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PREFACE

The work described in this report was performed by the John A. Volpe National Transportation
Systems Center (Volpe Center) as part of a research program to develop technical information
and criteria for evaluating the structural integrity of railroad tank cars. This research is being
conducted in support of the Equipment and Operating Practices Research Division of the Office
of Research and Development of the Federal Railroad Administration (FRA). The FRA program
manager for tank car safety research is Mr. Jose Péna.

This report is the second in a series focusing on the puncture resistance of tank car shells from
the impact of couplers from other cars, broken rails, and other objects. The first report in this
series described a semi-empirical approach to calculate the puncture velocity, defined as the im-
pact velocity that will cause full penetration of the impacting object into the tank. The semi-
empirical approach was evaluated by comparing calculated puncture velocities with data ob-
tained from impact tests conducted on full-scale and actual tank cars. The semi-empirical
approach generally produced reasonable but conservative estimates of puncture velocity. Alter-
native methods may be needed by the industry to avoid over-design.

In this report, methods based on engineering mechanics principles (i.e., no empiricism) are de-
scribed to determine the puncture velocity of tank car shells. Both analytical and computational
methods are used in the engineering methodologies. The analytical model examines the crushing
behavior of a rigid-plastic ellipsoidal shell. Computational methods are carried out with finite
element models. Dynamic lumped-mass models are also developed to relate applied force to im-
pact velocity.

il



METRIC/ENGLISH CONVERSION FACTORS

ENGLISH TO METRIC METRIC TO ENGLISH
LENGTH (APPROXIMATE) LENGTH (APPROXIMATE)
linch (in) = 2.5 centimeters (cm) 1 millimeter (mm) = 0.04 inch (in)
1foot (ft) = 30 centimeters (cm) 1 centimeter (cm) = 0.4inch (in)
1lyard (yd) = 0.9 meter (m) 1 meter (m) = 3.3 feet (ft)
1 mile (mi) = 1.6 kilometers (km) 1 meter (m) = 1.1yards (yd)
1 kilometer (km) = 0.6 mile (mi)
AREA (APPROXIMATE) AREA (APPROXIMATE)
1 square inch (sq in, in2) = 6.5 gquare centimeters 1 square centimeter (sz) = 0.16 square inch (sq in, in2)
(cm?)
1 square foot (sq ft, ftz) = 0.09 square meter (m2) 1 square meter (m2) = 1.223quare yards (sq yd,
yd)
1 square yard (sq yd, ydz) = 0.8 square meter (m2) 1 square kilometer (kmz) = 0.4 square mile (sq mi, mi2)
1 square mile (sq mi, miz) = 26 gquare kilometers 10,000 square meters (m2) = 1 hectare (ha) = 2.5 acres
(km*)
1 acre = 0.4 hectare (he) = 4,000 square meters (m2)
MASS - WEIGHT (APPROXIMATE) MASS - WEIGHT (APPROXIMATE)
1 ounce (0z) = 28 grams (gm) 1gram (gm) = 0.036 ounce (0z)
1 pound (Ib) = 0.45 kilogram (kg) 1 kilogram (kg) = 2.2 pounds (Ib)
1 shortton =2,000 = 0.9tonne (t) 1tonne (t) = 1,000 kilograms (kg)
pounds (Ib) = 1.1 short tons
VOLUME (APPROXIMATE) VOLUME (APPROXIMATE)
1 teaspoon (tsp) = 5 milliliters (ml) 1 milliliter (ml) = 0.03 fluid ounce (fl 0z)
1 tablespoon (tbsp) = 15 milliliters (ml) 1 liter (I) = 2.1 pints (pt)
1 fluid ounce (fl 0z) = 30 milliliters (ml) 1liter (I) = 1.06 quarts (qt)
lcup (c) = 0.24liter (I) 1liter (I) = 0.26 gallon (gal)

1 pint (pt) = 0.47 liter (1)
1 quart (qt) = 0.96 liter (1)
1 gallon (gal) = 3.8liters (l)

1 cubic foot (cu ft, ft3) = 0.03 cubic meter (m3) 1 cubic meter (m3) = 36 cubic feet (cu ft, fts)
1 cubic yard (cu yd, yd3) = 0.76 cubic meter (m3) 1 cubic meter (m3) = 1.3 cubic yards (cu yd, yds)
TEMPERATURE (EXACT) TEMPERATURE (EXACT)
[(x-32)(5/9)] °F = y°C [(9/5)y +32] °C = x °F
QUICK INCH - CENTIMETER LENGTH CONVERSION
0 1 2 3 4 5
oeves | L L
Centimeters § 1 2 3 4 5 6 7 8 9 10 1 12 13
QUICK FAHRENHEIT - CELSIUS TEMPERATURE CONVERSION
°F -40° -22° -4° 14° 32° 50° 68° 86° 104° 122° 140° 158° 176° 194° 212°
4
°C -40° -30° -20° -10° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100°

For more exact and or other conversion factors, see NIST Miscellaneous Publication 286, Units of Weights and
Measures. Price $2.50 SD Catalog No. C13 10286 Updated 6/17/98



TABLE OF CONTENTS

Section Page
1. INTRODUGCTION. ...ttt ettt e ettt r e e e e e e e e e enbbn e e e eeeeeenennnns 1
2. SEMI-EMPIRICAL ANALYSES TO CALCULATE PUNCTURE VELOCITY .............. 3
2.1 Puncture Velocity for a Bare Tank Car Head ..........cccovvveiiieeiiiiniecieeeee e, 4

2.2 Puncture Velocity for a Tank Car Head with Head Shield and/or Jacket................ 5

2.3 Discussion of Semi-Empirical Approach...........cccccvveviiiiiiiieiiiiiieeceeecee e 6

3. ENGINEERING ANALYSES ...ttt sttt st 9
3.1 Indentation as a Function of Impact FOrce..........ccccoovieniiiiiiiniiniicieeeceee e, 9

3.1.1 Analyses Based on Plastic Collapse..........ccccueeviieriieiiieniieiienieeiieeeeieene 9

3.1.2  Finite Element ANalySes ........ccccocueiviiiiiiiiienieeieeee e 15

3.2  Impact Force as a Function of Impact VeloCity ........ccccoevueeviiiiiieniiniiiiieieeieenee, 26

33 Fallure CIIteTia . c..ee.veiieiieiieitieieitesie ettt sttt st et s nieen 30

3.3.1  Transverse Shear StresS .....cooviiiiiirieriiieieeie ettt 30

3.3.2  Effective Plastic Strain........ccoccoeciiiiiiiiienieeiiesie et 32

3.3.3  EffECtIVE SIIESS .euviriiiiiiieiiieieeie ettt 35

4. METHODS FOR CALCULATING PUNCTURE VELOCITY ....ccocvevivieieieeieieeene 37
4.1 Analytical MEthOd...........cooiiiiiiiiciecee e 37

4.2 Finite Element Method ..o 39

5. DISCUSSION AND SUMMARY ...c.utiiiiiiiieieeiesie ettt sttt s nse e sneenees 45
REFERENCES ...ttt ettt et ettt et e st e e st e seenae e st enteenaesseenseeneeeneenes 49
APPENDIX A Rigid-Plastic Deformation of an Ellipsoidal Shell............cccccccovveviiiiniinnnnenn. 51
APPENDIX B Dynamic Lumped-Mass Model for Tank Car Head Impact...........c..cccuveennee. 59



Figure

NN R WD =

10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.

29.
30.

LIST OF FIGURES

Page
Normalized Impact Data for Bare Tank Car Heads ..........cccoecveviiiiniininiiiniiciccciee 7
Schematic Of Rigid Plastic Deformation of an Ellipsoidal Shell..........c..ccoccooenininnnnee. 10
Effect of Flow Stress on Rigid Plastic Analysis of Ellipsoidal Shells..............cccccceeeunnne. 11
Effect of Aspect Ratio on Rigid Plastic Analysis of Ellipsoidal Shells.............ccccccceenneee. 12
Effect of Tank Diameter on Rigid Plastic Analysis of Ellipsoidal Shells.......................... 13
Effect of Shell Thickness on Rigid Plastic Analysis of Ellipsoidal Shells......................... 13
Effect of Internal Pressure on Rigid Plastic Analysis of Ellipsoidal Shells....................... 14
Comparison between Finite Element Analysis and Analytical Solution for Large
Elastic Deflection of Flat Circular Plates with Clamped Edges ..........ccccocveeviieniieniiaienne. 16
Schematic of Linear-Hardening Stress-Strain Curve..........oceeeveeeiienieeciienieeieeieeeve e 17
Elastic and Elastic-Plastic Load Deflection Behavior of Flat Circular Plates ................... 18
Linear and Nonlinear Strain Hardening Stress-Strain Curves for Tank Car Steel............. 19
Elastic-Plastic Behavior of Flat Circular Plates Modeled by Linear and Nonlinear
Strain Hard@ning ........c.eooiiiiiiie ittt ettt ettt e et enbeebeeenaeeneen 19
Effect of Aspect Ratio on Elastic-Plastic Finite Element Analysis .........ccccecevveneeiennnnne 21
Effect of Off-Center Loading on Elastic-Plastic Finite Element Analysis .........c..ccccu..... 22
Effect of Yield Strength on Elastic-Plastic Finite Element Analysis.......c..ccccceovenieniennnene. 22
Effect of Tank Diameter on Elastic-Plastic Analysis..........cccoceeviiriiniieniieiieieeieeeene 24
Effect of Shell Thickness on Elastic-Plastic Analysis ..........ccceeveeriiiiienieeriieniecieeee, 24
Effect of Boundary Conditions on Elastic-Plastic Analysis.........ccccceeevieneriieneenenienenn. 25
Comparison between Analytical and Finite Element Models...........ccoceverieniinenienennen. 25
Dynamic Lumped-Mass Model for Tank Car Impact...........cccceeveveriineniienennenieiecee, 26
Piecewise Linear Spring CharaCteristiC ..........cevveruerierieriienienieeiesicee e 27
Force Histories for Different Impact Velocities Predicted by Lumped-Mass Model
Based on Structural Analysis of an Ellipsoidal Shell ...........ccccocoiiiiiniinininee 28
Comparison between Semi-Empirical Equation and Results from Dynamic
Model for an Elastic-Plastic Ellipsoidal Shell ..........ccccooiiiiiiiiiiiiiieeeeeee e 28
Force Histories for Different Impact Velocities Predicted by Lumped-Mass Model
Based on Structural Analysis of an Ellipsoidal Shell ...........ccccoceiiiiniinininiieee 29
Comparison between Semi-Empirical Equation and Results from Dynamic Model
for an Elastic-Plastic Ellipsoidal Shell...........cccoooiiiiiiiiiioiiieeeeeee e 30
Finite Element Results for Shear Resultant as a Function of Force in Flat
CIrCULAT PIALES ...ttt sttt sttt 31
Analytical Results for Maximum Strain as a Function of Force...........ccccoocevviniininnenen, 34
Finite Element Results for Maximum Strain as a Function of Force..........c.cccocevenienncne 35
Finite Element Results for Effective Stress as a Function of Force.........ccocevvniinennnne. 36
Analytical Method to Calculate Puncture VeloCity.........coceevuerieneriieniineniinieenieneene 38

