter Case Parameter
G CP1 k& CP1
7 {ky} D CP1
8 {ky} 3 cp2

11 %0CR 4 CP2
13 CP6 7 {ky}
18 %0CR 10 CP4
19 £0CR 1 LoCR

13 CP6
20 CP8

21 CP8

These cases and their parameters are defined in Tables 12 and 13. It should
be noted that, for the vertical spectra, the "pure" parameters {k Xs

£0CRs %pR and %pp seem to be dominant since CP1 consists of (ky} dnd the

less dominant {ky} while CP6 consists of epg and e¢pf for a casz centered on
the rail car. The same "pure" parameters appear to be dominant for the
rotational spectra. The additional parameters affecting the rotational
spectra are CP2, which consists of (ky} and the less dominant {ky} and Wp,
CP4 which c0n51sts of the elements of” {ky} varied individually, and CP8 which
consists of {ky}, {ky}, Wp, and the stiffness coefficients of the horizontal
and vertical components of the springs between the rail car and its trucks.
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In the last five paragraphs, an attempt was made to interpret the differences
evident in the response spectra of Figures 17 through 31 (in Reference 23)

in terms of the parameters varied. A better picture of the effects due to
variation of the parameters was obtained for these and subsequent simulations
from a sensitivity analysis. As stated earlier, parameters are usually
varied to study the effects on one or more response variables (RV) or figures
of merit (i.e., a parametric analysis). It was also stated that a parametric
analysis is usually coupled to a sensitivity analysis. The objectives of a
sensitivity analysis are to arrive at a measure of how sensitive the RVs are
to changes in the parameters, and to rank the parameters according to their
influence on the RVs.

A sensitivity analysis was used to determine the sensitivities of selected
RVs to parameter variations. Results of this sensitivity analysis are pre-
sented in Tables 15 through 19 of this report, in Figures 32 through 41 in
Reference 23, and in Figures 85 through 111 in Reference 24. For this
sensitivity analysis, three sets of RVs were chosen:

1) The peak (or maximum) absolute values of the support accelerations

determined by the CARDS model, i.e., Ixslmax’ |YS|max and 'eslmax

2) The maximum values of the maximum absolute relative accelerations
(or "maximax" absolute relative accelerations)* determined by the

CARRS model, i.e., 'xd!max’ IYdImax and |edlmax

3) The peak or maximum values of the forces in the horizontal compo-
nents of the tiedowns (DUSIpax and DUS4pax) and in the vertical
components of the t1edowns TBUS3max and Us3max), as determined by

the CARDS model.

Absolute peak support accelerations were selected as RVs for the sensitivity
analysis because the support accelerations are the only output variables
produced by the CARDS model that are used in the CARRS model. They are, in
tact, essential variables because they are the forcing functions on the RHSs
of the 1-DOF EOMs of the CARRS model [see Equations (145), (161) and (212)

in Section 1.2]. The effects of changes in the parameters used in CARDS are
propagated through the support accelerations to the 1-DOF EOMs in CARRS. The
maximax absolute relative accelerations were selected as RVs because they

*The response spectra of Figures 17 through 81 in Reference 23 and Fig-

ures 64 through 81 in Reference 24 are obtained by plotting the maximum
absolute values of the relative accelerations obtained from CARRS runs for
each of the frequencies shown. The maximax absolute relative accelerations
are the maximum values of the maximum absolute relative accelerations
plotted in Figures 17 through 31 (Reference 23) and Figures 64 through 81
(Reference 24).
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represent the ultimate FOMs of the study, i.e., the response spectra of the
cask-rail car system (represented as an equivalent 1-DOF system in CARRS)
resting upon a support with accelerations (motions) determined by CARDS. The
maximum forces in the tiedown components were selected as RVs because they
represent the loads imposed on the tiedowns due to the parameter changes.

The sensitivity of a RV to changes in the parameters may be defined in a
number of ways. In this study, the sensitivity is expressed as the con-
tribution of each parameter to the total change in a RV, i.e.,

a(Ry) = [RRD | o 2RV o s 2RV (236)
aP 1 aP 2 aP n
1 2 n
where :
A(RV) = Total change in the RV
AP, = Variation or change of the n-th parameter about its base

case value
Terms in brackets = Influence coefficients (partial derivatives)
Influence coefficients are defined as the rate of change of a RV with respect

to a parameter, say Py, obtained by varying Py about its base case value
while holding all other parameters at their base case values, i.e.,

Coefficient of Influence
of Parameter P] on = [ié%il] (237)
Response Variable RV 1 P2, P3,..., Pn

The sensitivity of the RV to the parameter P, is

to Parameter Pn )

Sensitivity of RV | _ |3(RV
[ } [ - ] AP, (238)

Normally, the variations in Equation (236) are taken to be very small; how-
ever, in studies of this type, extreme latitude is justified if the RV vs P
plots are well-behaved and if piece-wise linear approximations are used.

In Figures 32 through 41 of Reference 23, Figures 95 through 111 in Refer-
ence 24, and in the example plots of Figures 134 through 136 in this report,
the slope of a plot is an indication of the magnitude of the influence of the
parameter ratio on the RV, and of the sensitivity of the RV to the parameter
ratio. The greater the slope, the greater the influence of the parameter
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and the greater the sensitivity. The plots in these figures are graphical
representations of Table 15 since the values of the response variables
plotted are those shown for the base case and the various cases defined in
Tables 12, 13 and 14. The effects of the parameters on the RVs, expressed
as influence coefficients and as the contribution of each parameter to the
total change (sensitivity) in a RV, were determined using the results from
Table 15 and the figures in References 23 and 24. In this study, influence
coefficients were obtained by using a weighted average of the slopes of the
straight Tine segments of plots equivalent to the appropriate figures in
References 23 and 24 (and the example Figures 134 through 136). As an
example, consider the coefficient of influence of the cask we1ght Wy, ON
the absolute peak horizontal acceleration of the support, |Xslpma ax- ?he slope
of the first line segment of an | X sImax Plot equivalent to that in Figure 32
of Reference 23, but in terms of the cask weight rather than the ratio, is

alxs'max
Slope Seg 1 = ——g (239)
P {ks], kS4} ’ {ksz, kSS} , etc.
Seg 1
g 4189 - 4663
(8 x 10%) - (4 x 10%)
= -0.01185 in./[1b(force)+s2]
The slope of the second line segment is
2| X I
Slope Seg 2 = ——;%Jﬂgi (240)
P {kS]’ kSQ} s {kSZ’ ks3} 4 EEC.
Seg 2
3843 - 4189

(T.6.x 162) = (8 % 107

-0.004325 in./[1b(force)-s2]

The approximate total influence coefficient for the combined 1ine segments
is taken to be the weighted average slope (WAS)
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21X |

WAS = —a-“m (241)
WAS
a|xs|max AW & alxslmax AW
aNP P aW p
A Seg 1 P Seg 2 (242)
(aW,) (W)
Seg 1 Seg 2

(-0.01185)(4 x 10%) + (-0.004325)(8 x 107)
(4 x 10%) + (8 x 10°7)

~0.006833 in./[1b(force)+s?]

n

This same procedure was used to obtain the influence coefficients for the
influence of the various parameters on the remaining absolute peak support
accelerations, and on the maximax absolute relative accelerations. The
influence coefficients obtained are presented in Table 18.

Table 15 is a summary of the results of the parametric and sensitivity
analysis in terms of the values of the selected RVs at the base case and at
the other 23 cases considered. This table shows the differences between the
values of the RVs at the base case and the values of the RVs at the other
cases. These differences are also presented as a percent difference from
the base case (%DFB).

The parameters are ranked according to how sensitive the response variables
are to the parameter changes. In Table 16, the parameters are ranked by
sensitivity expressed as the absolute value of the percent difference from
the base case, |%DFB|, obtained from Table 15. These rankings are graphi-
cally portrayed in bar charts, one for each of the response variables, in
Figures 124 through 133.

The results presented in Tables 15 and 16, and in Figures 124 through 133,
are expressed in terms of "sensitivity ranges" in Table 17. In this table,
the dividing point between "sensitive" and "insensitive" was arbitrarily
selected as 40%DFB. The entire sensitivity range is divided into the
following five subranges:
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| %DFB | Ranges Subranges

80 - 100 Up  Sensitive 1) Response Variable (RV)
Highly Sensitive
60 - 80 2) RV Sensitive
40 - 60 3) RV Moderately Sensitive
20 - 40 Insensitive 4) RV Moderately Insensitive
0 - 20 5) RV Insensitive

Table 17 shows that, when this sensitivity scale is applied, the horizontal
accelerations |Xglpax and |Xglmax fall into the insensitive range, while the
vertical accelerations IYs Imax and |Yglmax and the rotational accelerations
|0 Imax and leqlpax e€xtend into the "highly sensitive" subrange. The tiedown
forces extend no higher than the "moderately sensitive" subrange. The
vertical accelerations are sensitive to the parameters {ky}, tgcr, CPI

and CPb. The rotational accelerations are sensitive to tge parameters {ky},
CP1, CP2, CP8, &qcr, CP6, CP4 and CP3. Seven of these parameters and their
cases are the same as those identified with the response spectra that fell
outside the +50% band on the response spectra plots of Figures 121, 122 and
123. They have been discussed earlier. It should be noted from Table 17
that |8glpmax is also moderately sensitive to Wy. The tiedown forces are
moderately sensitive to the parameters CP2 and CP8. The vertical tiedown
forces are also moderately sensitive to the vertical distance Z,.

In Table 18, the "pure" parameters are ranked by influence coefficient and
by sensitivity expressed as the contribution of each parameter to the total
change in the response variable. Table 18 shows that, for all the response
variables except the vertical accelerations, the most influential "pure"
parameter is the vertical distance Z,. The parameter that has the most
influence on the vertical accelerations is &gcr, the horizontal distance
bDetween the cgs of the cask and rail car. It should be noted that, for the
vertical accelerations, &cr is divided into two parameters, aqgcr(FE) when
the cg of the cask is located on the far end side of the rail car cg, and
20cr(SE) when the cg of the cask is located on the struck end side of the
rail car cg. This was necessary since the slopes (rates of change of the
vertical accelerations with respect to the 2gcr) were nearly equal and oppo-
site in sign. Influence coefficients derived from weighted averages of these
slopes would not have reflected the true influence of 2pcp. Table 18 also
shows that the "pure" parameter that contributes the most to the total
changes in the horizontal accelerations (i.e., the sensitivities) is Wy, the
package weight, This table also reveals that the parameter which most
affects the total changes in the vertical accelerations is &gcr, and the
parameter causing the greatest changes in the rotational accelerations is
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{ky}. The parameters that most affect the total changes in the tiedown
forces DUSIpaxs DUSAmaxs DUSZmax and DUS3pax are Wp, {ky}, Zp and Zp,
respectively. It should be remembered that the ranges of the parameters used
to arrive at the sensitivities were specified at the outset in the definition
of the cases. More meaningful values of the sensitivities are obtained if
these ranges represent the uncertainties in the parameters.

Nine of the thirteen parameters (both "pure" and "composite") varied were
varied about the base case by applying a multiplying factor to the base case
values. This multiplying factor is expressed in terms of a parameter ratio,
¢, the ratio of the parameter value to the base case parameter value.
Treating these parameter ratios as parameters, influence coefficients and
sensitivities were obtained. These parameter ratio-based influence coeffi-
cients and sensitivities are presented in Table 19. The sensitivities of
each of the response variables to changes in the parameter ratios are illu-
strated in Figures 32 through 41 in Reference 23 and in Figures 95 through
111 in Reference 24. Only the plots for the base case and Cases 7 and 8
(Figures 34 and 39 in Reference 23, and Figure 107 in Reference 24) are
presented in this report as examples. The sensitivities of the absolute
peak support accelerations to changes in the pure parameter (k,} (Figure 34
in Reference 23) are presented in Figure 134. The sensitivitieés of the
maximax absolute relative accelerations to changes in {ky} (Figure 39 in
Reference 23) are shown in Figure 135, and the sensitivigies of the absolute
tiedown forces to changes in {k,} (Figure 107 in Reference 24) are shown in
Figure 136. Four of the "composite" parameters could not be expressed in
terms of parameter ratios. These parameters are CP3, CP4, CP5 and CP6, which
correspond to Cases 9, 10, 12, and 13, respectively. Consequently, these
cases are not included in Table 19, in Figures 32 through 41 in Reference 23,
and in Figures 95 through 111 in Reference 24. The results in Table 19 may
be condensed as follows:

Most Influential Parameter Ratio to
Response Parameter Which Response Variable
Variable (Parameter Ratio) Is Most Sensitive
X5 max s(CP8) »(CP8)
|¥s Imax o (tky}) s[20cR(SE)]
I-B'slmax #(CP2) ¢(CP2)
| Xd Imax ¢ (Wp) ¢ (Wp)
| Ydl max o(tky}) #[20CR(SE)]
|Hd|max $(CP2) ¢(CP2]

The sensitivities presented here are consistent with those presented in
Table 17.
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CONCLUSIONS AND RECOMMENDATIONS

On the basis of the good agreement obtained between the measured and calcu-
lated results for Tests 3, 10, 11, 13, 16 and 18, it is concluded that the
CARDS model has been validated and, therefore, is an acceptable tool for Fhe
prediction of the dynamic response of a Cask-Rail Car %ystem (CRS) impacting
a stationary train of anvil cars at speeds up to 11 mph.

A CRS is a complex system. It is conceivable that supposedly identical
CRSs may not behave the same, depending on how its subsystems and component
parts are fastened to one another, on the fabrication or assembly tolerances
permitted, etc. Perhaps a CRS that is thought to be well-defined might con-
tain “"surprises" that may cause the CRS to respond in a manner drastically
different from the predicted response. When results obtained from CARDS were
compared with the measured results from coupling Tests 3, 13, 16 and 18,
some, up to that time, unsuspected situations were brought to light that
significantly affected the agreement between the measured and calculated
results. In Test 3, good agreement between the two sets of vertical accel-
erations of the cask at the far end was obtained only after allowance was
made for previously unsuspected slack in the vertical tiedown structure (the
cradle collar portion) at the far end. The same cask-cradle combination was
used in Tests 13, 16 and 18; so this allowance was also used for these tests
with good results. Also, in Tests 13, 16 and 18, the simulations were ini-
tially guided by comparisons of measured and calculated values of the hori-
zontal force of interaction for Test 16. Differences between the measured
and calculated values of this force for Test 16 were attributed to hori-
zontal slippage between the cask and the rail car that resulted in an energy
loss to the system. In these three tests, cable tiedowns were used instead
of bolted tiedowns. It was assumed that when the chocking effect due to
vertically oriented bolts was no longer present, some horizontal slippage
occurred. When this energy loss or "slippage" was accounted for in the
model by modifying the stiffnesses of the horizontal components of the cable
tiedowns, good agreement between the measured and calculated values of the
horizontal interaction force and four other response variables was realized.
When these modifications were applied, without change, to the simulation of
the cask-rail car systems used in Test 13 and 18, substantial reductions
were realized in the differences between the measured and calculated values
of the five response variables compared.

It is reconmended that simulation models such as CARDS, that have been

validated against experimental data, be used to establish standards for the
preparation of a CRS before shipment.
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ARRPENETX I

NOMENCLATURE OF TERMS

I-1







BRAKEF, BRAKER

BRKIRC, BRKF2,
BRKF3, BRKF4

Cs1 through Cgg

p
de .
RC
DUSCAR
DUSLF
DUSX4

DUS1 through DUS8

DWCRF

DWP1, DWP4

DWS1 through DWS8

NOMENCLATURE OF TERMS

Brake switches applied to the front and rear rail
car trucks, respectively. When switches are set
at 1.0, the brakes at the trucks are on and locked;
when they are set at 0, the brakes are off.

Brake switches for anvil cars 1 through 4,
respectively. Brakes are on and Tocked when set
at 1.0 and of f when set at 0.

Damping coefficients for viscous dampers repre-
senting structural damping at springs Sy through Sg
in Figures 2 and 3 [1b(force)-s/in.

Angular velocity of package or cask about an axis
through its cg (rad/s)

Angular velocity of rail car about an axis through
its cg (rad/s)

Coupler force calculated by CARDS model
[1b(force)]

Horizontal interaction force [1b(force)]

Coupler force obtained from experimental measure-
ments [1b(force)]

Forces acting on springs S} through Sg,
respectively (see Figures 1 and 3) [1b(force)]

Frictional force opposing vertical motion of
coupler faces between hammer car (cask-rail car)
and first car in anvil train [1b(force)]

Frictional forces opposing horizontal motion of
cask on rail car at rear and front attachment
points, respectively [1b(force)]

Viscous damping forces representing structural
damping associated with springs Sy through Sg,
respectively [1b(force) ]

Velocity of the cg of empty anvil car (L/e)
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dXcre

DXCRC, —gp= Xepe

dX

DXDy —&, X

at" i d

d)(F .
DXF, = XF

i

DEER ot A

dx -
DXP, —t, X

gttt P

Ay )
RC
DXRC, —55— Xac

dX

DXRPRC, ——PRC

at

DXT, DXTX,
dXp dXpy

—at Tt M iy

dXra

DXTA, —gt— X1

d¥epL

DYCPL, ==F Y

IS
Y

DYD, —at 'd

Velocity of cg of the empty hammer car (L/s)

Relative horizontal velocity of 1-DOF representa-
tion of package-rail car system (in./s)

Horizontal velocity of cg of anvil car and its
cargo (L/e)

Adjustment factor or relative velocity to regu-
late the relative velocity X (in./s)

Horizontal velocity of cg of cask or package
(in./s)

Horizontal velocity of the cg of hammer car and
its cargo (L/e or in./s)

Relative velocity of cask-rail car combination
(in./s)

dXP - deC
Tt Tk

Calculated and experimental total relative
velocities of displacement of the cgs of two
rail cars, respectively (in./s)

Adjusted relative velocity of displacement or
travel of the cg of two impacting rail cars
(in./s)

Vertical velocity of coupler face on cask-rail
car (in./s) (Coupler on anvil car is assumed to
be stationary.)

Relative vertical velocity 6f equivalent 1-DOF
model of package-rail car system (in./s)

I-4



dyY

DYP, 'HEW ;P = Vertical velocity of cg of cask or package
(in./s)
dYRC -
DYRC, T YRC = Vertical velocity of cask-rail car at its cg
(in./s)
d2
8.
D2THP, ——EB, op = Angular acceleration of package or cask about an
dv axis through its cg (rad/sz)
o
D2THRC, — e = Angular acceleration of rail car about an axis
dt through its cg (rad/sz)
d2
b - >
D2THS, e 0 = Angular or rotational acceleration of support (1/e")
dt
dfed
D2 XD, = xd = Relative horizontal acceleration of 1-DOF repre-
e sentation of package-rail car system (1n./52)
ax
DZXF,-——T?, XF = Horizontal acceleration of cg of car(s) (mass MF)
dt at front (struck end) of rail car (1n./52)
2
dXn
D2 XP, ———g, xp = Horizontal acceleration of cg of cask or package
dt ) (in./s)
Ehoo
D2 XRC, s——, NRC = Horizontal acceleration of cg of cask-rail car
dt : 2
(Mae) (in./s%)
dszCSG 3
D2 XR56, P, xRCSﬁ = Horizontal acceleration of cask-rail car at support
dt point at rear truck (1n./52)
d2X =
RC78 g . ) A
D2XR78, e XRC?S = Horizontal acceleration of cask-rail car at
dt

support point at front truck (1n./52)
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2
(< 53 -
> X

D2XS, —
dt2 S

D2XTR, D2XTR,

2 2
N -
a2y

. an
D2YD, iy
ate = 9

P12

— L Y
dt2 P12

D2YP12,

2
D2YP34 I Yp3a Y
=0 T

2

ey .
DZYRC,-———%E, i
dt
2
%y .
RC12
D2YR12, —RC12
P
2
a2y ’
02YR34,--BE§5, Y
dt
2
%y ;
D2YRS56, —-—5929, Y
dt

RC34

RC56

Horizontal acceleration of support (L/ez)

Horizontal accelerations

of the cgs of rear (MTR)

and front (MTF] rail car trucks, respectively

(in./s2)

Relative vertical acceleration of equivalent 1-DOF
model of package-rail car system (in./sz)

Vertical acceleration of
cg (1n./52)

Vertical acceleration of
tiedown attachment point

Vertical acceleration of
tiedown attachment point

Vertical acceleration of
(in./sz)

Vertical acceleration of
tiedown attachment point

Vertical acceleration of
tiedown attachment point

Vertical acceleration of

cask or package at its

cask or package at rear
(1n./52)

cask or package at front
(in./sz)

cask-rail car at its cg

cask-rail car at rear
(in./sz)

cask-rail car at front
(in./sz)

cask-rail car at support

point at rear truck (in./sz)
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2

D2YR78,
dt

dZYS 4
D2YS, '
g2’ S

FcpLs FepLx
|FepLl

FYRF

Ip

Irc

K

KFDG

KSCARS» KFF2»
kF2r3, KrF3Fa

KRCLG
kSCARS> KSCARS
Kspa1s Kspa2

Kspe10» ksSpe2o

KSF

4" Yeers ;
—7 Yrers

Vertical acceleration of cask-rail car at support
point at front truck (1n./52)

Vertical acceleration of support (L/ez)

Calculated and experimental coupler forces,
respectively [1b(force)]

Absolute value of force applied to coupler faces,
perpendicular to sliding surfaces [1b(force)]

Frictional force opposing movement of sliding
coupler faces [1b(force)]

Mass moment of inertia of cask or package
[1b(mass)-in.2] or [1b(force)-in.-s2]

Mass moment of inertia of rail car
[1b(mass)-in. %] or [1b(force)-in.-s2]

Kinetic energy of system [1b(force)-in.]

Spring constant of single equivalent spring
representing combined spring and fraction damper

of draft gear on first anvil car [1b(force)/in.]

Spring constants of equivalent springs repre-
senting draft gear combinations between cars
[1b(force)/in.]

Spring constant of single equivalent spring
representing combined spring and friction damper
of draft gear on hammer car [1b(force)/in.]

Total equivalent spring constant for combined
draft gears of cask-rail car (hammer car) and
first struck car (anvil car) [1b(force)/in.]

Spring constants of "solid" draft gears on hammer
and anvil cars, respectively [1b(force)/in.]

Base spring constants corresponding to kspal
and kspgos respectively [1b(force)/in.]

Stiffness of structure of car(s) (Mg) at front
of cask-rail car [1b(force)/in.]
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KSRC

kg, KSI1
kg2, KS2
ks3, KS3
kggq, KS4

kggs KS5

8 K3

ksg, KS8
KT

K1

k2

Ko K7
kess k78

Stiffness of structure of cask-rail car (Mgc)
[1b(force)/in.]

Stiffness of horizontal component of rear tiedown
between cask (Mp) and rail car (Mc)
[1b(force)/in.]

Stiffness of vertical component of rear tiedown
hetween cask (Mp) and rail car (Myc)
[1b(force)/in.]

Stiffness of vertical component of front tiedown
between cask (Mb) and rail car (Myc)
[1b(force)/in.]

Stiffness of horizontal component of front tie-
down between cask (Mp) and rail car (M)
[1b(force)/in.]

Stiffness of horizontal component of cask-rail
car suspension at rear truck [1b(fcrce)/in.]

Spring constants for equivalent springs repre-
senting vertical components of rear and front

suspensions, respectively [1b(force)/in.]

Stiffness of horizontal component of cask-rail
car suspension at front truck [1b(force)/in.]

Spring constant of single equivalent spring
representing combined draft gears of hammer and
anvil rail cars [1b(force)/in.]

Spring constant of spring in hammer car draft
gear [1b(force)/in.]

Spring constant of spring in the anvil car draft
gear [1b(force)/in.]

Spring constants of combined springs in vertical
components of rear and front suspensions,
respectively, in their "active" state
[1b(force)/in.]

Spring constants of combined springs in vertical
components of rear and front suspensions,
respectively, in their "solid" state, i.e.,
after they have bottomed out [1b(force)/in.]
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LCF» LCF

LCPLs LCPL

2cRs LCR

Tocr s LOCR
Lpfs LPF
LpRs LPR

LRes LRC

Mes ME2,
MF3, MF4

McS1> McSa

MkS1Fs MkS4F
MLF

MLRC

Mp, MP

MrRCs MRC
Mrece

MrF

Mrg, MTF

Horizontal distance from vertical centerline of
cask-rail car to front tiedown attachment point

(in.)

Horizontal distance from vertical centerline of
cask-rail car to coupler face (in.)

Horizontal distance from vertical centerline of
cask-rail car to rear tiedown attachment point

(in.)

Horizontal distance between vertical centerlines
of cask and cask-rail car (in.)

Horizontal distance from vertical centerline of
cask to front tiedown attachment point (in.)

Horizontal distance from vertical centerline of
cask to rear tiedown attachment point (in.)

Horizontal distance from vertical centerline of
cask-rail car to a suspension point at a truck
(in.) (2*LRC = distance between suspension
points)

Masses of anvil cars 1 through 4,
respectively, [1b(force)-s2/in.2]

Energy dissipation factors for ksy and ksg,
respectively

Arbitrary factors currently set at 0.5

Mass of lading or cargo on anvil car (M)

Mass of lading or cargo on hammer car (M)

Mass of the cask or package [1b(force)-s&/in.]
Mass of the cask-rail car [l1b(force)-s2/in.]
Moment about cg of cask-rail car [1b(force)-in.]
Total mass of anvil car and its cargo (M)
Mg + M F

Mass of front truck on cask-rail car
[1b(force)-s¢/in. ]
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Mrg, MTR

MTRC

n
NCARSF
95

. dqﬁ
W
RCOR

SCARS

sgn(A)

S1, S1
So, S2
a2, 33

Sa, S4

Mass of rear truck on cask-rail car
[1b(force)-s2/in.]

Total mass of hammer car and its cargo (M)
Mc + MRC
Number of observations or sampling points

Number of cars at front (struck end)
of cask-rail car

The i-th generalized coordinate

Time rate of change of i-th generalized
coordinate

Cask-rail car override variable, with control
function:

RCOR = 1.0, to override rail car
characterization function
RCOR = 0, to activate rail car

characterization function

Composite spring connecting the cgs of cask-rail
car (M) and car(s) at front (struck end) of
cask-car (Me). (This spring is composed of
springs representing the structures of Mpc and
Mg, and is based on the assumption of rigid
couplers.)

Signum function or sign function of argument A
0

0
0

1 1 =+

1
]
]

=T — s ]
AV

Spring representing horizontal component of rear
tiedown between cask (Nb) and rail car (M)

Spring representing vertical component of rear
tiedown between M, and Mpc

Spring representing vertical component of front
tiedown between My and Myc

Spring representing horizontal component of front
tiedown between My and Mpc

I-10



S5, S5
Se» S6
S7, S7
Sg, S8
Sg, S9

S1g» S10

THRC, Onc

TIC, TICD, TICV, TICA

Spring representing horizontal component of
cask-rail car suspension at rear truck

Spring representing vertical component of
cask-rail car suspension at rear truck

Spring representing vertical component of
cask-rail car suspension at front truck

Spring representing horizontal component of
cask-rail car suspension at front truck

Composite spring connecting the cg of the
cask-rail car to the tip of its coupler

Composite spring connecting cg of car(s) (Mg)
at front of cask-rail car to the tip of its
coupler

Time (s)

Angle of rotation of X, and Y, axes about an

axis perpendicular to QP - Yp plane through

cg of cask or package (rad)

Angle of rotation of Xgc and Ypc axes about

an axis perpendicular to Xgc - Ypc plane

through the cg of rail car frad)

Theil's two-variable inequality coefficients for

comparison of calculated and experimental values

of coupler force, relative displacement, relative
velocity, and relative acceleration, respectively
Theil's multiple inequality coefficient

Potential energy or internal strain energy of
system [ 1b(force)-in.]

Initial velocity of car(s) (Mg) at front of
cask-rail car (in./s)

Initial velocity of cask-rail car (Mgc) (in./s)

Work done on system by damping forces
[1b(force)+in.]

Energy dissipated as frictional work
[1b(force)-in.]

Work done on system by external forces
[1b(force)-in.]
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Wr, WE2,
WF3s Weg

e K

Xp]g, XP12
Xp34, XP34
XRCcs XRC
XRC56
XRC78

XT> XTx

XTLs XTU

n

Weights of loaded anvil cars 1 through 4,
respectively [1b(force)]

Weight of cask or package [1b(force)]

That portion of package weight concentrated
at rear (far end) tiedown attachment point
[1b(force)]

That portion of package weight concentrated at
front (struck end) tiedown attachment point
[1b(force)]

Weight of cask-rail car [1b(force)]

Weight of front truck on cask-rail car
[1b(force)]

Weight of rear truck on cask-rail car [1b(force)]

Horizontal displacement of an equivalent single-
degree-of-freedom (1-DOF) representation of the
package-railcar system, displacement of package

(cask) relative to rail car (in.)

Horizontal displacement of cg of anvil cars 1
through 4, respectively (in.g

Horizontal displacement of cg of cask or package
(in.)

Horizontal displacement of cask at rear tiedown
attachment point (in.)

Horizontal displacement of cask at front tiedown
attachment point (in.)

Horizontal displacement of cask-rail car at its
cg (in.)

Horizontal displacement of cask-rail car at
support point at rear truck (in.)

Horizontal displacement of cask-rail car at
support point at front truck (in.)

Calculated and experimental relative displace-
ments of the cgs of two rail cars, respectively

(in.)

Lower and upper limits, respectively, on travel
of combined draft gears (in.)
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XTRs XTF

YepL

Yp12, YPI2
Yp3q, YP34
YRC

YRCMAX

Yrcy2s YRC12
YRc34» YR34
YRC56, YRCS56
Yrc7as YRC78
Lcug

ZCDGO

Zys 2P

ZRC’ IRC

Horizontal displacements of cgs of rear and
front trucks, respectively, on cask-rail car

(in.)

Vertical displacement of coupler face on
cask-rail car (in.)

Vertical displacement of an equivalent 1-DOF
representation of package-rail car system, dis-
placement of the package (cask) relative to rail
car (in.)

Vertical displacement of cg of cask or package

(in.)

Vertical displacement of cask at rear tiedown
attachment point (in.)

Vertical displacement of cask at front tiedown
attachment point (in.)

Vertical displacement of cg of cask-rail car

(in.)

Maximum downward vertical displacement of rail
car (the point at which suspension springs
bottom out or go "solid") (in.)

Vertical displacement of cask-rail car at rear
tiedown attachment point (in.)

Vertical displacement of cask-rail car at front
tiedown attachment point (in.)

Vertical displacement of cask-rail car at
support point at rear truck (in.)

Vertical displacement of cask-rail car at
support point at front truck (in.)

Vertical distance between line of force and cg
of the rail car (in.)

Distance between centerline of draft gear and
the cg of cask-rail car (in.)

Vertical distance from horizontal centerline of
cask to its top and bottom surfaces (in.)

Vertical distance from horizontal centerline of
cask-rail car to its top and bottom surfaces

(in.)
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“cpL

6> 7
BepL

Be, 87
)
8RC
HePL

YD

“pes Mp7
Er MF2s
MF3s VR4
PXT

A factor to allow the damping term DWCRF to vary
as a function of the absolute value of the
coupler force |FCPL| raised to the factor power

Factors that allow the suspension system damping
term to vary as a,function of the absolute value
of the velocity (Yrcse, YRC7g) raised to the
factor power

A multiplying factor representing the fraction
of the coupler force |Fcp | actually applied
to the moving coupler faces

Multiplying factors representing the fraction of
the load on the respective rear ana front
suspensions that is applied perpendicular to the
sliaging surfaces of the damper

Angle of rotation of X, and Y, axes about an
axis perpendicular to Eh - Yp plane
through the cg of the cask or package (rad)

Angle of rotation of Xpc and Ypc axes about
an axis perpendicular to the Xgc - Yrc plane
through the cg of the rail car ?rad)

The coefficient of friction for the sliding of
the two coupler faces against each other

Multiplying factor corresponding to a
coefficient of friction for the damper in a
draft gear

Multiplying factors corresponding to
coefficients of friction for the dampers in the
rear and front suspensions, respectively
Coefficients of friction for sliding contact
between tracks and wheels of anvil cars 1
through 4, respectively

A multiplying factor representing extent of
energy dissipation (0 < ux7 < 1)

uyT = Mypce when X > 0 (Compaction)

My = Byqgs When XT < 0 (Recovery)



HxTC

XTE

“PR

¢(XT)

LF XP

ZF XKC

ZFyp

ZFyRe

Energy dissipation coefficient for cargo
compaction

Energy dissipation coefficient for cargo
recovery phase

Coefficient of friction for sliding of package
or cask on rail car

Multiplying factor where:

o(X7) = ¢(XT)L, when X7 < 5.6 in.
o(XT) = #(X7), when 5.6 < X7 < 6.35 in.
o(X7) = ¢(XT)y, when X1 > 6.35 in.

Frequency of vibration of the 1-DOF EOM for the
relative horizontal motion of the cask-rail car
system (rad/s)

Frequency of vibration for the 1-DOF EOM for the
relative vertical motion of the cask-rail car
system (rad/s)

Summation of horizontal forces acting on the
cask or package [1b(force)]

Summation of horizontal forces acting on rail
car [1b(force)]

Summation of vertical forces acting on cask
[1b(force)]

Summation of vertical forces acting on rail car
[1b(force)]
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HEDL 7803-106.2

FIGURE 1. Spent Fuel Shipping Cask-Rail Car System Modeled.
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FIGURE 2. Spring-Mass Model of Cask-Rail Car System.
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FIGURE 3. One Possible Orientation of Cask-Rail Car System After Impact.