Vi



LIST OF FIGURES (continued)

Figure Page
31.  Finite Element Method to Calculate Puncture VeloCity .........cccoevieriienienciieiiiciieiieee 39
32. Quasi-Static Finite Element Results for Load-Deflection Response of Bare

Tank Car HEads.......ccueiiiriiiiiiieiecee et 40
33.  Results from Dynamic-Lumped Mass Analysis for Case 2 .........ccceeeevveriiieniencieeniiennnnnn 41
34. Maximum Strain as a Function of Impact Force for Case 2 ..........cccceeveveevienieeieenienenn, 42
35. Comparison between Quasi-Static and Dynamic Finite Element Analyses ...................... 43
36.  Relative Sensitivities of Various Parameters for Analytical Model

(Indentation at an Impact Force of 500 Kips) .....cccueriiriiiniiiiieiieieeieeiee e 46
37. Relative Sensitivities of Various Parameters for Finite Element Model

(Indentation at an Impact Force of 500 Kips) .....cccveriiriiiiiiniieiieieeieeeee e 46

vii



LIST OF TABLES

Page
Data from Impact Tests on Bare Tank Car Heads .........ccccoooveviriiniiiininiiieeieneeee 7
Assumed Constants for Large Elastic Deflection Analysis .........ccoceevieriiieniienieecieeieene, 15
Minimum Requirements for AAR TC-128 Steel.......cccooveriiniriiniiiiiiinieeneeeeee, 17
Puncture Velocities Calculated from Analytical Method for Bare
Tank Car HEads.......ccueiieriiiiiiieiece et 38
Puncture Velocities Calculated from Finite Element Method for Bare
Tank Car HEads......ccoueiiiriiiiiiieiecec ettt st 42

viii



LIST OF ABBREVIATIONSAND SYMBOLS

Association of American Railroads

Federal Railroad Administration

Railway Progress Institute

Research and Special Programs Administration

tank head radius

ellipsoidal shell depth

aspect ratio

indentation

acceleration due to gravity (386 in/s%)
plate or shell thickness

effective thickness

head thickness

jacket thickness

shield thickness

spring constant

ram car mass

reaction car mass

effective mass

exponent in Ramberg-Osgood equation
internal pressure

radial distance

time

velocity

initial impact velocity

puncture velocity

plate or shell deflection

deflection rate

Cartesian coordinates

constant

constant

constant

Young’s modulus or modulus of elasticity
dissipation energy

tangent modulus

coupler force

constant in Ramberg-Osgood equation
gap factor

fully-plastic moment

applied load

X



SuLr

T}" 4
Tu

LIST OF ABBREVIATIONS AND SYMBOL S (continued)

dimensionless pressure parameter

radial distance to define location of plastic hinge circle
ram car weight

reaction car weight

ratio of reaction car weight to ram car weight
strain

failure strain

maximum strain

effective plastic strain

angular coordinate to define location of plastic hinge circle
deflection

gap distance between head shield and tank head
dimensionless internal pressure parameter
Poisson’s ratio

radius of curvature

stress

flow stress

yield strength

ultimate tensile strength

shear stress

transverse shear stress

ultimate shear strength

natural frequency



EXECUTIVE SUMMARY

This report describes engineering methods to determine the puncture velocity of tank cars. In
this context, the puncture velocity is defined as the velocity at which puncture may be expected
to occur.

Prior to the work described in this report, puncture velocity of railroad tank cars has been calcu-
lated by the industry with the aid of semi-empirical equations. These semi-empirical equations
were originally developed by the Railway Progress Institute - Association of American Railroads
(RPI-AAR) Tank Car Safety Research and Test Project, and were later modified by the industry
to include the effect of head shield protection and jacket insulation. The semi-empirical approach
to calculate puncture velocity was evaluated in a previous technical report by comparing calcula-
tions with experimental data from various sources.

In this report, methods are developed to determine puncture velocity based on engineering me-
chanics principles. That is, no empiricism has been incorporated into the analyses. These
analyses include a rigid-plastic ellipsoidal shell model, finite element models, and dynamic
lumped-mass modeling.

The rigid-plastic ellipsoidal shell model and the finite element analyses indicate that the magni-
tude of the indentation due to impact depends strongly on the shape and depth of the tank car
head (i.e., aspect ratio of the ellipsoid). Sensitivity studies also reveal that load-deflection behav-
ior of the shell is strongly affected by material properties such as yield strength. Shell thickness,
internal pressure, and off-center loading were found to have a moderate effect on indentation.
Tank diameter had a weak influence on the load versus deflection behavior.

Results from the engineering models are in good agreement with those from the semi-empirical
equations for six cases examining the puncture velocity of non-pressurized, bare head tanks. The
finite element calculations were less than the semi-empirical results in all cases with 2 percent
outage, while the semi-empirical results were less than the finite element (FE) results in all cases
with 100 percent outage. Further examination of the tests data suggests that the presence of lig-
uid inside the tank (outage) has a stiffening effect on indentation.

Both the effect of liquid inside the tank and the effect of tank car head protection (such as a head
shield or jacket) should be addressed in future work.

xi



1. INTRODUCTION

Each year the nation’ s railroad tank cars make about one million shipments with hazardous ma-
terids. These materids can be poisonous, corrosive, flammable or pose other hedlth or safety
hazards. Approximately 1,000 accidenta releases of hazardous materials from tank cars are
reported annualy to the U.S. Department of Transportation (DOT), Research and Specid Pro-
grams Adminigtration (RSPA), Office of Hazard Materids Safety. Mogt are smdl spills and
leaks but some lead to injuries, property damage, environmenta contamination and other con
sequences of concern.

Two DOT agencies - the Federd Railroad Adminigtration (FRA) and the Research and Specid
Programs Adminidration (RSPA) - share responsiility for tank car safety in the United States.
Moreover, these agencies determine which materias must be shipped in tank cars best designed
to withstand train crashes and to prevent accidentd spills of hazardous materias. In recent
years, both the FRA and the railroad industry, through the Railway Progress Indtitute - Associa-
tion of American Railroads (RPI-AAR) Tank Car Safety Research and Test Project, have
worked cooperatively to develop standards for shipment of hazardous materiasin tank cars.
These efforts have improved the safety of tank car operations.

From 1978 to 1984 regulations were changed to require head protection on most pressure cars
carrying flammable gases and certain other hazardous materids. The purpose of head protec-
tion isto increase the resistance of the tank head to puncture from the couplers of other rail

cars, broken rails, and other objects. The current regulations, however, do not prescribe how
this head protection performance standard must be met but permit, as an option, the use of sed
plates mounted in front of the tank heads which act as head shidd protection. The industry has
now requested a performance standard for head protection based on the ability to predict punc-
ture velocity in lieu of actud tegting.

Studies on tank car puncture were conducted by the RPI-AAR Tank Car Safety Research and
Test Project inthe 1970s. Data were collected during impact tests on structures of varying
scdes. As part of that sudy, empirical equations were devel oped to caculate the velocity at
which the tank car shell would puncture (referred to as the puncture velocity). More recently,
the DuPont Company modified the semi-empirica equations to include the effect of head pro-
tection and jacket insulation for inter-modd tanks (Belport, 1993). Subsequently, the FRA re-
quested technical support from the VVolpe Nationa Transportation Systems Center (Volpe
Center) to evauate the applicability of the semi-empirical equations to actual tank cars.

This report is the second in a series describing methods to cal culate the puncture velocity of
tank car shells. Inthefirst report, the industry’ s semi-empirical gpproach to determine puncture
velocity was eva uated by comparing predictions with data from tank car impact tests (Jeong, et
al., 2001). Sixty-fivetest casesinvalving full-scale and actual tank cars were consdered. The
data were obtained from three different sources (Phillips and Olsen, 1972; Larson, 1992; and
Coltman and Hazdl, 1992). In generd, the semi-empirical gpproach underestimated the actua



puncture vel ocity indicating that the gpproach tends to be conservative. Assuch, dternative
methods may be preferred to avoid over-design.

In this report, methods based on engineering mechanics principles are devel oped and described.
No empiricism has been incorporated into the methods presented here. Anayticd and compu-
tational methods are applied to develop structura models of tank car heads. 1n these models,
the tank car head is represented as an dlipsoidd shell. Specificdly, the andyticd method isa
mode that examines crushing of rotationaly symmetric rigid plastic shells. Rotationa symmetry
impliesthat the shell isloaded at its center. The assumptions of rigid plastic materid behavior
and rotational symmetry alow for the derivation of andytica expressonsfor the load deflection
response of the shell. Thefinite dement method is used to examine the more generd case of
off-center loading and eastic-plastic materid behavior. A dynamic lumped-mass modd isaso
developed to relate impact vel ocity to the force gpplied to the tank head. Findly, appropriate
falure criteriaare examined to estimate when puncture of the tank will occur.



2. SEMI-EMPIRICAL ANALYSES TO CALCULATE PUNCTURE VELOCITY

The semi-empirica equations to ca culate puncture velocity were evauated in a previous report
by comparing predictions with experimentd data (Jeong, et d., 2001). These equations were
originaly developed by the RPI-AAR Tank Car Safety Project for bare tank car heads (Shang
and Everett, 1972), and later modified by the DuPont Company to account for head shield pro-
tection and jacket insulation in inter-modal tanks. The caculations of puncture velocity based
on these equations were within reasonable agreement with the available experimental data.
However, differences between the calculated and observed results became more widespread
when the tanks were pressurized or when head shield protection was present.

The semi-empirica equations are briefly summarized in this section for reference purposes.
(1) Maximum impact force as afunction of indentation.

The maximum force due to a coupler impacting the head of atank isrelaed to the indentation or
dent size by the following equation:

3 0.6
F(d) =35 10%1”(%) (1’ I515j o)

where F' is the maximum impact force (in units of kips), d isthe indentation (in inches), 4 isthe
shdll thickness (ininch), a isthe radius of the tank head (in inches), and p isthe interna pressure
(inps). The exponent of 3/2 for d indicates that a Hertzian relationship between the contact
force and the indentation was assumed in the formulation. The Hertz contact assumption implies
that the problems of dastic contact and elagtic impact are treated identicdly in this formulation.
The assumption of Hertz contact may be valid for low-ve ocity impacts, but may be question-
able for impacts resulting in puncture or other types of fallure.

(2) Indentation as a function of impact velocity.
The semi-empirical equation for indentation or dent Szeisalinear function of impact velocity:

—-Qa’ 105 2_a i 16 @ _ ya >
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where v istheimpact velocity (in miles per hour), ¥, isthe waght of the impacting car (in kips),
and g isthe accdleration due to gravity (386 in/s’). Also, a isthe ratio between the weights of
the tank car and the ram car or W>/W.

(3) Falure criterion.



Failure is assumed to occur when the maximum stress exceeds or is equd to the ultimate shear
strength. For this purpose, the transverse shear component of stressiis calculated for aflat cir-
cular plate subjected to a concentrated |oad offset from the center to represent a“knuckle’ im-
pact. Aninfinite series solution for this configuration is available in the open literature (for
example, refer to page 290 of Timoshenko and Woinowsky-Krieger, 1959). The RPI-AAR
formulation is based upon the firdt five terms of the infinite series solution which gives:

t =815 3)
ah

where F isthe coupler force and a isthe radius of the circular plate. Mahematicdly, the failure
criterion can be expressed as:

181i 3t
ah

u (4)

wheret , isthe ultimate shear srength of the head materid. In generd, mechanica properties
for agiven materid are reported in terms of yidd strength, ultimate tengle strength, and percent
elongation. Assuming that triaxia stresses are related to uniaxia test deta by the von Mises
equivaent stress, the ultimate shear srength is equd to 57.7percent of the ultimate tendle
grength.

2.1 Puncture Velocity for a Bare Tank Car Head

An equation to calculate the maximum coupler force as afunction of impact veocity can be de-
rived by combining equations (1) and (2):

F(v) = 000383 %2 (W) ¥ (p) )

wherel (p) isadimengonless function of interna pressure defined as.

p +15 0.6
(—15 j ©)

0=[-of 2]

The numericd vaueof | isaways greater than or equa to one. For example, avaue of 1.0
corresponds to the case of no interna pressure; avaue of 1.72 to a pressure of 100 ps.

An expresson to cdculate the puncture velocity (i.e., the velocity a which puncture of the tank
may be expected) can be derived by subgtituting the equation for maximum coupler forceinto
the failure criterion. In other words, combining equations (4) and (5), and then solving for the
velodity gives



Vv =

V4 VI/Jv.a V16
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In this equetion, v, is the puncture velocity in miles per hour (mph).

2.2 Puncture Velocity for a Tank Car Head with Head Shield and/or Jacket

In the case of head shidld protection and/or jacket insulation, the semi-empirica equations in
clude three auxiliary parameters. Thefirst of these parametersis referred to as the effective
thickness, defined by:

heff — [hj'33 +h3133 +h}.33]ﬂ133 (8)
where £, isthe tank car head thickness, 4, is the head shield thickness, and #; is the jacket
thickness. The exponent of 1.33 isan empirica condtant. Ancther auxiliary parameter isre-
ferred to as the gap factor:

1
K, = )
\/1_ 2F(v,,) XDxg
(17.6v,,)*W,

where D is the gap or distance between the head shidd and the tank shell and g isthe accdera
tion due to gravity (386 in/s?). The conversion factor of 17.6 inVs = 1 mph has aso been in-
cluded in thisequation. In addition, F isthe maximum coupler force cacuated from equation
(5) for aveoaity v, which is the puncture velocity for abare tank car head (in mph) with effec-
tive thickness and is defined as.

/

o276 [t |

Vpb = W.q L6 (10)
a I (p)

Then, the puncture velocity for atank car head with head shield protection and/or jacket insula-
tion can be calculated from:

v, =K;%,, (11)

where K is the gap factor defined by equation (9) and v,,;, is defined by equetion (10).



2.3 Discussion of Semi-Empirical Approach

The semi-empirica approach to calculate the puncture velocity of tank carsis appealing be-
cause of itsamplicity. Assuch, the semi-empirica approach was evauated in a previous report
by comparing predictions with results from impact tests conducted on full-scale and actua tank
cars (Jeong, et d., 2001). The comparisons indicate that the semi-empirical equations provide
reasonable but conservative estimates of puncture velocity. The conservatism may stem from its
amplicity.

Further review of the semi-empirica gpproach indicates that the following factors have not been
taken into account explicitly:

amount of liquid in the tank (outage) and
geometry of the tank car head (shape and depth of the tank car head).

The effect of outage can be demondrated from an examination of the available impact test data
involving non-pressurized tanks. For example, Table 1 lists forces and indentations measured
during ten impact tests on bare tank car heads with varying combinations of tank diameter, shell
thickness, and outage. In order to minimize the effects from variations in tank diameter and shell
thickness, the data were normalized using the following procedure. The measured indentation,
w,, iIsdivided by the shell thickness, /. The corresponding dimensionless parameter for meas-
ured impact force is defined as Pa’/Eh* where P is the measured impact force, « isthe radius of
the tank, E is the modulus of easticity (assumed to be 3" 107 psi for tank car stedl), and /2 isthe
shell thickness. The normalized data are plotted in Figure 1 which aso shows regression curves
for the 2 percent outage and 100 percent outage data. The open symbols in the figure represent
cases where the outage in the tank was 100 percent (completely empty tanks). Conversely,
solid symbolsin Figure 1 represent cases for 2 percent outage (Amogt full). From this normali-
zation procedure, Figure 1 suggests that the presence of liquid in the tank has a diffening effect
on the load deflection behavior of bare tank car heads.

The effect of the tank car head geometry (shape and depth of the tank car head) will be demon-
grated through structural analyses of curved shells. These analyses are described in the next
section of thisreport.



Table 1. Data from Impact Tests on Bare Tank Car Heads

Resaction Measured
Car Tank Sl Impact Force | Measured
Case Weight W, | Diameter Thickness (kips) Indentation
No. | Outage | (kips) 2a (inches) | h(inch) (inches)
1 2% 96.6 78 0.500 55 2.75
381 12
2 100% | 48.5 87.5 0.500 59 6.5
126 13.25
137 13.5
208 16
3 2% 107.3 80 0.438 89 6.5
410 16.5
4 100% | 48.0 80 0.438 - -
5 100% | 40.9 83 0.438 118 9
6 2% 128.9 88 0.438 141 11.25
NOTES:

(1) All tests performed with norpressurized tanks.
(2) No measured data were available for Case 4.

(3) In all cases, the ram car weight is 128.9 kips.
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3. ENGINEERING ANALYSES

In this section, engineering andyses are described that form the basis for rational methods to
cdculate the puncture velocity of tank cars. These analyses include an andyticad modd to
examine the crushing behavior of an dlipsoidd shdll, finite dement models of flat plates and
curved shells, and dynamic lumped-mass modding. Moreover, these anayses are developed to
determine

(1) amechanics-based relation between indentation and impact force,
(2) amechanics-based relation between impact force and impact velocity, and
(3) arationd criterion for puncture.

3.1 Indentation as a Function of Impact Force

Different models with varying geometries (i.e,, flat circular plates versus curved spherica shells)
and materia behavior (e.g., eadtic versus dadtic-plastic) were consdered to determine the rdla
tionship between indentation and impact force.