HEDL 7803-104.5

FIGURE 4. Comparison of Orientation of Cask-Rail Car System After Impact
with Initial State.
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(c) COUPLER SUBSYSTEM SUBMODEL WITH BOTH DRAFT GEARS REDUCED TO ONE
EQUIVALENT SPRING
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FIGURE 5. Rail Car-Coupler Subsystem Model.
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TABLE 1

PARAMETERS USED IN THE CArRDT MODEL FOR SIMULATION
OF IMPACT BETWEEN TWO HOPPER CARS LOADED WITH GRAVEL

Weight of Hammer Car [1b(force)]
Weight of Anvil Car [1b(force)]
Upper Limit on Travel of Combined Draft Gears (in.)
Lower Limit on Travel of Combined Draft Gears (in.)

Spring Constants of Draft Gears During "Active" State
?Ib(force)fin.}

Base Spring Constants of Draft Gears During “Solid"
State [1b(force)/in.]

Energy Dissipation Coefficient for Cargo Compaction

Wac 218,000
HF 211,000
XTU 5.6
XTL "5 .6
k],kz 48,666

kspa10,Kspe2o  75+000

*Support Underbeam Reinforced (i.e., stiffened)

Key
Railcars: 1 70 ton SCL - Std Couplers
Il 70 ton SCL - Cushion Underframe
II1 80 ton Union Carbide - Mixed Couplers
Tiedowns: A - 2 load cells between stop and cask bumper beams

- 2 load bolts reproducibly snug

- Same as A, except f, lowered with bumper beams

- Ten 1" cables at same angle - No stop

- Vertical Tiedown with six cables - two instrumented

ITI-3

Phase u 0.01
XTC
Energy Dissipation Coefficient for Cargo Recovery
Phase u .
XTE 835
TABLE 2
SUMMARY OF CONFIGURATIONS AND CONDITIONS
OF COMPLETED CASK-RAIL CAR-TIEDOWN TESTS
Stop
Test Rail Cask Wt. Impact Frequency
No. ate  Car Coupler Tons Speed MPH G Tiedown Remarks
Preliminary test no instrumentation
Pl 6/8 1 Std 42.5 5.5 - - - Concrete simylation
P2 6/8 I Std 42.5 7.6 - - - Welded Steel Stop
-~ Cable Rigging to Restrain Weight
P3 6/8 1 Std 42.5 11.8 - - - No structural damage
1 7/14 | Std a0 8.3 Hi A Instrumented Coupler Faulty
2 /18 1 Std a0 9.0 Hi A* Instrumented Coupler Faulty
k| /19 1 Std 40 10.5 Hi A Instrumented Coupler Faulty
4 /19 1 Std a0 10.7 Low B
5 7/20 1 Std 40 10.5 Hi D Cable Load Instruments Faulty
6 7726 111 E0C 40 2.8 - [ No Photography - Mo Data on Tape
7 1ee 111 EOC 40 5.6 - c No Photography - No Data on Tape
8 7/26 111 EOC 40 9.2 - c No Photography - No Data on Tape
9 7/26 111 £0C 40 9.2 - c No Photography - No Data on Tape
10 7721 1 Std 70 8.0 - A Dne High Speed Camera Only
11 727 1 Std 70 11.2 - A One High Speed Camera Only
12 7/31 111 E0C 40 11.2 - 0 Data Questionable
13 8/1 11 £0C a0 11.2 - 0 Report of Test 12
14 8/1 111 Std 40 5.4 - c
15 8/1 It Std 40 6.5 - c
16 8/2 111 Std 40 10.8 - 0 Some Cables Loose After Test
17 &3 11 Cushion 40 5.9 - D
18 8/3 I Cushion 40 10.7 - D



TABLE 3

FORCE TERMS FROM THE CARDS TEST 3 SIMULATION RUN
MEASURED AT THE TIME (0.116 SECOND) WHEN THE VERTICAL
ACCELERATION OF THE RAIL CAR (SUPPORT) IS A MAXIMUM

Value
Variable 1b(Force)
DUS2 44754 .6
DUS3 -54094.7
DWS2 17899.5
DWS3 4904.6
DUS6 74418.0
DUS7 -51971.8
DWS6 0.0
DWS7 0.0
DWCRF 0.0

TABLE 4

FORCE TERMS FROM THE CArDS TEST 3 SIMULATION RUN
MEASURED AT THE TIME (0.057 SECOND) WHEN THE HORIZONTAL
ACCELERATION OF THE RAIL CAR (SUPPORT) IS A MAXIMUM

Value

Variable 1b(Force)
DUS1 221589.0
DUS4 0.0
DWS1 -57230.0
DWS4 -57230.0
DUS5 -31802.7
pus8 -31802.7
DWS5 34563.8
DWS8 34563.8
DUSCAR (Experimental) 1160000.0
DWP1 -23200.0
DwP4 -23200.0
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TABLE 5

INPUT DATA AND RESULTS FROM THE CARDS TEST 3 SIMULATION RUN
RESULTS MEASURED AT THE TIME (0.116 SECOND) WHEN THE VERTICAL
ACCELERATION OF THE RAIL CAR (SUPPORT) IS A MAXIMUM

Input Data Calculated Results
MP = 207 1b(f0rce)-32/1n. BRC =2.82 x 10'3 radian
- N 5 : . _ -
k52 = kS3 = 1 x 10” 1b(force)/in. SRC 0.12993 radian/s
Cop = Co3 = 2 X 10% 1b(force)-s/in. o = -6.89 radians/s
L = 166.5 in. Yoo = -353.9 in./s?
e = 70.5 in. Voc7g = 1465.5 in./s
QRC = 264 in.
TABLE 6

INPUT DATA AND RESULTS FROM THE C4rps TEST 3 SIMULATION RUN
RESULTS MEASURED AT THE TIME (0.057 SECOND) WHEN THE HORIZONTAL
ACCELERATION OF THE RAIL CAR (SUPPORT) IS A MAXIMUM

Input Data Calculated Results
M, = 207 1b(force)-s?/in. op = 3.03506 x 107" radian
ke = 1.05 x 10% 1b(force)/in. b, = 7.25067 x 1072 radian/s
fs = 0 Tb(force)/in. opc = 3.84508 x 107> radian
Csy = Cgq = 2000 1b(force)-s/in. boc = 1.2836 x 107% radian/s
Z; = 31 in. Soc = 2.944 radians/s’
hio. = 18 in. Kpc = -4180.5 in./s’
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TABLE 7

INSTRUMENT CONFIGURATION FOR CASK-RAIL CAR-TIEDOWN TESTS

Instrument
No.

WO N B W N -

23
24
25

26
27
28

*SE = Struck End; FE = Far End.

CONFIGURATIQE§ A AND B

Instrument Location

Rolt Holddown (FE)*
Bolt Holddown (Side}
Coupler

Struck End Of Car
Car Structure (SE)*
Car Structure (SE)
Car Structure (SE)
Ca3k (SE)

Cask (SE)

Cask (FE)

Cask (FE)

Car/Cask Interface
Car/Cask Interface
Car/Cask Interface
Cask Base (SE)

Cask Base (SE)

Cask Base (FE)

Cask Base (FE)

Cask Top Cekter
Cask Side Center
Car Structure (FE)
Car Structure (FE)

Truck (SE)
Truck (FE)

Rail Car Above Truck
Center (SE)

Bolted Holddown (FE)
Base/Chock Interface (SE)
Base/Chock Interface (SE)

Instrument
Type .

Instrumented Bolt
Instrumented Bolt
Bridge Type
Displacement

PR
PR
PE
PR
PR
PR
PR

PE
PE

Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer

t Accelerometer

Accelerometer
Accelerometer

PE Accelerometer

PE

Accelerometer

PE Accelerometer
PE Accelerometer

PE
PE

PE

Accelerometer
Accelerometer

Accelerometer

Instrument Bolt
Load Cell
Load Cell

CONFIGURATIONS C*"AND D

Instrument Location

Change in Tension

Change in Tension

Force/Time

Displacement/Time
Shock

Y
Shock
Shock

Shock
Shock

Shock
Change in Tension
Change in Compression
Change in*Compression

**Only Instruments 1, 3 and 26 on Configuration C.

Cable (FE)*

Coupler

Struck End OF Car
Car Structure (SE)*
Car Structure (SE)
Car Structure (SE)
Cask (SE)

Cask (SE)

Cask (FE)

Cask (FE)

Car/Cask Interface
Car/Cask Interface
Car/Cask Interface
Cask Base. (SE)
Cask Base (SE)
Cask Base (FE)
Cask Base (FE)
Cask Top Center
Cask Side Center
Car Structure (FE)

Rail Car Above Truck
Center (FE)

Truck (SE)
Truck (FE)

Rail Car Above Truck
Center (SE)

Cable (FE)
Base/Chock Interface (SE)
Base/Chock Interface (SE)

Instrument
o IYRE

Load Cell

Bridge Type

Displacement

PR
PR
£E
PR
PR
PR
PR
PR
PR
PE
PE
PE
PE
PE
PE
PE
PE
PE

Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer
Accelerometer

PE Accelerometer
PE Accelerometer
PE Accelerometer

Load Cell
Load Cell
Load Cell

_Measurements

Change in Tension

Force/Time
Displacement/Time
Shock

Y
Shock

Shock
Shock
Shock

Chanqge in Tension
Change in Compression

Change in Compressicon
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TABLE 8

MEASURED AND REDUCED PARAMETER VALUES FROM RAIL CAR HUMPING TESTS

(Test No. 1: 40-Ton Cask, 70-Ton Seaboard Coastline Rail Car,
Impact Velocity 8.3 mph)
DATA RAW DATA FILTERED UNFILTERED
CHANNEL INST MEASURED SCALE FACTOR (SF)  DATA DATA
ID NO. LOCATION PARAMETER (FULL SCALE #2V) (Max/Min) (Max/Min)
A 4 (SE) Car Displacement Timing Only - -—-
B 1 (FE) Bolt Holddown Force 43.75 K#/V 20.21/.1.4 20.13/_2.12
C 2 (SIDE) Bolt Holddown Force 21.88 K#/V 16.58/_2.12 16.84/_2 .19
D 8 (SE) Cask L-Acc. +150g/V 1.5/.13.4 3.3/.13.5
E 9 (SE) Cask V-Acc. +62.5g/V 6/.5.4 6.25/_5.9
F 10 (FE) Cask L-Acc. +150g/V 1.65/_.10.65 3. 75/ -39
G 11 (FE) Cask V-Acc. +62.5g/V 40/_.3.69 40.63/-4.063
H 12 Car/Cask Interface L-Acc. +150g/V 4.65/_9. 9 14.55/_18.75
J i3 Car/Cask Interface T-Acc. +25g/V 3.5/.3.92 10.75/.11.5
K 14 Car/Cask Interface V-Acc. +62.5g/V (Impulse Noise) (Impulse Noise)
L 17 (FE) Cask Base L-Acc. +100g/V e.5/.7.9 3.5/_8.4
M 22 (FE) Car Structure V-Acc. +375g/V 22.11 .58 6 76.88/.155.6
N 26 (FE) Bolt Holddown  Force 35 K#/V 10.98/_,79 11.73/_g g
43.75 K#/V 13.73/. 98 14.66/.1 1



TABLE 9

THEIL'S INEQUALITY COEFFICIENTS FOR RESPONSE VARIABLES
DETERMINED USING CALCULATED AND MEASURED COUPLER FORCE

Theil's Two-Variable Inequality Coefficients*

Case 1: Measured Case 2: Calculated

Response Variable Coupler Force Coupler Force
Coupler Force 0 0.223
Longitudinal Force of
Interaction Between
Cask and Rail Car 0.158 0.194
Horizontal Acceleration
of Cask 0.205 0.252
Horizontal Acceleration
of Rail Car 0.211 0.445
Vertical Acceleration
of Cask at Far End 0.600 0.776
Vertical Acceleration
of Cask at Struck End 0.656 0.470
Theil's Multiple
Inequality Coefficient 0.059 0.214

*A value of 0 indicates the best agreement, and a value of 1 indicates the
poorest agreement.

TABLE 10

DEFINITIONS OF CASES USED FOR GENERATION
OF PRELIMINARY RESPONSE SPECTRA

CASE

CONDITION * 1 2 3 l 5

1. Rear Tiedowns

- Loose X
- Tight X X X X

2. Cask Position on Rail Car
Centered Fore & Aft X
Cask Centerline 4 ft

Forward of Rail Car X X X X
Centerline

3. Coupler Force Used

- Calculated by CARDS
- Measured During SRL Tests X X X X X

4. Damping in CARDS Mocel
- Viscous * Friction** X X b X X

- Viscous Only
- No Damping

5. Damoina in CARRS Model

- Viscous * Friction** X X
- Viscous Only X
- No Damping X X

*Conditions not specified here are base case conditions in the CARDS model.
**Friction opposing horizontal motion of cask relative to the rail car.

ITI-8
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TABLE 11

CONDITIONS IMPOSED ON CASES REQUESTED FOR PARAMETRIC AND SENSITIVITY ANALYSIS

AND GENERATION OF RESPONSE SPECTRA

CONDITION

CASES

Base

10 N

12

13

14

15

16

17

18

19 20 21

1. Rear Tiedowns
- Loose
- Tight
2. Cask Position on Rail Car
- Cask Centerline 4 ft. For-

ward of Rail Car Centerline

- Tiedown Attachment Point
on Cask at Far End Located
Above cg of Rail Car

Cask Centered Fore and
Aft

Tiedown Attachment Point
on Cask at Struck End
Located Above cg of Rail
Car

3. Coupler Force Used

- Calculated by CARDS
- Measured During SRL Tests
4. Dawping in CARDS Model

- ¥Yiscous + Friction
- Viscous Only
- Mo Damping

5. Damping in CARRS Model

- Viscous + Friction
- Viscous Only
- No Damping

e
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TABLE 12

DEFINITIONS OF "PURE" PARAMETERS AND THEIR CASES

DEFINITIONS OF "COMPOSITE" PARAMETERS AND THEIR CASES

TABLE 13

PARAMETER CASE

DEFINITION

k

-

ks2
2. ke, and k

W~ ;N -
I

car, or ¢
o

: 3 il

15 2.

kS1 and kSﬂ

g And koy
and ksa

s2 S3
Lep T 0. This is equivalent to the
tiedown attachment point on the cask
at the struck end being located direct-
1y above the center or cg of the rail-

OCR PR.
IP increased by 50%.
ZP reduced by 25%.

1. Cask weight HP doubled.
2. Cask weight W, halved.

doubled.
halved.

doubled.
halved.

L

ocR - pF

This is equivalent to the

cask being centered on the railcar,

i.e., the cg of the cask directly

above the cg of the railcar, or lﬂCR =0,
tep = 0. This is equivalent to the
tiedown attachment point on the cask

at the far end being located directly
above the cg of the railcar, or

COMPOSITE
PARAMETER CASE DEFINITION
P
CP1 C i kSl‘ ks4' ks2 and k53 doubled.
D 2; kSl' k54' kg, and kS3 halved.
CP2 3 | 1% HP' kSl’ k54‘ ksz and k53 doubled.
4 2. HP, kSl’ k54' kS? and k53 halved.
CP3 9 kg2 halved and ks3 changed such that
their sum remains constant.
cP4 10 kg4 halved and k52 changed such that
their sum remains constant.
CP5 12 Zpn and Lop increased by 50%.
CP6 13 KPR and lPF increased by 50% with
iep T Ler (cask centered on rail car).
cP7 16 15 2ocr © 0 and kS] and k54 doubled.
17 2. LocR © 0 and ks] and ks4 halved.
(cask centered on rail car when 2 = 0)
OCR
CPS 20 ) 105 HP. kS!' kSZ' k53. ksa. 255. ksﬁ' k57
and kSB doubled.
21 2. “P' kSl’ kSE‘ ks3. k54' kSS' kSS’ kS?
and ks3 halved.
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TABLE 14

PARAMETER VALUES USED IN CASES REQUESTED FOR PARAMETRIC/SENSITIVITY ANALYSIS

CASES 1, 2 CASES C. D CASES 3, 4 | casEs s, 6 CASES 7, 8 CASES 9, 10
VARIABLE -
INPUT 3155 2 1 D c 4 3 6 5 8 7 10 9
PARAMCTER CASE | cuance |cwance | cwance | cuamce | cuanse | cwamce | cuamce | cwanee | cwance  |cnance CHANGE | CHANGE
Yo x 10" |4 5100 [16x20° ax10" |1.6x10 '
: .
kg (Low) x 10 2.5 x 100 | 1x10° [2.s x10%] 1 x 0% |25 x 00" |1 x10®
8 =] K dheti
by (Righ) x 10 5x10° | 2x108 Isx10® |2x10° fsx10® |2x10°
] : ; i
kgy (Low) x 10 2.5 x10° | 1 x10° [2s x 101 x10° J2sx 0|0 x 10
‘ Te
ksa (nigh) x 10 § % |05 ? x 105 5 x 10 2 x lf)s 5 x lﬂs 2 ]06
Ke. x 10° 6 71, 6 7 .5 x 10° 2.5 x 108
sz : 2.5 x 10 x 107 |z.5 x 10%[ 1 x 10 285108 | 1 x 07 IP5 2 itk :
ksq x 10 2.5 x10° | 1 x 107 2.5 10%] 1 x 10’ 2.5 x10° | 1 %107 [2.5x 10°|7.5x10
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* Values of ‘OCR derived from tor and Leps f.e., !OCR =t - ‘CF‘

s% Multipliers of basic spring constants from which kss and *sa

derived.

ot ks. k&' Xy and “a are basic spring constants from which kSS' ksﬁ. ksJ and ksa

are derived.

TABLE 14 (Cont'd)
— " CASES 16, 17 CASES 20, 21 CASE 18 CASES 11, 19 CASES 12, 13 CASES 14, 15
INPUT axt 17 16 21 20 18 19 n 1 15 14
PARAME TER cance | onance | cnance | ciance CHANGE chance | cuance || cuanee | cHawce CHANGE | CHANGE
¥p 8 x 10 ax10' |16 x10°
kst Oow) s x10% |25 5101 x10% J2.5 x 10* |1 x10°
kgy (hign) [y o 10® | s x10®|2x 108 | s x10® [z x 10
de (1ow) 5 x ID‘ 2.5 x 10%] 1 x 10° 2.6 x 108 |1 x |05
koq (migh) Iy 108 s x 105 [2x10°% s x10° |2 x 10°
ks2 s x 10° 2.5 x 10° |1 x 10/
ko 5 x 10° 2.5 x 105 [} x 10
Lo 15) 102 204 0. 102
R 53 102 0. 208 102
tor 102 153 153
‘PR 102 153 153
z" 3 23.2 46.5
*ock -49 0 0 (0)* (-102) (102) (51) (2)
g * 1. 0.5 2.
ke **  fo.a x 10* 12x 10 |1.28 x 10°
k) 6.4 x 10° 3.2 x 10° |1.28 x 10°
g . 0.5 2.
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PARAMETRIC AND SENSITIVITY ANALYSIS - SENSITIVITY OF RESPONSE

TABLE 15

VARIABLES TO PARAMETER CHANGES

CASES 1, 2 CASES C, 0 CASES 3, 4 CASES 5, 6 CASES 7, 8
RESPONSE BASE
VARTABLE CASE g - ! D ¢ a 3 6 5 8 7
CHANGE | CHANGE || CHANGE CHANGE CHANGE | CHANGE CHANGE | CHANGE CHANGE | CHANGE
3 4189 4663 3843 4504 3760 4874 3256 4535 1784 4204 4176
b = 474 -346 355 -429 635 -933 36 -405 15 3
L D;:;é FROH e 11.3% -8.3% 8.5% -10.2% 16.4% | -22.3% 8.26% -9.67% 0.36% -0.31%
ki 5626 6748 3883 2876 10400 3487 7302 5852 5142 2786 11369.7
e e nzz | a3z | -2rs0 4774 2139 1676 226 -484 -2840 5743.7
okl 19.95 | -30.98% | -48.9% 84.8% | -38.05 | 29.8% .05 | 8.6 -50.5% 102.1%
i s 306.1 181.2 | 437.3 | 1639 554 9.5 791.7 316.8 281.8 157.96 | 603.2
L - 12409 | 131.2 | -142.2 247.9 -209.6 | 485.6 10.7 -20.3 14808 | 297.1
B A TR 40.8% | 42.9% | -46.43 | 81.0% | -68.5% | 158.6% 3.5% 7.9a% || -es.ax | 97.s
1%y 5406 4812 6662 5764 5995 4964 6158 5765 5965 5405 5399
ma x
Bl = 504 | 1256 358 589 -a42 752 359 559 -1 -1
b+ il (I a.ox | 23.28 | 662 10.9% 8.2 | 13.9% 6.64% 10.34% -0.02% | -0.13%
A 4093 5009 2872 2069 7756 2488 5308 a218 1825 1970 8301
nax
BIFRE v 916 221 | -2024 3663 -1605 1215 125 -268 -2123 4208
5 gi;é- oo (R 22.4x | -29.8% || -49.5% 89.5% -39.2% | 29.7% 3.05% -6.55% -51.9% | 102.8%
iyl g 143.7 89.1 | 197.9 7n.4 2719.6 43.9 387.4 138 140.4 73.5 285.1
max
nrgiésrnon - -54.6 54.2 1.3 135.9 99.8 | 243.7 -5.7 3.3 -70.2 141.4
04 Rl -38.0% | 37.7% || -50.3% 94, 6% -69.5¢ | 169.6% || -3.97% -2.3% -48.9% | 98.4%
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TABLE 15 (Cont'd)

CASES 9, 10 CASE 18 CASES 11, 19 CASES 12, 13 CASES 14, 15
RESPONSE BASE
VARIABLE CASE 10 9 18 19 1 13 12 15 14
CHANGE | CHANGE [ CIIANGE CHANGE CIANGE CHANGE CHANGE CHANGE CIIANGE
155 nix 4189 4190 4195 4192 4178 4175 4139 4136 414) 4310
¢ FB.&SE ol ! 6 3 11 -14 -50 -53 -48 121
- “é;gEF“°" -- 0.024% | 0.143% | o0.072% 0.26% |-0.33% |[[-1.19% |-1.27% -1.15% 2.9%
L7 5626 5876 5500 62.3 11320 11180 52.2 4673 4898 7038
DIF;;SEROH == 250 -126 -5564 5694 5554 -5574 -953 -728 1412
& “giié o = 4.44% -2.24% -98.9% 101, 2% 98.7% -99.1% -16.9% -12.9% 25.1%
Iaslm,; 306.1 461.9 158.2 231.2 368.7 81.6 107.1 194.2 266.2 384
TR = 155.8 |[-147.9 | -68.9 62.6 |-220.5 || -19%. e | -39.9 77.9
BASE ) - 50.9% -48.3% [ -22.51 20.4% | -73.3% -65.% -36.6% -13.% 25.4%
lid‘ma, 5406 5392 5413 5386 5465 54564 5480 5499 5489 5218
R o= -1 7 -20 59 58 80 93 83 -188
% EEEE‘ FROM -- -0.26% 0.138 | -0.37% 1.09% 1.07% 1.48% 1.72% 1.54% -3.48%
I?dlm,x 4093 4203 a1y 73.4 8081 7932 61.99 3474 3593 5052
DIFF. FROI 59
| BASE -- 110 24 -4020 3988 3839 4031 -619 -500 9
E;EE' i -- 2.69% 0.59% |[-98.2% 97.4% 93.8% 98.5% -15.1% -12.2% 23.4%
194! max 143.7 218. 75. m.7 170.3 36.8 50.1 90.96 125.4 179.1
DIFEiSERUH = 74.3 | -68.7 =32, 26.6 -106.9 -93.6% -52.7 -18.3 35.4
MBgeh: = 51.7% | -47.8% | -22.3% 18.5% | -7a.4% || -65.1% | -36.7% || -12.7% 24.6%
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TABLE 15 (Cont'd)

RESPONSE

BASE

CASES 16, 17

CASES 20, 21

17 16 21 20
st Ok CHANGE | CHANGE [ CHANGE CHANGE
el 4189 4535 3784 5017 e
DIFF. FROM = 4 -4 828 -1071
BisE 346 05 2 0
% DIFF. FROA = ; -9.67 19. -25.,
S 8.26% 9.671 9.8% 25.61
I-.
Yslm,, 5626 5852 5144 4530 5350
DIFF. FROM o ) T ,
AheE 226 482 1096 276
1 DIFF. FROM - 4. -8.57 -19. -4.9%
e 021 8.57% 9.5% 9
lo. | 306.1 316.8 | 281.8 121.3 602
S max
DIFF. FROM — 4 -24. ~184. .
N 10 24.3 84.8 295.9
% DIFF. FROM - 3.5% | -7.9x  |-60.42 96.7%
BASE
%1 5406 5765 5965 5161 6052
. = -245 646
Base 359 559
BASE -- 6.64% 10.3% -4.5% 121
L3
ly Imax 4093 4218 3825 3167 4897
n:r;hsgmma ' 125 -268 -926 804
% DIFF. FROM
BASE ol 3.05% | -6.55%| -22.6% 19.6%
194! max 143.7 138. 140.4 53. 369.5
DIFF. FROM - g P P
RASE 5.7 3.3 90.7 225.8
% OIFF. FROM
BASE -- -3.97% -2.33 | -63.1% 157.1%
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TABLE 15 (Cont'd)

CASES 1, 2 CASES €, D CASES 3, 4 CASES 5, 6 ASES 7, 8 SES 9,
RESPONSE BASE T < ShES w10
VARIABLE CASE 2 1 0 c a 3 6 5 8 7 10 9
CHANGE | CHANGE | CHANGE | CHANGE CHANGE | CHANGE CHANGE | CHANGE CHANGE | CHANGE | CMANGE [ CHANGE
oust , 328800 | 222900 | 424880 | 273700 369300 | 187900 | 477600 || 273700 | 368800 328000 | 328800 AEOROR: 28300
5&ng -105900 96080 -55100 40500 | -140900 148800 -55100 40000 -800 0. -400. -500.,
R -32.2% 29.22%f -16.75x | 12.:x | -a2.08 | 4s.3% -16.76% | 12.17% -0.243% 0. -0.12% [ -0.15%
DUS4pax 298900 | 205000 | 386260 | 248800 335800 [ 170800 | 434200 || 2a8800 | 335300 298200 | 298900 298500 | 298500
BASE -93900 | 87360 || -50100 36900 |[-128100 | 135300 | -so100 | 38400 -700 0. 0. ) -
SRty M -3n.ax | 20.23% || -16.763x | 12.35x || -a2.86% | 45.29% || -16.765 | 12.18% -0.232 0. -0.131 § -0.13%
DUSZ;,5 ¢ 101300 | 70700 | 132040 | 94840 109500 69350 | 144800 86500 | 117700 115400 93310 97580 | 116600
o g -30600 | 30740 | -6460 8200 ) -31950 | 43500 | -14800 | 16400 14100 | -2990 =3729. 1 §3300.
i Déizé PO -30.21% | 30.352 | -6.38t | 8.095% -31.5% | 42.9% -14.61% | 16.19% 13.92%  |-2.95% -3.67% | 1501
0US3 -88580 | -63920 |-112800 | -79260 -91060 | -62680 [-113500 || -80700 | -92500 -92300  |-88880 | -95120 | -86120
i Sk 26660 | -24220 | 9320 -2480 || 25900 | -24920 7880 | -3920 -3720 2300 _§ 6540 2460
Ridsss Fhon 2182|213z | -r0.52 2.8% -29.2% | 28.1% -8.9% 4.431 4.2 0.34% 7.8 | -2.8¢
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TABLE 15 (Cont'd)

BASE

CASE 18 CASES 11, 19 CASES 12, 13 CASES 14, 15 CASES 16, 17 CASES 20, 21
RESPONSE BASE
18 19 1 13 12 15 14 17 16 21 20
VARIABLE CASE CHANGE CHANGE | CHAWGE || CHANGE | CHAiGE CHANGE | CHANGE CHANGE | CHANGE CHANGE | CHANGE
Dus‘mx 328800 328400 329900 330100 332300 332600 331900 321500 273700 163800 194300 466500
BASE -400. 1100. 1300, 3500. 3800. 3100. -7300. | -55100 | 40000 ff -134500 137700
b Diliigf FROM -0,12% 0.335% 0.395% 1.06% 1.16% 0.9433 -2.22% -16.8% | 12.17% || -40.9% 4).9%
ouse 298900 | 298500 300000 | 300100 302100 | 302300 301700 292300 248800 | 335300 [ 176600 424100
DIFE. FROM -400. 1100: 1200, 3200. 3400. 2800. | -6600" -50100 | 36400 |[{-122300 125200
BASE -0.13% 0.368% | 0.4% 1.07% 1.148 0.937% | -2.2% -16.762 | 12,182 [ -40.9% a.9%
ousz . . 101300 | 92370 112100 80800 63610 70640 76340 149300 86500 | 117700 70010 142900
DIFF. FROM -8930 10800 | -20500 -37690 | -30660 -24960 48000 -14800 | 16400 f -31290 41600
| BASE
% OIFF. FROM z ~ 2 . 5 2
DLEE -8.82% 10.66% 20.2% 3.2 30.27% 24.6% | 47.38% 14.6% 16.192 | -30.9% a1.07%
ous3 .. -88580 | -94000 -82160  }113300 -65060 | -60340 -66590 1131600 -g0740 | -92500 || 61850  |-120600
UIF;;\SE“OH -5420. 6420 -24720 23520 28240 21990 -43020 7840 -3920 | 26730 -32020
% DIFF. FROM 6.1% -7.250 | 27.9% -26.61 | -31.93 -24.8% 48.6% -4.9: | 4.432 | -30.22 36.151

e ————
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TABLE 16

PARAMETRIC AND SENSITIVITY ANALYSIS - RANKING OF PARAMETERS BY ABSOLUTE PERCENT DIFFERENCE

OF RESPONSE VARIABLES FROM BASE CASE VALUES

“bencent “peRcenT
RESPONSE RESPONSE
VAKIABLES | PARMETERS | - CASES E%E;Z%;I‘EE RE%EEEIFE{E ARIMSLES | PARAKTERS | CASES E%é;:gg’sl‘gs REQE{EFE

',is; W 1 8.3 L Wy 1 30.98 6
W 2 1.3 3 Wp 2 19.9
cP c 10.2 4 cPl ¢ 84.8 4
cPl D 8.5 cpl 0 48.9
cr2 3 22.3 2 cp2 3 29.8
cp2 4 16.4 cP2 4 38, 5
(k) g p-6! i (k) 5 8.6 10
(Kl A Shse (k) 6 4.02
(ky} 7 gl k) 7 102.1 1
(k) 0.36 9 (k) 8 50.5
e ? p:32d 5 cPa 9 2.2 13
cP4 10 0.024 12 P4 10 4.44 12
fods n 0.33 10 bon n 9a.7
fcn 18 0.072 bocn 18 98.9
tocR 19 0.26 tocR 19 101.2 2
cPs 12 1.27 7 cP5 12 16.9 9
cP6 13 1.19 8 cP6 13 99.1 3
Zp 14 2.9 J 5 14 25.1 7
Z, 15 1.15 z, 15 12.9
cP7 16 9.67 5 cpP7 16 4.02
ce7 17 8.26 cP? 17 8.57 N
co8 20 2:.6 1 cr8 20 4.9
cP8 21 19.8 cP8 21 19.5 8
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TABLE 16 (Cont'd)

) o ., e
va%i$§t§§ PAMETERS | CASES g;;;sgigéz R:;ﬁ?:ETgﬁ vi?ié%fég PARMETERS | CASES i d Ricesscid
|= oFB| |= 0FB| : |2 OFB| |% DF8|

85 imax "p : e : ¥4l max Hp ] 23.2 \
%o 2 9.8 Hp 2 .
cPl c 8l. 4 cPl c 10.9 s
cPl 0 46.4 cPl D 6.62
cP2 3 158.6 1 cp2 3 13.9 2
cp2 4 68.5 cp2 4 8.2
(x) 5 7.94 12 k) 5 10.34 5
{kx} 6 3.5 {kx] 6 6.64
(k) 7 97.1 2 (e} 7 0.13 12
) 8 48.4 (k) 8 0.02
cP3 9 48.3 8 cP3 9 0.13 12
cPa 10 50.9 7 cpa 10 0.26 n
Foea n 73.3 5 tocR n 1.07
ok 18 22.5 tocn 18 0.37
toin 19 20.4 e 19 1.09 10
cPs 12 3% 19 cPs 12 1.72 8
i 13 il J cPs 13 1.48 9
zP 14 25.4 1 2 14 3.48 7
Ip 15 i z, 15 1.58
cP7 16 7.9 13 cP7 16 10.3 6
ce7 17 3.5 cP7 17 6.64
cP8 20 9.7 3 cPs 20 12. 3
cP8 21 §0.4 e > =
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TABLE 16 (Cont'd)

s s
“igzﬁ'ﬁg PARMETERS CASES g e ity vigihgfgg PARMETERS CASES E;E;Eﬁggg ng‘?gﬁ
|z oF8| |% OFB| |% OF8| |% DF8|