The sami-empirica equation relating indentation and impact force assumes Hertzian contact
which generdly gpplies to contact of linear elastic bodies. For this reason, preliminary cacula-
tionsfor load versus deflection were based on linear-€lagtic plate theory. Such caculations,
however, were found to produce unredistic deflections. That is, extremdy high deflections
were caculated for high impact forces (e.g., approximately 100 inches for 2000 kip loads).

3.1.1 Analysis Based on Plastic Collapse

An andyticd mode was developed previoudy to caculate the load versus deflection behavior
of pressurized hemispherica shells (Lupker, 1990). The model was based on a plastic-collapse
modd origindly developed by de Oliveriaand Waeirzbicki (1982) for non-pressurized hem-
spherica shells. 1n these models, the shell is subjected to a centrally applied concentrated |oad
which results in axisymmetric deformation of the shell. Moreover, assuming both axisymmetric
deformetion and rigid plastic materid behavior provides an andytica expressons for load ver-
sus deflection.

In the present study, the andlyses developed by de Oliveriaand Weirzbicki and by Lupker have
been further modified to examine the load deflection behavior of pressurized dlipsoidd shells
with an arbitrary aspect ratio. This modification represents amore generd case of shell defor-
mation since a hemigphericd shell isa specid limiting case of an dlipsoidd shell. Referring to
Figure 2, the geometry of the dlipsoidd shdl is defined by @ and 5 which represent the semi-
magor axis length of the dlipsoid and semi-minor axis length, respectively. For example, the as-
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pect ratio (b/a) for ahemisphericd shdl isequd to one. In the design of actua tank cars, the
agoect ratio is usudly less than %

X
. a i

Figure 2. Schematic of Rigid Plastic Deformation of an Ellipsoidal Shell

Expressons for the load and deflection of an dlipsoidd shell are written in terms of a parameter
g. Physcdly, qisthe angle & which aplagtic-hinge cirdle forms as aresult of therigid plastic
deformation (Figure 2). Asthe applied load increases and plastic deformation spreads toward
the edges of the shell, the angle g increases. The parametric equations for the gpplied load and
center deflection of the shell asfunctions of the angle g are:

2 .2
F =2pM, ﬂﬁ(ﬁ) sin"q , R 1+ﬂ(R2 - 2Rr+ﬂr2jsin2q (12)
3h\a) coq r ha 3
w, :2(1- %)(b- R cosq) (13)

where M, isthe fully-plagtic moment and P, is a dimensionless pressure parameter which are
defined as.

Mo :ls ohz PO = pa (14)
4 2s h

o

In these equations, s, isthe flow gress, /4 isthe shdl thickness, and p isthe internd pressure.
Also,
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r= 1 (ﬁj«/BRh cosq (15)
2sing \ b

R :J a’b’ (16)

a’cos’q+b%sinfq

The derivation of these equationsis given in Appendix A.

Figure 3 shows the effect of flow dress on the load deflection behavior of rigid plastic lipsoida
shdls. Theseresults gpply to shdlswith atank diameter of 87.5 inches and thickness of %Anch.
These dimensions correspond to Case 2 in Table 1 on page 7. Also, the aspect ratio, or ratio
of the semi-minor axis length to the semi-mgjor axis length, b/, is assumed to be %2 The figure
indicates that the force level to achieve a given deflection increases as the flow stressincreases.
An atifact of therigid plastic assumption isthat the force is afinite value when the deflection is
zero.!

Force (kips)

1,000

35ksi  50ksi 65 ksi

800 [~ v
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400

200

0 5 10 15 20
Center deflection (inches)

Figure 3. Effect of Flow Stress on Rigid Plastic Analysis of Ellipsoidal Shells

! Equation (12) reduces to F =20M, when & is equa to zero which corresponds to the unde-
formed dtate.
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The effect of the agpect ratio on the load deflection behavior of rigid plastic dlipsoidd shdllsis
shown in Figure 4. These results gpply to shells with atank diameter of 87.5 inches and thick-
ness of ¥4nch. Also, the flow stressis assumed to be 50 ks which is equd to the yield strength
for AAR TC-128 Grade B tank car sted. These results show that deflection is essentidly inde-
pendent of aspect ratio for force levels below 200 kips. At force levels greater than 200 kips,
however, a higher load is needed to achieve a given deflection as the aspect ratio decreases.
The effect is magnified asthe force levelsincrease. Moreover, at these higher force levels, the
effective stiffness of the shell increases as the aspect ratio decreases.

Force (kips)

1,000

b/a=114  b/a=1I3  b/a=1/2

800

600

400

200

L L L L L L 1 L
0 5 10 15 20 25 30 35
Center deflection (inches)

Figure 4. Effect of Aspect Ratio on Rigid Plastic Analysis of Ellipsoidal Shells

The geometry of the tank car head is dso defined by the tank diameter and shell thickness. Fig-
ure 5 shows the effect of tank diameter on the load deflection behavior of rigid plastic dlipsoidd
shels. The values assumed for the tank diameter essentidly represent the range of vaues listed
in Table 1 for bare tank car heads. The figure indicates that the load deflection behavior isin
dependent of tank diameter when forces are less than 250 kips. At forces greater than 250
kips, the shell with the larger diameter deflects more & the same force leve than the shell with
the amdl diameter. The effect of shdl thickness on the load deflection behavior of rigid plastic
dlipsoidd shellsis shown in Figure 6. Thisfigure indicates that grester force is needed to deflect
the thicker shell to the same indentation as the thinner shell. The results in both figures gpply to
shells with an aspect ratio equd to %4
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Figure 5. Effect of Tank Diameter on Rigid Plastic Analysis of Ellipsoidal Shells
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Figure 6. Effect of Shell Thickness on Rigid Plastic Analysis of Ellipsoidal Shells

The effect of interna pressure onthe load deflection behavior of rigid plagtic shdlsis shown in
Figure 7. These results gpply to dlipsoida shells with an aspect ratio equd to Yand aflow
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dressequd to 50 ks. Quditatively, these resultsindicate that internd  pressure increases the
effective stiffness of the shell which is consstent with results from the semi-empirica approach.
Quantitatively, however, the effect of internd pressurization as shown in Figure 7 is less than that
indicated by the semi-empirica formulafor impact force as afunction of indentation, as given by
equation (1). For example, an internd pressure of 20 ps requires an impact force that is 1.7
times the force for the non- pressurized case to achieve the same indentation according to equa:
tion (1). From Figure 7, the same factor is roughly between 1.2 and 1.3. Smilarly, an interna
pressure of 40 ps requires 2.2 times the force of the non+pressurized case to achieve the same
indentation, according to the semi-empiricd equation. The same factor is between 1.4 and 1.6,
according to the results from the rigid plastic andlysis.  In other words, the semi-empiricd gp-
proach estimates a greater effect of interna pressurization on the load deflection response than
therigid plagtic dlipsoidd shell modd. Tanks are usudly pressurized when they contain liquid.
Therefore, these comparisons may suggest that the semi-empirical gpproach overestimates the
effect of pressurization to compensate for excluding the effect of outage.

Force (kips)

1,000

p=0psi p =20 psi p =40 psi

800

600

400

200
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Center deflection (inches)

Figure 7. Effect of Internal Pressure on Rigid Plastic Analysis of Ellipsoidal Shells

On one hand, therigid plastic analyss of dlipsoidd shellsis convenient because an analytica
solution for load versus deflection is available. On the other hand, the andlysisislimited to im+
pacts at the center of the shell. Moreover, the rigid plastic assumption requires knowledge of
the flow stress. Conventiondly, the flow stress can be taken as the yield strength, the ultimate
tendle strength, or the average of the yield and ultimate tensle strengths. However, the results
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shown in Figure 3 indicate that the magnitude of the flow dress has a sgnificant influence on the
load deflection behavior.

In principle, the limitations of the andyticd modd for elipsoidd shells can be handled using the
finite dement method. That is, the finite dement method represents a versatile computationd
tool that can examine the effects of off-center impacts and more redistic materid behavior.

3.1.2 Finite Element Analyses

Finite dement (FE) modds have been developed by the industry for various purposes, but none
seem appropriate for predicting puncture velocity, at thistime. In the present study, FE analy-
ses are conducted using the NIKE code for quasi-static loading conditions and the DY NA

code for dynamic loading.

The garting point for the finite e ement analyses in the present study was to approximete the
tank car head as aflat circular plate. Various levels of complexity will be incorporated into the
finite dement modeling after each step has been validated through andytica solutions or avail-
able experimentd data.

Nonlinear dadtic, flat circular plate with clamped edges

The finite dement results for aflat circular plate with clamped edges were validated through
comparisons with gpproximate analytical solutions. For example, based on astic large-
deflection plate theory, the relationship between the maximum deflection and tota load on the
plate is given by (see page 415 of Timoshenko and Woinowsky-Krieger, 1959):

3 2
e =0

where w, isthe displacement at the center of the plate, / isthe plate thickness, a isthe radius of
the plate, and £ isthe modulus of dadticity. Also, 4 and B are congtants that depend on the
boundary conditions (Smply supported versus clamped edges), type of loading (concentrated
load versus uniformly distributed load over the entire plate), and Poisson’sratio. Vauesfor 4
and B areliged in Table 2 for flat circular plates with clamped edges subjected to a concen
trated |oad at the center, and assuming Poisson’sratio is equd to 0.3.