M‘dimM Wo ] 29.8 6 tlmay Hp 1 ar.7

Wy 2 22.4 W 2 38. 9

CP1 c 89.5 4 cPl c 94.6 4

cP1 D 49.5 cPl D 50.3

cP2 3 29.7 cP2 3 169.6 1

cP2 4 39.2 5 cP2 4 £9.5

(k) 5 6.55 10 k) 5 2.3

{k} 6 3.05 (k) 6 3.97 12

(k,} 7 102.8 1 tk,} 7 98.4 3

(k) 8 51.9 (k. } 8 48.9

cP3 9 0.59 12 cP3 9 47.8 8

cPa 10 2.69 n cP4 10 ) 7

- 1 93.8 tocR n 74.4 5

b 18 98.2 3 tocr 18 22.3

tocR 19 97.4 Locr 19 18.5

CcP5 12 15.1 9 CcPs 12 36.7 10

cP6 13 98.5 2 CP6 13 65.1 6

Z, 14 23.4 7 Zp 14 24.5 n

2 15 12.2 5 15 12.7

cP7 16 6.55 10 CP7 16 2.3

cp7 17 .05 CP7 17 3.97 12

P8 20 19.6 cP8 20 157.1 2

cra 21 22.6 8 cr8 2l 63.1
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TABLE 16 (Cont'd)
i “ﬁéﬁtt“w
vi%i%%fgg PARMETERS oAt i iy vi%iggfég VAR ERS CASES Eég;Egi'ggE i
|% DFB| | DFB| |% DF8| |% DFB|

L Wp ! 9.2 ousd . Wp ! 29.23
W 2 2.2 3 Hy 2 31.4 3
CP c 12.31 CP c 12.35
P D 16.75 3 cP1 0 16.76 a
cP2 3 45.3 1 cp2 3 a5.27 1
cP2 4 42.9 cP2 4 42.86
ik ) 5 12.17 (k) 5 12.18
{kx} 6 16.76 5 (k) 6 16.76 4
k) 7 0 (k) ; o
k) 8 0.243 mn (k) q 0.2 9
cP3 9 0.15 12 cP3 9 0.13 10
cP4 10 0.12 13 cPa 10 0.13 10
‘ocr 1 0.395 10 Yoc n 0.4 8
*ocr 18 0.12 YocR 18 0.13
LocR 19 0.335 *ocr 19 0.368
cPs 12 1.16 8 cPs 12 1.14 5
cP6 13 1.06 9 cP6 13 1.07 7
Z, 1 2.22 7 2, 14 2.2 5
Z, 15 0.943 2 15 0.937
cP7 6 12.17 cP7 16 12.18
co7 17 16.8 3 cP7 17 16.76 3
cP8 20 .9 2 cP8 20 4.9 2
cP8 21 40.9 cPa 21 40.9
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TABLE 16 (Cont'd)
PERcENT SERCENT
viézza?a.ég PARMETERS | - CASES S Reueisib VEEEEESEE i B ?é&’i”a‘ggéa RANKING B
|% DFB| |% OFB| |% OFB| |= DFB|

DUSZpy, W 1 30.35 5 0US3,,, W 1 27.3
W 2 30.21 Wp 2 27.8 6
cPl ¢ 8.095 " cel c 2.8
cPl [) 6.38 cP1 ) 10.52 8
cp2 3 42.9 2 cP2 3 28.1
P2 4 31.5 cp2 4 29.2 4
(k) 5 16.19 8 k,} 5 4.43
(k) 6 14.61 (k) 3 8.9 9
(k,} 7 2.95 (k) 7 0.34
(k) 8 13.92 10 (k) 8 4.2 1
cP3 9 15.1 9 cP3 9 2.8 12
cPa 10 3.67 12 cPa 10 7.38 10
ocr 1 20.2 7 LocR n 27.9 5
focr 18 8.82 ocR 18 6.1
*ocr 19 10.66 LocR 19 7.25
cPs 12 30.27 6 cPs 12 31.9 3
cP6 13 37.2 3 cP6 13 26.6 7
Zp 14 47.38 1 Z, 14 48.6 ]
Zp 15 24.6 & 15 24.8
cP7 16 16.15 s cP7 16 4.43
cP7 17 14.6 cP7 17 8.9 9
cP8 20 41.07 3 cP8 20 36.15 2
cPa 21 30.9 cP8 21 30.2




€e-111

TABLE 17

PARAMETRIC AND SENSITIVITY ANALYSIS - SENSITIVITY OF RESPONSE VARIABLES
IN TERMS OF PERCENT DIFFERENCE FROM BASE CASE VALUES

te";‘n, INSENSITIVE SENSITIVE ! 346 OF INSENSITIVE SENS[TIVE
= e 20.01 - 40 40,01 - &0 §0.01 - 80. 80.0) - 100 UP [ 2 o 20.01 - @0 40.01 - 60 50.01 - 80 80.01 - 100 UP
RESPONSE AY RV MODERATELY RY MODERATELY RY Y WIGH RESPONSE l :
LY RY RV ! H
VARIABLE (V] nseNsITIVE INSENSITIVE SENSITIVE SENSITIVE SENSITIVE VARIABLE (V] (nsensITIVE m?:’ﬁ???ﬁ%' '"sz'???ﬁiﬁ“ sens“w: ::'c;:?;l\;:
s max ¥p P8 s P2 “
Pl P2 cpa
cP7 13
{x,) [kt
1, cP?
s p
153 )
(k) cP6
Uaen ‘ocr
cP3 cPe
cPa (ki
cPa
A P8 P2 ik, !
PS5 d i v
P 0OCR Iyt ¢
- o | g imax CPS cp2 ik,
ik, 1 Iy ik} Wy cPé
cp7 Pl
cP? Z, ioer
cPa P4 (27} cPl
3 cP3
= i cP2 =
19 lnax (k) CPS g DCR |’d[!|x {ky} ¥p cea tocr_ i
cP? 1, cP3 CP6 ky i &7 cPs cP3 cPE cP8
',1' cra 1 e
P :kr'
cPt 4
(ol
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]
TABLE 17 (Cont'd)
AANIGE.OF INSENSITIVE SENSITIVE RANGE OF IKSENSITIVE SENSITIVE
i 2 -2 20.01 - 40 20.01 - 60 60.01 - 80. 80.01 - 100 UP 30 — 2-20 20.01 - 40 20.01 - 80 50.01 - 80, 20,01 - 100 0P
RESPONSE av RV MOOERATELY RV MODERATELY RV RY HIGHLY RESPONSE RV RV MODERATELY RV TELY v
VARIABLE (R¥] qnsensiTIVE INSENSITIVE SENSITIVE SERSITIVE SENSITIVE VARIABLE (V] [nsemsiTive INSERSITIVE sgﬁﬂét SENSITIVE E!,.ﬁ?f%{

oSy, cer Hy w2 ous2_, (x) P %

1k} ] ce? Wp cr2

Pl Pl cPs cra

Z, (ky) Yoce

(1T} Pl

cP6 (]

Locr

(x,) us3_, . P P8 Z,

cP3 (k) Ps

cPa [ P2

cPe tocr

US4 g (&} H i (! “

(] (4] 3 CP6

)

Ly

cPs

P

“ocR

(k)

Pl

P4
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TABLE 18

PARAMETRIC AND SENSITIVITY ANALYSIS - RANKING OF "PURE" PARAMETERS

BY INFLUENCE COEFFICIENT AND SENSITIVITY

INFLUENCE
INFLUENCE PARAMETER RESPONSE
VARIABLES | PARAMETERS | COEFFICIENTS | SENSITIVITY | RANKING BY PRRAKETER visies || PNUCKTEG, | SBBCENIE | SEm sy SATcTEr
(R¥) # L ¥t a(p) itdret e ) 3 Hoptll) INFLUENCE RANKING BY
3 4 COEFRICIERY STt COEFFICIENT | SEnsiTIVITY
ri‘lm up -6.833x 10 -320. 3 1 'Xglmy g “a 0.01542 1850. 2 1
(ke} * -4.768 x 107 -751. s 2 L 1.2698 x 107 200. 4 3
7 ) =
(ky) ** -3.733 x 10°° -28, 5 4 ki 8.0 x 10 5. 5 s
7, 7.3 169.7 ) 3 Z, -11.66 -21. 1 2
tocR -0.0147 -3, ? 5 Yok -0.0049 -1, 3 5
Jrdlie p -0.02388 -2865. f 4 1¥al g ¥y -0.01781 2137, 4 f
(ky) 4,508 % 107 _710. 5 P tk,} -2.495 » 107¢ TR 5 5
(ky) -1.144 x 1073 8580, 5 3 (k) 8.441 x 1074 6331, 5 3
Z, 92.04 2140. 3 5 L, 62.75 1459. 3 5
"toc (FE) 109. 11118 2 2 tocr (FE) 1. 7854, 2 2
tocR (SE) -110. -11220 1 1 tocr (5€) -78.5 -8007. 1 1
lig gy ¥y 2.3 x 10°3 256. 3 3 184! max ¥p 9.07 x 107 109, 3 3
(k) -2.222 x 10°° -3. 5 5 k) 1.528 x 10°6 2.4 5 5
(ky) 5.937 x 107 b 1 1 (%) 2.821 x 107 212, 4 !
i 5.067 17.8 1 4 & 2.3 3.7 1 4
tocR =5:407 -287. 2 4 tocR -0.6544 -133.5 2 2
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1
TABLE 18 (Cont'd)
INFLUENCE
- INFLUENCE
VEATaAsEs | PammeTERs COEFFICIENTS SENSITIVITY PARAMETER e PARAMETERS COEFFICIENTS SENSITIVITY PARAMETER
(RY) (?) MRV ARY) gy | RAKING BY PARAMETER = (P) 3Ry 3RV RANKING 8Y PARAMETER
3 3 INFLUENCE RANKING BY (3V) 3 oY a9 INFLUENCE RARKING BY
COEFFICIENT SENS ITIVITY COEFFICIENT SENSITIVITY
oust oy iy 1.68 201600. ? 1 us3,,, wp -0.407 -48840. 3 2
ik, 0.0604 95130. a 2 {i } -0.00749 -11797. 4 '
1k} 1.087 x 10°4 00. 5 4 ®i 4.56 2 107 3420. 5 5
2 -247.3 -10400. 1 3 Zp -2796. -65007. 1 1
tocr 0.9804 200. 3 5 Locr -152.6 -31130. 2 3
ousa_, W, 0.51 61200, 2 2
ik, 0.0349 86468, ¢ 1
(k, } 9.3 x 107° 700. 5 s
Ip -404.3 -9600. | 3
tock 0.4902 100. | 5 * Set of stiffness coefficients of the horizontal ¢ of the tied
*s St of stiffness coefficients of the vertical components of the tiedowns.
sz, W, 0.51 61200, 3 2 ™ laep divided into two parameters. L..p (FE) when the cg of the cask is on the far
(k3 0.0198 31185. 4 n end of the rail car cg, and o, (SE) when the cg of the cask fs on the struck end
of the rail car cg.
{ky1 -2.219 2 1073 -17092. 5 5
I 3138, 72959. 1 \
Loch * 31204, 2 3

-153.4

=

{ 8,




TABLE 19

PARAMETRIC AND SENSITIVITY ANALYSIS - RANKING OF PARAMETERS
BY PARAMETER RATIO-BASED INFLUENCE COEFFICIENT AND SENSITIVITY

Le-111

INFLUENCE ) INFLUENCE
QESPONE | ParwETERS COEFFICIENTS| SEMSITIVITY PARAMETER | RESPONSE PIRAMETERS COEFFICIENTS|  SENSITIVITY PARAMETER
BENLE (P) a(Ry ARY) (5 RANKING 8T PARAMETER ¢ 4ARIABLES | (®) 3RV 2RV | py RANKING BY PAREMETER
(R} 3 a[i’} INFLUENCE | RANKING 8Y V)| 3T "b‘l‘la > INFLUENCE RANKING 8Y
COEFFICIENT | SENSITIVITY . COEFFICIENT | SENSTTIVITY
' max $(<F8) ~1266. -1893. ! ) | Gy, | ctowm 320.5 as1. 2 2
s(cP2) -1078.7 -1618. 2 2 : ! stee2) 461.5 §95. 1 1
#(p) -546.7 -820. 3 3 | sivy) 170.7 256. 5 6
*(cP1) -522.7 188 A - =(cP1) 260.1 390. [ [
ok ) -500.7 -751. 5 5 ikt 5.3 e 8 8
*(cp7) -500-7 -751. 5 3 5(CP7) -23.3 -35, 8 8
*(2p) 225.3 169. 5 6 s(2,) 157.1 7.8 3 7
o tky?) bl i l $ slikyl) 295.8 4452 3 1
Mtocp! 0.72 3. 8 < sligep) 68.95 287.1 7 5
A *(ce8) 8.7 820. A 8 glmay | *1CP8) 59¢. 891. 3 3
#(cP2) 2543.3 815, & 5 3(CP2) 796. 1194, H
o(M) -1910. -2865. 7 & (W) 1233, 1850. 1 1
s(cP1) 5016. 7524. s 4 o(ce1) 154 2. 5 s
.{tk‘” -471.1 =110, 9 9 '“k‘” 1313.3 200. (3 [
+(CP7) -472. -108. 10 10 2(cp7) 133.3 200. i 6
*(2,) 2853.3 2140. 5 7 2(Z,) -361.3 -2n. 4 4
A
o “J'” 5§722.5 B584, 1 3 a( n}"” = -6. 7 7
sltgcq (FE)] -5341. nus. 3 2 *(2gcp) 0.24 T 8 8
o[tocn (5€)] s4ng, -11258, Z 1
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TABLE 19 (Cont'd)
| |
' A EEe m?;‘ims cé:?gl:grs Sf"if,mm &mrﬁ PR REpoie, m?.;'iwm :tlag?s'zgﬁrs sgn:‘:rmm a:ﬂmr:g e
(RV) - ;%ﬂl a{P) INFLUENCE RANKING BY (RV) 3 ?hﬂ"' alP) INFLUENCE RANKING BY
COEFFICIENT | SENSITIVITY | COEFFICIENT | SENSITIVITY
[ Wolagy | *4C78) 1153.3 1730. 8 7 | 0USt g s(cP8) 1.815 x 10° | 2.722 x 10° 2 2
1CP2) 1830, 2820, 6 5 o(cP2) 1.931 x 10° | 2.897 x 10° 1 1
2(¥p) -1024.7 -1, 7 6 (i) 1367 2 10° | 20198 & 10° 3 3
s(cp1) 3791, sea7. 3 B s(cP1) 6373 x 10% | 9.56 x 10° 4 [
otk }) -262. -303, 9 9 s((k 1) 6.3¢ x 10° 9.51 x 10° 5 5
s(cPT) -262. -393, 9 9 s(cP7) 6.34 x 10 9.51 x 10° 5 5
8(2p) 1945.3 1459, 5 8 o(Z,) -1.3867 x 10° | -1.04 x 10° 6 6
sk b 4220.7 6331, 1 3 aliky)) 533. 800. 7 7
+[toea(7E)) -3775. 7858. ) 2 () -48. -200, 8 3
oltpep(SE)] 3847. -8008. 2 1
wse,, . | s(cPe) 1.65 x 10° 2.475 x 10° 2 2
Ii'el s(cp8) an. 7. 2 2 s(cP2) 1.75 x 10° | 2.634 x 10° 1 1
*(cP2) 225. 34, 1 ) o(Hp) 1.208¢ 5 10° | 1.8126 x 10° 3
+(Hp) 72.5 108.8 5 5 2(CP1) 5.8 x 107 8.7 x 10° 4 a
3(CP1) 138.8 208.2 4 ] slik 1) 5.77 x 104 8.65 x 10% 5 5
(k1) 1.6 2.4 8 8 slce7) 5.77 x 108 8.65 x 10° 5 5
3(CP7) 1.6 2.4 8 8 o(2,) -1.253 x 107 -9400. 6 6
02,) 7.6 53.7 6 7 ik 7) 467, 700. 7
am,n 1411 211.6 3 3 "_‘m:n’ .24, -100. B 8
32,1 133.5 7 5

e{ln_n]




62-111

TABLE 19 (Cont'd)

SMOMSE INFLUENCE
STAToRSE | pamamETERS COEFFICIENTS SENSITIVITY PARAMETER

(8Y) (?) Ry aim a(p) - | RANKING BY PARAMETER
£l 3 INFLUENCE RANKING BY
! COEFFICIENT | SEMSITIVITY

sz, s(cpa) 4.859 « 10° 7.289 % 10" 3 3

s(cez) 5.03 x 10° 7.545 x 108 2 1

2(H) 4.089 x 104 6.134 x 104 ‘ 4

3(CP1) 9773. 14660. 7 8

s( 1K) 20800, 31200. 5 H

(cP7) 20800. 31200. 5 5

8(2,) 97280. 72960. 1 2

s ik, }) 7517, 21300. 6

#(tyep) -11393. -17090. 6 7

ous3, o(cP8) -56987. -85480. 2 1

s(cP2) ~33880. -50820. 3 3

a(uy) -32587. -48880. 4 4

slcP1) -7867. -11800. 5 3

alik,)) -7867. -11800, 5 6

#{CP7) -7840, -11760, [ 7

) -86680. -65010. 1 2

a((k,)) 2280. 3420, 8 8

sltgep) 7478, 3140, 7 5
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LISTING OF CARDS MODEL

FFOGRAM CARDS
*A CYNAMIC HODEL TG ppTERMINE THE | ONGITUDIMALy YERTICALy, AND®

" * " "POTATICWAL MOTION OF A CASK-RAIL CAR SYSTEM DUPING COUPLING®
' OFERATIONS (PRELIMINARY MODEL wl1TH BENDING OF THE RAIL CAR)®
R R e R R R R R R R R R i R E R T e e e e
L] L]
- e A = e —— =
L] L]
» PPPPPPPP 111111111111111 222222222222222 33333333333333°
. PPPPPPPP 111111111111111 222222222222222 33333333333333°*
. T DTOTD 1111111111111 222222222222z 3333333333333°
___'"RCRCRCACRCRCRCRCRCRCR 113111111111111 222222222222222 33333333333333"
17 0G 00 0c 00 00 oo 0oY
L] L]
" CASK AND RAILCAFR ANVIL CAR 1 ANVIL CAR 2 ANVIL CAR 3 *
L] .
AR R e R R R R st R R I e R Y
*~-===-=~INCLUDES SEPARATE ANVIL CARS, AND COUPLER AND SUSP:NSION *05-15-8C
’ SUBSYSTEMS SUBMODELS. *05-15-eC
'——-----SIGN CONVENTION A _'05-15-80
v +X TO RIGHT, +Y UP, AND + THET® CLOCKWISE '0D5-15-80
— LOBLCAL_LOOSE _07=02=£"
LOGICAL EXPFRC d1-13-7¢
. _LOGICAL CABLES  $'né6-25-81° it By S 8 A RS
INITIAL
INTEGFR ZONE s == ._B1-24-8p
INTEGER NN,NNH, INT D4-11-8r
ARRAY CIZONLL_J 0l1-24-80

ARRAY XR13(120),XR14(120),XR53(120),XR54(120) XR60(120)sXR61(120) B84-11-80
ARRAY FXR13(120),FXR14(120)4FXR53(120), rxnsnlxanlfxnﬁncxzna,... B4-11-8C

FXR61(12C) o4-11-80

APRAY XR13x(120),XR14X(120),XR53X(1207),XR54X(120)4XR60X(120)5ese 0U4-16-oC
XRelX(120) 08=16=-80

ARRAY FXR13X(12C),FXR14X(120)sFXR53X(120) FXRS4X(120)yeee _ _ __ D4=16=80
FXR6CX (120),FXR61X(120) D4-16-80

ARRAY ARHSX(12)), ARHSY(12C),ARHSTH(120),ATM(120),ACS2(120)__ __ 07-D1-8C

ARRAY ADUS1(12C),ADUS2(120),ADUS3(12]),ADUSH(120) 09-11-8r
_'--SYSTEM INPUT PARAMETERS® e B e s e T e
T---TEST OATA SELECTION CONTROL VARTIABLE® 03-10-6&1
____CONSTANT TLEST = 10. el e T 0 (B

CONSTANT TEST = 11.
CONSTANT TEST = 1le $°04-15-81"

CONSTANT TEST = 13, TR TAR =D =fL % T

mi e CONS TANT TEST = Fe. - SP060RREBYE oo s T e
"-~-COUPLER FOKCE SELECTION CONTROL VARIABLE® 11-13-79
t-—==--=~JF TRUE USE EXP FORCE® 11=13-79
*-—-=-==-IF FALSE USE CALC FORCE® 11-13=79

e s LCONSTANT EXPFRC=TRUE s e l=eS =R E
V-——VERTICAL TIEDO=N SELECTION CONTROL VARIABLE®

S St S LA e T T Y 2 ST B AR I R e R SR ST SRR CE R E L S S
COWNSTANT CABLES = ,FALSE, $'06-29-81"

_*==-DATA POLARITY CONTROL VARIABLES® e 12=12-75
$e--=----+1, FOR ORIGINAL DATA,-1. TO CHANGE POLARITY® 12-12-19
et R AT e e SR e iy ) DG RS R

CONSTANT PCL&1=-1. 12-12-19
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CONSTANT PAYR12 = +1. 01-08-81

_ CONSTANT_PAYRSE = #31. e e S S SR L I YT
CONSTANT PAYCPL = +1. D1-C8-b1

e CONSTAKT PAYCPL = -1, Y SRS B 0 (s T B

"-—-wEIGHTS UF SYSTCM COMPONENTS®
CONSTANT WP=1auF S WFI1 . T7FC, WIPR-7150., WIFZ7180., MRCRS.27F4

CONSTANT WP=B.E4  $°40 TON CASK® 7-03-79
CONSTANT WRCZ= 5.96E4 _— . 1-03=-T79
CONSTANT FRMP=0.G 8-28-179

o I1-03=79

*-=-MOMENTS OF INERTIA®

- S = 8-30=19

*---MODULUS OF ELASTICITY OF gEAM (RAIL CAR)®
CONSTANT Ez3.E7

$-~-DIMENSIONS®
CONSTANT LKkC=264+9LP=2374alCR=T05,LCF=166,5,LPR=118.5,LPF=118.5 01=1g=KC
CONSTANT PI = 3,1416 04-11-86C

CONSTANT LEPL = 341,25

CONSTANT ZRC= 18.y ZP=31., WDTHRC= 2.

CONSTANT 2¢D0=,38 X - s

CONSTANT ZRCP=12. S"DISTANCE BETWEEN SURFACES OF CASK AND RC*® 03-27-80
*---CONSTANTS®

CONSTANT B=366.4

LCONSTANT BETA6-.05,BFTA7=,Q05 9=10=19 _
CONSTANT BETAGE=pD.yBETA6C=.20 Dl1-08-cC
LONSTANT BETATE=CeaBETATC=.2C S -01-08=&C
CONSTANT BTACPL=.00D 01-C9-6r
CONSTANT ALFAG6=.GO1.ALFAT7=,001 n4-4=-85 .
CONSTANT ALFACP=1.0 12-14-7¢
'——=-InNITIAL MEIOCTIYFS®
ICONSTANT VXPIZ41764.yVYPI=0egVTHPIZQeys yXRLI=#17b4s yVYRCI=00sy ssose
VIHRCI=N, s VXTRI=*176, s VXTFI=+176.2VXFI=0,
CONSTANT VXF2I=0+sVXF31=0s VXF4I=0.
_'===INITIAL QISPLACFMENTS®
CONSTANT XPI=D4 3 YPIZC.D0D3THPIZD 4 4XRCI=0.yYRCI=CaOCyTHRCI=Q®
CONSTANT XTRI=0« XTIFI=DN.,XFI=0.
CONSTANT XF21=0ssXF3I-DssXFU4I=0s
CONSTANT XTINIT==u0 —=Pezbl=50
*===~INITIAL VALUES OF INFLUENCE COEFFICIENTS ANQO DERIUITIVES *g5=15-8"
_ CONSTAWT 1C81=0.:DICEI=D. s N R e o H=12=TO
CONSTANT IC91-D-.DIC9I-0. 4=12-79
— CONSTANT IC15I=0, N 4=-12-79
CONSTANT IC1l11I= U..DICIII-D. 4=-12-79
CONSTANT IC12T=CesDIC121=0. .k 4=12-79
CCNSTANT IC13I=C.yDIC131=0. 4=-12-79
CONSTANT IC14I=p.,0IC14I=C, §4=12=79_
CONSTANT IC15I=C.y,DIC151I=0. 4-12-79
0 = 1=0. 4-12-79
COCNSTANT IC171=0.y0IC1T7I=0. 4=12-79
CONSTANT IC181=0.,DIC18I=0s 4-12-79
CONSTANT IC1%I-0+sDIC191I=0. 4=12-7%
CONSTANT JIC20I=0.,0Ic20I=0, " 4-12=179
CONSTnNT 1C211=C.,DIC211I=g. 4=12-79
AnT IC22T1=CsabIC221=0, y=12=-7%9
CONSTANT IC231=CeepIc231=0. 4=-12-79
.. CONSTANT 1C241=g,,0IC241=0. el L iy o 18
CONSTANT IC251=C.,DIC251=0. 4=12=79

IV-4



CONSTANT
CONSTART

1C261=CeyDIC261=0.
1C271=C.,p1C271=0,

4y-12-79
Hal2=79

CONSTANT

IC281=0.sDIC28I=0.

"===LIMITS OWN DISPLACEMENTS®

R=1g=15

CONSTANT
CONSTANT

XRPLO=-.06254XRPHI=.0625
YRCMAX = -1.125

9=08=79

CONSTANT
CONSTANT

XTUZ 5.6 oXTI2UZ 5.6,XT23U= 5.6,XT364U= 5.6
XTLZ =5.64XT12L==54 69X T23L==5.6,XT34L==5.6

CONSTANT
CONSTANT

XTULl = 2.,8,XTU2 = 5.6
XTL1 =-2,8,XTL2 =-5.6

8-6-79

*-~-ADJUSTHMENT
CONSTANT

FACTORS FOR RELATIVE VELOCITIES®
ADRCF=-10,

8-15-179
8=29-19

CONSTANT
CONSTANT

AD12=0.
AD23=D.

2=0T=79
-07-79

CONSTANT

AD34=0.

*-=-DAMPING COEFFICIENTS®

9-C7=-79

CONSTANT
CONSTANT

CS1=2.E3,CS2=2+E3,CS3=2,E3,C54=2.E3,C55=2.E3,C56=2.E3
CST=2.E3,CSB=-2.E3,CSCARS=2.E3

8-28-79
8-28=-79

CONSTANT
CONSTANT

CS6-0004+,CS7=000«
CSl2=.0 +CSR1 =.0 +CSF) =.0 vCS31= 0

01-07-6C

CONSTANT
CONSTANT

Cs523= .C +CSR3 =.0 yCSF3 =.0 s CSR2 =.0
CSF2= 0.

*-~-SPRING CONSTANTS(STIFFNESSES)®
*-==~--SPRING CONSTANTS (NON-BENDING)®

CONSTANT
CONSTANT

KSCARS=1o0USET sKS1=1eET)KS2=14ETyKSIZLWETHKSHZ1,,ET
K52=1.0E5,K53=1.0ES

_01-11-8C

CONSTANT
CONSTANT

KSS5-14E6yKS6=6,29E4 4KST7-6.29E4,KSB=1.E6
KS5=1.E6,KSB=1.E6

01-24=-80

CONSTANT
CONSTANT

K561=6-29EQ.KS?I=6.29E0.KSéINF:Z-E?.KS?INF=2.ET
KSE6INF= 1 .E6,KSTINF= 1.E6

Q=05=79

CONSTANT
CONSTANT

KSILO=SE4sKSIHIZ1EO,KSHLO=5.EH ;KSUHI=].E6
K2FF2=4B666.

81-24-56C

CONSTANT
CONSTANT

K14 86660 9K2-486669K1FF2=-48606643K1IF2F3=48666.
K2F2F3=4B66b ,KIFIF4=UBE666+, K2FIFU=uBE6E6

CONSTANT
CONSTANT

KSDG1=e5E6+KSDG2=s5E6 s KSFF2]1 =u5E6 ¢ KSFF22=s5E6
KSF231-.5E6,KSF232=.5E6,KSF341-.5E6,KSF382-.5E6

CONSTANT
CONSTANT

K6=60EH4,K7=8.0EH
KSDG10=.T5E5,K SDG20=. 75E5

Ul=17=87

CONSTANT
CONSTANT

KSDG10=Cs2E6
KSF210=,75E5,KSF220=.75ES

" CCNSTANT
CONS T ANT

KS2310=.T5E5,KS2320=.75E5
KS53410=.75E54KS53420=.T75E5

7-2C-79

CONSTANT
CONSTANT

KMRCFU=4.oKMRCFL=1.
KMFF2L=1e,KMFF2U=4,

CONSTANT
CONSTANT

KMF23L=1ls s KMF2Z23U=H.
KMF34L=-]1.,KMF34USH,.

CONSTANT

RCOR=1,,FOR=D.

fovummme eamesenemeee=eneCHANGE. REQUIRED DUE, TO SLACKAIN 7D~-S

*D5-27-8C

COCNSTANT
CONSTANT

RCOR = J.
LOOSE = .TRUE. $°*LOGICAL VALUE®

05-27-&C
0D7-D2-80

CONSTANT
CONSTANT

FZO0R=C«
F30R =D.

CONSTANT F4OR=C.

$===MULTIPLIER

AND SKITCH TO GOVERN GENDING®

CCNSTANT

BEND SW=Co $°*NO BENDING WHEN p.*

*~=--SPRING CONSTANTS (BENDING OF RAIL CAF)*

CONSTANT

Kiz= .0 +XBEl = .0 +KF1 = .0 1 K31= .0
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CONSTANT Kz3= ,D +KR3 = .0 1KF3 = .0 1 KR2 = D
CONSTANT KFZ- Os

" -=-DEFINITION OF DRAFT GEAR CHARACTERISTICS®
e SPRING CONSTANTS (DRAFT GEAR)®

" CONSTAWT KRC=2,09E7.KF= 2.09E7 iy T =
ok CONSTANT KCRC1=2.36E5,KCRC2=5.36E4 ,KCRC3=2.28E5
CONSTANT KCF1=2436E5,KCF2=5. 35£n.ucr3=z.zs£s

~ITZPOINTS WHERE K VALUES CHANGE®
__CONSTANT XURCO= GeysXURCIZ D.984 yXURC2=3.,XURC3=3,768
CONSTANT XUFD=0e4XUF1=2984 4XUF2=3. 4XUF3=3.768

---TIMELAG oEFORE D& ACTIVE STATE® T=L1=19
CONSTANT TLAGCF= 0380 42-06-19
CONSTANT TLAGLF= .0380 12-06-79.