Table 2. Assumed Constants for Large Elastic Deflection Analysis

A B
Immovable edge 0.443 0.217
Edgefreeto dide 0.200 0.217
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Figure 8 compares the quas-static finite dement (FE) results with the andlyticd solutionsfor flat
circular plates with movable and immovable edges; i.e,, equation (17). These results were cor+
ducted for a plate with a diameter of 87.5 inches and a thickness of 0.5 inches. In the finite
element model, the total load was distributed uniformly over a square area at the center of the
plate. The loaded area was 5 percent of the total surface area of the plate to approximate the
gpplication of a concentrated load. The andytical solutions bracket the FE results; the anaytical
solution for an immovable edge represents the lower bound on the deflection a a given load
level while the solution for edges that are free to dide gives the upper bound.

Force (kips)

1,000 —
'
[}
/ u
l'I
800 - foon
FEA result /
™ ;
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Edge free to slide ;
600 [~ /S on

Immovable edge 4
/

400

200

0 1 2 3 4 5 6

Center deflection (inches)

Figure 8. Comparison between Finite Element Analysis and Analytical Solution for
Large Elastic Deflection of Flat Circular Plates with Clamped Edges

Blagic-plagtic flat circular plate with clamped edges

The next logicd progresson in the finite dement andyds of flat platesis to examine the effect of
eadtic-plagtic materia behavior. Eladtic-plastic materid behavior is represented in the FE mod-
els by specifying a stress-drain curve for agiven materid. Table 3 lists the minimum require-
ments for AAR TC-128 Grade B tank car sted. These minimum requirements were used to
congtruct a bilinear (i.e., linear hardening) stress-rain curve where the modulus of eadicity E is
assumed to be 3" 10" ps and the tangent modulus E.a, is 1.65" 10° psi (Figure 9).
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Table 3. Minimum Requirements for AAR TC-128 Steel

Property Vdue
Yidd Strength, SvyLD 50 ks
Ultimate tengle srength, sy, 1 81lks
Percent elongation 19% in 2 inches
Stress
A
Surr |
1 Etan
S YLD
E
Strain B}

Figure 9. Schematic of Linear-Hardening Stress-Strain Curve

Figure 10 compares the quasi-gdic finite dement results for dadtic (with large deflections) ver-
sus dadtic-plastic materia behavior as modeled by the linear strain-hardening stress-drain
curve. Theresults show larger deflections for eadtic-plastic plates than for dastic plates under
the sameload. This result isreasonable because plates that have yidded are less likely to resst
deformation. At force levels greater than 200 kips, the relation between load and deflection for
the dladtic-plagtic caseis practicdly linear. The figure also shows aplot of equation (1) for a
tank car head with a diameter equa to 87.5 inches and shell thickness equa to 0.5 inch. The
load deflection response provided by the andlysis of flat plates is much dtiffer than the correlated
test results.
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Figure 10. Elastic and Elastic-Plastic Load Deflection Behavior of Flat
Circular Plates

Eladtic- plagtic materid behavior may dso be modeled using anonlinear stress-rain curve. For
instance, nonlinear strain hardening can be modded using a Ramberg-Osgood curve which is
expressed mathematicaly as:

e=2+ (S_) (18)

whereeisthe drain, s isthe stress, and E is the modulus of dadticity. Also, K and » are con-
stants, which are equal t0 9.68" 10* ksi and 9.41 respectively for AAR TC-128 stedl. Figure
11 compares the linear and nonlinear hardening stress-strain curves used in the finite dement
andyses. The nonlinear stress-drain curve is effected in the finite dement analyses by specifying
apiecewise linear relation. The stress-drain relation as modded by the nonlinear hardening
curve provides a smoother trangtion from the eadtic to the plastic stress Sates, while the linear
hardening curve has a discontinuity in dope & the yied strength.

Figure 12 compares the eagtic-plastic deformation of flat circular plates with clamped edges as
modeled by the linear and nonlinear hardening stress-dtrain curves. At force levels less than 200
kips, adightly stiffer load deflection response is evident when the stress-Strain curve is approxi-
mated by the Ramberg- Osgood equation (nonlinear hardening case). Between 200 and 400
kips, the load deflection behavior is nearly identical. When the forces are greater than 400 kips,
the difference in the tangent moduli between the linear and nonlinear hardening models greetly
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affects the load deflection response. In other words, the tangent modulus for the linear harden+
ing curve is dways greater than the nonlinear hardening case which leads to a stiffer load deflec-
tion response.
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Figure 11. Linear and Nonlinear Hardening Stress-Strain Curves for
Tank Car Steel
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Figure 12. Elastic-Plastic Behavior of Flat Circular Plates Modeled by Linear and
Nonlinear Strain Hardening
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Eladtic-pladtic dlipsoidd shells

Since the head of atank car is actualy acurved surface, the next logica step isto vary the ge-
ometry of the plate to resemble the head of atank car. Therefore, hemisphericd and dlipsoidd
shells are examined. Changing the geometry from aflat circular plate to a hemispherica or dlip-
soidal shell increases the likelihood of a snap-through phenomenon where a sudden jump in de-
flection may occur from ardéativey smdl increase in force

In the FE models for dlipsoida shdlls, the total 1oad was distributed over a square area (12
inches” 12 inches) to approximate the region of contact produced by a coupler impacting a
tank car head. Eladtic-plastic meterid behavior is modeed in the finite dement andysisby a
piecewise linear representation of the Ramberg- Osgood stress-gtrain curve, defined by equation
(18), for AAR TC-128 tank car stedl. The andyses were conducted for shellswith clamped
edges. Later in this section, the effect of boundary conditions on the load deflection analysis will
be examined by considering smply-supported edges. The effects of various geometric, mate-
rid, and loading parameters on the finite dement results will be described in the remainder of
this section.

Figure 13 compares the quasi-gatic FE results for lipsoidd shells of varying aspect ratios.

The FE resultsfor aflat plate (b/a =0) and a hemisphericd shell (b/a=1) are plotted in the fig-
ure to represent bounding cases. These results correspond to shells or plates with diameter (24)
equal to 87.5 inches and shdll thickness (h) equa to 0.5 inches. Intidly, the hemispherica shell
is dtiffer than theflat plate. At aload level of about 100 kips, the load deflection curves for the
hemispherica shell and flat plate intersect. For loads greater than 100 kips, theflat plateis
differ than the hemispherical shell. More-over, the aspect ratio can have asgnificant effect on
the load versus deflection response, especidly at force levels greater than 300 kips. Snap-
through is mogt evident in the case of the hemispherical shell where the deflection jumps from
about 1.3to 4.3 inches asthe load isincreased from 150 to 200 kips. Snap-through aso ap-
pears to occur in elipsoida shells with other aspect ratios, but the magnitude of the deflection
and load leve a which snap-through occurs decrease as the aspect ratio decreases. At load
levelsless than 50 kips, the dlipsoidd shdlls are rdatively differ than the flat plate. After snap-
through occurs, however, the dopes of the load deflection curves for the dlipsoida shellsare
less than the dope for the flat plate. The figure also shows the reationship between load and
deflection as given by the semi-empirica formula; namely, equation (1). The figure indicates that
the semi-empirica equation corresponds approximeately to the FE result for an aspect ratio
equal to ¥4
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Figure 13. Effect of Aspect Ratio on Elastic-Plastic Finite Element Analysis

Therigid plastic analysis described in Section 3.3.1 assumes that the impact load is applied a
the center of the shell. Mathematicdly, this smplifying assumption reduces a three-dimensond
shdl-deformation problem to atwo-dimensiona one. Moreover, thisidedization leads to the
derivation of closed-form parametric expressions for load and deflection. The finite element
method is now adopted to examine the effect of off- center impact loading on the load deflection
response of elipsoidd shellswith an agpect ratio of 1/3, tank diameter of 87.5 inches, and shell
thickness of 0.5 inch. Figure 14 indicates that off-center loading of the dlipsoidd shell produces
adightly stiffer deflection response compared to the center-loaded case. The difference be-
tween the center and off- center loading becomes greeter asthe load level increases. In this
andyss, the off-center load was gpplied at a distance midway between the center of the tank
and its edge. Thislocation corresponds to the height a which full-scale tanks were damaged
during smulated coupler-type impact tests (Phillips and Olsen, 1972).

The effect of materid properties on the finite dement anadyses was examined by varying the
yield grength in the stress-strain curve with nonlinear srain hardening. In these analyses, the
nomind yied strength for tank car sted was assumed to be 50 kg, and then varied £30 percent
while the modulus of dadticity was held congtant a avaue of 3 107 ps. Figure 15 showsthe
effect of this variation of yield strength on the load deflection response. The figure indicates that
increasing the yied strength produces a stiffer load deflection response.
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Figure 14. Effect of Off-Center Loading on Elastic-Plastic Finite Element Analysis
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Figure 15. Effect of Yield Strength on Elastic-Plastic Finite Element Analysis
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Tank diameter and shell thickness are two additiond parameters that define the geometry of the
tank car shell. Figure 16 shows the effect of tank diameter on the finite dement results. The
figure indicates that reducing tank diameter dightly increases the structurd stiffness of the shell.
Theinfluence of varying the shell thicknessis shown in Figure 17. Asthickness increases, the
gructurd stiffness of the shell increases. These trends are consstent with the semi-empirica
equations. In other words, the finite element method and the semi-empirica approach demon-
drate that reducing tank diameter or increasing shell thickness increases the effective sructurd
giffness of the shell.