-—-COEFFICIENTS OF FRICTION®
CONSTANT MUC= ,58,MUS=,58
CONSTANT MUPR=.58
CONSTANT MU=,.58 §2:1=21
CONSTANT MUCPLZ.C5¢MUTRE o5,MUTF= o5,MUF= o58,MUF2=+584MUF3=458
CONSTANT MUF4=.58 e
CONSTANT MUF=.30,MUF2=+30,MUF3=.30,MUF4=.30 7-C3-79
B CONSTANT MUCPLZ.S

CONSTANT MUD= .5,MUDg= .5,MUG7T= .5

E CONSTANT MUDGE=.2,MUL6C=.5 Seave . ot LEMES, 9-30=19 .
CONSTANT MUDTE=424MUDTC=.5 9-1p-79

o __CONSTANT MUFF2=.5,MUFF1=.5,MUF231=.5, MUF232 25, MUF341=.5,MyF34235
CONSTANT MXRCFC=0e0,MXRCFE=0.8 12-14-75

o CONSTANT MXT12CZQ.gyMXJI2EZ.9% i oL L
CONSTANT MXT23C=0.0,MXT23E=.95 8-22-79
CONSTANT MXT34C=C.0,MXT34E=,95 8-22-179

---FRICTION FORCES ON COUPLERS®
CONSTANT FSCRC=5.EUsFSCF=5.E4 Sk s
~==FRICTION FORCES ON SUSPENSION SPRINGS®
____CONSTANT FRACT=.50  S°FRACTION OF LOAD ON A TRLCK® y
~==-FRONT ANp REAR BRAKE SWITCHES, 1. WHEN BRAKES ON, DO« OTHERWISE® 12-1-77
. ___CONSTANT BRAKEF = p., BRAKER= 0,
~=-OTHER TRAIN BRAKE SET SWITCH, l. WHEN BRAKES, O. OTHERWISE®
—— e CONSTANT BRKIPRC = 1. S°CAUT 10N*!L__.EE___&& BRAWEF SHOULD BE p, *
CONSTANT BRKF2:=1424BRKF3=142,BRKFU=142 8-22-19

. —_ . CONSTANT BRKFZ2:=) +sBRKF3=1, ,BRKE4=]1 .
~--COMMUNICATION INTERVAL®

CONSTANT CIZONE = 0,0150¢0G1aCe0) n1-24-8p
CONSTANT THI = 0,14,TLO = D.G3 01-24=-80
- _CONSIANT_EPSR=1.E-30 x4 e e Da-15-80
~==SIMKULATION STOP TImE®
. __CONSTANT TSTOP=D.5S LI b Ls & Wmeg ] w9
CONSTANT TxP4 = ,25 7-3-19
—===JNJITIAL yALUES OF PLOT RANGES"®

CONSTANT XMXZ=1eg30s XMN=1eE30, YMX==12E30y YMNZ1oE 30, THHX==1.E30
CONSTANT THMNZ) ,E30,DXMXZ=],E30 4 DXMNS 1,E30,DYMX= =] 4E30
CONSTANT DYMNZ1.E30,0THMX=-1.E30,DTHMN=1.E30,D2XMX=~1.E30

Sy CONSTANT D2XMN=1E30s02YHX==1+E30502Y HNZ4 «£30,4D2 THNXZ= ] o 30
CONSTANT D2THMN=1.E30,XRHX==1.E3Gy XRMNZ1.E30

— CONSTANT YMXZ2=~1F30, YMNZ=]1.E30,02YMXp ==] 30402 YMN2=]1,E30
CONSTANT DYMX2=-1.E305DYMN2Z1.E 3G
__ _KONSTANT FCPLMX==1.E30,FCPLMNZ] .E30

CONSTANT ICMX=-1.E30,ICHN=;.E30 4=-12-79
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CONSTANT DTMIN=1.E30,DTMAX==-1.E30C 04-30-6C

_*==-LOAD-DEFLECTION CUIVE FOR_DRAFT_BGEAR=-DISPL VS LOAD*

TABLE XDGyl1y4/009e9B8Us3093aT6830s9232E5y3.8E595.15E5/

. JABLE KMFRCF,175/5,6¢548596019606¢7e9legleoglegle3s5./ 11-16-75%
TABLE KMFF2F 9 194/5063585,641,64B5,10,1:5,2,5,48,/

> TabBLE KHF 23F 919 4/5.695e6596e196e3591091e592e5,8.7 -
TABLE KMF34F 3 194/50695853601 36038 3103125,2:558./

*=--COUPLER FORCE-SPL EXPERIMENT-TEST 3* e 1=-17-79

INST 3°* 11-29-79

TABLE DUSF 41921/0092D485s055eD058 32079 «07590769008ye(i85920955000 11-29-79

el33:13631855018550206302U25026302T753:28bpolipgasne 11'.29"‘79

legose 11-29-79

De90e92eEl900y]l sES99EW92FES 94 eEN,5.E5500e 11-29-79

- 1.15£6|3055'2.E5|5-2E511.[5|5b{!'2-E~|IOE5|QCa 11‘29-79
leES5,6E4,0,40.7 L1 =29=1%
'---,OnGITUDLHQE_QQBCE-snL EXPERIMENT-TEST 3°* L -y
TABLE DUSLFF 41,21/009003,.05,;.08,.09¢ -ll.-li..lS.-l&h.-l?ﬂp-.- 41-29-79
.135'&197Q-21|-22.|0261l27|.27“|.283|¢5'.301]--.11“29‘79

lopoes 11-29-79

. Dey=leEN0=928EUy]l c1ES9Teb6ES591e2EN ;20E5 000  11-29-79

4.BES ) 1eBUEY ;] cbENy ~1-UEN U olbEUy=2.EY9p=2eElpnece 11-29~-79

~1.2E4,8.E4,-2,E444 Ef30040+/ ° it i By Bl o
*~--HORIZONTAL ACCELERATION OF CASK-SRL EXP-TEST 3-INST NO. 8° 12-11-79
9 FILTERED AT 100 HZ USING FFT* nx-18-8p

IlBLE DZXPF 1.5#/0-.-0096.-01Hb..ﬂ208..02661-OJIb.-OSbb..OHZ.... 03-18-&0

004750524 200692007284207984¢0828y)068;5.1312,00.03-18-80C

0135ﬁ|-l“~8 -165.'01893..196&..20*..2]06.... 83-18-8C
02128 021983222365 2230290238850 2892y 2552, 00 __ 03-18-8C
0262902692927 56902824 3:28987322958,+30265000 D3-18-80

231064 03168293238903 340y 238284038884 0306800es  03-18-80

.3626' -3703'-3798.-389. l397' .“. ..01'.q09“| -“1'...83-18-ac
5988 03-18-6C

-83.“5.0.722.-3 15’19 15.-9.779 ﬂo?gq"12!9“|at- 03 18 SC
17« 15.'13.59 28-23.-180.3.-159 62~ 2&5-'. e __"g3 Lgf§§

-249. 5.'.103.'-62501"71306.11? 7.-2731-. e e 03 18-6[

805347229073 3380410993115e25=8003T4 0o0e_ _ _ 03-18=5C

-3.386,-161.55162. 1-121a9=63.025-116e5) sss 03-18-EC

jarse _ =63e619-1803,1959, ~30034=56,98,=422:59 sss __ D3=-18=-8C

3I0. 79|-139 7'“0.71'-232 3"195...‘252. RN 03'13-30

e e e =1T7.653"17574121.3, =27, 7?'11947_|_"'3,l-l__0_:_’_?.|_9_0_-_ . - PR3=lRe=a0
-21.41, 113.1."87 29,0,90./ D3-18~-40

i FILTERED AT

50 HZ USING FFI‘ B“'Z3"BD
TABLE D2PS4F ,1,23/0e,0144,,02] 440432 20575+066510025.1214320.  0O4-23-8C

-15~1018“a'-201“’0216..237.'.2605..2682'... B4-23-80

— e e #2902 o334y 036637993928 3240949409540 D4=23-80
csitu-ﬂ Dﬂ"Z!"bU

1096,-21499,-13.64 =72 46 420,98 ¢=53208¢0ss B4=-23-80
llST.--lB&la.1986..-431.6.-203-5;-531-!,... 00-23-30
__903e23-26973=234475-100763757029=209e90es____ 04-23-8C

~B4948,-27548,109,9 y0.90./ 84-23-30

_*---HORIZONTAL ACCELERATION OF casu CAR - SRL EXP - TEST 3 = INST 12°* 11-29-79
. FILTERED AT 1pC HZ USING FFT*® 03-18-8C
_TABLE O2XRLF,1,87/00,40126,,018%,,02342202725+0346,508494y ooe _B3-18-80

01524 e05684+0616440672, «GT34,00938,.0092, ... 82-08-50
209469 2095921072501162912049012529 01316y oos  02-08-EC

.]%“s|.156“|01112!0172.ol?;ﬁ;ul?.“|ol7ﬁz. eoe 02'03-30
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6179,018,01808,.18224,18325+188,01852¢ ooe 02-08-8C
©18684 4088351906901 926201942,01952,01972 eve.____ 02-08-6T

-19?“..1933|01998'.2|.5. s e D3-18-60
el e o 17742499231 3=7296B 3-61238,=28.5,-210.95 aas___0D2-0B=40
1D0e8 311452,-2317,-1294,-269,83=52:973 s 02-08=-6TC
=YENQap=UB19. s =RANG o s=UTTRasl226ap=T08a2, aana N2-CB.8(C
=63162y=802:89=39Be54=2817431557%4125:29 esoe D2-p8-&C
=211a%:=703,3,-9100%=10490g=892,2,=8292532an . 02=-0B=6C

=795.7y=T76%4 .-761-".-1‘|9 o7 |—705‘3.-51811'|.oo 02-08-80
=438a23=97+98+1028 32080632572 7932585337al,0us 02-N8=80

3660993707904 40s/ p03-18=60C
*~-=-VFRTICAL ACCELERATION OF CASK AT FAR END-SRL EXP-TEST 3-INST 11° 11-29~-179
* FILTERED AT 50 HZ USING FFT* pa=-23-80

TABLE D2PJ12F ,1527/0a 2a0128400222200332500818,500525e063492073250e« 08=23=50
«0978 ,«1178,41534,.1888,,2018,4 4210292336904+ 04-23-80
2251202267 202896003048, 0146,0 3368 036125000  08-23-6C
.571"'.3932l'a“09“'.“095'.5“-‘... O4-23-8C

68497 9=82704,24644, =205144601,8,370e39427elyees D4-23-8C
=112803371ela=3H9eH 18870722)d 0724520069608 ,00004-23-4C

12.91'3808|2’0-‘|"‘16507.D-.uh’ 04-23-80

*===SPRIN5 CONSTANTS-HORIZONTAL SPRINGS- RC JO TRUCKS® e d1=28=19
TABLE KS5BF sl s7/=lep=~alls=alsDepalyell, le9pe2E6yo2E6,e2E6,2E644e. 02-p)-80

22664 22F6:.2E6/ 02-p01-6C

*===NON-LINEAR STIFFNESS COEFFICIENT FOR VERTICAL TIEDOWN AT FAR '05-15-80"

" ENDe. 100SE FJIT AND RUBBER GASKET. . —'05-15=6C
T‘-ELE &SZF..I.9/-.“10...5..6..7,.8..9'1..1-2.-.. 05'05-80
- 2.5E630.000,0.000,0.000,0.00040s00Cs0a000smaa  05=14=H0
1.00E542.00E5/ 05-14-6C

¥ LOOSE FIT AND RUBBER GASKET. *05=-15-81

— TABLE CS2Fs1+9/=e8,0ey05,0600T3%8s,9 2aslaPenlaa  05-09-80
20009+ 90e90e90+90'«000+0.000+0.000, 1000.,2000./ pS=-14=-8D

"---VERTICAL ACCELERATION OF ==== AT CASK-Clﬁ_lujﬂ_[A;LﬂAl_Eﬂ_52L_£x£;__ﬂ1_ﬂ§+kL
. TEST 3-INST 14°* 01-08-61
d FILTERFD AT S5p HZ USING FFT® D1-0B8=-g1
L VERY CLOSE TO REPRESENTING p2YR12* 01-pa-81
TABLE D2R12F 41,23/0e,,00884,01920003024+04062+051 2206162207224 «0e01-08-E1

eJBY, .0952..1096.'0121.012?'..1“ 02..152ﬂ. «1654,...81-08=81
1783019185209 0225890244652271840285B8330740++01-08=81
#3234 903338, .3488 40 3598336089 +3734,.3858y ess 0D1-08-81
«39B8U4,04094, oee gl-na=-61
7705""137-7' 236.5| "292 -5|231-2.-‘325 -9,391.5 ,-.-01-08 -61
=52902972e3,~728+7426172912830 31467 04=618s44 o.001-08=6)
13625'-119 1.. 12"'9-' —33?.3|“530‘I|"l7105.1“9-’"00.0.1 -08~=b1
~504029392063 68308 y685.4917506762002,45093, oee01-08=5]

“6-09"295.(!'“09.'-‘6105|11.65/ I]I-DG-&I

2 FILTERED AT 25 HZ USING FFT* 0l-12-81
TABLE D2R12641413/0e9+0226,+0492,4073 42116,,1585,.1756,02098ps+« B1-12-81
2250450292230 340623838 5.40%y oee Nl1-12-81
7.!'115-'95-"136.'15.".;157-,2‘5."306.. ses pl-12-51
_92302=3260939000=140e97./ S LA A

*---yERTICAL lCCELERlT]GN OF CAR STRUCTURE AT FE-SRL EXP-TEST 3-INST 22°81-0D8-81
-9 Fll IEBEQ AT 50 HZ USING FFT® 01-0A-El
.- SOMEWHERE BETwEEN FE OF CAR AND D2YRS6* 01-C8=E1

. TABLE D2RS6F 41,18/ 0,.3,008822018952)318:20084592054€5207473+097s «.e0]1-p8=61
«1187, .1355|.1501'c 1635..1757.,1336|.2031' sse B81-08-b61

IV-8



e20874e210ley ese

196e69=33Ta731634Uy =645.89990129=53:385 ese

D1-08-81
D1-C8-&1

436,99-4640193980by-1012096670b9=185109150eb9eee01-08-81
‘1697..256.6 211, 5'0.'0.’

01-08-81

V——-VERTICAL ACCELERATION OF CAR STpUCTURE AT SE-SRL EXP-TEST 3-INST 6°' 81-D8-61

Bl FILTERED AT 5pHZ USING FFT* D1-08-61
¥ SOMEWHERE BETWEEN D2YCPL AND D2YR78°® 0l1-pD8-81
I‘aLE DECPLFu11IBIO-'.DO&Ig.DitZ..DZBJ,-DSZ,.Q£H9,10712..0899. ..-BJ'DB:QL
-1056'01203|t12721.1“39|0!652ll1323|0197| ene 31'03-51

.zoq7’021|1tl seae _QI“UB-QL

-171-3.-259.,-89.81,-3585.1&3.7.—195.#.-111.....51-08-81

?3181s,“ﬂSoﬂ'-983.L-79104|'295l..lgzb%l e 01-08-81
=912.29113469=168ep0e490.7/ Bl1-08-81
FILTERED AT 25 HZ USING FET® 81-12~-81

TABLE D2CPLGy1410/00900109,e0832,.0845,501126,41825,01842,5.2047,500001-12-81

oZlglog L 01-12-561
=372e9=611+932603=1824,,-845,43-1539.49296ey +ss 01-12-81
-369. ,Dc'u.' Q-l"lz-ﬂl_
AR RS PR Rt A
kgl ok kok koo kg ®
¥—-~_bASE CASE PARAMETERS==="* B83-14-80
P=—==~yYEIGHTS OF SYSTEM COMPONENTS® 83-14-80

CONSTANT WF = 1.75ES S*(REF. ENSCO)® B3-14-8C
CONSTANT WF2= 1.75ES S*(REF. ENSCO)" 03-14-87
CONSTANT WF3= 1.75E5 $*(REF. ENSCO)® D3-14-50
CONSTANT WF4= 1.75ES __ S°(REF. ENSCO)*® 03-14-56C
CONSTANT WP=B.E4 S°40 TON CASK' 03-14-50
CONSTANT WR:2= 5.69E4 S*INCLUDES 2 BULKHEADS (REF. ENSCO)* D3-14-8C
CONSTANT WTF= 1,35E4 SY(REF. ENSCO)* D3-14-8C
CONSTANT WTR= 1.35E4 $°*(REF. ENSCO)® §3-14-8T
"———-MOMENTS OF INERTJIA® D3-14-8D
CONSTANT IP = 8,57ES $*(REF. ENSCO)® 03-14-810
CONSTANT IRC= 2.8495E6 $*(REF, ENSCO)® ©3-14-80
*—=—-r~MODULUS OF ELASTICITY OF BEAM (RAIL CAR)"® 83-14-80
CONSTANT E = 3.E7 $*(REF. ENSCO}® D3-14-80
*-=--=DIMENSIONS® 03-14-80
CONSTANT LCPL = 341.25 $*(REF. ENSCO)® B83-14~-80
CONSTANT LCF= 1854125 $*(REF. ENSCO)* D3-14-8p
CONSTANT LCR= 95,125 S*(REF. ENSCO)® B3-14-80
CONSTANT LPF= 207. $*(REF. ENSCO)"® 03-14-8(7
CONSTANT LPR= 37.25 S*(REF. ENSCO)® O3-14-8C
CONSTANT LRC= 259.5 S*(REF. ENSCO)® 83-14-80
CONSTANT 2CDGO = 6.15 S*{REF. ENSCO)® g%- 4-8(
CONSTANT ZP = 31. - 03-14-8(
CONSTANT ZRC = 25.2 S*(REF. ENSCO)® D3-14-80
*——-=L IMITS ON DISPLACEMENTS® N e
CONSTANT XTL = -5,25 SY{REF+ ENSCO)" D3-14-b(
CONSTANT XTL1 = -2.625 $*(REF. ENSCO)® D3-14-8D
CONSTANT XTLZ2 = -5.25 S'(REF. ENSCO)® 83-14-80
CONSTANT XTU = 5.25 $*(REF., ENSCO)*® 83~ 4-80
CONSTANT XTU1l = 2.625 S*(REF. ENSCO)® D3-14-5C
CONSTANT XTU2 = 5,25 __S°(REF. ENSCO)* 03-14-80
CONSTANT XT12L = -5.25 $'(REF, ENSCO)®* @83-14-50
CONSTANT XT12U = 5,25 S*(REF. ENSCO)® 03-14-8(
CONSTANT XT23L = =-5.25 $*(REF. ENSCO)®" 03-14-80

S CONSTANT XT23U = 5.25 __ S*(REF, ENSCO1® 03-14-80
CONSTANT XT34L = =b.25 SY(REF. ENSCO)® §3-14-8¢

IV-9



CONSTANT XT34U = 5.25 S*(REF. ENSCO)" D3-14-8T

_"----SPPING CONSTANTS® ¢ S = - 93-14-80
CONSTANT KSDG10 = S.E5 S°LONER LIMIT (REF. ENSCO)® 83-14=60
. __CONSTANT KSF210 = 5.E5  STLOWER LIMIT LREFs ENSCO)* D3-14-50
CONSTANT KSF220 = 5,.Es S*LOWER LIMIT (REF. ENSCO)* D3-14~-80
CONSTANT _KS2310 = 5.ES S*LOWER LIMIT {REF, ENSCO)* §3-14-8C
CONSTANT KS2320 = 5,.ES STLOWNER LIMIT (REF« ENSCO)® 03-14=5C
s CONSTANT KS3 = 5.F6 S*LOWER LIMIT (tREF. ENSCO)" p3-14-80
CONSTANT KS341C = S5.ES S*LOWER LIMIT (REF. ENSCO)*® B3-14-80
CONSTANT kS3420 = 5.E5 S*LOYER LIMIT (REFs ENSCO)* p3-14-80
CONSTANT KSE = 5,.E5 S*LOWER LIMIT (REF. ENSCO)® D3-14=-8C
CONSTANT KS6INF = 3.E7 S*(REF. FENSCO)*® B3-14-80
CONSTANT KSTINF = 3.E7 S*(REF, ENSCO)® 83-14-80
CONSTANT KSg = '5,Es S°LOWER L IMIT (REF« ENSCO)® D3-14-80
CONSTANT K1 = 1.82ES S°*(REF. ENSCO)® 83-14-8D
CONSTANT K2 = 1.B2ES $*(REF, ENSCO)* 83-14~-80
CONSTANT K1FF2 = 1.B2ES S°(REFs ENSCO)*® 03-14-8C
CONSTANT KI1F2F3 = 1.B2ES S°(REF, ENSCO)® 93-14-80
CONSTANT K1F3F4 = 1.82E5 S*(REF. ENSCO)*® g3-14-80
KCONSTANT K2F2F3 = 1.82E5S S*(REFs ENSCO)* 03-14-80
CONSTANT K2F3F4 = 1.82E5 $*({RgF. ENSCO)® 83-14-30D
oo . CONSTANT K6 = 6a4EY = S$*(REF, ENSCO1® §3-14-50
CONSTANT K7 = bo4EH S*(REF. ENSCO)"® 03-14-8T
*----COEFFICIENTS OF FRICTION® D3-14-80
CONSTANT MUCPL = .2 $*(REF., ENSCO)®* D3-14-80
____ CONSTANT MUF = .2 A S*(REFs ENSCO)* D3-14-80
CONSTANT MUF2 = .2 S*(REFs ENSCOJ® 03-14-8C
n ___CONSTANT MUF3 = .2 S*(REF. ENSCO)® D3-14-8C
T CONSTAWT MUF4 = .2 S*(REF. ENSCO)* g3-14-8D
CONSTANT MUTF = ,2 $°(REF. ENSCO1"® D3-14-8D0
CONSTANT MUTR = »2 S*(REF. ENSCO)* 83-14-8p
VREREFEREE R FRY Kk
"REkEh kR kR E R
*~-~DEVIATIONS FROM BASE CASE PARAMETER VALUES TO MINIMIZE o) 03-15-80

v TICI3,TICIA,TICS53,TIC54,71C60,TIC61,AND TMIC BY SUCCESSIVE
s APPROXIMATIONS®
—=<—=-NOTL ##* WHEN USING DUSX4,ALL PARAMETERS LEADING TO DRAFT GEAR 03-15-80

BEHAVIOR HAVE NO BEARING ON THE THEILS COEFFS*® .-03=-15-80
VEE R R AR AR AR

_ hhkkd e kgt

CONST&NT LCF_ 15 1. S"CORRECTIONS TO ENSCO DATA® 03-21-&C

. CONSTANT LCR= 53. S*CORRECTIONS TO ENSCO DATJA® D3=21=8&0
CONSTANT LPF= 1p2e. S*CORRECTIONS TO ENSCO DATAr @3-21-8cC

k... CONSTANT LPR= 102, S"CORRECTIONS Tp ENSCQ DATA® == 03-21-80
CONSTANT LRC= 259. $*CORRECTIDONS TO ENSCO DATA" 83-21-8C

__ _CONSTANT KSIHI = 5.5 ._89-16-80
CONSTANT KSI1LO = S.E4 03-24-80
CONSTANT KSHHI = 5_E5 09-16=80
CONSTANT KSH4LOC = 5.E4 03-24-80
LONSTANT SHPRC = Q. _Da-10-80
CONSTANT SMRCP = g, ge-c7-80

_ CONSTANT TSTOP = 0,15 $°*DATA FOR D2XRCX ONLY 600p TO Q0.15° _ pha-p9-8n
CONSTANT KTHRC = 1.E10 B4~-11-86C
___CONSTANT SKTHRC = O. Qh-11-80
CONSTANT ALFACP = Q.7 04-27-60
__ _CONSTANT BTACPL = 1.C < D4-22-80
CONSTANT CS2= 1500.,C53=1500. g5-09-80
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CONSTANT cSe = 20D0.s CS7 = 2000 05-04-89

... CONSTANT KS2 = 5.,Ep S°®EQUAL TO KS3* = _ __B7-c2-8C
CONSTANT DLTY = Cell 05-01-8C

. KONSTANT DLTYR = .22 I o A i 5t 1L
CONSTANT KS2LO = 2.ES5 05-c1-8C
CONSTANT KS2L02 = 3,5Eg 0S5-01-80
CCNSTANT KSZHI = 5.ES 05-02=-aC
CONSTANT CS2L=0. . S L T e ol it geed | 5 o o K o

= CONSTANT CS2H=1500% 05-14-8C
CONSTANT KSZ2L=D. et . BS-l4-8D

T T 7 CONSTANT KS2HZ1.ES 85-14-40
'-----I-.--—-.--------------.CHANGE REQUIRED DUE 70O SLACK IN JD-S *05=-28=80
CONSTANT KSD610 = 5.0FE4 06-03-80
CONSTANT K1 =3.33E4S°CHANGE REQD DUE TO SLACK IN TIEDOWNS® _06-03-56C.

s CONSTANT KSDG20 = 5.0E4 S°CHANGE REQD DUE TO SLACK IN TIEDOWNS® DE-D4-B8(
CONSTANT MK5=], - e iy iD-17-80
CONSTANT MKB8=1. 10-17=-80C

- CONSTANT K2 =3.33l:l|s'cnnnﬁ_£ REQD DUE TO SLACK IN TIEDOWNS® 06-03-80
CCNSTANT ADRCF = 10. $*CHANGE REQD DUE TO SLACK IN TIEDOWNS® 06-D2-80
CONSTANT KMRCFU = 4.08°*CHANGE REGpD pUF TO SLACK IN TIEDOMWNS® 06-03-80_

LTI T T T e 07-16-8C
'*‘*’Ulﬂj}tt‘tt*tl' e SN el el rer R M i st i .. . 0 & oo e Y
——-LATEST CHAN3ES IN PARAMETERS® 0D7-16-80
temmmm FOR_PARAMETRIC AND SENSITIVITY STupy® __ B7-16=-80
'tt:a::t#tt”‘**' 07-16-80
_"_‘tttt 3322 T2t Al e Ty e ..y . g I:I.I:J‘L:§0
Ve e ————— -=~CONTROL VARIABLE DENOTING TYPE OF FIT *0T7-16-80

. 2 AT REAR TIEDOWN, .TRUE., MEANS TD ®* = 07-16-80
y LOOSEy «FALSE. MEANS TD TIGHT.® 87-16-8C
CONSTANT LOOSE = ,TRUE, p7-30-8C

[ ———— Fe=mmem——eee_ GO TO END OF #*INITIAL COMPUTATIONS*® 87-20-gp
*—-INITIAL COM>UTATIINS' - . - - -
ZONE = S*INITIALIZE ZONE TO START® 01-24=-80

KS2T R o e e . - __ _®1-p2=80

= CSZT = €S2 07-02-80
IF(TEST.ECe34)G0 TO IT3 o 03-10-81
IF(TEST.EQ«3.)60 1O IT3 03-10-81

w5 TERIESTRECL10I60 TO Jlige . — . __p3-10-81
T kW IF(TEST.EQ«11.)G0 T0 IT1D 03-1p-81
 IFUITEST.EG.13.)G0 TO 1713 i A I L o e 3
IF(TEST.EN.16.)G0 To IT16 p3-10-61
IF(TEST.EC.17.,)G0 TO IT17 - 03-10-81

IF (TEST<EQ«18.)G0 TO IT18 02-10-81

60 To 1999 s =iy SR LN ). - {5 b
IT3..CONTINUE 03-10-81

L v===PROCEDURE FOR CASE SELECTION®* e o . O¥=20-8D
LCNSTANT CASE = 1. 07-20-80
CONSTANT CASE = 2. = __07-40=-80C
CONSTANT CaASE = 3. B7-24=-60
CONSTANT CASE = 5, e e e n8-p4=-80
CONSTANT CASE = b. 88-04-80

. CONSTANT CASE = 7. — s e f8-D4-80
CONSTANT CASE = 6. De-04-80
_CONSTANT CASE = 9, 09-11-80
CLONSTANT CASE = 4. 07-24-80C
___CONSTANT CASE = 0. D7-30-8C
CONSTANT CASE = 1D 09-18-81



CONSTANT CASE = 114 09-19-60
- CONSTANY CASE =12, . i _ p9=22=al
CONSTANT CASE =% 09=-22-80
_CONSTANT CASE D N9=-23-8C
CONSTANT CASE 2 1%, D9-24-80
— CONSTANT CASE =16 09-24=20C
CONSTANT CASE = 17. D9=-24-80
CONSTANT rASE = 18, n9-24-80
CONSTANT CASE =5 i p9-24~-80

~ CONSTANT CASE. = 21, 5 10-17=80
LONSTANT CASE = 23. 10-17-8C
CONSTANT CaSE = 21, __Jdn=-21-8p
CONSTANT CASE = 1. d0-23-80
STA = 2% 10-23-80
CONSTANT CASE = 0.l 10=-23=-80
CONSTANT CASE =0.2 1n0-23-8°C
CONSTANT CASE i 10-24-80
CASE = &4 10-24=-8C

CONSTANT CASE = 5, 10-24-80
CONSTANT CASE S 6 10-27=8C
CONSTANT CASE =7, 10-27=-60
CONSTANT CASE = s 10=27=80.
CONSTANT CASE = 9, 10-27-80
CONSTANT CzSE = 1e1 11-19=£0
CONSTANT BCASE = g. p7-30-860
CONSTANT CASEA = 1, ——f¥=20=hT
CONSTANT CASEB = 2. 07-20-80
CONSTANT CASEC = 3. —07=20-8C
CONSTANT CASED = 4. 07-20-60
___CONSTANT CASES=s S. 0L =-p4 =80
CONSTANT CASEB= 6. 0e~-04~-p0
CONSTANT CASET= 7. 08-n04=-60
CONSTANT CASEB= 8, 08-04=80

T CASE® = 9, 89=11=£C

CONSTANT CASEILD = 10. 09=-18-80
CONSTANT CcaSFI11 = 11, 09=-19=80C
CONSTANT CASE1Z2 = 12. p9-22-80
CONSTANT CASEL3 = 13. PR 1 L kT Y o
CONSTANT CASEI4 = 14. 09=-23-860
_ CONSTANY CASE1S = 15, - ne-24-8C
CONSTANT CASE16 = 16 D9-24=-50
CONSTANT CASE17 = )7, 09-24-8C
CONSTANT CASE18 = 18. D9-24=-6C
CONSTANT CASE19 = 19, 24 N9=24=40
LONSTANT CASE20 = 20. 10-17-&0
CONSTANT CASE21 = 21. e W 10-17-8C
CONSTANT CASECC = 0.1 10-23-8C
CONSTANT CASEDD = p.2 AD-23-80
CONSTANT PCASELl = 1,1 11-19-80
CONSTANT LOOSE = +FALSEe S$°NO SLACK IN REAR TIEDOWNS® pD7-30-8C
CONSTANT MUPR= 0. S"ELIMINATE FRICTIONAL DAMPING® p7-20-80
CONSTANT XRPLO = ~]1,E-g $°*CHOCKS ARE TIGHT® MR ST B A B
CONSTANT XRPHI = 1l+E-6 $*CHDCKS ARE TIGHT® 07-23-8C
CASEA)GO YO I1 nl-20-80
IF(CASE.EG,CASEB)IGO TO 12 07-20-30C
IF(CASE+EwsCASEC)GO TO I3 07-20-6C
IF(CASE-EG-CASED!GO TO I& 07-20-8C
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IF (CASEC.EQ.ECASE)GO To 16 07-30-80
IF(CASE ,EG.CASES)G0 TC 17 . 08-0D4=-ED
IF(CASE.EQ.CASE6)GO TO 18 B8-04 =60
IF(CASE.EQ.CASET)IGO TO 19 _BB-04-8C

" IFICASE.EG.CASE&)G0 Tpo IlQ 0B-D4=-E0
IF (CASE ,EL.CASES)G0 TO 111 09-11-80
IF(CASE.EG.CASEL1D)}GO TO I12 D9-18-8C

IF (CASE.Eg«CASE11160 TO I13 B9-19=g"

g IF(CASE.EW.CASE12)60 T0O 114 09-22-80
IF (CASE.EQ.CASE13)60 TO I1l5 09-22=80
IF(CASE.EQ.CASE14)G0 TO I16 89~-23~80

IF (CASEEQ.CASE15)60 Tp 117 B9-24=80
IF({CASE ,EQ.CASE16)60 TO I18 D9-24-80C

IF (CASE.EQ.CASE17)60 TO I319 _D9-24-8p
IF(CASE.EQ.CASE1B)G0 70 120 09-24-860

IF ICASE+EQ.CASEL19)60 To I21 D9-24-80

IF (CASE ,EG.CASE20)60 10 I22 10-17-8n0
IF({CASE.EQ.CASE21)60 TO I23 10-17-80

IF (CASE .EU.CASECCIGO TO I24 10-23-80

IF (CASEEQeCASEDDIGO To 125 10-23-80

— IF(CASE.EG.PCASE]1)60 T0 126 11-19-50
60 TO IS _ D7-20-8C
T1..CONTINUE S *CASEA=CASE 1 - ITEM 3(A) IN SAFER BRIEF® 09-23-8C
WP = 2.%WP 87-31-80
KSILO = KSILO 07-20-8C
KSIHI = KS1HI 07-20-&0

KS 2T = KS271 07-20-80
cs21 z £52%Y 07-2p-80
KS3 = K53 07-20-80
KSBLO = KS4LO D7-20-80
KS4HI = KSHHI B7-20-6C

60 T0 IS 07-20-8C
12,,CONTINUE $°CASE B = CASE 2 - ITEM 3(B) IN SAFER BRIEF® 09=23=-80
WP = «5kWP 07-31-6C
KSILO = KSILO 07-20-80
KS1HI = KS1HI1 07-20-60
KS2T = KS2 D7-20-8BC
€s21 = CS2 87-20-60
KS3 = KS3 07-20-8C
KS4LO = KS4LO 07-20-8C
KS4HI = KSyHI D7-20-8C

60 10 IS 07-20-80
I3..CONTINUE 3°CASE C = CASE 3 - ITEM 3(C) IN SAFER BRIEF® D9-23-86C
WP = 2.%Np 07-31-80
KSI1LO = KS1LO*zZ. 07-20-8C
KSIHI = KS1HI*2, 07-20-6C
KS2T = KSZ2T%2, D7-20-8F
€s27 = £S27 07-20-80

KS3 = KS3=g, 07-20-60
KSU4LO = KSULO%2. 87-20-a0
KS4nI = KS4HI*2.0 07-20~-60

GO T0 IS 07-20-80
I4..CONTINUC S°*CASE D = CASE & - ITEM I(D) IN SAFER BRIEF® 09-23-80
WP = J52HP p7-31-6C
KSI1LO = KSILO%Q.5 B7-20-b0
____KSIHI = KSIHI*g.5 - S 87-20-50
Ks2T = KS2T#0.5 07-20=-8TC

IV-13



Cs521 = CsaT 07-20-¢eC

g MEX SO RSORLESI caa oo oL 07-20-8N0
KSULO0O = KS4yLO%g,5 p7-20-&0
KS4HI = KS4HI#D.5 i 0D7-20-80

G0 TO 15 08-12-6T
I€.,CONTINUE S°BCASE = BASE CASE" p09-23-8C
e L C L e P ==FOR ORIGINAL BASE CASE, REMOVE ALL BUT *07-30-80

- . e T *G0 70 I5%°* 07-30-560
WP = WP 07-31-80
KSI1LO = KSI1LO = S .RAT=30=80
KS1HI = KS1HI 07-30-80

KS2T = KsS27 07-3p-80

€s2T =G SDT D7-30-40
Ks3 = Ks3 07-30-80_
KSULO = KSH4LO 87-30-8C

e KSU4pY = KS4HI — 07-3n-8r
GO T0 Ig 07-30-80
I7..CONTINUE $'CASE 5 = ITEM 3¢G) IN SpFER BRIEF® Ne-n4-&0
WP =z WP 88-04=8D
___KSILO_ = KS1LO®2. - 0€-04-8¢
KSIHI = KS1HI*2, 0B8-D4=-BD

Lo KS2T. = KS2Y _ . _88-04-80
€s21 = Csav 68-04-8C

e KS3 = KS3 08-nl-80
KSyLO = KSyLO»2, DE=-D4~-6C
KSHHI = KS4HI*2Z, e e X _DE-=C4=80
60 10 IS ge-04-80

_ Ib+«CONTINUE S°CASE &6 - ITEM 3(H) IN SAFER BRIEF" ___ B8-04a=-80
WP = WP 08-D4~80
KSILO = KS1LO%*Qd.5 DB8-D4=-8°T
KS1HI = KS1HI*p,5 pDE=-D4=-80

KSs21 = KS2T 08-D4~-80

c527 = CS27 0B-p4=-6D

KS13 = KS3 08-D4-=8C
KS4L0 = KSH4LO=p,5 pé-p4-80
KSUHI = KSUHI#*O.5 08-04=-5C

60 TO 15 08-pU4-EC

IS5+, CONTINUE S'CASE 7 - ITEM 3(f) IN SAFER BRIEF" DB8-D4~-8C
WP = WP 08-04-8C

. KS1to = KSiLo. .. s _B8-p4=-80
KS1HI = KSI1HI 08-D4-8&T

KS2T = KS2T*2, 08-n4=-60

£S2T = G327 DB-D4k=-&0

KS3 = KS3x2, e n8=-n4=80
KSHULO = KSHLO 8e-04-80
KS4HT = KSHHI portaner D8-py-8C

60 TO I 08-D4-8C
11G«sCONTINUE 4*"CASE B8 -~ ITEM 3(F) IN SpFER gRIfFf"* A8-p4=-60Q
WP ST 08 -04-80
KSILO = KSILO e e 08-04=-8C
KS1IHI = KS3HI p&-04-8C

— et KiETaY = KS52T%.5 o e — — . RR=0N-R[
€sS21 = Csa7 08-0D4-8D0D

KS3 = KS3%.5 0E-04-8C
KS4LO = KSu4LO D8-D4-80

___ _KSHHI = KSHHI & B8-04~-80
GO TO 15 D8-p4-6C
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111..CONTINUE s*CcASE 9 - ITEM 30I) IN SAFER BRIEF® D9-11-60
nr WP = P __ b - p2-11-8C
KSIED = KSILD 09-11-8&0
KS1HI = KSI1HI - 09-11=-8C_

Ks2T = ks2T 09-11-8r(

cs21 = £SO 09-11-80

KS3 = KS3 09-11-860
SUMKSY = KS2T + KS3 09-11-80C

KS2T = KkS2T*0.5 09-11-80

KS3 = SUMKSY = KS2T P 09-11-60_
KS4LO0 = RKSHLO £9-11-80C
KS4HI = KS4HI 09=-11=-8C

GO0 10 15 B9-11-80
112.,CONTINUE S'CASE 10 = ITEM 3(J) OF SAFER BRIEF® p9-18-8C
WP = WP B9-18-80
KSI1LO = KSILO . 09-18-87
KSIHI = KS1HI 09-18-&0

KS2T = Kgs21 p9-18-8p

€s2T1 = CS271 09-18-6C
KS3 = KS3 o 09-18-6C
SUMKSY = KS2T + KS3 09-18-80C

e by 3 IOSTS = kS3%0.5 et 09-18-8¢C_
KS27 = SUMKSY - KS3 09-18-8r
KSU4LO = KSHLOD 09~-18=-4a0
KS4HI = KSUHI 09-18-80

g G0 TO IS e W Tl 9-18=-8(
113. CONTINUE $*CASE)1]1 - ITEM 3(K) OF SAFER BRJIEF"® 09-19-80
' mmmeeereeemceemcee—em===FRONT TD ATTACHMENT POINT ON CAR LOCATED *D9-19-8C
y OVER CAR CG AND DIRECTLY UNDER FRONT "g9-19-8"

’ ATTACHMENT POINT ON CASK. *p9=-19=6C
WP = uP 09-19=-80
KSILO = KSILO 09-19-80
KS1HI = KSI1HI 09-19-&6C
oKV = KS2F 09-19-8¢C
£s2T1 = CR2T 09-19=-&0

KS3 = _KS3 £9-19-80_
KSU4LO = KSH4LO 09-19-8T

_____ KS4HI = KSH4H1l _ et 09-19-89
LCTOT = LCF + LCR n9-19-80

3 LCF__ = C. et e e = 89-19-50_
B e L R T of 09-19~-80
GO 10 15 09-19-80
I14..CONTINUL s°CASE 12 - ITEM 3(0) OF SAFER BRIEF® 09-22-80
Wp ... = WP L 3 _D9-22-80.
KSILO = KS1LO D9=22-8[
,_KSIHI = KS)HI 5 Fors 09-22-8°
KS2T = KS2T 89-22-80

€s271 = C527 - 89-22-8T

KS3 = KS3 09-22-8¢C
KSU4LO = KSyLGC 9 IR 09=22-80
KSUHI = KSUHI 09-22-80

anp EPR = _LPR%l.5 o it L Es e 09-22-80
LPF = LPF*1.5 D9-22-8¢

LOCR = =45, S°*BASE CASF VALUE OF JOCR® 09-23-80

Ve —————— ——————— WHLN *9=-19=6C
a2 o, B _w__chn i e CASK CG AET OF CAR-C6 oo« - *'09-19-8C
» LOCR = O CASK CENTEREG FORE AND AFT *p9-19-60
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LOCR = - ¢ASK CG FORWAREC OF CAR €6 *‘09-19-47
6O TO 1eA e -5 _D9=23=-6C.
I15.«CONTINUE $°CASE 13 - ITEM 3(P) OF SAFER BRIEF"® p9=-22-8C
WP = WP 09=22=bC.
KS1LO = KS1LO n9-22-860
KSIHI = KSIHI p9=-22=-80

Ks2T = KS2T B9-22-8C

CS2T I 5 £ n9=22=5C

KS3 = RS53 p9-22-80
KSH4L0 = KS4LO 0e=-22=a0
KS4HT = KSH4HI p9-22-8¢C
LPR = LPR¥1.5 n9-22-60

LPF = LPF#%1,5 09-22-80
SUMLC = LCR +* LCF 09=-22-80.
SUMLP = | PR + .pF 09-22-8C

LCF = SUMLC/2,. 09=22=-a0

LCR = LCP 89-22-80

- RKOCR ___=. (s $°SAME AS LCR-ICF, JEL.CASK CENIFRFD 09=-23-40
*FORE AND AFT ON THE RAIL CAR *09-22-60

GO 7O IbA 09-23-8p
I16.+CONTINUE S°*CASE 14 = ITEM 3(Q) IN SAFFR BRIEF"® 09-23=-60C
WP = WP 09=-23=-80C
KSILO = KSILO 09-23-80
KS1HI = KS1HI 09-23-5C

KS2T = KS2T 09-23=60
€521 = £S27 09-23-6C

KS3 = KS3 89-23-80
KSULD = KSHLOQ N9=23=8C_
KS4HI = KSHHI 09-23=-81

LPR = LPR 0e=-23=-A0.

LPF = LPF 09-23-60

rdd = ZP%1.5 09-23-80

60 10 IS5 09=-23=-450

WE $S*CASE 15 - ITEM 3(R) OF SAFER BRIEF"® 09-24=-80

ZP = 2p*0.75 09-24=60C

GO 10 15 09=-24=-g°C
116+«CONTINUE $*CASE 16 = ITEM 3(S) OF SAFER BRIEF® D9-24=-80
LOCR = 0 09=24=-50C.
KS1LO = RSiLg*2. 09-24=6r
KSIHI = KS]MI%2, R9-24-8C
KS4HI = KS4HI=2, p9-24-80

— KS4L0 <= KSHLO%Z2. 09-24=5T
60 TO I6A S*IF LOCR SET HERE® & 09-24=61
116.,CONTINUE S*CASE 17 - ITEM 3(T) OF SAFER BRIEF" ne-24=6C
KSILO = KSILO*G.5 0D9-24=50
KS1HI = KS1HI*0.5 09=24=6C_
KS4HI = KSyHI*QD.5 09-24-8C
KSHLO = KS4LOxg,>S 0%-24-80

LOCR =0 09-24=a0

GO TO JbA S°"IF LOCR SET HERE"® 09-24=-8¢C

120, .CONTINUE $°CASE 18 - ITEM 3(L) OF SAFER BRIEF"® B9-24-80
Sermremeeerm—n—— ssmese=m=GASE CASE, EXCEPT (CF=LPF o __B9=24-80
X THIS IS THE SAME AS LOCR=C. D9-24-8C
’ CASK CENTERFED FORE AND AFT ON RAIL CAR® B9-24-80
LCTOT = LCF + LCR 09-24-50

LCF s LUBE ST W b 14 09-24=-80

LCR = LCTOT - LCF n9-24-80C
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GO TO IS D9-24=-80N
121+sCONTINUE $'CASE 19 - ITEM 2(N) OF SAFER BRIEF® D9-24=80
H e BASE CASE , EXCEPT LCR = C.° D9-24=6C
v REAR TD ATTACHMENT POINT ON CAR LOCATED® D9-24-8D
¥ OVER CAR CG AND DIRECTLY UNDER REAR® 09-24-8C
’ ATTACHMENT POINT ON CASK."* 09-24=50
' CASK LOCATED FORWARD OF CAR CGa' 09-24=-b0
LCTOT = LCF + LCR 09-24-80

LCR = G 09-24-50

LCF = LCTOT - LCR D9-24-80

60 10 15 09-24=-80
i22,,CONTINUE $°CASE 20 - POSSIBLE ALT JITEM 3(C)°* 1C-17-80
WP = WP%2. 10-17-80
KSILO = KSILD * 2, 10-17-80
KSIHI = KSIHI * 2. 10-17-80
KS2T = KSeT. ®v, 10-17-80 _

Cs2T = cs271 10-17-8C

KS3 = KS3 %2, 1C-17-80
KS4L0 = KSyLO *= 2, 10-17-8C
KSUHI = KSUHI = 2. 10-17=-8C

MKS = MKS = 2, 10=-17=6T

MK8 = MKB * 2, 10-17-80

K& K6 » 2, 10-17-80

K7 = K7 » 2. 10-17-80

60 10 IS 10-17=6C
123..CONTINUEL S°CASE 21 =- POSSIBLE ALT ITEM 3(D)* 10-17-8C
WP = WP*,5 iC-17-80
KSILO = KSILC % .5 10-17-87
KSIHI = nS1HI * .5 10-17-8D
KS2T = KS2T % .5 10-17-80

€s271 = CS27 10-17-80

KS 3 = KS3 %.5 10-17-8C
KS4L0 = KSuaLo * .5 10-17-6C
KS4HI = KSYHI * .5 10-17-80

MKS = HKS » .5 10-17-60

MK 8 = MKB % .5 40=-17=-8¢

Ké = Kb * .5 10-17-80

K7 & K7 % o8 v 10-17-80

GO TO 15 10-17-80
I24+.CONTINUE S°CASECC = CASEC IN REPORT® 10-23-80
WP "= WP 10-23-80
KSILO = KS1LO* 2. 10-23-6"
KSIHI = KS1H1® 2, l0-23-8C

Ks2T = KS2T#2. 10-23-80

cseft =iCSZY 10-23-o0

. KS3 = KS3n2, 10-23-8C
KSULO0 = KSHLO*2. 10-23-280
KSUHI = KSUHI*2. 10=-23-8C

60 TO IS5 10~-23-8C
125..CONTINUE §°CASEDD = CASED IN REPORT® 10-23-6C
. WP = WP 10-23-8C
KS1LO = KSILO* .5 e 10-23-850
KSIHT = KSIHI* .% 10-23-60

KS2T = KS2T#,5 dC=-23=6T
CsaT = CSAT 10=-23=80
1251 K83 = KS3Ie.S 10- 3-¢C
KSULO0 = KS4LO0*.5 10-23-80
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KS4HI = KS4HI*.5 10-23=6"7
. GO T0 Is e e ey _1e=-23-8C
T T126..CONTINUE $°PCASE]=PRELIMINARY CASE1l OR TRANC® 11-19-8C
_______ _LOOSE = .TRUE. $*SLACK IN REAR TIEDOWNS® 11-19-5C
EXPFRC = .TRUE. $'07-30-81"°
CABLES = .FALSE. $*06-30-81"
WTF = 1.35E4 s$'p7-p8-81°"
" WTR = 1.35EM $*07-08-81" L
XRPLO = -D.D&2S 11-19-8n
T & XRPHI = 625 11-19-80
MUPR = 0.58 11-19-8C
'mmpmee———erme——e-==rWP THRU KS4HI THE SAME AS BCASE® 11-19-8C
60 10 IS 11-19-80
I15.sCONTINUE S*END OF CASE SELECTION® » _B7-20-80D
LOCR = LPF = LCF 09-19-50
16A..CONTINUE S*END OF CASE SELECTION® 09-23-8C
?eeemeemeeepr~==END OF CASE SELECTION® 07-23-80
G0 0 ITI 0%-10-81
IT10..CONTINUE 03-1D=-81
R o ix TN 1o 110 5 83-10-81
T11..CONTINUE
________ GO TO ITT bt
IT13..CONTINUE $°'05-22-81"
GO TO ITT
ITT2=CONTINUE 03-10-61
HRCP = ZRC#ZP S*DISTANCE BETWEEN CASK AND RC CGS® D3-28-80
TR~ F MP = wp/G
__MRC = WRC/6 =
MTR = WTR/6
MTF = WIF/6
MF = WF7r 6
MF2 = WF2/6
MF 3 = WF3/C
MF 4 = WF4/6 =
WXTR = mTR*WRC/2.+(LRC*LOCR)I*WP/ (2.8 RC?
MXTF = WIF+wRC/2.+(LRC-LOCR)*WP/(2.%LRC) >
RR = (LRC*WRC*(LRC*LOCR)*WP)/(2+%LRC)
RF = (LRC*WRC*+({LRC-LOCR)*WP)/{2.%LRC) o
YRC56I = Qe
St R NRETBE =M o - R S
YRCI = (YRCS56I+YRC78I)/2.
THRCI = (YRCe6I-YRCI)/LRC
YRC12I = YRCI+LCR*THRCI
LA YP12] - yRC12] e
YRC34] = YRCI = LCF%THRCI
L _YPZI4I = YRC34I — -
THPL = THRCI
YPI = YRCI-LOCR®*THRCI
*~===TNITIALIZE FOR MODEL VALIDATION USING THEILS INEQUALITY COEFFS® 11-29=7¢9
LB NZ0 J * 11-29-79
s13 =N 11-29-79
ol S AN = Oa — e 11=29=7%
§53 = O 12-11-79
S54 = Do 11-29-79
$55 25 11-29-79
Lae o I8 FOSH = 0 11-29=-179
s61 ="fre 12-11-179
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S13X = g 11-29-179
- SR I S e L LR S 11-29-79
$534 = Ue 12-11-1719
B S54x = UO. -y 'y 11-29=17°
$55X = G 11-29-7¢9
560X = G 11 =29=]6
SblXx = Lo 12-11-79
S013 = 0. 11-29-79
sD14 = G 11-29-79
SpS3 = D. e 12-11-79
SO 54 = Co d1=29~=10
SDS55 = D 11-29-79
sLed = 0. 11=-29~-79
SD61 = U. 12-11-79
SR13 = G D4~14=-8GC
SR14 =G g D4=-14-80
SRS3 = Go BY4=-14-50
SRS54 = 0. O4-14-80
SR6Q = G D4=14-80
. SRe1 T o 84-14-8C
SR13X = 0. O4-16-8C
. _SR14X = O. — e i DA RlE=ED
SRS3X = (. 04-16-80
SRE4X. = 0. 04-16-80
SR6UX = D. O4-16-8C
e SRELX = G S5 04-16-b"
SYRA3 = oo D4-Ccy-8C
___ SYRl4 - C. 9 O4-04=8C
SVR53 = [ f4~-0D4~-8C
SVR54 = Q. 0D4-04=80
SVReD = p. D4-04~-81N
SVR61 = Q. Y __Bu-D4-80
SVR13X = 0. D4=-16=-8C
SVR14X = U, B4-16-8F
SVRS53X = Q. Ba-16-80
SVRS54X = U. B4-16-80
SVReOX = C. 0a-16-80
RSN )R B e e S .. D4=16-8C
NN =0 Ca-11-80
_.-==-CALCN OF LEFLECTIONS bY AREA-MOMENT FOR EACH MASS APPLIED ONE ATees _ _
A TIME®
JHCE = Ds6T*WUTHRC*ZRC* %3 S "AREA MOI OF ELUIV RC BEAM® r
"TTTBBI = LRC-LOCR-LP S5eS
s cC1 = LRC+LOCR+LP e e N
LL1 = 2+%LRC '
e AR e RERESLOCRELP. e _—— o s
X31 = LRC
D11 = ((CC1*BB1/LL1)*%2) /(3. %F%T)
D21 = BBIaLL1-X21)%(CCl(LLI+BE)- L.
= (LAL1=X21)%%2) /(6 . #E*I¥LL1) ITESUN e
Dz = bPI1#(LL1-XZ1)%(CcCl®(LL14BB1) =t L 1-X31)%%2)/ ...
I S8 i SISy |y, 1 2 2 €11 N ) e e N R S e R e
Bb2 = LFC=LOCR*LP
cce = LRC+ OCR=-Lp Wt
LL2? = 2 .#LRC
S oXY2 5 LPE=LOCR=LP =5 e S =
X32 = LRC
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Diz C2%X12*(BB2*(LL2+CC2)-X12%%22 )/ (6*%Ex1%LL2)

D22 = {lCC;gﬂﬁzlLLZJttzl[tJ.!L!‘I Ul
D32 = lCCZtXSZ*(EB?*ILL;fCCZI*x32**21]I(6.t£t]tLL2!
it e, W 3 = LRBC i

cc3 = LRC

L3 = 2.% RC

X13 = LPC=LOCR-LP

X23 = LRC-1LOCR+LP

D13 = (CC3#X13*(BB3*(LL3*CC3)-x13*%2))/(bnExI%LL3)

D23 = bBaw([L2=-X23)*(CCIx(LL3I+pRIN=(LL3I=X23)%B2)/ ...
(6o%ExI%LL3)

D33 = ((CC3*RB2 /L L 3)w%2)/(F.%FFr]1)

DMA = D31*D12%D23+D21#*D32*pl3+p11%p22#D33~-D11%032%D23~ o0

G12+C21%D33-D31+«D22%0]13

'====CALCN OF SPRING CONSTANTS FOR BENDING OF RAIL CAR:®

K11 = (Dz22#*D33-D32*n23)/NDMA
K12 = (D32=D13-D12#*D33)/DMA
K21 = K12 $°By MAXWFLL RECIPROCAL THEOREHM®
K31 = (D21#*D32-D22*%D31)/DMA
K13 = K3} S'BY MaXwplL RECTPROCA; THEOREM®
K22 = (D11*D33-D13%D31)/DMA
K23 = (D21%D13-D11%D23)/DMA - A . e W
K32 = K23 $°BY MAXWELL RECIPROCAL THEOQOREM®
K33 = (D)1%D22-D312%D21)/0MA
KF 1 = ((LRC-LOCR=LP)%K11-(LRC-LOCR+LP)#*K21+LRC*K31)/(2.%LRC)
KR 1 = ((LOCR+LP)*K11-(10CR-LP)*K21-LRC*KE1)/LRC " AN
KF 2 = ((LRC=LOCR=LP)*K12=-(LRC-LOCR+LP)*K22+¢LRC*K32)/(2.*LRC)
KR2 = (U OCR*IP#K12-(LOCR=LP)*K22-LRCe«KF2) sLRC
KF 3 = ((LRC-LOCR=LPI*K13-=(LRC-LOCR*LP)I*K23 +LRC*K33)/(2+%LRC)
KR 32 = (12  #PeK13¢(LOCR=-LP)*KI3-{LOCR=LP*L RCI*KF3))}/anas
(LRC=LOCR=LP)
K11 = K11 = BENDSW
K12 = K1z * BENDSW
K21 = K21 = BENDSW
K31 = K31 * BENDSW
K13 = K13 = HENDSK
K22 = n22 ® BENDSW
K23 = K23 * BENDSW el
K32 = K32 = BENDSW
K33 = K2X3 » BENDSW | .}
KF1 = KF1 * BENDSW
KR 1 = KRl * BENDSHW
KF2 = KF2 * BENDSW
KR 2 = KRZ * BENDSW
KF3 = KF3 = BENDSW
KR3 = KR3 = BENDSH .
END $3'OF INITIAL?'
DYNAMIC
CINT = CIZONE(ZONE) 01-24~-80
DERIVATIVE
Vmmemmm e ———e = mmee===-=--COMPUTE ZONE FOR CINT®* p4-30-8C
P RGCED AL R N e SO 01-24=8C
IF(T«LT.TLO) ZONEZ) £l1-24-80C
IFIT4CT«THI) ZONE=3 01-24-80
_LND i'QF PROCEDURAL ' 5. B 01=24=6C
——————— -——‘*-“HECRO FOR SIGNUM OR SIGN FUNCTION *D4=-30-80D
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KACFu LGNFLRyA)

PROCEDUR AL

(R=4p)

EtA T ETahs) (R =1

TP tAsEqels ) R= =1. _8-15-79
IF(A.GT+Cs) R= *1.
END $°OF PROCEDURAL®
MACRO END
e --PRCCEDURAL TO SELECT TEST DATA® D3-1p-81
PROCEDURAL LDUSLFX»DUSX4yD2XRCXsD2XPX,D2P12X yDZP34X 3 D2R 1 2Xou2R12T 5 s s« D3-10-81
DzR56X,H2CPLX,D2CPLT=TXLF, TXCF) 03-10-81
IFITEST ,EG.3,)60 T0 A 03-10-81
IF(TESTWEWs10.)60 TO B 03-10-81
IF(TEST.EG.11.)G0 TO C
IF(TEST.EL.13.)60 T0 p
GO TO TFIN 03-10-81
)y Ae o CONTINUE p2-1p-81
DUSLFX = DUSLFF(TXLF)
DUSX4 = DUSF(TXCF) s'g4-p7-81"*
D2XRCX = UZXPCFITXCF) $'04-07-81"°
D2XPX = DZXPF(TXCF) $°04-07-81°
DZP12X = DZP1ZF(TXCF) $°04-07-8B1"
D2P34x = D2P34F (TXCF)*POL61 03-10-81
DZR12X = U2R12F (TXCF )*PAYR12 03-10-8}
* A D2R12T = D2R12G(TXCF)®PAYR12 D3-10-61
D2R56X = D2RS6F (TXCF )*PAYRS6 D3-10-81
D2CPLX = D2CPLF(TXCF)&PAYCPL e D3-10-81
D2CPLT = 2CPLGUTXCF )*PAYCPL 03-10-561
60 TO TFIN 03-10-6E1
BaseCONTINUE DX-10-81
DUSLFX = T10I27(TXLF)#*P10I27 + T1QI28(TXLF)*P10I28
DUSX4 = TI10I3(TXCF)#*PlDI3 $°04-07-81" 03-10-81
D2XRCX = T10I12(TXCF)I*P10112 $*'04-07-81" 03-1p-81
D2XPX = TIDIB(TXCF)#PIDI& $'04-07-81"° D3-10-61
D2P12X = TIGI11(TXCF)*PlDI11 $°04-07-81"
D2P34X = TIDIG(TXCFI*P1019 D2-10-b1
D2R12X = TOIIM4F {(TXCF)=PAYR]2 p3-1g=-81
D2R12T = TOI14G(TXCF)®PAYR12 B3-10-o1
D2RS6X = T10T122(TXCT)*»p1pgl22 03-10-861
DZCPLX = TI10I6F(TXCF)I#PAYCPL DT¥-10-81
D2CPLT = T10I16G(TXCF)*PAYCPL 03-10-61
GO TO TFIN 03-10-»s1
LesCONFINUE
DUSLFX = TI1I2T(TXLF)*P11I27 + T11128¢TXLF)*P11128
DUSX4 = TI11I3(TXCF)*pP11I3 $*04-09-81"
D2XRCX = T11112(TXCF)#P11112 $'04-09-81"
3 D2XPX = T11I6(TXCF)*P1118 __S*pDu~po=gy% =
DZP12X = T11I11(TXCF)I#P11111 $°C4-09-81°
60 TO0 TFIN
GeeCONTINUE
DUSLFX = T13I27(TXLF)#P13]127
DUSX4 = TIZIS(TXCFI*P1313
D2XRCX = TI13IT(TXCFI*P13T7 = -
T BEXREY = TIAIlZiTXCEIsPIzIiZ T " 1
D2XPX = TI13I&(TXCF)»P1316
D2P12X = T13I11(TXCF)*P}3111
- DiP34X = TI13I9(TXCF)I*P1319
= GO T0 TFIN s i
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TFINe« CONTINUE 03-1D-81
END_$°*CF PROCECURAL TO SELECT TEST DATA® 03-10=-81
V-e—e-e=ec—e=—==-=-PROCEDURAL TO CALCULATE KSIHI TO KS4LO® 0D3-25-81
_PROCEDURAL (KS1HI, KSUH],KS1LO,KS4LO = XRPRC) 03-25-51_
IF(TEST.EQ.3.)60 TO TTFN D3-25-81
IF(TESI.EG-.IU..OR.TEST.EO.ll.IGO TO BB
IF(TEST«EGa13.2G0 TO TTFN
60 TO0 TIFN _D3-25-g1
Bbe«s CONTINUE p3-25-81
KSIHI = BOUND(CKS1LO,CKS1HI,KS1HF (XRPRC)) _03-25-61_
KSU4HI = BOUND(CKSYLOCKSHUHI 9KS1HF (XRPPC})) g3-25-81
KSILO = CKS1LO D3-25-81
KSHLO = CKS4LO 03-25-61
GO TO TTFMN 0D3-25-81
TTFine ,CONTINUE B3-25-51
_END $°0F PROCEDURAL 03=25=81
"~EQUATIONS OF MOTION, INTEGRATIONS: AND SUPPORTING EQUATIONS *04~-30-80
PROCEDURAL (YRC56,YRC78,KS6,KST=YRC ,THRC,DYRC56,DYRCT8)
Ve=e==—o—w=e==-<PROCEDURAL FOR CALCULATION OF SPRINGE CONSTANTS OF °*0O4-30-b&0
¥ SUSPENSION SYSTEM, AND DISPLACEMENTS OF RAIL CAR '"g4-30-80C
» SUPPQRT POINTS WITH BOTTOMING OF SPRINGS *04-3g=6r
By IF(T,LE.C.) GO TO D5 o
IF (YRCS6.LE.YRCMAX) GO T0 D1
Yemmeeresmesmessnenes===sfRL506«LE-YRCHAX, NOY BOTTOMED *‘05=-D)=3C
MuUDé = RSW(DYRCS56.6GE.D0.,MUDBE yMUDEC) 9=-10-79
BETAg = RSK(DYRCS56¢GE«C«,BETAGEBETAGC) e e ey Y
KS6 = Kb6%(1.-MUD6*BETA6%SGNF (DYRCSg1)) 01-07-80
YRC56 = YRC+LRC*THRC . L
60 TO0 D3
D5+« CONTINUE $°IF T.LE.D."
MUD6 = RSW(DYRCS56«6E«DsMUDGE ;MUDEC) 9=-10-79
BETA6 = RSWMIDYRCS56«GE«0O+«3BETAGEBETAEC) __B1=-0T7=-gC
KSg = Ke*{l.~-MUDG*BETAO®SGNF (DYRC56)) 01-C7=80
MUD7 = RSw(UYRC784GE,0, ,YUDTE,MUD7C) _9-10-79__
BETAT = RSh(DYRCT7B+GE«D«sBETATEWBETATC) 81-07-8C
KS7T = K7#(1.-MUD7*BETAT*SGNF EDYRCTB)) p1-p7-8C
YRC56 = s
___ __YRCT8 = _ G Sl e e
60 T0 D4 $°G0 To END®
. D3 .CONTIMUE _ I . 1 s Bl s -
IF(YRC'?B-LE-YRCHlxl 60 T0 D2
' mm—mmmm———e— e ————————YRC78.GT.YRCMAX, NOT BOTTOMED *PE=01-£C
MuDpRT = RSMUDYRC78+GE«D«s+MUDTEsMUDTC) 9-10-79
el BETAT = RSWIDYRC7B,GE.QssBETATE«BETATC) _01-07-80
KST = K7%(le=MUDT*BETAT#SGNF (DYRC781)) 0D1-07=-80
= YRC78 = YpC-LIC*THRC Lo —
60 TO D $* O TO END®
D1.sCONTINUE $°"(IF YRCsg LE  YRCMAX,gOTTOMFQ) *
Ksb = KSG6INF
YRCS56 = YRC+| RC*THRC — = o
60 T0 Dz
D2+« CONTINUE ek e
KS7 = KSTINF
e YRC78 = YRC-LRCx*THRC =
GO TO0 D4
—pe D4« CONTINUE ey i

END $°0OF PROCEDURAL®
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‘-===-=-=--CASK OR PACKAGE *g4-30-80
' emem--m==-==--FQUATION OF MOTION (HORJZONTA|{ ACCLLERATION) '058-15=38°7_

N2 xP = l-DUSl DUSHODJSI4DiSH+UHP1*DHPHIIHP
't DUSI = =Kgl¥((XRC+ZKC*THRCI=(XP-ZP*THP))
DUSy Z =KSu*{(XRC*ZRC*THRC ) ={XP=Zp*THp))
DUSLF = DUS1 + DUSH 7-17-79
TXLF = T + TLAGLF 7-19-79
DuS1 = CS1*((DXRC+ZRC*DTHRC)=(DXP=7P*DTHPJ) Y
DwSH4 = CSqt(lDXRC*ZRC*DTHRC) (DXP=ZP*LTHP))
_DWPl = =PUPR*WP1%*SGNF (DXRPRC) =
DuP4 = =MUPR*uPuUxSGNF (DXRPRC)
' ommecoceeaee-=FQUATION OF 4OTION (VERTICAL ACCELERATION) *05-15-6C
D2YP = (~Dus2-DusS3 +DdS2+DWS 3)/MP
Dys2 = =KS2#((YRC*LCR*THRC)=(YP+LPR*THP))
ODus3 = =KS3I*((YRC-LCF*THRC)=(YP-LPF®THP))
'ememecemcepeccecemeee===VERTICAL TIEDOWN AT FAR END INCLUDES A *05-15-80
v - RUBBER GASKET UNDER cOLLAR, AND THERE *05-15-&0
- 1S APPARENT SLACK IN TIEDOWN STRUCTURE, °*DE-15-57
. SO KS2 AND CS2 CALCULATED USING BOUNDED *pS5-15-&C
. - TABLE FUNCTJIONS. __'0DS=15=g0
KS2 = RSk(LOOSE ,BOUND( KS2L,KS2H,KS2F (DLTY 12)),KS2T) 87-02-80
__.___._Eidl.__:_E§E1LQQ§EJ§£Hﬂ91_Cigk;§§2H CS2F(DLTY12)1,CS527) we.BT1=02-80
Ve mmemcmm e e me e —mmm e == =k S2T AND Cs2T ARE COMPUTED IN INITIAL *07-C2-6C
DLTv12 = YP12 - YRC12 pD4-30-8C
M et b Ll b e *US=15=&(
e oA DIWE S M TARers, T AN F A e A :
DnS2 = CS2*((DYRC*LCR*DTHRC )=(DYP+LPR2DTHP) )
DWS3 = CS3#((DYRC-LCF#DTHRC )~ (DYP-LPF*DTHP) ) Ty Nl T I
DXRPRC = DXP~-DXRC
WPl = WP/2. |
WPHY = wPs2.
T N e otttk S FREQUENCIES *05-28-8C
OMY12 = S5QITI(KS2/HP) 05-2g8-8C
_OMY34 = SORT(KS3/MP) .1 05-28=-EC
e e e e mm———-— *p5-28-860
DY12 = _YPl2 - YRC1Z ) 3 - _D5=-28-6C_
D) Y12 = LYPl2 - OYRC12 05-28-60
02DY12 = DL2YP12 = D2YR1Z £ (Vaed . yrg iy v LNERIRERE
DY 34 = YP34 - YRC3W 85-28-60
i RPN S DYRSE 8 DYREEE i s s e ks s e SN S E)
D20Y34 = p2YP34 - D2YR34 D5-28-60
'ememeem=-====~PROCEDURAL TO CALCULATE KS1 AND KS4 __*Du-30-81
“PPOCLDURAL(KSI ,KSU,MP,HRC=XRPRC, DXRPRC) $'06-26-81"
IF (XRPRC. sr.u..mn.xnpgc.u.xnpun B A 0 L S ___a 01-79 _
T W IF (XRPRC.GE-XRPHI) 60 TO 20 8-01-79
___ IF(XRPRC.EQ.D0.) GO T0 30 S S s B=ATI=TO
IF (XRPRCeGTeXRPLO ,AND ,XRPRC.LTo0s) GO TO 4D 8-p01-79
'm-==mmm——em—==]F YRPRCsLE«XRPLO, CASK MOVES TO REAR® 89-16-860_
XKS1 = D, 8-p1-79
KS1 = 0. % KSIHT S*CABLES SLACKy BUT CONJACTS CHOCKS® D9-16-8C
MK Sl = RSW(XRPRC+GT ,XRPLO,AND ,XRPRC.LT.XRPHI uss
_____ ____ANDs nggRC.LI.O--HKSlF De) $°06-25-81" il
MKS} = RShIpXRPRCeLTeOs oANDeCABLESyMKS1F4Ds) $°06-29-81"
XS 1 = KSl%(le + MKS1%SGNF (DXRPRC)) $°06-25-61" Y ls
£S5l = £S1 09=-17-2r
. KS% = KS4LO + KS4HI S+CABLES TAUT, AND CONTACIS CHOCKS®  ©9-16=5C_
) MK SHY = RSH(XRPRC E\:o‘RPLO.‘ND.xRPRC-LT.XRPHI...-
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AND«CXRPRCoL VoD o sMKS4F30s) $*06-25-81"

_MKSH = RSwiDXRPRC,LTsDesAND.CABLES ,MKS4F,0.) _ _S$*0Dp-29-8B1"
KSs4 = KS4wll. * MKSU®SGNF (DXRPRT)) $'06-25-81"*

SRS S <y SO0 L~ <. L . N9=17-80
MP = wPx(1.-FRMP) /G 8-28-T79
MRC = IWEC+*WP*FEMPI/G A=-2R-79
GO T0 50 8-01-79

—1C+»CONTINUE $°CASK MOWFS TOwARD FRONT OF CAR"® N9-16=-8C
KS1 KSILO S®CABLES TAUT, BUT ND CONTACT WITH CHOCKS® 09-16=-6C