Up to this point, the eadtic-pladtic finite dement anayses of dlipsoidd shells were conducted by
specifying clamped edges at the boundary conditions. Simply-supported boundary conditions
were aso consdered, and its effect on the FE resultsis shown in Figure 18. Evidently, the load
deflection response is unaffected by boundary conditions for loads are less than 200 kips. For
loads greater than 200 kips, the clamped-edge condition produces a stiffer load deflection re-
sponse than the smply-supported boundary condition.

Figure 19 compares results from the dadtic- pladtic finite dement analysis with the analyticd
solution for the deflection of rigid plagtic dlipsoida shells. Both anadyses were conducted for
shellswith an aspect ratio of 1/3. Three valuesfor flow stress (20, 35, and 50 ks) were as-
sumed in therigid plagtic andyses. In the finite dement andysis, the load was applied a the
center of the shell and was distributed uniformly over a square areaequd to 5 percent of the
total surface area to gpproximate a concentrated load. Also, the yield strength and ultimate ten-
dle grength in the eadtic-pladtic finite eement andyses were assumed to be 50 and 81 kg, re-
spectively. The figure indicates that the results from both the andytical and finite dement models
have smilar trends in the load deflection behavior even though the materid characterizations are
different. For this reason, the comparison between the finite dement and anaytica resultsis
consdered quditative. Moreover, the finite eement results are bounded by the andytica results
for flow stress values between 20 and 50 ks. These results suggest that representing the tank
car head as an dlipsoidd shell with an appropriate choice of a materid modd can provide a
reasonable estimation of its sructura behavior.
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Figure 16. Effect of Tank Diameter on Elastic-Plastic Analysis
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Figure 17. Effect of Shell Thickness on Elastic-Plastic Analysis
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Figure 18. Effect of Boundary Conditions on Elastic-Plastic Analysis
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Figure 19. Comparison between Analytical and Finite Element Models
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3.2 Impact Force as a Function of Impact Velocity

In order to apply the analyses described in Section 3.1 to tank car impacts, the impact force
must be related to the impact velocity. Simple relations can be developed from basic engineer-
ing principles to relate the equivaent gatic force to the impact velocity. However, caculations
basad on the conservation of energy cannot be redigticaly gpplied without estimating the energy
lost or absorbed during impact. Also, application of the impulse-momentum principle tends to
overestimate the maximum impact force. Moreover, the time duration for the impact event must
be assumed when gpplying the impulse-momentum principle?

Based on limited test data, the load-time history for a coupler impacting the head of atank car
resembles a triangular impulse load with atime duration on the order of 0.25 second. In princi-
ple, the pesk in the triangular pulse, which represents the maximum impact force, should depend
on the impact veloaty.

In the present study, a dynamic lumped-mass mode was developed which can be used to: (1)
determine the load versus time history for aram car impacting atank car & a pecified impact
veocity, and (2) rdae the impact velocity to the maximum impact force. The mode is shown
schematicaly in Figure 20 where the spring characterigtic representing the deformation of the
tank car head is assumed to be a nonlinear function of impact load. Moreover, the oring char-
acterigtic can be determined from one of the structurd analysis models described in Section 3.1.

Z; Z,

.

Figure 20. Dynamic Lumped-Mass Model for Tank Car Impact

2 The impulse-momentum principle is expressed mathematically as
mpy, = L: F(¢t)dt

where m; isthe mass of the impacting object, v, isthe initid impact velodity, F(z) is the impact
force asafunction of time, and t isthe impact duration.
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For mathematica convenience, the nonlinear spring characterigtic in the modd is represented by
apiecewise linear curve, shown schematicaly as a hardening spring in Figure 21. Thus, the load
versus displacement curve is defined by the coordinates (&, F;) where i isthe number of break
pointsin the curve. The piecewise linear representation of the spring characteristic dlowsfor an
andyticd solution to the equations of mation to the lumped-mass system shown in Figure 20
(for example, refer to Timoshenko, et d., 1974). The mathematica formulation of the dynamic
lumped-mass modd is described in Appendix B.

Force

(ds, F)
ks
(ds, F3)
(0, F3) ks

(., Fi1) k>
ki

Displacement

Figure 21. Piecewise Linear Spring Characteristic

Figure 22 shows the force-time higtories for four different impact velocities as predicted by the
dynamic lumped-mass modd. In these results, the spring stiffnessin the lumped-mass mode
was obtained by applying the e agtic-plagtic finite dement model for a centraly loaded dlipsoi-
dal shell with an aspect ratio of ¥4 tank diameter of 87.5 inches, and shell thickness of 0.5 inch.
Theyield srength and the ultimate tensile strength were assumed to be 50 and 81 ks, respec-
tively, which correspond to the mechanica propertiesfor AAR TC-128 tank car stedl. In the
dynamic anadysis, the ram car weight was equal to 128,900 Ib and the reactioncar weight was
equal to 48,500 Ib. The shapes of the force-time pulse are asymmetrical, and the impact dura-
tion varies for different impact velocities. The calculated times for impact duration are on the
order of 0.20 second which is dightly less than the observed impact duration time of 0.25 sec-
ond. Figure 23 shows the variation of peak impact force as afunction of impact velocity. The
figure ds0 shows the relation between maximum impact force and impact velocity as given by
the semi-empirical approach; i.e., equation (5). For this particular sructurd modd, the lumped-
meass andysis predicts alarger impact force than the semi-empirica gpproach a the same
velocity.
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Figure 22. Force Histories for Different Impact Velocities Predicted by Lumped-Mass
Model Based on Structural Analysis of an Ellipsoidal Shell
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Figure 23 . Comparison between Semi-Empirical Equation and Results from
Dynamic Model for an Elastic-Plastic Ellipsoidal Shell
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The dynamic lumped- mass andys's was repeated using the same structurd modd as the previ-
ous results, but with the yield strength reduced by 30 percent (i.e., 35 ks rather than 50 ks).
Figure 24 shows the corresponding force-time higtories for varying impect velocities. Theim-
pact duration times calculated from the anadlysis vary between 0.23 and 0.25 seconds, com-
pared to the measured time of 0.25 second. Moreover, the peak impact forces are reduced
when alower yield strength is assumed. Figure 25 shows the variation of the maximum impect
force with impact velocity. When compared with Figure 23, these results indicate that a 30
percent reduction in yield strength corresponds to a reduction in peak impact force between 14
and 26 percent depending on the impact velocity. The semi-empirical relation between coupler
force and impact velocity is aso shown in Figure 25 for comparison. The peak impact force
caculated from the engineering anayses is equd to the result from the semi-empirical approach
at about 17 mph. Results for impact vel ocities between 14 and 18 mph are given particular at-
tention because CFR 179.105-5 describes a performance standard requiring tank car heads to
withstand minimum impact velocities within this range depending on the ram car weight.

Impact force (kips)
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400
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300
10 mph
200
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100
0 . 1 . 1 . 1 . 1 !
0 0.05 0.10 0.15 0.20 0.25

Time (seconds)

Figure 24. Force Histories for Different Impact Velocities Predicted by
Lumped-Mass Model Based on Structural Analysis of an Ellipsoidal Shell
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Figure 25. Comparison between Semi-Empirical Equation and Results
from Dynamic Model for an Elastic-Plastic Ellipsoidal Shell

3.3 Failure Criteria

In predicting failure, engineering analyses must rely on an appropriate failure criterion. In such
andyses, fallure (or more specificaly, puncture) is assumed to occur when the assumed quantity
or criterion (typicaly, a stress or strain component) exceeds a critica vaue. In this section,
various criteria are examined which can be gpplied to the structural models described in thisre-
port to predict puncture of atank from impact. These criteriainclude: (1) transverse shear
stress, (2) effective plagtic strain, and (3) effective stress.

3.3.1 Transverse Shear Stress

In the semi-empirical approach, the failure criterion was based on the linear dadtic solution for
the transverse shear stressin aflat circular plate subjected to a centrally applied load:

(=30 {1- (2—” (19
220mh |~ Uk

where P is the applied load, r isthe radid distance from the center, / isthe plate thickness, and
z IS the transverse co-ordinate through the thickness with its origin at the mid- plane of the plate.
From this equation, it can be seen that: (1) the maximum transverse shear occurs a the mid-
plane of the plate (i.e, a z = 0), and (2) the transverse shear stress has asingulaity a the cen

31



ter of the plate (i.e, a » = 0). Based on linear-eladtic plate theory, the transverse shear stressis
alinearly increasing function of gpplied load. Also, this expression is invariant with respect to
boundary conditions and the pressure distribution assumed for contact loading. 1n other words,
equation (19) is the same whether the plate is smply supported or has fixed edges, or whether
the plate isloaded by a congtant uniform load or by a Hertzian distribution over an equd area.

Large deflection finite eement anayses were conducted to examine transverse shear for flat cir-
cular plates. Thefinite dement andyses, however, cdculate a quantity known as the shear re-
aultant which is directly proportiond to transverse shear stress. Figure 26 shows the variation of
the shear resultant with applied load for different assumptions regarding materia behavior. Un-
der nonlinear dagtic materid behavior, the shear resultant is a monotonicaly increasing, nonlin-
ear function of applied force. When eadic-plastic materia behavior is assumed (represented
by a Ramberg-Osgood stress-grain curve in the finite eement mode), the shear resultant
reaches amaximum vaue at ardatively low load level (on the order of 100 kips). Sincethe
semi-empirica gpproach is based on Hertzian contact, which is gpplicable to impact of linear
elagtic bodies, the use of transverse shear as afailure criterion is consstent with the assumed
materid modd. If, however, an dadtic-plastic materid modd is assumed, these results suggest
that using the transverse shear (or equivaently, the shear resultant) as afailure criterion isinap-
propriate.