AND«DXRPRCoLToD o ,MKS1F,0s) $506-25-81"

MKS1 = ROW(DXRPRC A} Tula s ANDCAFL FSosMKSIFoNa)  $°06-29-81°*
KS1 = KS1%(). *+ MKS1#*SGNF (DXRPRCJ) $*06-25-81"
€Sl = 05y 09-17=-8C
IFIIEST-EQ.10.-0R.TEST.E0.11.)SO TO Al1ODA $'03-30-81"°
KS4 = 0 S'CABLES SLACKe AND NO CONTACT WITH CHOCKS® 09-16=-8°C
MK S4 = RSW(XRPRC 46T oXRPLO s AND oXRPRCoLTaXRPHIesss
AND<DXRPRCal Tola MKSUF,0.1  S'0p5-28-81%
MK Sy = RSe{DXR>RCeLTelesANDCABLES MKSUF ;04 $*06-29-81"
KSy = KSy%®(le. ¢ MKSU®SGNF (DXRPRC)) = S$°pp-25-81° P
CSu = Do 09-17-8C
GO 10 A10B $°03-3C0-81" 5 —
AlOA««CONTINUE $'03-3p-81"
KS4 = KS4LOQ i F
CS4 = CS4
GO 7O AlCH
AlOE««CONTINUE
MP = WP/G B8-28-7%9
MRC = mRC/6 8-28~-79
60 TO sQ0 B=-1-79
20.,CONTINUE $°*CASK MOVES TOwARp FRONT OF CAR® 09=-16-60
= o UT, AND CONTACIS CHOCKS®  B89-16-8C
MKS] = RSH‘DxRPRC-LT.D.ol“D.C‘BLES|HKSIF'OO} $*'06-29=-81"
KS1 = KS1#%(]l, ¢ MKSI*SENg (OXRPRCI) $°0h=-25-R1"
cs1 = CS3 09-17-80
IF(TEST+ECellasORTESTaEQa1121G0 T0 A2DA £°r3-30-81"*
KSu = 0e¢ * KSHHI S"CABLES SLACK,; BUT CONTACTS CHOCKS® BD9-16=-6T
MKSH = RSW(DXRPRCoLTeDos oAND CABLES MKSUF 401}  _S$°06-29-81"°
Ksu = KS4x(le ¢ MKSU®SGNF (DXRPRTI) $"D6-25-81"
csShy = €S4 . 09=171=60
GO TO AzpB
l‘nﬁoocgulzﬂuﬁ
KS4 = KRSULO ¢ KSHHI
cs4 = CSH
GO TO A20B $*C3-30-81"
_h20E«sCONTINUE
MP = wPx(1.-FRMP) /G B=-28~-79%
MRC = +WP % =28=-
GO TO SO 8-01-79
30 CONTINUE S*NO MOVEMENT OF CASK ON CAR® 09=-16-8C
KS1 T KSILO S*CABLES TAUT, BUT NO CONTACT WITH CHOCKS® B9-16-80
MKS] = RSW{XRPRC ¢GT«XRP) 0, AND o XRPRCoLI+sXRPHIonas P = B e e
ANDeDXRPRCaLTe0 o yMKS1F4Ce) $*'De-25-81"
M B P oCABLES MKS1Fe0a)  $°D6=-29-81°
Ksl = KS1*(l. ¢+ MKS1%SGNF(DXRPRT)) s$'pb-25-81"
Cs] = CS) L e e =L 89211 =8C
KSy = KS4LO S*CABLES TAUT, BUT NO CUNTACT WITH CHQCKS"® pDS-16-8C
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x
=
v
=
"

RSW (XRPRCoeGTaXRPLO,AND s XRPRCoLToXRPHI snee
ANDeDXRPRCalLTo0s yMKS4F Do) $*'06-25-81"

HKSs = RSW (DXRPRCeLTuOs«ANDSCABLES MKSAF g0 ) $'06-29-81%
KS4 = KS4%(l, + MKS4%SGNF (DXRPRC)) $'06~25-81" b ¥
g CS4 =1 S 09=-17-80
i = _WP/6 8-28-79
MRC = WRC/G 8-26~79
60 T0 50 8-01-79
4C..CONTINUE $'CASK HOVES TOWARD REAR OF CAP® D9=16-86C
IF (TEST.EQu10440ReTEST.EQ11.)60 TO A40A $°*03-30-81° )
KS1 = D« S'CABLES SLACK, BUT NO CONTACT WITH CHOCKS® 09~16-oC
MKS1 = RSW(XRPRCoGTeXRPLOsAND,XRPRC.LT .XRPHI o 0nss
AND«DXRPRCaLTaD e yMKS1F504) $s06-25-81" :
MK S1 = RSW(DXRPRCoLToOssANDCABLES MKS1F,04) $°'06-29-81"
KS1 = KSi%*(1. + MKS1#SGNF (DXRPRCT)) $'06-25-81"°
€s1 = 09-17-80
GO TO A40B
A40A.CONTINUE
KS1 = KSILO
€s1 = 081
GO 10 AADB
A408. ,CONTINUE [$ee
KS& = RSHLG S"CABLES TAUT,BUT NO CONTACT WITH CHOCKS*® DS-16-80
H“S" = RSh(KRP'\’C.GT.xRPLO.AND-XRPRC-LT-XRPHI-...
AND<DXRPRCoLToOs yMKSHF 404 ) $°06-25-81"
MK S4 = RSk (GXRPRCaLTaDooANDCABLES MKS&F 304 ) $'06-29-81"
KSH = KSy*il. *+ MKS4*SGNF (ODXRPRC)) $'0D6-25-81"
(S = CSH D9-17-8°
MP = uP/G 8-28-79
MRC = WRC/G 8-28-79
SCe«CONTINUE 8-01-79
END $°'OF PROCEDURAL® 8-01-79
Veeme==r=====--EQUATION OF MOTION (ROTATIONAL ACCELERATION) "05-15-8C
D2THP = (+DUS1*ZP+DUSH*ZP-DUS2%LPR*DUS3*LPF-0LWS1%ZP= o.u.
DWSh*ZP+DWS 2*LPR-DW S 3*LPF *+4OMRCP) /1P DZ-31-80
MOMRCP = MRC*C2XRC*HRCP*SMRCP B4-C7=-60
[ ————— VELOCITIES 'D5-15-8T
DXxP = INTEGID2XP,VXPI) £
DYP = INTEG(D2YP,VYPI)
DTHP = INTEGI(D2THP ,¥THPI} S
Ve e=—————--DISPLACEMENTS *05-15-60
XP = INTEG(DXP,XPI)
YP = INTEGLOYP,YPI)
THP = INTEG(DTHP,THPI) _
LTt ~—-PARAMETERS NEEDED FOR RESPONSE SPECTRA COMPUTATIONS'06-26-8(
USING THE #CARRS* MODEL *06-26-6C
Veeceecr-srm--e=m=——=--====RHS FORCING FUNCTIONS "06-26-60
RHSX = D2XRC ~ (ZRC#THRC ¢ ZP#THP)#OMX%%2 - (CS1 ¢ CS4)%... B&-26-80
{ZRC#DTHRC *+ ZP®*DTHP)/HP 06-26-80
RHSY = D2YRC ¢ (KS3#LCF-KS2%LCR)*THRC/MP4+(KS2*%LPR-KS3*LPF)...07-1p=-80
*THP/MP*(CS3#LCF-CS2#LCR) #*DTHRC/MP %+ » » 07-10-6C
(CS2%*LPR=CS3%LPF )#D THP /MP 87-10-6C
T T RHSTH T DZTHRCHTHRC*OMTH##2*ZTATH#DTHRC-RHSTHB GE-26-80
ZTATH = ((CS14CS4)*ZP*%2+CS2% pRE#24CSA*LPF*%2) /1P DE-26-8D
== RHSTHB = (-(KS1eKSH)#ZP#((XRLC*ZRC*THRC)-XP )+KS2%LPR*((YRC%s0s= B6-26-60
LRC*THRC)=YP ) =KS 3% L PF* { (YRC-LCF#THRC }=YP) o s D6-26-EC

T=(CS1+CSU)*ZP*((DXRC*ZRC*D THRC ) ~DXP)* CS24LPR%( (DYRC+2as07-15-60
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LCR®*LTHRC)~DYP)~CS3*LPF*( (DYRC-LCF*DTHRC)~DYP)) /1P De-26-80

e T S e e n e FREQUENC JES bt Lo _'86-26-b0
Oy X = SQRT((KS1+KS4)/MP) 06-26-80
_ ___OMY = SORT((KS2+KS3)/MP) 06-26~80
OMTH = SQRT(T(KSI+KSU)®ZP*%2+KS2Z#LPR**2+KS3#LPF*%2)/1IP) D6-26-6F
e Mmem e mm e e e o=~ COMPARTSONS OF ACCELUERATIONS OF RAIL CAR °*06-26=56C
g TO RHS FUNCIONS *86-26-60
RHSXA = KRHSX=02XRC 2 2 . B86-26-80
RHSYA = RHSY-D2YRC 06-26-60
. __ RHSTHA = RHSTH=-D2THRC s D6-26=80
FRHSX = D2XRC/RHSX 06-26=&0
FRHSY = D2YRC/RHSY D6-26-6C
FRHSTH = D2THRC/RHSTH 06-26-80
e FRHSXA = 1 e=bRWSX. 06=-26-80
FRHSYA = le.-FRHSY D6-26-860
_ FRHSTA = 1.,-FRHSTH = _06-26-8(
s cmm—em—mm—eme—eee==RELATIVE ACCELERATIONS *B7-02-61
D240 = C2XRC=D2XP @7-02-8C
D2Yy = D2YRC-D2Yp B7-p2-bC
_D2THD = D2THRC-D2THP =N ___071-02=8C
L RAIL CAR OR TRANSPORTER *D4-30-80
e te=m==--—----——--EQUATION OF MOTION (HORIZONTAL ACCELERATION) ___ *"05-15-8C
D2XRC = (DUS14GUSY4-DyYSS-DUSB-DUSCAR-DWS1-DuWSU4+DWS5¢DuSB-,,,
CWwP1-DNPY4 ) /MRC
DUSCAR = KSw(EXPFRC,DUSX4 ,KSCARS*{ XRC~XF)) 11-13-756
RN ¢~ R O 17 ik et 4]
D2XRcM = ~DUSX4/MRC S°CASK AND TRUCKS DISCONNECTED FROM CAR® 02-05-8C
g _DUS5 = KS5%((XIC-ZRC*THRC) -XTR) _
DUS8 = KSB¥ ((XRC-ZRC*THRC) -XTF)
DWS5  =-CS5* ((DXRC-ZRC*DTHRC)I-DXTR)
DNS8  =-CSg* ((DXRC-ZRC*DTHRC)-DXTF)
= TOUSCR = INTEG(DUSCAR,0.) 9-06-79
TDUSX4 = INTEG(DUSX4,04) 9-06-79
*-———--——--——--PROCEDURAL TO CALCULATE KSDG *04-3p~-80
PROCEDURAL (KMRCF,KSDG1,KSDG2yHUXT ,ADXT=XT,DXT,KSDG10,KSDG20) 0g-D4=-80
KMRCF__ = G OUND(KMRCF| yKMRCFU ,KMFPCF(XT)})
ADXT = RSW(XToLToXTUZ.AND.XToGToXTLZ +DXT,DXT=ADRCF) 8-17-79
.. _MUXT = RSW(ADXT:GTeDe,MXRCFC,MXRCFE) _ 8=-15-79
KSDG1 = KSDG1lO*KMRCF
— _KSDG1 = KSDPG1%*(1.+MUXT*SGNF (ADXT)) _ * L ot S B o b e A
KSD62 = KSDG20#KMRCF
KSDG2 = KSDG2%(1.+HUXT*SGNF (ADXT)) R=1E=7y
KSp61l = RSW(RCOR.EQ.1s4KSDG10sKSDG1)

KSOw2 = RSw(FOR,EQ.1,yKSDG20,KSP62)
END $°OF PROCEDURAL KSDG - RC 10 F1°

'=m===-m==------PROCEDURAL TO CALCULATE KSCARS . '84-30-§C
PROCEDURlL‘KSCIR)lKRCDG|KFDG = xT|DXT KSDG2,KSDG1, ADXT) 8-15-79
IF(XT.LToXTULlANDoXToToXT1 1) Gp TO 60 8-6-79
IFllXT-LT.XTUZ.AND.XT.GT.XTUI).UR. ses 8-08-79
(XTeLTeXTL1sANDoXTo6T.XTL2)) 60 TO 70 e 8-6-79 _
Vorrsbnsnrcosananscceanasf THIDRAFT  GEARS BOTTOMED *05-29-8r
B _ KRCDG = KSDG10 _8=6=19
Ve mm S-S STo-----——-----CHANGE REQUIRED DUE TO SLACK IN TD-5 *05-27-8"
KRCOG = K5OG} 05-27-80_
KF DG = KSDG2 8=6-179
o _KSCARS = RKRCDGxKFDG/(KRCDG + KFDG) - 8-6-19
GO TO 80 6-6-79
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u0.s CONTINUE $*B0TH DRAFT GEARS ACTIVE® C5-29-80
oo KRCDG = K1x(1, + MUD®SGNF(ADXT)) o 8-15-79
KF CG = KSDG;O 8-6-79
e R D S K2¥(1.+MUD*SGNF(ADXT)) 11-16=-179
KSCARS = KRCDG 8-6-79
KSCARS = KRCDG*KFDG/ (KRCDG+KFDG) 11-16-179
60 T0 8C 8-6-79
70..con11~g£. $*HAMMER CAR DG BOTTOMED. ANVIL CAR DG ACTIVE® 05-29-&0
KKCDG = KSDGI1D B=-¢p-79
'-;—-——--—-------—------—cunusc REQUIRED DUE T0 SLACK IN ID-S *05-27-860
KRCDG = KSDGi1 85-27-80
KFDG = K2#(l. ¢+ MUD®SGNF(ADXT)) 8-15-79
KSCcaARS = KRCDG*K-D6/ (KRCDG + KFDB) 8-6-79
__bl:.-CO{ill:_[lUE B~6-T79
ENU $*0F PROCEDURAL® 8=-07-79
X1 = XPC-XF Pl
DXT = LXRC=DXF
W S e e o A e EQUATION OF MOTION (VERTICAL ACCELERATIOMN) *85-15-56¢C
D2YRC = (DysS2*DUS3-DUS6-DUST “DuSZ-DWS3-DHS6-DMST+,..
_ DWcRfF ) /MRC N
Duse = KS6% (YRC+LRC»THRC)
= ey = KS7T#(YRC-LRC=*THRC) . v o ke SO o
DUWRC = =RC
DwSe = CS6*(DYRC*LRC*DTHRC)
DwS7 = CST*(DYRC-LRC%*DTHRC)
... DWCRF._ = EYRF
e =-=VERTICAL DISPLACEMENT OF COUPLER FACE AT STRUCK END'pS-15-8r
FYRF = =MUCPL%SGNF (DYCPL)%BTACPLk ABS(FCPL)®%ALFACP __9-C6=79 _
YCPL = YPC-LCPL=*THRC
DYCPL = DYRC-LCPL®*DTHRC .
D2YCPL = D2YRC = LCPL*DZ2THRC 81-08=-81
FCPL__ = RSWUEX>FRCsDUSXHY sKSCARS*( XRC~XF)) R L 15 55 b T )
Ve—s—o - *05-15-80
'-=====m----=--EQUATION OF MOTION (ROTATIONAL ACCELERATION) ___ *p5-15-&0
D2THRC = (DUS1*2RC¢DUS#:ZRC¢DUSS:ZRCtDUS?*LCR—DUS}*LCF-...
DUS6#LRC+DUST*| RCYDUSB*Z RC-DNS1*ZRC~DWSZ#LCRYe 0 e
DuS3*LCF-DWNSYy#ZRC-DLSS5*ZRC-DWSE*LRC *oae
y oo . OWST#LRC-DWSB#ZRC-DWCRF#LCPL +HRCCG HOMPRC)/IRC __ B3-28-80
MOMPRC = MP*DZXP*HRCP*SMPRC * KTHRC*THRC#*SKTHRC p4-1p0-8C
. _D2XRPC = D2XP-D2XRC_ _S'RELATIVE ACCELERATION » PKG WRT CAR®_  03-27-80
MRCCG = (ZCDGO+LCPL*THRC)*DUSCAR 2=-23-79
o Yeermmmp oo — e e = =BENDING T TERMS ___'05-15-80_
DUS1Z: = KI2*THIZ*(LCR*LCF)*=2
DUSR1 = KR] #THRC®(LRC-LCR)*%2 < B =
T T DUSF1 = KF1 #THRC®(LRC*LCR) ##%2
. _DUS31 = K31#THRC*LCR=*%2 canll b 3
DUS23 = K23*THRC*LCF**2
DUSR3 = KR3I *THRC®LRC%#%?
DUSF3 = KF3 *THRC®LRC%%2
DUSR2 = KR2 *THRC*(LRC*LCFI%s2 v ol .y
DUSF2 = KFZ *THRC*{(LRC*LCF)*%2
. ..DwWsl2 = -CS1Z2#DTHRC*(LCR+LCF)%%2 e
DmsRl = =CSR1 4DTHRC#»(LRC-LCR)*»2
————. DwSF1 = ~-CSF1 #*DTHRC*(| RC*| CRI**2
DaS31 = -CS31*0DTHRC®LCR®*x*?
o _OuS23 - -CS23%LTHRC*LCF%%2 I L W L L e T -~
DmSR3 % =CsRZ *DTHRC*LRC %2
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DuSF3 -CSF3 *DTHRC*LRC*%2

e ___DwSR2 = —-CSRZ #DTHRC*(LRC+LCF)*%2 SE
DaSF2 = -CSFZ #DTHRC*(LRC-LCF)#*%2
| - A e i i e A PRE— mﬁ_ls_&{:
Vemmmeemeee===~INTEGRATED VELOCITIES AND DISPLACEMENTS *0D5-15=8C
DXRC = INTEGID2XRC, VXRCI)
XrC = INTEG(DXRC,XRCI)
DRLINT(YRC ,OYRC=YRCT +2YRCs WYRCI.,YRCHMAX, 1001
DBLINT(THRC,DTHRC=THRCI ;D2THRC,VTHRCI,THRCLO,; THRCHI)
THRCHI = (YRC-YRCMAX)/LRC -
THRCLO = =THRCHI
e R *Huy-30=-§"
'~—-—--r==—==--EQUATION OF MOTION (HORIZONTAL ACCELERATION) *'g5-15-8C
D2XTR = (DYsSS5=DWSS+*DWCTRI/MIR
DwCTR = FXTR
FXTR = ~MUTR*WXTR*SGNF (DXTR)*BRAKER
'-----—r=-----=-PROCEDURAL TO CALCULATE KS5°* 10-17-8C
PROCFNURAL ( KSS=MK5 ) 10-17-80
KS§ = KSS58F(XRCTR) 11-28=-79
KSS = KSS8F(XRCTR)*MKS 10=-17-8C
END $°'oF PROCEDURAL TO CALCULATE KS5° 10-17-8C
XRCTR = XRC=XTR+XTINIT Q2=-p1=80
1 e o o e -=-INTEGRATED VELOCITIES AND DISPLACEMENTS *nS5-15-80
DXTR = INIE
XTR = INTEG(DXTR,XTRI)
.. $====—-—=--FRONT TRUCKS ON RAIL CAR OR TRANSPORTER _'04-30-8C
Ve ——— EQUATION OF MOTION (HORIZONTAL ACCELLERATION) *05-15=-80
D2XTF = (DUSB-DWSB*NLCIF)}/MTF
FXTF = ~MUTF*WXTF®SGNF (DXTF )*BRAKEF
DwCIF = FXTF
Vmm—m—eme—m====PROCEDURAL TO CALCULATE KSB8°* lp=-17-8¢
PROCEDURAL (KSB=MKB ) 10-17-60
KS8 = KS58F(XRCTF) d11-28-76
K58 = KSS5BF(XRCTF )=*MKRp ln=l1=-8C
END $°OF PROCEDURAL TC CALCULATE KS8* l0-17=-80C
XRCIF = YRC-XTF*#XTINIT 02=-01=4C
[ —— =—======-INTEGRATED VELOCITIES AND DISPLACEMENTS *05-15-8r
DXTF = INTEG(D2XTF ,¥XTF1)
XTF = INTEGIDXTF,XTFI)
Yemmme====FIRST ANVIL CAR 0Dy -30=-80C
*m—mm————————=-FQUATION OF MOTION (HORIZONTAL ACCELERATION) *05~-15-8°C
D2 XF = (DUSCAR=-DUFF2+ DWCE ) /MF
DuCF = -MUF*WF*SGNF LDXF J*BRKIRC
DUFF2 = KFF2%(XF-XF2) =t
KFFz = KFDGR*KF2DGF/(KF2DGF +KFDGR)
et PROCFDURAL TO CA| CULATE KSFF2 *Qu-30-8C
FROCEDURAL (KMFF2,KSFF21,KSFF22,MUXT12 yADXT12=XT12,0XT1Z2,KSF210,KSF220} pB-D4-BC
KMFF2 = POUNDIKMFF2| +KHMFF2U  KMFF2F{(XT12))
ADXT12 = pXTl2 - ADl2 8-15-7%
ADXT12 = RSW(XT12,LT XT12U ANDLXT12,6T,XT12L +0OXT12,0XT22-AD12) 8=-17=79
MUXT12 = RSw(ADXT12+GT+Ds MXT12C,MXTI12E) 8-15-179
= KSFF21 = KSF210*KMFF2
KSFF21 = KSFF21%(]1.+MUXT12%#SGNF (ADXT121)) 8-15-79
KSFF2< = KSF220#KMFF2
KSFF22 = KSFF22*(1.+MUXT12%SGNF (ADXT121)) B-15-79

KSFF21 = RSh(FORSEQsLeakSF2L0aKSFFERL)

KSFF22 = RSWIF20R,EG.1eKSF220,KSFF22)
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ENL $"0F PROCELURAL KSFFZ - F1 TO F2°*

KF2UGF = RSWIAT12eLTeXT12UaANDaXT]12.GTXT12L,K2FF2%{1.+,

MUFFZ*SGNF LADXT12) ) ,KSFF22) &mls=719
X112 xF-xF2

IXT12 = LXF-DXF2

KF DGR RSWIXT12eLToXTI2UaANDaXT124GT aXT12L yKIFF2%ile®0us
MUFF1%SGNFLADXT12)),KSFF21) 8=15=79
Ve - m=—=====INTEGRATED VELOCITIES AND DISPLACEMENTS *05-15-6C
DXF = INTEGID2XFeVXFI)
XF = INTEG(DXF4XF1)
Yeemem=e=e=SECOND ANNIL CAR *04-30-80
'emem==p======~EQUATION OF MOTION (HORJZONTA; ACCELERATION) 'NS=15=-80
D2XF2 = (DUFF2-DUF2F3+DWFF2)/MF2
DUF2F3 = KF2F3*(XF2-XF3) e
DWFF2 = -MUFZ2%WF 2%SGNF IDXF2)*BRKF 2
KF2F3 = KFZDGR*KF3DGFs (KF3DGF+KF2DGR)
. =====r===PROCEDURAL TO CALCULATE KSF23 *D4-3D-56C
PROCEDURAL (KMF23 ,KSF231,KSF232 ,MUXT3, ADXT23=XT23,DXT23,KS2310,KS52320) 08-p4=-60_
KMF23 = BOUND(KMF23L,KMF23U ,KMF237 {XT23))
ADXT23 = DXT23-AD23 :
ADXT23 = RSh(XT23.LTaXT22UANDaXT2 3.GT.XT23L 4LXT23,0XT23-AD23) 8-17-76%
MUXT23 = RSWUADXT23.GTe0agMXT23C4HXT23E) _8-15-79
KSF231 = KS2310#%#KMF23
K5F£31 = KSF231%(1.*+MUXT23%SGNF (AOXT23)) 8-15=-79%
KSF232 = KSZ320%(MF2Z23
KSF232 = KSF232%(1.*+MUXT23*SGNF (ADXT23)) B-15~179
KSF231 = RSh(F20R-EQe1ls,KS52310,KSF231)

KSF232 RS (F30R.EQ+1+3KS52320,KSF232)

END $°0OF PROCEDURAL KSF23 - F2 TO F3*

KF3DGF = RSWIXT234LTeXT23U.AND.XT2 26T aXT23L yK2F2F3%(1a?s0s
MUF232%SGNF(ADXT23)),KSF232) 8~-16-79

X123 = XF2=XF3 e

DXT23 = DXF2-DXF3

KF 2DGR = RSh(!TZ!.LT.XTZ3U-AHD.X123-61-1723L.K2F2F3*I1.4.--_

MUF231*SGNF(ADXT23)),KSF231) 8=16=-79
B v “r=—=====INTEGRATED VELOCITIES ANpD DISPLACEMENTS 'BS5=158=8"¢

Dt F2 = INTEG(DZ2XF2, VXF21)

XF2 = INTEGIDXF2,XF21) e
'=e—e=====THIRD ANVIL CAR *04-30-80
Pessecereneee==FQUATION OF MOTION (HORIZONTAL ACCELERATION) *05-15-¢0

D2XF3 = (DUFZF3~DUF3F4<+DuF2ZF3)/MF3

DUF3F4 = KF3Fux(XF3=XF4)

DwF2F3 = =MUF 3*WF3%SGNF (DXF3 )*BRKF 3
KF3F4 = KF3DGR*KF4DGF/(KF4UDGF+KF3DGR) . -

" m==—===—=--=--PROCEDURAL TO CALCULATE KSF734 *04-3p=-6&T
PROCEDURAL ¢ KMF 34 4 KSF341,KSF342,MUXT34 , ADXT34=XT34,0XT34,KS3410,KS3420) DB-0D4-6C
- KMF34 = BOUNDC(KMF34L ,KMF 34U ,KMF3RF(XT34))

ADXT34 = DXT34 = AD3Y 8-15-79
XT38 = RSR(XT3G LT XT34U.AND.XT30.GT XT3HL,DXT34,DXTA4-AD3H) B-17-79

MUXT34 = RSM(ADXT34.GTe0s ,MXT34C,MXT34LE) 8-15-79

KSF341 = KSIU10#KNF 34 -

KSF341 = KSFI41%(1.+MUXT34%SGNF(ADXT3IN)) __B=15-79

TKSF34Z2 = KS3420%KMF34

KSFol42 = KSF3I42%x(1.+MUXTI4*SGNF(ADXTZ4)) 8-15~79

"END S°OF PRDCEUUR#L KEF3& =" 3570 FSY

KSF34] = RSm(F3O0R.EQalssKS341G,KSF 341)
_KSF342 = RSW(FY4OREQ+1e,KS3420,KSF 342)
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RSWIXT34 LT aXT3UUANDe XT3 UoOT o XT3UL KIF3FU%R(]la®tsss

]

_ = _ MUF341%SGNF(ADXT34)),KSF341) 8-15-79
KFUOGF = RSWUXT3HoLTeXT34UaANDeXTIUuGToXT3UL 4K2F3F4%(1lotesns
. 1 MUF342%SGNF (ADXT34) ), KSF342) B=15-79
XT 34 = XF3-XFy
DxT34 = DXF3-DXF4 )
e ——- ======INTEGRATED VELOCITIES AND DISPLACEMENTS *05-15=8¢
_DxF3 = INTEG(D2XF3,VXF3I)
XF3 = INTEG(DXF3,XF3I)
?========-FQYKkTH ANVIL CAR e ki *D4~-30-80
V=———=e—==epr=-=--EQUATION OF MOTION (HORIZONTAL ACCELERATION) *05-15=80
D2XF4 = (DUF3F4+DWF3F4)/MFY
DuF3Fy = =-MUF4*WF4SSGNF (DXF4 ) *BRKF &
?-=———-—=--——--INTEGRATED VELOCITIES AND DISPLACEMENTS *05-15-8r
DXFYy = INTEG(D2XF4 s VXFU4I)
KRN = INTEGIDXF4yXF4I)
$emme—w~_-PARAMETER INFLUENCF COEFFICIENTS *Ds5-01-80
?mmmmm—m==AUXILIARY EQUATIONS *Ny-3p-80
X3PRC = xP=xRC
THRPRC = THRC - THP 1 - 12=-1-77 _
Yp12 = YP+LPR#THP S°®REAR PK6 TD POINT®
DYP12 = ) YP+LPR#LTHP e _
DeYPl2 = U2YP+LPR%*D2THP
DYP12x = INTEGI(D2P12X,0s) 04-21~-5C
YP12X = JNTEGIDYpl2X,p.! 048-21-8p
DYP34X = INTEG(D2P34X,0.) 3 e D4-21-50
YP34X = INTEG(DYP34X,0.) 0&4-21=-80C
YP34 = YP-LPF*THP __S°FRONT PKG TD POINT® =
DYP34 = DYP-LPF#pTHP
D2YP34 = D2YP-LPF#D2THP
YRC12 = YRC4LCR*THRC S'REAR RAIL CAR TD POINT"®
, DYRC12 = ) YRCeLCR*DTHRC 4
D2YR12 = D2YRC+LCR#*D2THRC
DYR12x = INTEGI(D2R12X,0.) 01-08-81
YR12X = INTEGIDYR12X,Da) 0D1-D8-8)
DYR12T = INTEGID2R]12T .04 B1-12-61
YR1ZT = INTEGIDYR12T40D.) 01-12-61
YRC34 = YRC-LCF*THRC S°*FRONT RAIL CAR_TD POINT® iy
DYRC34 = DYRC-LCF=»DTHRC
. D2YR34 = DL2YRC-LCF*D2THRC 2z
DYRCS6 = DYRC*LRC*DTHRC
— D2YR5e = pRYRC+LRC*DPTHRE
DYR56X = INTEG(D2R56X,0.) Bl-p8-61
- YR56X = INTEG(DYR56X,0.) 81-08-81
DYCPLX = INTEG(D2CPLXs0.) D1-08-61
. YCPLX_ = INJEG(DYCPLX,D.) _..pl-ng-81
DYCPLYT = INTEG(D2CPLT,D,) 0l1-12-81
YCPLY = INIEGI(DYCP\T,0.) 81-12-81
DYRc7& = pYRC-LRC*DTHRC
D2YRTB_= D2YRC-LRC#D2THRC
e -==-===------INTEGRATION STEP SIZE® 04-28-80
s DT = .AMAX1(MINT,AMIN1(MAXT,CINT/NSTP)) __B8-28-8C
'eememmemcc e e e m == STABILITY CRITERIONy EOM FOR D2YRC® D4-28-80
SUMKY = KSz + KS3 + KSg + KS7 ns-28-60.
DYYRC = SORT(2«sMRC/SUMKY) 04-28-80
- _SUMgl = CcS2 + CS3 ¢ CSé + Cs7 P D48-30-6C
DTYRCZ2 = 2 ,.*MRC/SUMC1 o4a-3p0-8C
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Prnmeeenreer e - --==_STABILITY CRITERION, EOM FOR p2THRC® 04-28-5C

SUMKTH =

((KS1 + KS4 + KS5 ¢ KSB)#ZRC%#s)e(KS2 #LCR¥#2) + .., Q4-28-5C

(KS3*LCF**2) + ((KS6 + KSTI*LRC*%*2) - (LCPL*DUSCAR) B4-28-8C

o _ . DTTHRC = SORT(2.%*IRC/SUMKTH) 2 D4-28-8p
SUMC?2 = (ICS1+CSH+CS5+4CSB)*ZRC%2) + (CS2*LCR**2) + ,,.. 04-30=-80C
(CS3*LCF*%2) + ((CS6+CSTI*LRC*%2) D4=-30-6C

DTTHCZ = 2 ,#1RC/SUMC?2 p4-30-80

MAXTERVAL MAXT=.0D1
cND $S°*GF DERIVATIVYE®

*-MODEL VALIpATION _ '04=-30-60
Vom=======CALCULATION OF THEILS COEFFICIENTS *p4-30-£0

N = htl,. 11-29-79

$13 = 513 ¢ DUSCAR*%2 d1-29-79

S13x = S13X ¢ DUSXU%%2 11-29-7¢

S013 = 5013 « (DUSCAR-DUSXY )%%2 11-29-79

TIC13 = SORT(SD13/N)/(SQRT(S13/N)+SQRT(S13X/N)} 11-29-79

Sly = 514 + DUSLF==»2 d41-29-79
S14X = S14X ¢+ DUSLFX%%2 11-29=179

SD1y4 = SD14 + (DUSLF-DUSLFX)%*%2 11-29-79

TIcl4 = SORT(SO14/N)/(SQRT(S14/N)*+SORT(S14X/N)) 11-30-79_

§53 = 553 ¢+ D2XP%%2 12=-11-79

am B §S53X = SE53X+ D2XPX*%2 __32-11-19
SUS3 = 5D53 + (D2XP-D2XPX) %2 12-11-79

T1Cs83 = 50RTlSnS3INl!lSQRTlSSSINJ*sgBIIsSB;IN)) 12-11-17¢9

S54 = S54 + D2XRC#x%2 11-29-79

N S54% = S54x + D2XRCX%%2 __d1=-29=79_
Sp54 = SD54 ¢ (D2XRC-D2XRCX)**Z2 d1-29-7%

TIC54 = SORT(SDS54/N)/(SQRT(S54/N)*SORT(S54X/N)) 11-29~79_

S60 = S6D ¢ D2YP12%%2 11-29-79

S60X = 560X ¢ D2P12x%e2 31=28=76

SDe0 = SD6D * (D2YP12-D2P12X)#%%2 11-29=-79

TIC6D = SORT(SD6D/N)/(SQRT(SE0/N) #+SORT(SEOX/NIY 11-29-79

S61 = S61 + D2YP3Uuwx2 12=11-19

S61X = S61X *+ D2Pp34X%x*2 12-11-7%

SDél = SPe1+(D2YP34-D2P3uX )%%2 d2=11-79

TI1Cel = SORTASD61/N)/(SQRT(S61/N)+SORTISEIX/NY) _32-11-79.

PP13 = SORTISL3/N) 11-29=-7°%

S BRI S SORAS A SNIN) e ¥ 1 §2EONSTY

b T PPI14 = SORT(S14/N) 11-29-79
—e S BRAM. e SORTASISXINY - U B BT e b 2
PP53 = SQRTIS53/N) d2-11-79

PX53 = SORT(S53X/N) 12-11-79

PP 54y = SORT(SS5H /N) 4ad=29=1%9

PX54 = SORTISS4X/N) oy ¥ 11-29=-79_

PP 60 = SORT(S6D0/N) 11-29-79
_W____wﬁﬁg}bg _E_épﬂT(SquIﬂi LI = —u ] 11-29-79_
PP6E1 = SORTIS61/N) 12-11-179

PX61 = SORTUSEIX/N) 12-11-76

DEN = (PP13+4PX13%,... g =

. _PPlu+Pxjile,,., 12-11=-179%9

PPS3*PX53'... 12—11-79

e dpegpegs PRSUIPXEG¥ess == 12-11-179
PPE1+PXg1%. 0o 12=-11-76

y PP60+PX6C) 12-11-179

NUM = (PP13+PX13)%TICl3%ess 12-11-79
el APPINSPXIGIETIC e w, . 12-11-179
(PPSB’PXSE.*TICS3“CCO 12-11-7¢
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({PPEL4+PXSU)*TICSy+, .. 12-11-79°
S S SR DTN, | - 1 7o 4 -0 B, 510 9 0 C i N 1 12-11-19
{PPE1+PX61)%2T1IC61 S*LAST CARD* 12-11-19
i o EMIC. = NUMAADEN 11=-29=79
Veeee—eee=CALCULATION OF PROBABILITIES *04-30-60
;”E Enllnl ' . - -
R13 = DUSCAR pli-16-8¢
R14 = DUSLF DYy-16-80
R53 = D2XP B4-16-6C
RS54 = D2ZXRC D4=16=-80
ReD = Db2yP12 O4-16=-6C
R&1l = D2YP3y o8-16=-80
R13x = Dusxs4 O4-16-8C
R14X = DUSLFX D4=16=-b1(
RS53x = D2XPX pu-16-80
RS4X = L2XRCX _B4-16-80
R6CX = p2rPlzx D4=-16-6C
RE1X = D2P3yx s-16-80
SR13 = SP13 + R13 Bu-14-8C
SR14 = SR14 + R1W4 Dy-14-80C
SR53 = SR53 + R53 Bu-14=-C
SRS54 = SRS54 + RSy — Pa=14=80
SRbu = SRéC + R6D D4-14~60
SBR61 = SR6]1 + R6E1 D4y=-14-80
SR13X = SR13X + R13X D4-=16-6(C
SRI14X = SRIuX + R14X —— =G =R
SR53X = SRE3X + R53X B4-16-8C
SRS54X = SRS54x + RS54X D4-16-80
SRE60X = SReDX + ReDX D4-=16-60
SRE1X = SR61X + R61X obu=16-8C
Y ome—-mr----—--EXPECTED VALUE, MEAN OR MU *84-30-80
Ez13 = SR13/N 04-14=-8C
ER14 = SR14/N Da-14-8¢C
ERS3 = SR53I/N Qa-14-80
ERSHY = SRS54/N 84-14-80
ER6DO = SREOZN _B4=-14=H0
ER61 = SRB1/N D4=14=60
ER13X = SR13X/N SR pa-16-80
ER14x = SRI14x/N D4=-16=-60
e R X R s L N4-16=-6C
ER54X = SRE4X/N D4-16=o0
ER60X = SReCX/N D4-16-60
ER61X = SR61X/N O4-16-6C
NNH = INTI(N) Q4=-11-80
NN = hN+1 p4-11-860
XR13(NN) = _R13 £4=-11-80
XRI14U(NN) = R14 D4-11-8r
XRS53(NN) = R53 04-11-80
XR54 (NN) = RS54 Bu-11-60
XReD(NN) = R60 Qy=-11=-6C
XRe1(NN) = Ré61l D4=-11-80
XR13X{(NN) = R13X nD4-16=-4C
XRI14X(NN) = RI14X O4-16-80
" XRE3X(NN) = R53X CU-l6-80_
XRS4X (NN) = RSyX p4=-16-860
o S OXRBOXANNY = REQX - — D4-16-6"
XRE1XINN) = PB1X BY4-16-60



V-=-==—=--=----RHS FORCING FUNCTIONS FOR RESPONSE SPECTRA CALCNS *D6-26-80

ACS2(NN) = €S2 07-01-80
i ARHSX(NKN) = RHSX 06-26-80
ARHSY(NN) = RHSY D6-26=bl
ARHSTH(NN) = RHSTH D6-26-80
ATMINN) a3y 06-26=-50
ADUsS1(NN) = DUS1 09-11-80
ADUS2(NN) = DUS2 89-11-80
ADUSI(NN) <= [pUS3 09-11-8C
ADUSH (NN) = DUSH 09-11-80
XHX = AMAX1(XMXyXP 4XRCyXTRyXTF,XF)
XMN = AMINI(XMNXP 4XRC,XTR ,XTF,XF)
YHX = AMAX1(YMX,YP,YRC)
YMN = AMINI(YMN,YP,YRC)
THMX = AMAX1(THMX, THP,THRC)
THMN = AMINI(THMN, THP,THRC)
DXMX = AMAX1(DXMX4DXP4DXRC4DXTRy DXTF 4DXF)
DXMN = AMINJ(DXMNyDXP ,DXRC yDXTR,DXTF ypXF )
DY M = AMAX1(DYMX,DYP,DYRC)
DYMN = AMINL(DYMNsDYP,DYRC)
DTHAX = AMAX1(DTHMX,DTHP,DTHRC)
DTHHN = AMINI(DTHMN,DTHP ,DTHRC) o
D2XHX = AMAX1(DZXMX02XP ,D2XRC,D2XTR,DZXTF402XFpuss D1-25-80
~ D2XRCX,D2XpPX) 01-25-b0
D2XMN = AMIN1(D2XMN,D2XP yD2XRC 4D2XTR,DZXTFsD2XFyess 01=25=50
D2XRCX,D2XPX) 01-25-8C
D2YMX = AMAX1(D2YMX,D2YP,D2YRC)
D2YMN = AMIN1{(D2YMN,D2YP,D2YRC)
D2THMX = AMAX1(D2THMX,D2THP ,D2THRCY)
D2THMN = AMINI(D2THMN3D2THP,D2THRC)
XRMX = AMAX1UXRMX,XRPRC+XRRCF s XRCTRs XRCTF)
XRMN = AMIN]1(XRMN4XRPRC ;XRRCF 4XRCTR, XRCTF)
YMX2 = AMAXI(YMX2,YP12,YP12X,YP34,YP34X,YRC12,YRC34,YRC5600085-08=8C
YRC7Bs YCPLXs YCPLsYR12X3YR56X) 0l1-pB8=-81
YHN2 = AMINI(YMN2,YP12,YPL12X,YP34,YP34X,YRC12,YRC34,YRC569+++05-D8~80
DYMX2 = AMAX1(DYMX2,0YP12,DYP12X,DYP34,DYP34X ,DYRC12, ees 8s5-D8=-80
DYRC34,DY3C560YRCTB) 05-D8-8r
DYMN2 = AMINI(DYMX2,0YP12,DYP12X,DYP34,DYP34X,DYRCI2; sns 05-08-60
DYRC34,DYRCS56 3 DYRCT72) BS-DB=8C
D2YMX2 = AMAX1(D2YMx2,02YP1Z,D02YP34 ,D2YR12,D2YR34,D2YR56, o..
D2YR78,D2P 12X yD2P 34 X4D2CPLX sD2YCPLyoss D1-08-81
D2R12X,D2R56X) 81-p8-61
D2YMNZ = AMINI(D2YMN2,02YP12,02YP34,02YR12,02YP34,02YR56, «..
> DZYR784D2P 12X yD2P 34 X yD2CPLX yD2YCPLy s s » 01-D8-81
s D2R12X,D2R56X) 01-08=§1
DTMAX = AMAX1(OTMAXsGT,DTYRC,DETHRC) 84-30-80
DTMIN = AMINI(DTMIN,DT,DTYRC,DTTHRC) 04=30-80
FCPLMX = AMAXI(FCPLMX,DUSCAR ,DUFF2 ,DUF 2F3,pUF 3F4&)
FCPLMN = AMIN1(FCPLMN,DUSCAR,DUFF2 ,DUF 2F3,DUF 3F4)
TERHT (T.GE.TSTOP) B4-15-E0
END $°GF DYNAMIC® -
TTERMINAL
P e e ——————— ROUNDING OFF MAX AND MIN VALUES FOR USE '"0O4-3D0-50
¥ ON PLOTS SCALES '04-30-8C

__SCALE (XMNy XMXSXMN ¢ XMX)
SCALE (YHN, YHXZYMN, YMX)
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SCALE(THMN THHMX=THHMN , THMX )
SCALE(CXMN,DXMX=DXMN,DXMX)

SCALE (DYMN,DYHX=DYMN,DYHX)
SCALE (DTHMN, DTHMX=DTHMN ,DTHM X )

SCALE(DZXMN,DZ2XMX=D2XMN,D2XM X}
SCA E(D2YMN,D2YHX=D2YMN,D2YM X}

SCALE(DZTHMNC2THMX =D2THMN,D2THMX)
SCALE (XRMN,XRHX=XRMN 5 XRMX )

SCALE(YMN2 ,YMX2ZYMN2,YMX2)
SCALE(DYMN2,DYMX2=DYMN2,DYMX2)

SCALE(DZ2YMN2+D2YMX2=D2YMN2,D2YHMX2)

SCALE(DTMIN,DTMAX=DTHIN,DTMAX) D4~-30-60
SCALE(FCPLM{y +FCPLMX=FCPLMN,FCPLMX}
¥ —===—====CALCULATION OF PROBABILITIES *04-30-60
¥ ——————————=---CALCULATION OF VARIANCE ‘D4 -30-80
¥l AN =0 D4-15-8C
2+« CONTINUE D4-15-8C
NN Z NN ¢+ 1 -15=
SVR13 = SVR13 ¢ (XR13(NNJI-ER13)%%?2 gu-15-860
SVR14 = SVR14 ¢ (XRI14(NN)=ER1H)#*%2 o 04-15-8C
SVR53 = SVR53 + (XRS53(NN)I-ER53)%%2 D4-15-80
- L SVR54 = SVRSy ¢ (XRS4U(NN)I-ERSH)*%2 PORRA {70 ok T W T D4=-15-8C
SVR61 = SVR61 * (XR61(NN)-ER61)*%2 04-15-aD
__SVR13X = SVR13X + (XRI3X(NN)-ER13X)#*¥p D4=-16=-8C
SVR14 X = SVRI4X * (XR1gX(NV)-ER14X)#%2 Bu4-16-80
. SYR53X = SVRS3X ¢ (XRS3IX(NN)=ERS3X)*%2 i i 04-16-80
SVRS4 X = SVR54X ¢ (XRS54X(NN)-ERSUX )#%2 04-16-80
SVR6D X = SVR6CX ¢ (XR6DX(NN)-ER6DOX )%%2 04-16=80_
SVR61X = SVR61X ¢ (XROIXINN)=-ERG61X)*%2 04-16-80
§ o i THE_VARIANCE IS THE SQUARE OF THE STD DEVIATION, SIGMA#%2* (Q4-15-8(
Voo ——==VRXX = SIGMA%%2" 04-15-8C
iR13 = RSW(SVR13.EQ«D+,EPSR,SVR] 3/NN) D4-16-80
VR14 = RSW(SVRI4.EQ«D«sEPSRySVRI4/NN) p4-16-8C
) VR53 = RSW(SVRS53.EQ.D.4EPSR,SVRS3/NN) 04-16-56C_
VRSH = RSk(SVR54.EQ0,,EPSR,SVRS4/NN) 84-16-8C
VRO = RSW(SVR60.EQ.D+yEPSRySVREO/NN) D4-16-bC
VRE1 = RSW(SVRE1+EQ.0.4EPSR,SVRe1/NN)} p4-16-8C
VR13x = RSW(SVRI3X.EQeDe ,EPSRySVR]I3IXINN) . Du4=16=0
VR14X = RSWISVRI4X.EGeCosEPSRySVRIUX/NN) 68-16-8C
— L. sMRBIX = KSh (SVRS3X,.EQU.DesEPSRySVRS3IX/NN) = 04-16-80
VRS54 X = RSW(SVRSUXeEG,0.EPSRySYR54X/NN) Du-16-80
VReOX = BSKISVROCXEQeDesEPSReSYRENX/NN) 08-16=8C
VRe1X = RSW(SVRE61X.EQ.DasEPSRyS¥RE1X/NN) D4-16-60
IF (NNsLT<NNH)B0 TO T2 § 15 £ s n4=15-80_
NN =0 D4-11-80
AR13 = 1./SGRT(2.%pI*VR13) - ____08-15-br
AR14 = 1./SQRT(2.*PI%*VR14) 04-15-80
ARS3 = 1./SORT(2.%P1%yR53) B4-15-80_
ARSY = 1./SQRT(2.*PI*yR54) D4-15-40
ARKO = 1./SQRT(2.#P1*VR6D) 3 n8=15=80
ARG = 1./5QRT(2,*%PI*VRgel1) o4%=15-8D
___AR13X = 14/SGRT( 2.%PI#VR13X) 5 . ._ D4-16-80
AR14 X = 1./S5CRT( 2.%pI*VRIuX) O4-16-8n
ARS3X = 1./SCRT( 2,*PI*VR53X) na=-16-80_
ARSH X = 1s/SQRT{ 2+*PI*VR54X) 04-16-80
ARGDX = 1+/SQRT( 2.*PIxVR60X) =l6=6C
ARG X = 14/SCRT( 2.%PI*VR61X) ou-16-60
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LINES( 7) s°*INFORMS SYSTEM AgOUT TO PRINT 7 LINES® 04-17-80

PRINT 98,ER13,ERIU4 ,ER53 ,ER54 ;ER6D,ER6] yVR134VRI4oVR53 00 B 4-15-80

VR54 ,VR6UyyR61yAR13 yAR14, AR5 3y AR54 ,AR60,AR61, 000 p4=16-80

Tl ER13XoERIUXER53IXERSUXJERGCXyER61Xy 0 ne i ___D4-16-5"
'I.'F-‘lSX,URINX.VRS3&.‘HR5QX.UR50£.UR&]X. sse B4=16=-80

AR13X, AR14X ,AR53 X, ARS54X,AP60X ARG 1X __ __D4-1g=-8T

96, FORMAT(3X y "ER13="yFE1244¢3Xy "ERI4TP yE12eU4y3Xy"ERS53="9E12elUypesne OU-17-80
l,'ERS'l'-".EIE.N,S)‘..'ERbl‘J:'.Elz.ﬁ,3X,'ER61=_'_|_£_1_g_.illn. B“_'_'I_I_:a_c
3!.'9913:'.ElZ-q,Sx.'URII:"ElZ.h,Bx.'UR53- vE12 .8 ,3Xy4000 B4~-17-80

L "VRSU4Z* ,E12.4,3X, "VR6D="4E12.4,3X, "VR61= "3EN2el/ 0 L L BASISHE
31.'&R132‘.£12.H.3X.'ARI&:'.EIZ.Q,SX.'IRSB *2EL12.4, Sx'.-. B4=-17-860
'ﬂRSﬂz'.E12.“.3!.'!R60::JE12-3.3[,'ARbl:'.Elz 8/ sas B4=-17-80
3Xy*ER13X=",E12. Q.ZX"ERIHX".ElZ.Q.3x-‘ERSJX:',£12.! g3Xgeee 04-17-89

'ERS"I- sE12e493Xy "ERGDX="4E12.4, 3!.‘5961!".{22-#/--. IJ'I"}_T-BL‘
3x.'\'Rl3X"' Elz-'l JX|'VR131—"E12. 23X, "VRS3X = |E12-..31j--0 04-17-8TC

"VRS4X= .Ex‘.utgx.'vnbc;- .El‘.u.sx.'vnslx;',Elz.ql... e _._n4-17-8c

IXN g "ARLI3X = "gE12e% o 3X 3 "ARIAXZ® JEL12a 493Xy "ARSIX =" 4E128y3Xpnes 08=17=-8C
*ARSHUX=v, E12.4,3X,*AR6GOX="yE12.4,3X, "AREIX=",E12.4//) D4-18-8C
Tle.CONTINUE Da-11-80
NN = NN+ 1 ol 048-11-80

Ve -r=----PROBABILITIES® D4=15-50
. FXRI3(NN) = ARIZ&EXP((=1e%(XR13(NN)-ER13)%%2)/(2,%VR)3)) __ 0Qu-15-38°
FXR14 (NN) = ARIUSEXP((~-]1,.*(XRI4INN)-EP1a)%%2)/(2.%¥R14)) D4=-15-8r
FXRS3(NN) = AR5I#EXP( (=] *(XRE3(NN)-FR53)%%2) /42 ,*VR53)) D4-15-80

FXRS4 (NN) = ARSUSEXP((=1.%(XR54 (NN)-ERSg)*%2)/(2.%¥R54)) f4-15-80

. .FXR6CUNN) = ARGO*EXPU((~1.#(XR60(NN)-ER6C)I*%2)/(2.,%VR60))  ___ _Q4-15-8C
FXR61(NN) = ARGI1#EXP((~]1.*%(XRel(NN)-ER61)%%2)/(2.%VRb61J) g4=15-aC
rxn1sxcna: = AUI3X#EXPU(=1e% (XRI3X(NNI=ER13X)%%2)/(2,%VR]3X)) ___ Bu4-16-8C
FXRI4X(NN) = ARIGX®EXPL(=1.*(XRI4XINN)=ER1UX)*#2)/(2.%VR14X)) D4-16=-8C
FXR53X(NN) = ARS3XSEXP({~].*(XRS3IX(NN)-ERS3IX)#%2)/(2.%VR53X)) Q4=-16=60.
FXRSUXINND = ARSUXSEXP((=le%(XRS4X(NN)-ERSUX)*%2)/(2.%VR54X)) D4=16=5C
FXREOX(NN) = ARGOX®EXP(A-1.%(XR6OXINN)-ER6CX)#%2)/02.%YR60X)) _ D4=-16-5C
FXRO1X(NN) = ARG IXSEXP{l-1.*(XRE6IX(NN)=-ERO6IXI*%2)/({2.%¥R61X)) 04-16-87

R13 = XR13(NN) el el =gn

R1ly = XPl4(NN) . O4-11-80

RS3 = XR53(NN) Q4=-11-860

RS54 = XP54 (NN) B4~-11~-80

R&C = XR6DINN) L . . IR R 0 2 B e

R61 = XR61(NN) D4-11-80

R13X = XR13XU(NN) e NC Y SOt ___Da-16-6"0

R1u4X = XR14X(NN) D4-16-8C

RS3X = XRS53X(NN) =i pa=-16-&2

RS54 X = xRSﬂ!lNNI 04-16=-ED
R6OX = XPECX(NN) _ SIS RIS b 1 el W )

R61X = XPel1XINN) D4-16-8p

_ . Fr13 = FXR13(NN ... _..Da-11-8C
FR14 = FXR14(NN) B4~11-80

FR53 = FXRS3(NND i 08=-11-6C

FRS54 = FXRs4(NN) Bu-11-aC
______FRbO = FXRG6GINN) » .. B4-11-80
FPé6l = FXR61(NN) D&-11-56C

. _FR13X = FXRI13XINN) = UV 0 -2 ) - L 1 o
FR14X = FXRI4X(NN) D4-16-60

FR53X = FXRE3IXINN) ) —0a-16=-860

FR5u4x = FXRE4X (NN) 04-16-80C

o FREDXT S EARGOXANNY o e ——e .. D8=16=a7
FR61X = FXRE1X(NN) D4=~16=-50

IV-35



- LINES(7) 3'INFORM5 SYSTEM ABOJT TO PRINT__T7 LINES®' ___

FRINT 993NNy R13,FR1I3,P13X3FR12X yens
e BJU FRIUPIUXFRIUX, 0na

*6u-30-6"C

LR Ll Y b o

D4-l16-s0
p4=16=BC

R534FR534R53X,FR53X yeee
RS54 FRSY REUXFRSUX s nna

Re01FREDsRE0DX,FREDX poaes
1X

D4=-16=-60

— RY-l6=HO

Q4=-16=-56N

e Tt S AL R S D

BEl,FROE1,RE1X,FRE
99 .o FORMATISX y *NN=" 3 T4 35X s *R13Z"4EL12.4 5K ,*FR13=% ;E12.4,5X,"R13X="y.0e84-16-86C

E12a8 45X o *FRIZX="4F12.8/avn A S 1D W e
17X, *RIGZ®EL12 4 o5Xs"FRIGC® JEL el s5X s " RIUXT"F12s495Xye0ee DH=16=-8p
'Fl!l'lr‘-"'-ElZ.llI-.. m_
17X 4 "RE53- ") E12e4 945X "FRS 3= 9E12+UyS5x9 " REIX="9EL124,5X,00e DHUH-16-6T
*FRS3IX=*,E12:4/¢3ss =] el b £ 152 U T ol
17Xy 'RS":.'Elznq .5!.'FR5“:..E1 2.4.5)‘.. *RSYX="yE1Zel4y5Xg0us 04-16-80

o .FR5“I:.1512-“’I-¢ ﬂ“‘-"_l.ﬁ"ar
17X "RE6C="yE12al o5X g "FRED=" yELl 24y S5X s "REDX="4E12:U4y5Kpeee DU=-16=-8C
*FREOX=*,El2el/sss N4-16=A0
17X 3 "ROE1I="yE12e8 95Xy "FROI =" yEY1 2l ,5X ,"ROIX="4yEJ2e4y5Xya0ue O8-1p-80
*FRe1X=*,E12.4//) _04=16-8C

'eremeeee=FGRCINGE FUNCTIONS FOR RESPONSE SPECTRA CALCKS *8B6-26-80

Cs2 = ACSZ2INN) - D7=-01=aC

RHSX = ARHSXINN) 0&-26-8C

RHSY = ARHSY(NN) 0b=26=61 .

RHSTH = ARHSTHUNN) 06=-26=6D

T = _ATMINN) Qe =26=80

pDUS1 = ADUSI1U(NN) 09-11-6"

Dyse = ADUSZ2(NN) 09-11-8C_

DUS3 = ADUS3(NN) 09=11=6¢C

—— DS T RRE GERNY n9-11=-4a0
LINES(2) S*INFORMS SYSTEM ABOUT TO WRITE 2 LINES® B6-26-3C
WRITE(264100) T,pHSXRHSY sRHSTH.CS2,0US] DUSR DUS3,DUSY 0 9=-11=-80
100..FORMATISEL12.4/4E12.4) 09=11=07
JF(NN«LTNNH)IGO TO T1 fig-14-8C

Go To 7998 03-11-81

1995 .. CONTINUE _N3-10-31.
LINES(1) s*PRINT 3 LINE® 0¥=-11-81
NRITEL6,101) 83-11-81
1014FORMATILX 4 26 HINDICATED TEST NOT ON LIST) 03-11-61
1996 . CONTINUE o D3-11-=k1_

tND $*CF TERMINAL®
END $°CGF PROGRAM®
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SET TITLE = *PRELIMINARY DUYNAMIC MODEL OF CASK-RAILCAR SYSTEM®

SET RRR = 98

T YSET UP FOR DEBUG LIST OF ALL VARIABLES WHEN T=C.02° 08-04~-87
ACTION *VAR"=0.02,"VAL®*=1,°LOC*=NDBUG 08-04-80
OQUTPUT Ty.ee

ADXT.... 8‘15‘:1_9_
ADXTIZ.-.. 8=15-79
ADXTZ23 4000 3-15'79_
L]
"
LR ]
* SET OF VARIABLES TO BE PRINTED OuT* .
"
'p
"
YRPRL 3 vn e
YRIZ2T 540 01-12-81
YR.IZX @ ®aa 01-05-51
YR56X P esse Dl-ﬂ&—al
ZT‘TH gean D6-26-80C
ZEND
PREPAR T’.o'o
AUXTyeee 8-17-179
ADXT124a0s 8-17-79
IDXTaS.... 8'17-79
‘DXTSQ|..I 8=17=-79
DTH“N.OI.
L]
L
L ]
* SET OF VARIABLES TO BE PLOTTED®
"
LR ]
"e
ZTATH ;.44 06-26=-8T°
“51..'. -
KS5UGpeoe
- OXRPRC'.ln
ZNCCRD
START
RANGE XP ¢ XRCyXTRyXTF ¢ XF ,YP,YRC,THP 4THRC
RANGE XRPRCyXRRCF ,XRCTR4XRCTF ,YRPRC,THPPRC
RANGE DXP,DXRCsDXTRsDXTEyDXF y0OYP+DYRCyDTHP,OTHRC
RANGE D2XP,D2XRC,D2XTR,DZXTF 4D2XF4D2YP43DZ2YRCyD2THP4D2THRCyesoe D1-25-s0
D2XRCX , D2XPX g1-25~-8C
RANGE YP12,YP34,YRC12,YRC34, YRCS564 YRCTSB
RANGE YCPL 9=-02-79

. RANGE D2XRCM,DLTY12 g5-p05-80
RANGE D2DY12,02DY34 86-02-6C0
RANGE OMY12,0MY38 g6-02-8C

T 7 RANGE YP1Z,YP12X,YP34,YP34X 05-05-8C
RANGE DYP12,0YP34,DYRC12,DYRC34,DYRC56,pYRC78 2]

RANGE D2YP12,02YP34,D2YR12,02YR56,D2YRT8,02P12X yD2P34X40D2YR3 4 01-25-6C
RANGE D2X) 4Dz YD, 02THD 07-02-86C

T RANGE XF2,XF3,XFU,XT,XT12,XT23,XT34
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RANGE DXF2,DXF2,D7F4,0XT,DXT12,DXT23,DXT34
_KANGE C2XFZ,u2XF3,D2XF4

RANGE DUSCAR,DUFF2,DUF2F 3,DUF3F4
RANGE DUS1,DUSH

10-23-8C

RANGE DUS2,DUS3
RANGE RHSXy RHSY, RHSTH

9 =05=79
08-01-8C

RANGE D2YCPL,D2CPLX,D2R12X,D2R56X
RANGE DYCPL,DYCPLX,DYR12X,DYR56X

D1-08-61
D1-08-81

RANGE YCPL,YCPLX,YR12X, YR56X
*CHANGE PLOT SIZE FOR PUBLICATION®

01-08-61

SET NPXFPL=4C,NPYPPL=50,NGXPPL=10,NGYPPL=10
PLOT °*XAXIS*=T, °*XL0"=Des *XHI"=TSTOP

PLOT

XToXT12:XT23,XT34
PLOT DXT DXT12,DXT23,DXT34

[ b Ly 2

PLOT

PLOT ADXTyADXT12.ADXT23,ADXT 38
DXRC,DXF,pXF2,DXF3,DXF4

8-17-79

PLOT

D2XRC, D2XF ,D2XF2,02XF3,02XF4
PLOT XURC,XUF  XRC1 XCP, XF1,XFA

PLOT FXTF 4FXTRyFDCRCFDCF
SET CALPLT = .FALSE,

"CHANGE PLOT SIZE FOR PUBLICATIONS
SET XINCPL = Tey YINCPL = 5., CHRCPL=D

PLOT "XAXIS"=T,"XLO'=0sy*XHI"=T5TOP
PLOT XP,*LO®=XMN,*HI*=XMX,*CHAR®="* 3%, XRC,*CHAR®I'B*y ous

PLOT

XTRy *CHAR®="C*, XTF , "CHAR *=%D* ,XF , *CHAR® = *E * ,* SAME *
XRC4*LO®=XMNy *HI"=XMX s *CHAR®= *A® ¢ XF 5 *CHAR® = B* yXF 2, "CHAR*="C"*, 0 0.

XF3,"CHAR®="D" ,XFy, "CHAR"="E"® ,"SAME"

PLOT DUSCARy*LO®=FCPLMN,*HI*=FCPLMX,*CHAR®=*A* DUFF2,"CHAR"Soae

*BYy0UF 2F34*CHAR®="C*sDUF3FH4, "CHAR®="D" *SAME"
PLOT °*XAXIS® = T,*XLO®* = Deg®XHI® = TXP4

PLOT DUSCAR,DUSX4,*SAME® 7-2-79
y PLOT TDUSCR,TDUSX4, *SAME® 11-20-79
PLOT DUSLF ¢"LO*==1,E5 s HI®=B.ES5DUSLFXy*SAME"®
PLOT KS],KSy,°*SAME® U [ L. .
PLOT D2XRC4°LO"=~8.E3 ,"HI*=H.E3,D2XRCX,D2XRCH,"SAME"® 02-01-80
PLOT D2XP,y* 0°=-6.E3,°"HI"= 1.E3,D2XPX, "SAME"® 01-29=80_
PLOT U2YP12,"L0°=~4,E3, HI*= 4.E3,D2P12X,D2YR56¢*SAME" D&4-17-60
___PLOT _0_2_'"’3“."..0':'3053,'"1': 3.E3,02P30X,D2YRT78,*SAME" __B4-17-8p
PLOT YCPLX»* LO*=YMN2s *HI®=YMX2:YCPL,YRCT8,YCPLT,*SAME" 01-12-81
— o ... PLOT YR12X,°LO*ZYMN2, "HI®YMX2,YRC12,YR12T»"SAME" b 8 D1-=12-81
PLOT YRS56X,"LO*=YMNZ2, HI®=YMXZ,YRC56,"SAME" 01-p08-81
—  _PLOT C2CPLXs" kO =DEYMNZ2"HI®=02YMX2,D2YCPL ,D2YRT8,DOCPILT,*SAME"D1-12-81
PLOT D2R1ZX,°*LO®"=D2YMN2, HI®=02YMX2yD2YR12,D2R12T,y *SAME"® D1-12-81
PLOT D2R56X, *LO*=D2YMN2 ,*HI®*=D2YMX2,02YR56"*S AME"® )
PLOT DT¢*LO"=Dse*HI*"=DTMAX,DTYRC,0TYRC2,DTTHRC,DTTHC2, *SAME® (04-30-80
PLOT pLTY]2 ] 05-05-6C
PLOT OMY34,0MY12,"SAME® 06-02-80
PLOY D2Dy12,D20y34, s SAME?" ___D&-02-80
PLOT D2XDyD2YDsD2THD pD7-0p2-8C
PLOT RHSX,D2XRC, *SpAME® .. Q7=-n2-80_
PLOT RHMSY,D2YRC, *SAME® 87-02-50
= PLOT RHSTH,D2THRC,*SAME" 87-02-8C
PLOT RHSX, RHSXA 06-26-80
PLOT RHSY, RHSYA D6=26=-8C
PLOT RHSTH,RHSTHA B6-26-80
e PLOT OMX, OMY, OMTH D6=-26-8C
PLOT ZTATH 06-26=80
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PLOT
PLOT

DUS] ,CUSKLy "SAME®
DUS2,0US3

PLOT

PLOT *XAXIS® = T,°XLO® =D.,"XHI* = TSTOP

YPy tLOYZYMN, *HI®ZYMX,* CHAR®=* A, YRCy *CHAR®="0" " SAKE +

PLOT
PLOT

THP , "LOS=THMN, *HI*=THYX , "CHAR "=*A*4 THRCq "CHAR"="B", "S AHE "
DXPy"LO*=DXMN, *HI*=DXMX , *CHAR *=*A*,DXRC, *CHAK"="B*, ...

PLOT

DXTRy *CHAR *=*C* ¢ DXTF 4 "CHAR*=*D*yDXF s "CHAR®="E v, 'SAME"
DYP, *LO*=DYMN, *HI*=DYMX , "CHAR *=*A*,DYRC, "CHAR® ='E°',"SAME®

PLOT

PLOT

DTHP, "LO®=DTHMN, "HI*= DTHHX.“CH&R"'&'.DTHRC.'CHAR'*'a‘....