Shear resultant (kips/inch)
20

Elastic Elastic-Plastic

0 200 400 600 800 1,000

Force (kips)

Figure 26. Finite Element Results For Shear Resultant as a Function
of Force in Flat Circular Plates
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3.3.2 Effective Plastic Strain

Therigid plagtic dlipsoidd shel mode is used to examine plagtic strain as avigble fallure crite-
rion for puncture. Referring to Appendix A, the shape of the deformed part of the shell can be
described mathematicaly by:

W)=y, +%{(§) - (x- )} (20

from which successve differentiation with respect to x gives:

d—y—i(-2x+2xA)

dx 2Cr

4%y 1 1 (21)
dx’® o E@r_

wherer istheradius of curvature.

The maximum gtrain is expected to occur at the plagtic-hinge circle, and is defined mathemati-
cdly as

1
X— 22
Cr (22)

e =

max

1
X—
r

N =
P

where & isthe shell thickness. Also, referring to Appendix A:

2
C= (%) cosq (23
and
r= 1 (ﬁj«/ 3Rhcosq (24
2sinq \ b

where a and b are the semi-mgjor and semi-minor axis lengths of the dlipsoida shell, respec-
tively. Therefore,

3
e :%(é) tanq 3 (25)
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Strictly spesking, the radius of curvaturer isrelated to the first and second derivatives of y by:

1 1]
== % (26)
[1+(y) ]
Thefird derivative of y isevauated at the location of the plastic hinge, or
x=x, =(R- r)sinq (27)
Thus,
2
V'ixg) = lsi nq = (2] tanq (28)
C a
and
b 3
1 (Z) teng 3h
= — X 29
O =3 32 "\ Rcosq (29)

EEE

Note, however, that the bracketed term that is raised to the 3/2 power is approximately equa
to onefor dl practica vdues of b/a and €. Therefore, equation (25) is used to caculate the
maximum grain.

Figure 27 shows a plot of the maximum gtrain, as caculated from equeation (25), as afunction of
applied force, as caculated from equation (12), for avariety of cases corresponding to those
ligedin Table 1. The maximum gtrain is shown to be amonatonicaly increasing function of ap-
plied load. In each of these cases, the aspect ratio is assumed to be 1/3 and the flow Stressis
assumed to be 50 ksi. Moreover, fallure is assumed to occur when the plastic strain exceeds
the ultimate failure strain. For this purpose, avaue of 0.2 is assumed as the ultimate fallure
grain for standard tank car steels. These results indicate that the load at failure varies between
475 and 600 kips depending on the particular case of interest.
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Figure 27. Analytical Results for Maximum Strain as a Function of Force

For comparison purposes, finite eement analyses were conducted to calculate the effective
plastic rain in dadic-pladtic elipsoidd shells. Figure 28 shows the finite ement resultsin
terms of maximum plagtic srain as afunction of gpplied load. In these andyses, the aspect ratio
was assumed to be ¥z Also, a Ramberg-Osgood stress-strain curve was assumed where the
yield strength was equd to 35 kd. The maximum plastic strain is shown to be a monotonically
increasing function of goplied force. Assuming failure occurs when the maximum plagtic srainis
equd to the ultimate fallure drain, these results predict that puncture in these cases occurs at
load levels between 530 and 590 kips. Moreover, these results suggest that plastic strainisan
appropriate failure criterion for dadtic-plagtic dlipsoidd shells
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Figure 28. Finite Element Results for Maximum Strain as a Function of Force

3.3.3 Effective Stress

The finite d ement anayses conducted to examine maximum plagtic strain were also used to ex-
plore effective stress as a potentid failure criterion. Figure 29 shows the finite element resultsin
terms of effective stress as a function of applied load for the various cases. The plots of effec-
tive stress correspond to the center of the shell which iswhere theimpact load is applied. The
variaion of effective stress with applied force somewhat resembles the variation of Sressasa
function of grain, but with two digtinct differences. The first difference is that the effective stress
is not amonatonicaly increasing function of force. The second differenceisthat the point in
these curves that would be analogous to the yield point corresponds to an effective stress of
between 55 and 70 ks at aforce level of about 50 kips while the yield strength for this particu-
lar material was assumed to be 35 ks. After yielding has occurred, the effective stress drops
off to amost 40 ks, presumably while the load is redidtributed through the shell. At aforce
level of about 100 kips, the effective stress increases monotonicaly. A linear extrapolation of
these curves shows that an effective stress of 70 ks would be reached a aforce level of about
900 kips. The vaue of 70 ks represents the ultimate tensle strength of this particular materid.
The effective stress does not appear to be an appropriate choice as afalure criterion for dadtic-
plastic shells mainly because it is not a monatonicaly incressing function of impact force.
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Figure 29. Finite Element Results for Effective Stress as a Function of Force
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4. METHODS FOR CALCULATING PUNCTURE VELOCITY

Engineering methods to determine the puncture velocity of tank car shells are described in this
section. These methods rely on the engineering analyses described in Section 3. Moreover, the
methods are based strictly on engineering mechanics principles and do not include any empiri-
cism. The methods presented here require a structural mode to derive a relation between im+
pact force and indentation. The results from the structurd model are then applied to the dynamic
lumped-mass mode to determine the relation between maximum impact force and impact
velocity. The results from these two models are combined to estimate the puncture velocity for
agiven tank car design by assuming an gppropriate failure criterion. In this section, two
engineering-based methods are presented to determine the puncture velocity of tank car shells.
The first gpproach uses an anaytica modd for sructurd analysis of an dlipsoidd shell. The
second approach is based on finite dement modding.

4.1 Analytical Method

The first method to calculate puncture velocity is based on the andytical mode for arigid plagtic
elipsoidd shdll loaded at its apex (Section 3.1.1). The genera approach is shown schematically
in Figure 30. In the results that follow, the puncture velocity was caculated by assuming maxi-
mum gtrain as afailure criterion. In other words, puncture of the tank car shdll is assumed to
occur when the maximum strain exceeds acertain critica vaue. For this purpose, the ultimate
falure strain for standard tank car sted (0.2) is assumed as a criticd vaue.

Table 4 compares the puncture vel ocities estimated by the analytical method with those calcu-
lated from the semi-empirica gpproach. The tank diameter and shell thickness for each case
were ligted previoudly in Table 1. Since the specific shape and depth of the tank car head were
unknown, three values for aspect ratio were assumed. Also, aflow stress of 35 ks was as-
sumed in the engineering analysis for each case® Only onefull-scale test listed in Table 4
(namely, Case 4) resulted in a puncture of the tank (at an impact velocity of 16.1 mph). Coin
cidentdly, the puncture velocities caculated from the analytical method for an aspect ratio of 1/3
and the semi-empirica approach for this particular case were equal to 15.2 mph. In generd,
the puncture velocities caculated from the andytica method are less (i.e., more consarvative)
than those cdculated by the semi-empirical goproach.

% The full-scale impact tests were conducted with tank car heads made from AAR M-115 sted!
which was reported by Phillips and Olsen (1972) to have a tendle strength between 55 and 65
ks and ayidd srength equa to one-hdf of the tensle strength.
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Figure 30. Analytical Method to Calculate Puncture Velocity

Table 4. Puncture Velocities Calculated from Analytical Method
for Bare Tank Car Heads
Case Outage Puncture Velocity (mph)
Semi-emp. Analytical Method
Approach b/a=1/4 | bla=1/3 | ba=1/72
1 2% 17.9 11.1 12.9 15.8
2 100% 20.1 15.2 17.8 21.9
3 2% 16.5 10.0 11.7 14.5
4 100% 15.2 12.9 15.2 18.7
5 100% 18.0 14.1 16.6 20.5
6 2% 14.6 10.3 12.1 15.0

NOTES:

(1) See Table 1 for structura details corresponding to specific cases.
(2) Inthe analytical method, the flow stressis assumed to be 35 ks.
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4.2 Finite Element Method

The eslimation of puncture velocity based on the andlytica solution for dlipsoidd shellsis limited
to impacts at the center of the tank car head and to rigid plastic materia behavior. Theselimita-
tions can be managed by applying the finite dement method but at the expense of more detailed
andyds. The gpplication of the finite dement method to caculate the puncture velocity of tank

carsis shown schemaicdly in Figure 31.
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Figure 31. Finite Element Method to Calculate Puncture Velocity
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The quas-4atic finite dement analyses were conducted to determine the load deflection re-
gponse for the different cases involving bare tank car headslisted in Table 1. In these andlyses,
the aspect ratio of the tank car head was assumed to be %4 and the yield strength was assumed
to be 35 kd. Figure 32 shows the load deflection response for the various cases in which the
tank diameter and shell thickness are different. The figure dso shows the data measured during
the tests for indentation and impact force. The two data points at 381 and 410 kips correspond
to tests conducted using tanks with 2 percent outage. Otherwise, the generd agreement be-
tween the finite dement andysis and experimentd datais reasonable.