*SAME® o T .
D2XRC,*LO =D2XMN, "HI *=D2XMX 4 *CHAR*="A",D2XPy"CHAR'="B ", ...
C2XTRy*CHAR®=*C® yD2XTF , *CHAP* =°D* D2XF4 *CHAR®*="E*,*SAME"

PLOT

D2YPy *LO'=D2YMN, *HI1® D2 YMX, *CHAR"="A®* ,D2YRGy "CHAR"="B "y 4 v+
YSAME ®

-
i

01

D2THP ,"LO"=0D2THMN, "HI*=DZTHMX , *CHAR"="A® yD2THRCy sese
*CHAK®="B"y*SAME® ol S

PLOT

XRPRC,* LO"!RHN.'HI'SXRng'CHAR"'!'.!RRCF L"CHAR*Z"B*, ...
XRCTRy*CHAR®*="C"* ,XRCTF , *cHARY="*D"*,*SAME"

PLOT
PLOT

DXRPRC
YRPRL, *CHAR*="A"®,THRPRC, "CHAR *="B"

PLOT

PLOT

YPIZx.'L0'=YHN2.'HI'—YHXZ,YP3H.YRC12 YRC34,YP12yaes 05-06-60
_YP3UX OSAMZY S BN e T el (] S RS

TIC13,°LC"=0.,"HI =14, CHAR = *»* T 0tE-06-80

—BLOL TICL4,100° 200 tHLs ZLaut CHAR S to D5-06=6"

PLOT

TIC53,° Lc'-o..'nx"l..'CHAR"'s' 05-C6-8p
D5-D6-80

PLCT
PLOT

rlcen.'Lo':n. "HI®=1., "CHAR = v#° 06-06=60
TICﬁln'Lc':n-v'H1'=1-|'CHIR'='1' __A5-p&-60

PLOT
PLOT

TMIC ,°LO"=0.,y"HI®=1.,"CHAR®="%" 05-06-ED
YRCS6,"LO*=YMN2, "HI*=YMX2,"CHAR*="A" ,YRC78, "CHAR*="B"; +.s

PLOT

YRC12, *CHAR "=°C® yYRC34, "CHAR ="D", *SAME " 99-12-80
DYP12,°LO" Dvnnz.°n1';pvnxz,rcunn'-'aw DYP34, ees Noall -

*CHAR®*=*B*, DYRC12,*CHAR®*="C® ,DYRC34, "CHAR’="D"40ss © T DW=22-&C
DYPILX"CHIR'-'X 2DYP34X y*CHAR®="Y® "SAME" D4-21-0

PLOT

DvRCSb.'LO'-DYHN2.'H1"DYH121'CHAR"'l'oDYRC7Bv sve
CHAR®="E*, *SAME* L1 0 B SR

PLOT

“PLOT

Dzvplz,'Lo'-nzvnN2:7HI'~Dzrrx2.-cuan--'a'.Dszsn. P
*CHAR *=°'B®,D2YR12,*CHAR*z°C*, D2YR34, "CHAR®=*D* ,*SAME®

L2YRSE, "LO =D2YMNZ, *HI *Z02YHX 29 "CHAR ="A * ;02YR T8y oo«
*CHAR®Z*B*, *SAME®

PLOT
PLoOT

'xhXIS'=XRPRC KS1.KSH4

PLOT

__PLOT,
PLOT
STOP

" @DELETE,C RRRO3EF,

"XAX1SYEXT12,DUFF2
seAMiSemgaNebueers

YXAXIS*=XT3h,0UF 3F 4

wASG,UP RRRO3EF.

@COPY 98.9RRRO3EF.

_@DEL_ Tp,C TESTC3EF. oL il L = e RS e
-lsﬁ UP TESTOo3EF.

wCOPY 26.. TESTC3EF.
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LISTING OF CARRS MODEL

“PFOGRA% CARRS — ‘

*~==(CA)SK (RIAIL CAR (R)IESPONSE (SIPECTRA

~~—g6~30~80

‘oT-cl-80

Y/ FOUSC TU CALCUCATE KRCCELERATION RESPONSE SPECTRAUSING—— *O7~01~80D

* RESULTS TRANSFERRED FFOM THE #CARDS* MODEL VIA FILE *TRAN---%, '07-01-80
v==CHLCK " TIST *09—12—80
! tl) SET PRF911 *09-12-80
» (27 CHECK CONTROLU CARDS *0g=12=8l
i (Ze1) ASSIGNINC FILE FFROM *CARDS* *0D9-16-80

o T2+ USTING FILE FRUM *CARDS* VI DEVICE 26 '09-16=80

INTEGER ZONE,NN,NNH,N 06-30-80
ITRTECER RCFSE o9~25~80

JINTEGER NSTOP 09=-25-80

CCGCI A PRESTY fg9—12-8n
INITIAL 06-26-80
IT, 5 7 v we e =Cl1-8p

ACSZ2(12D) ,ADUS1(120),ADUS2(120),ADUS3(120),ADUSH(120) c9-12-80

T KRREY U<XURIIZCY,0ZYUW(IZCT, D2 TADOM(TIZC T, OUMVI207 09=25=8C
*~=SYSTEM INPUT PARAMETERS *06-26-80

s E = U.01,0.001,0.01 U6=30-80

CONSTANT CS1 = 2aES 07-01-8C
CONSTENT CSZ1 = 100, —OT-<C1=80
CONSTANT CS2 = 1500. C7-01-80
CORSTART C59 = £ sE 3 0T=C1=80
CONSTANT DTHPI = Co pDé6-2Uu-80
CONSTANT UTHRCI = G. C6E=20-80
CONSTANT DYPI1 = 0 0&=-3p-80
—CONSTANT DYRCTI— =0, Ot=30=80
CONSTANT D2THDI = G, 09-25-80
CUNSTERT ODZXUT = U. 09=25<80
CONSTANT D2YDI = Q. p9=-25-80
CONSTANT EPS =1=t>s 06—30-80
CONSTANT G = 3PR6.4 06-30-6&C
CONSTANT IP = 8BS TES o6—30~80
CONSTANT LPF = 162, C6=30-80
CONSTANT CPK = ICZ. UE=20-80
MAXTERVAL MAXT=J.001 96=-26=-8D

CONSTENT MUFR T .0 F Ut=-30~80
CONSTANT NCASE = 1 09-25-80
U OURSTERT RSTUOP =27 R ~p9=25-8C
CONSTANT NNH z 11e $*INTEGEF VALUE® D&=-30-8BC
CONSTENT UM IH = ZCC e oe=30-8C
CONSTANT OMX = S5Ce 06-30-80
CONSTANT OMY S~ 1 5 2 f86—30—€0
CONSTANT PRE911 = ,TRUE, 09-12-80
CONSTART PREYIT = < FALSTS = 09-12-80
CONSTANT RHSTHI = 0. pé-30-80
CONSTENT RASXI = o. U6 <3080
CONSTANT RHSYT = 0. 06=32-80
Tt EEEsEEEEEEEEwEEE o= === SWITCHES CONTRCECING DA™ PING: ZEROWwWHEN *07=17~80
UNDAMPED. ONE WHEN DAMPED, *07-17=-80

CONSTERT SWCTRD — 1+ S$*SWITCH CONTFOULTING DAMPING IN THU EoM+ —qp7-p2-80
CCNSTANT SWwOXC = 1 $*SWITCH CONTPOLLING DAMPING IN XD EOM* G7-02=-80

—— T T - 0 3 Y TON—IN—XEO—EOMws—0T-18~80
CONSTANT SwiYD = 1. $*SWITCH CONTROLLING DAMPING IN YD EQM:» 07-02-80
CONSTRNT THT = Oel N o6=34-80
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T UCONSTIANT THRPI e o 0&'=30=280
CUNSTANT THFCI = 2. 06-30-80
e CONS TAN T TL T = el X MR ove=30—80
CONSTANT TSTOP = gsel5 pée-30-&C
CONSTENT vXPI =17t D6=30-80
COWSTANT VARCI = 176 06=30-80
CONSTANT %P — - ot—30—80
CONSTANT XP1 = O 06-30L=-6C
——CTRSThn T XRCl =0~ oe—320-80
CONSTANT YPI = 0. 06-23-80
——CONSTANT YRCI 0 06—30—80
CONSTANT 2ZP = 3% 06-30-80
——vooo=T=s === crTTwswwwwwwww NIV EUE SO P o PGty o180
CONSTANT XHMX =1.E30 ,XMN i I i 07-11-80

CONSTANT THMX = =1.E30,THMN = 1.E2( 07-11-80

——CORSTERT DxXmXx = =1 E30,0xMn = 1=E30 E7=—11-80

CONSTANT DYMX = =1.E30 ,0YMN = 1«E30 07-11-80

T ONSTEN T O TRM T = = IS ESOUTAAN - 1sE3T o7=11=6p

CONSTANT D2XMX = =1.E30,D2XMN = 1.E30 07-11-80

CONSTART O2YMX = ~ L E3my02ym——1-€30 —O07T=11=80

CONSTANT D2THMX = =1.E30,D2THMN = 1.E3C 07-11-80

RS AN T D S e R e B M N = e e D1 280

CONSTANT DUSYMX = =-1.E32,DUSYMN = 1.E20 09-12-80
TN TN NN T N TR N TRy

*-~PARAMCTERS CHANGED FGR FILE #*TRAN=-- » ° 07-17-80

= ST TC NE S CORTROLLING OAMPING,—PERO—WHEN DT 1780

UNDAMPED. CNE WHEN DAMPED. *07=-17-80

CONSTANT SwOTHD = 1. §*SWITCH CONTROLLING DAMPING IN THp EOM® 07-18-80

TORSTERT SFUXD = U+ ¥ SWITCH CUNTRULTCING DA™PING IN—XO—EOM——O07T=16=80

CONSTANT SWDXD = 1. *SWITCH CONTPOLLING DAMPING IN XD EOM® 07-18-80

i S =80

CONSTANT SWDXDF = G $'SWITCH CONTROLL ING FRICTION IN XD EOM* 07-18-80

- 0 g —1+6—80

CONSTANT S&CYD = 1. S*SWITCH CONTPOLLING DAMPING IN YD EOM® D7-18-80

— AR TN T T RN T T T T TN T T T T e ey i, -/ 0 5o 5 ——/—/——

*==INITIZL COMPUTATIONS *06=-26-80

- = 0

Mp = wP/G 06-3p-8p

WP —wP7Z 66—30-80

WP4& = wP/2. 06-30-80

TTATIT = VXRCI™VIFT ot=26~80

XDI = XRCI=XPI 06-26-80

oYDI — UYRCI=UYFI 0t=26-80

YDI = YRCI-YPI 06=-26-8C

DT = 0 THRCI=OTHPI Ot—26—80

THDI = THRCI-THPI 06-26-80

tsS7 i vy e 70180

ZTATH = ((CS14CS4UI%ZP#%2+CS2#LPRe*_+CS3I%LPF*%2)/IP 06-26-80

WHS X = RASXI . 0t~26=80

RHSY = RHSYI g6=26=-80

LS P Bl RMSTFHE e6—26—80

Rl == -——-—--—~----—------READ RESULTS FROM THE =*caRpS* MODEL 'C7-D1-80

L) U G¢—26—80

REWINL ze $'REWIND FILE 26 AFTER PREVIOUS RUN® 07-1p-80

T . CONTINDE H6—26—80
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NKR SRR GTE SRR Al S S - DE-26-80
!Flei?illGO 10 12 J9-12-8D

temm e ———— ~eeememameF HCARDST FILE CREATED AFTER 9-11-8C D9-12-8C
EAC(z69152) ATHINN) v ARHSX (NN)yAPHSY(NN), ARHSTH (NN),.,, £9-12-80

T ACSZANNT ADUSTINNY 32 OUSZINNDY o BADUSIINNY  ADUSHINNY (09-12-E0

ifCeeFORMAT(SEL12.U/HEI244) 09=-12-80

— e el TEOTS = “TT—Ug9-12-80
12,.CONTINUE $*IF =CARDS* FILEL CREATED BEFORE 9-11-8C' pe-12-80

e READ (26 ;200 ) "ATHINN) FARHSX tRN I FAPHS Y INN ) G ARHSTHINN Y , ACS 2 INN) 09-12-80
c"0+sFORMATISELZ.4) b9=12-80

B0 X0 I3 e R e = - ~09=-12-80
!3.-CONTINUE C9=-12-80

Foe “TFINNLUTNNHYG0-TO—T1 Do=26-80
e e -=-=-=--=ARRAYS FILLED 07-01-80
ENDUSE0R INTITALY """ T TR e R E=gl)
DYNAMIC D6-26-80
S CINT —=—CIZONE tZONEY e o= N =0k =80
® i o e v e e e e ------—CﬁLCULﬂTE RHS FORCING FUNcTIONS 06=3g=-80

A P I B NN = e L e L) = G T
ATM(NN) = 0. 06-30-80
ARMSY(NN) ™ = 0. S i i --06-3p0-80

ARHSY(NN) = Co 06=20-8C
ARHSTIRINN) = B © 06-30-80

ACSZ InN) = BS 27 G7-01-80

T amEe M R P REYITICY T Y S s s et
ADUSTIINN) = GC. 09-12-80

ADUSZ2{(NN} =T ~—— — g F i 09-12-80

ADUSTINN) = O 09-12-80

ACUSEINN Y —= 05~ B N e i i Tl
1,,CONTINUE 06-30-80

b = NWT 1 FES — —DE=30-80
M = NN 06-30-80

— 7 IFATRINNGLYST G0 To 8 T8 PR e R e
IF{ATM(NN), GE.TIGD T0 2 pé6-30-80
4,sCCNTIRUE ~ RS s e e e g el
IF(NE LT «NNHIGO TO 1 06-30-80

T e e R Yt R T T T T S Db R e R T
RHSX = = ATHSX[NK) PRI 1 : 06-30-80

PHSY = ARHSY(NN) 06-3u=-8D

SHSTR = APHSTIRIIRNY — " r——r=e——— e 06-30-80

Cs2 = ACS2INN) G7-0l1-8C

i CZTATH T UtCSTYCSH )4 ZP ¥ 2TCS2FLPREWZFCS3IatPFas2) 7IP -~~~ - ° 07-01-80
IF(PFL511)50 TO € 09-12-87

pusl = AUOETINNy e 2 09=12=-80

nys2 = ADUSZ(NN) 09-12-80

puUsS3 T ADUS3INN) vyt 09~-12-80

DUSy = ADUS4tIN) C9=-12-80

T T B s CONTIRUE e D&~30-80
M ===END OF CALCN OF RHS FORCING FUNCTIONS 06-30-80
DERVEATIVE ™~ s T e S I =80
*PROCEDUCAL TO CALCULATE ZONr* p6=-26=60
VPROCTOUR/L(ZCNE=T) ~ N e 1 Ko d =0 Be=Zb=80

IF (T+CGEs TLOWAND.T.LE.THI) ZONE=2 p6=26-8C

%3 CIF(THSLTSTLEY “ZONE>Y = higas T 1) 3
TFUT.eTa THI) ZNONE=3 C6-26-8p

END § *OF PROCEDURAL TO CALCULATE ZONF™Y : g6-26=80



END

*MACEE TC COMPUTE SIGN FUNCTIQN ™ — ==

MACRO SCNMNFI(R,A)

PROCFpUKAL(R=A) — T
TE(A«LTeCa) R==1,
IFIALEQeDe) PE=]1. : s et
TF(A.GT,.Ca) Pz+)],

END $v0F PROCEDUPRAL FOO MACRO—SHENF——— -

MACKO ENC

*~=-=SINGLE DEGREE OF FREEPOM ECQUATIONS OF MOTION

¥ ARRANGED TO YTELD RFELATIVE ACCELERATIONS

5 WITH Tw0 INTEGRATIONS TO 6IVE VELOCETIES AND DISPLACEMENTS
D2Xp = RHSX=XD#OMX*22=( CS14CS4)2DYD*SYDX0/MPsss

2 Y T RMUPRE (WP TFW PO ESONF DX D SHOXDEMP - - e
DXD = INTEGtLZ2XD,DXDI)
Xp = INTEGLOXDyXOI) - e
nz2yYo = RHSY=YD#0MY*#2=(CS2+CS3)#DYD*SWDYD/MP
DYD = INTESCO2YDR DY ——
YD = INTEG(DYD,YDI)
T DZTHD ™ = RASTH=THO ®OF THR®¥Z=ZTATHYOTHOXSWOTHD~— -~ - =
nTHD = INTEG(D2THD,DTHOI)
THD = INTEE(DTHD,THDI Y —————=-
$"OF DERIVATIVE®"

Ve s e s e == MY ANDMINTVALUES FOR PLOY SCALES
XMX = AMAXLIXMX + XD )
XMN SUAMINTT XMN X0 ¥ AT e =
YMX = AMAY1(YMX , YD )
YMN = AMINL{YMN ) e R
THM X = AMAX1(THMX ,THD )
THMN =AM CTHEAN =T ———————
DXMX = AMAX1I(DXMX LDXD )

— OXARTTT = AMINITOIMN T s OXU T i il i

DyMx = AMAX1{(DYMX ,DYD )
DYMN NN EDYNN EY————————————
DTHMXY = AMAXI(DTHM™X oDTHD )
DTHMN = = AMINITOTH™N ,OTHOD )
NDZXMX = AMAX](D2X“X ,02XD LRHSY )
DZXMN = AMINITOZX™N S D2XD—3RHSX— T
DEZYuX = AmMAX)I(u2y¥x ,02YD +RHESY )
D2YMM = AMINI{DPYMN ,D2YD -~ RHSY —1-
DZTHMX = AMAX1(D2THMX ,02THD ,RHSTH )
D2THwp = AMIKLUD2THMN 4D2THD +RHSTH

T

IF(PRE911)6G0 TC P}
DUSXPX —-AMAX]tDUS XMX ;DUSI5DUSYYr———

DUSX“A = AYIN1(DUSXMN,PUS1,0USY)
pUSYPX = AvwAX1{(DUSYMX,DUS2+DUSIY—7F — -
DUSYMAN =

AMIN](DUSYMN,DUS2,DUS3)

D1..CONTINUE
IF(Te0LT+35)G0 TO DYI1

—=iP-TrtPint SR

D2x0PF = aRS(D2XpI)

D2¥DP = ABSHUIPRT) - r———
N2THDP = ARS(C2THDY)

G0 T0 DY)

UYlse CONTINUE $'1F T.6T.0.
D2XD™INCASEY — AMAXItAB SHE DX 2P —— - o w eans badel | as e
D2YDM(NCASE) = amaXl (ABs(DZ2yD),D2YDP)
DZTHDM(NCASE) = AMAX1(ASS(D2THD)sD2THDP)

V-6

07-C1-80
D6=-26-80
0&E~-26-8p
06-26-8B0
J6-26-80
D6-26-80
Dé-26-80
06-26-8C
07-n1-80
07-01-80
07-01-80
07-18-80

07=18-80

06 -26-80
06-26=80
D7-02-80
06=-26-80
G6=26-80
p7-02-80
06-26-80
06-26=60
C6=-26-80
07-11-80
G7-11-80
n7-11-80
c7-11-8p
07-11-80
C7-11-80
07-11-80
07-11-80
07-11-80
ur-11-80
07-11-80
07-11-80
07-11-80
07-11-80
07-11-80
07-11-80
D7-11-80
07-11-80
07-11-80
D9-12-£90
09=-12-80
09-12-80
D%-12-80
p9-12-80
09-12-8C
G9-25-80
09-25-80
09-25-80
09-25-8D
D9=-25-80
09-25-80
p9-25-80
09-25=-80
09-25-80
09-25-80



e M AN CASEY — MY il e e

N2XLUP = ABS(D2XCMINCASED)) p09-25-80
a2¥po—=aPsS{E2 rEMiNCASETYT =t = ——————fom2S=il

DZTHQP = ABS(D2THOM (NCASE)) 09=-25=-80

tInNESth 09—25—80

PRINTZICC, CHMI(NCASE),D2XDM(NCASE),D2YDMINCASE ), D2THDM (NCASE)C9-25-8C
TERFTIT-GL«ITSTOPY 06=26=80

END $°0F DYNAMIC® 06-26-80
FERMINAL 87=1i—-80
Vemmmmmeeemseee=_ . ---ROUNDING OFF MAX AND MIN VALUES fOR USE '07-11-8(0
ON—PLOTS SCALES —*0T=11=80

SCALE LXMN P XMX = XMN g XMX ) 07-11-80

SCECTTYMN T .3 | T LG« L oT—ti—8C

SCALE (THMN ¢ THMX = THMN s THMX ] 07-11-80
SCACEtOXME  ,CXMX— — DXMN——SDXMX—7 e e R
SCALF(DYMN o#DYMX = DYMN ,DYMX ) 07-11-80

SCALT (OTHMN LO0THM™X = DTHEMN S OTHAMX ) U7T=11~80
SCALF(D2XMN +D2XMX = D2XMN ,D2XMX ) 07-11-80
STALFIDZYRN SUZYPX = UZYRAN SUZYPX 7 UT=11-20

SCALE (D2 THMN,D2 THMX = D2THMN,D2THMX) 07-11-80

T IFIPREYTIITGU TOU 11 " 09=12=80
SCALE (DUSXMN sCUS XMXZDUSXMN y DUSXMX) 09-12-80

— SCACEDUSTMN DUS Y X—OUSYHNS OUS Y XY 09=12-80
TleeCONTINUE % C9-12-80
TFTRCASE.CLU-NSTUPTGU U T2 0y=25=80

GO TO T4 09-25-8C

T2 .. CONTIRUE S "NCASE.EQULNSTOP g9-25=-80

NCASE = O 09-25-80

T3 CONTINRUE S"NCASESLT-NSTOUP™* 09=25=80
NCASE = NCASE ¢ 1 09-25-80

CINES I 09=25*8C
WRITE(2T7+300) OMINCASE)sD2XDMINCASE)yD2YDM(NCASE ),DZTHDHM INCASE)D9-25=-8D

X UC..TURMATIGEI Z. 07 09 ~25—-80
PRINTICO, OM(NCASE),D2YDM(NCASE ) ,D2YDM(NCASE ), D2THDM(NCASE)D9-25-80

— IFINCASESLT+NSTUPIGO TO T3 09=25=80
T4,.CONTINUE $°*NCASE,NE.NSTOP* 09-25-80
“ERD T OF TERRIKALY UT=1T-80

END $°'0OF PROGFAM® 06=-26-80
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~QUTPUT T AR 06-26-80

552 LN A g DT"'U]“ED

Ot =T 86—26—80

DUS1 e p®=12=80

JUS < e s UYy=1o%080

DUSZT  yeus 09-12-80

ousT Te s 09—12-80

D xD LR pé=26=80

YD e Ot=26~80

D2THD re e 06-26-80

- &ALl feaw Gﬁ-?'v-&ﬂ

D2yD pe e 06-26=-80

N TR 06=30=80

RHSTH 1w 06‘26'30

RASX R 06—26—80

RHSY sess 06=-26-80

THRO TR D6~ 25~80

xD Teen D6=-26-80

Y v 06—26—80

ZTATH gsens 07-01-80

ZEND 06— 26—80

PREPER T tess 06=-26=80
TTRD 5+ f6—2¢t—80

DUSI [N ] 09'12'30

DUSZ 3o 09—12—-80

pus3 g 09-12-80

guUsSH ye s g9—12—-80

DXD tee s Ge6-26=-80

UYD TR ot~26—80

DZTHD pe e 06-25-80
DERPr—+ 86—26—80

D2YD te e D6-26-80

RHSTH == G6—26—80

RHS X 1° e e 06"26"'80

RASY sees os=26~80

THD g0 v 06-26-80

AT Fe e —fBe—26—80

YL T 06-26-80

CIRERD ———06—26-80

PROCEC GO 07-02-80
START 7 e b
RANGE D27THD ,D2XD,D2YD 07-Cl1-80
OTRO OXOGOYD o7T—0r-80

RANGE THL,XD,YD 07-01-80
—RARGE RHESTHIRHASXIRTSY f87—01—R0
RANGE DUS1,DUS2,DUSZ,DUSY 09-12-80
CHERGE FLUT SIZC roR PUTCICRTION tr—2v—80

SET NFXPPL=40,NPYPPL=50,NGXPPL=10,NGYPPL=1D 06-26-80
— PO T XA XIS = XL O =0 A HI =TSO P g6—26—80
PLOT 02XDy *LO*=D2XMNs "HI®=D2XMX 1RHS X, "SAME" 07-11-80
— A0 YO O e D G T e Y S RS Y S 071180
PLOT C2THD,*LO*=D2THMN, *HI*=D2THMX ,RHSTH,"SAME" 07-11-80
Lot TR DY OTETHS f—26—80
PLOT XxD,YD,THpD pD6-26-80
—— PO T EUS I O TS XM H T BU S B U Sy SaM et 09—12—860
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OLOT LUSTy*LO"=DUSYMN , "HT -DUSYFMYX,0CS3, YSAFE"Y 09-12-80
FNp 2'0F PRQCERUPE" 07-02=-80
SEESNERE S e e £9-25-80
SET CAE . = 7. 07-11-80
SETPRY =2, T "= 07-11-80
SET OHTH = Zn I.'JT"ll-BU
= = e e T L
SET NCRSE = 2 p9-25-80
SET OmMx —="S5v —— e 3 0T=11=-80
SCT oMY = €. 07-11=-80
SR TN e § = gT=11=080
GO 07-11-80
CSET NCASE—= w9 =25=80
SET Chx = 10 07-11-80
SET BMY- =T1Ci == — = Q07-11-8p
SEY OMTH, = 10, 07-11-80
¥ o7 i — =2 sl
SET KLASE = § D9=-25-80
SET THX™ "= 2C- = “BT=11-80
SEY._bhY = 2p, g7-11-8p
SETCORTH = 2a, T ——— S e ‘0T=11=80
GO 07-11-80
SETCNCASE =5 ey == : 09=-25=-80
SETY OFX = 30. G7-11-80
SET opnY ="30. Rl RS 07=-11-80
SET CFTH = 30, 07-11-80
GO el i C7=11-80
SET MNLASE = & g9-25-80
SETSORY =N — e et B b e L 0 oA U )
SET ORY: = 48, 0D7-11-80
——SET OFTH =T %0, e T7-11-80
60 07-11-80
T RS E = T et e T
SET OMX = S0, 07-11-80
SET QMY =503 S ——07=-11=-80
SET CMIH = £, O7=11=80
B <& ¢ i S e R e P )
SEY MCASLC = B 09=25=80
SLY CEX =60 & — == T = 07-11-80
SET OMY = 60a 07T-11-80
SET OHMTH = 6T T e e 07=-11-20
GO 07=-11-80
SEY NCASE =9 S et e s o w0 i B
SET OMX. = 7Ca 07=-11=-8C
SEYNeNY =S = 07-11-80
SET ORIH = TC. 07-11-80
GO - - - B e SO i _— —_ u‘r-ll-ao
SETY MCASE = 10 09-25-80
"~ SET THEX = BO- S S 1 (el
SET CMY = sr. 07-11-80
SET OMTH = 8T, Sl s e Yl
GO 07-11-80
SET RURSE =S LY = — S - - = p9=25=30
sET OMX = %0. G7-11-80
SET “CHY— ="9T% vy e 07-11-8g
SET OMTH = SC. g7-11-80
GO = = mEE P e e el S 07T-11-80
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http:OMX--=---~.-------------..-.-.-�

SEFRREAS L1 o) Deasieiie =t 09-25-80
SET OMX <= 103 07-11-80
SET CHMY = 1CC. et 07-1i-80
SET OKTH = 10C. B7=11=80
50 : = — = 07-11-80
SET NCASE = 13 09-25-80

“ R EEEE N eeE s e 2 halpes 07-14-80
SET &Ry = 1310, 07-14-8p
SET CMTH = 110+ 07-14-80
GO 07-14-8C
SET NCASE = 14 e 09-25-80
SET OMX = 120. 07-14-80
-~ SETTONY =" 120% = == t=14400
SET OMTH = 12C. 07-14-80
60 et e - 07-14~-80
SET NCASE = 15 09-25-80
SEXRRMYE =10 it 07-14=-80
SET OMY = 13C. 07-14-80
~SET TMTH =130, P i b, 07=-14-80
G0 07-14~-80
SET NCASC = 16 R e Ay T T 09-25-80
SET OMX = 140. 07-14-80
SET CMY = 140, B e e 07-14-8p
SET OMTH = 1u0. 07-14-80
I S e s S rono=s 07-14-8C
SET NCASE = 17 09-25-80
DA et B R Y el S s = s 07-14-80
SET OMY = 15Q0. 07-14-8g
SET OMTH = 1%50% = 07-14-8C
60 C7=14=80
TSET NCASE 18 e e B S O
SET CMX = 160. 07-14-80
SET"CMY =160+ - SaE 07-14-8p
SET OMTH = 160. 07-14-80
B . i i 07-14-80
SET NCASE = 19 09-25-80

" SET OMXTTTIRCE " 07-15-80
SET OMY, = 1804 07-15-8g
SET OMTH = 1807 = 4= 07-15-80
GO 07-15-80
SET NUASE = 20 === S = 09 -25-80
SET OMX = 19Cs 07-15-80
SET OMY —= T9YD: SRS & “CT-15-8C
SET OMTH = 1%90. O7=15=80
60 e e 07-15-80
SET NCASE = 21 09-25-80
R IO S IR e e D7-15-80
SET OMY = 200. 07-15-80
 ~SET-OHTH—=-200% =5 e 07-15-80
GC 07-15-8p
~—SET NCASE -=-22 = — - - 09-25=80
SET OKX = 21Ca 07-15-80
SERNONY S el s e e G7-15-80
SET OMTH = 21G. 07-15-80
o S ~ ——mmi—e s 07=15-80
SEY NEASE = 272 C9-25-80

o 2 e e L R S Rt e e e e 07=-15-80



s Yt o1 o R 7 —-pt=15-8p
SET EMTH = 226 07-15-89
GC B R R e 0 f Aty 105 T 30
SET NCASE = 24 09-25-80
SET URX = 230. 0T=15=80C
SET OHY = 230, 07-15-8p
ST oM =230, cT—15—80
GO BT =15=380
SET KCASE = ?§ —09—25—80
SET OMX = 240. 07-15-8C
SET oY ——=2%Cs o7=15=6n
SET OMTH = 2aC,. 07-15-80
GG UT=1580
SET NCASE = 2e& 09-25-80
SET OMX = 250= 07T~15-80
ST OBy = 258, 07-15-8p
SET OMTH — 20, oT=15=80
GO 07-15-80
SET NCASE - 27 09=25-80
SET OMX = 26C. 0T7-15-80
SET TRY = <60 0T=15<80
SET OMTH = 26C. 07-15-80
GU 07T=15=-8C
STOP G7-n2=-80






ARPENDTN VI

LISTING OF FFT PROGRAM
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LISTING OF FFT PROGRAM

SURQOUTINE BFFTIXC ,MH ,NNN,IFLAG!}
Ceen SUBROUTINE RFFT.FTN awe :
Crees SUBROUTINE TN TAKE THE OF7T OF A PEAL TIME FUMCTION eowe
Cewe NNMZINUHMBER OF REAL POINTSZ2eaMM

COMPLEX xXCL)D26)

NNZNNN/D

MZHM=1

NV2=NN/2

CAZ3. 141592658 /FLOATINNT

SO=SInINA)

COZCOSIDA)

$-0.0

C-1l.0

IFUIFLAG.NE.C) GO TO 1CFrO

CALL FFTIXCMe2)

s CONTINUL
XCINMel)zZXC 1
D0 100 1:z1,mv2
YPUZREAMLUXC UL D) »PEALIXCIHUN=]T*2))
YCOZREALUIYCIID)=PLALIXCINN=T*2))
YIC-AIMAGIXCUID I 2AIMACIXNCINYN=-Te2))
YIOZATMAGIXCHITI) ) =AIMAGIXCI(NN=T+2))
AJZYRE*CeYIE=SeYRO
L2=Y10-C*#YRO=-S*YIE
XCUI)zL«52CHPLXIAL,A2)
AIZYRE-C#Y]IE+S*YRO
A2-=-YJO0=C*YRO=Se*YIL
XCINN=-1+2) = 7,5 ® CHMPLX(ALl, A2)
1=C2CD-S=4D
S=SeCDeCesSD
ez
100 CONTINUE
XCINVZ+1)=ZCLONJGIXCINYZ22+1))
RETURN
1000 DO 110C 1=1,NV2
ALIZREALIXCITI))
A2=ATMAGIXCII DD
AJZREALIXCINN=TI+2))
ABZAIPAGLXCINN=T+2))
YRCZ210A3
YROZ=SeAl=-CoA2+SsA3=CeAY
YICzZC#d]=Sea2-CoA3=-SeAq
YI0Oz-AZ=AY
XCUHN=1*21=CHPLX((YRE+*YRO) ,(YIE*YIO)) /12, *NN)
XCUT)ZCHPLXCCYRE=YRO) 4IYIE=YIO!)/12.0%NN)
T=C»CD=-S*SD
SZSaCDeCesD
=1



1100 COMTINUE
XCUNV2+1)=CONJGIXCINV2+1))/FLOATINN)
CALL FFTIXCsMsI)
RETURN
END
AFIN,ISFO FILTRGLFFT
SUBFOUTINE FFTIX,M,IFLG)
Cees SUPROUTINE FFT,.FTIN ®ee
Cess SUBROUTINE CCHMPUTES DFT #s9
COMFLEX UeW,T,THP
COMPLEX XU1n26)
N=ZneM
NVZ=N/2
NMIZN=1]
J=1
‘D==1.
IFIIFLGLEUT) GO TO 55
D21,
00 50 1=1,N
X(1)=X(1)/N

50 CONTINUE

55 pn 7 I2]1,hM3
IFIT.GC.J? GO TO S
T=x1y)
YeJ1rzxtq1)
Xy EL

5 KZNVZE

] IFtr.GL.J)Y GO TO 7
J=J =K
KoK /2
GO T0 6

7 JESJek

PI=3.14159265368979
DO 2C L=1,M
LE=2aeL
LF1=LE/2
uz(1.0,0.0)
WZCFPLXICOSIPI/FLOATILELI)) ,D*SIN(PI/FLOATC(LEL)) )
DO 20 J=1,LF]
00 10 1=J,N,LE

IPZ]1+LE]

T=ZxtIF)»sU

X(UIPYz=X(11-1
10 X€1)z=X(TI)+1
20 Uzuew

61 FORMATI(1H] » "X ARRAY FREGULNCY DOPAIN DATA APPIL 1 T 19
62 FORMAT(IX, I1pG12.5) s ’
RE TURN
END

vVi-4
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