Force (kips)

800

Exp. Data Exp. Data

Case 1 Case 2 Cases 3 &4 Case 5 Case 6 29 Outage 100 % Outage

4 =] f u *

0 5 10 15 20 25
Center deflection (inches)

Figure 32. Quasi-Static Finite Element Results for Load deflection
Response of Bare Tank Car Heads

The results from the finite dement andyss (shown in Figure 32) were used to represent the
soring characteridtic for the dynamic lumped-mass model to determine the relation between
maximum impact force and impact velocity. Results from the dynamic lumped-mass modd cor-
responding to Case 2 are shown in Figure 33. The figure dso shows the relationship between
maximum force and impact velocity reaionship as given by the semi-empirical approach for the
same case. The lumped-mass andyss caculaes higher maximum force levels than the semi-
empirica approach at the same impact velocity.
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Figure 33. Results from Dynamic-Lumped Mass Analysis for Case 2

In order to predict puncture, the maximum strain was adopted as a failure criterion in the pre-
sent study. Figure 34 shows the relationship between maximum strain and impact force for
Case 2 as determined from the finite dement analysis. Failure is expected to occur when the
maximum strain reaches 0.2 which corresponds to the ultimate failure strain for tank car sedl.
Referring to Figure 34, the impact force corresponding to a maximum strain of 0.2 is 577 kips.
Referring to Figure 33, amaximum impact force of 577 kips corresponds to an impact velocity
of 20.6 mph. In other words, the present methodology calculates a puncture velocity of dightly
lessthan 21 mph for Case 2.

This same procedure can be repested for the other cases involving bare tank car heads. Table
5 ligts the puncture ve ocities ca culated from combining the finite dement and lumped- mass
andyses with the maximum grain failure criterion. The table o lists the corresponding punc-
ture velocities ca culated from gpplying the semi-empirica approach. In the cases where the
outage is 100 percent, the puncture velocities caculated from finite dement method are dightly
higher than those cdculated from the semi-empirica gpproach. In the cases with 2 percent out-
age, thetrend is reversed; the puncture vel ocities calculated from the semi-empirical gpproach
are higher than those from the finite dement method. In generd, the predicted puncture veloci-
ties from the present method and the semi-empirica gpproach are within 20 percent agreement.
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Figure 34. Maximum Strain as a Function of Impact Force for Case 2

Table 5. Puncture Velocities Calculated from Finite Element Method

for Bare Tank Car Heads
Case Outage Puncture Velocity (mph)
Semi-Empirical Finite Element
Approach Method
1 2% 17.9 15.5
2 100% 20.1 20.6
3 2% 16.5 14.0
4 100% 15.2 18.1
5 100% 18.0 19.6
6 2% 14.6 14.0

NOTES:

(1) See Table 1 for structura details corresponding to specific cases.
(2) Aspect ratio is assumed as Y4

(3) Yidd drength is assumed as 35 ks.
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In the present study, the NIKE finite element code was used to conduct the quas- tatic analy-
ses and the DY NA code was used for the dynamic FEA. Figure 35 compares results of force
versus indentation obtained from the NIKE and the DY NA codes. The square symbols repre-
sent shellswith an aspect ratio of 1/3; the diamonds represent shells with an aspect ratio of %
Solid symbols refer to dynamic FE analyses (DY NA), and open symboals refer to the quasi-
gatic FEA (NIKE). Thefigure shows that the quas-<atic and dynamic anayses provide smilar
results for force versus indentation behavior.
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Figure 35. Comparison between Quasi-Static and Dynamic
Finite Element Analyses



5. DISCUSSION AND SUMMARY

Engineering andyses were presented in this report that relate impact force and indentation.
Specificaly, two methods were described: (1) an andyticd mode of arigid plagtic elipsoida
shdl subjected to a concentrated |oad at the center, and (2) finite dement models of dadtic-
plagtic dlipsoidd shellswith arbitrary loading (i.e., load applied at the center or off-center). The
effect of various parameters on force-deflection behavior was examined by conducting sengtiv-
ity studies on both methods.

Figure 36 illudrates the rdative sengtivity of various parameters to indentation at aforce leve of
500 kipsfor therigid plastic shell model. From the semi-empirical equations, 500 kips repre-
sents the impact force created from a 128.9-kip ram car colliding with atank car of equa
weight a 20 mph. The basdine parameters are: aspect ratio of 1/3, flow stress equa to 50 kg,
tank diameter equal to 87.5 inches, 0.5-inch shell thickness, and no internal pressure. Thus, the
figure shows that for these basdline parameters, the indentation resulting from a 500-kip impact
forceis21.2 inches. The figure dso shows the range of assumed vaues for the various parame-
tersthat were consdered. Based on these reaults from the analytica modd, the various pa-
rameters are ranked in order of decreasing sengtivity to load deflection behavior asfollows:

aspect ratio

internal pressurizetion
flow stress

shdll thickness

tank diameter

In other words, aspect ratio has the strongest influence while tank diameter has the weskest ef-
fect on load deflection behavior for this particular model. Internd pressure and flow stress have
agrong to moderate effect. Shell thickness has a moderate effect on indentation. The effect of
tank diameter on indentation is wesk.

Figure 37 isasmilar illugtration of indentation sengtivity to various parameters condgdered in the
finite dement modeling. The basdine vaue for yied srength in the FE resultsis 50 ks, Oth+
enwise, the basdine parameters are identica to those defined for the analyticd modd. Thein-
dentation produced by an impact force of 500 kips, as caculated by the FE analyssfor the
basdine parameters, is 23.2 inches. Based on the finite dement models, the relative ranking of
parametersis asfollows:

yield strength

aspect retio

impact load location
shdll thickness

tank diameter
boundary conditions
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The finite dement method confirms the strong sengitivity of indentation to agpect rétio, previ-
oudy demondrated in the andytica modd. But yidd strength is aso shown to have a srong
influence on indentation. The location of the impact force (off- center versus center impact) and
shell thickness have a moderate effect. Tank diameter and boundary conditions have arda
tively wesk effect on the finite dement results for indentation.

Both the andyticd and finite dement methods indicate that the magnitude of the indentation de-
pends strongly on the shape and depth of the tank car head (i.e., aspect ratio). The semi-
empirica approach does not explicitly account for this effect. The methods to determine the
puncture velocity of tank cars that are described in this report are based gtrictly on engineering
mechanics principles. No empiricism has been included in these analyses.

Normalization of bare tank car head data indicates that the amount of liquid in the tank (outage)
has an influence on the load deflection behavior of tank car heads. While the semi-empirical
gpproach accounts for the effect of interna pressurization, outage is not explicitly taken into ac-
count. The effect of interna pressurization on load deflection behavior of dlipsoidal shellswas
examined usng the andyticd rigid plagtic mode. Internal pressure was shown to have less of an
effect on the load deflection response than indicated by the semi-empirical approach. Since
pressurized tanks generdly contain liquid, it gppears that the semi-empirica equations overesti-
mate the effect of internd pressurization to compensate for excluding the effect of outage. Fu-
ture work should be conducted to extend the methods presented in this report to include the
effect of outage since it appears to influence structura behavior and, therefore, puncture veloc-

ity.

Future work should aso be conducted to extend the present methods to include the effect of
tank car head protection. For example, the finite dement method can be adopted to model
concentric elipsoida shells to represent atank car head protected by ahead shidld. Thefinite
element model would be used to determine the load deflection behavior of such astructure.
These results would then be used as input to the dynamic lumped-mass mode which would in
turn calculate the impulsve force characteristic. Limited test dataindicates that the force versus
time characterigtic for tank heads with head shield protection is trgpezoidd in shape. Finite de-
ment modeling of this type can be complicated because dip-lines may be needed when the head
shield and the tank car head come into contact.

Strain rate effects have not been examined in the present study, but could be incorporated by
gpecifying siress-drain data for varying strain rates into the dynamic finite ement moddl. Such
data, however, are limited. Moreover, the effect of Strain rate is expected to be small for low
velocity impacts.
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APPENDIX A. RIGID PLASTIC DEFORMATION OF AN
ELLIPSOIDAL SHELL

This gppendix presents the derivation of an andytical solution to the rigid plastic deformation of

an dlipsoida shell subjected to a concentrated load gpplied at the center of the shell. The solu-

tion presented in this gppendix represents an extenson of previous work on therigid plastic de-

formation of rotationaly symmetric shells of revolution. Specificaly, de Oliveiraand Wierzbicki
(1982) devel oped an andyticd solution for non-pressurized hemispherica shells. Subsequently,
Lupker (1990) modified the work of de Oliveiraand Wierzbicki to examine the crushing behav-
ior of pressurized hemispherica shells. In the present work the analytica solution is extended to
examine the more generd case of a pressurized dlipsoidd shell.

The mechanics of the deformation process for rotationaly symmetric shells are such that plagtic
deformations are confined to a narrow zone while the remainder of the shell undergoesrigid
body motion. The zone of plagtic deformetion is characterized as atoroida surface which
moves outward as the applied load increases.  In the present formulation, the deformation
process for an dlipsoidd shell is assumed to comprise two stages. In the firgt stage, the deflec-
tion a the center of the shell isrelatively smadl (on the order of the shell thickness). Moreover,
plagtic deformation is contained within a circular areaat the center of the shell. Astheload leve
increases, the deformation process progresses to a second stage where the zone of plastic de-
formation becomes more widespread. In this stage, the plagtic deformation is contained within
two plastic-hinge circles that move outward from the center as the load increases.

Initid Stage of Deformation Process for an Ellipsoidd Shell

Intheinitid deformation stage, asmdl dimpleisformed at the center of the elipsoidd shell
where the load is gpplied. The dimpleis bounded by asingle plastic-hinge circle. Referring to
Figure A1, the radius of the plastic-hinge circle as measured from the vertical axis of revolution
is

x, =Rsinq (A.D)
where R isthe distance from the origin to the plastic hinge and q is the angle between R and the

y-axis. Physicdly, the angle q represents the location of the plagtic-hinge cirdle. For an lip-
soid:

R :J a’b’ (A.2)

a’cos’q+b%sinfq
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a "l

Figure A1l. Schematic of Shell Deformation in its Initial Stage
The shape of the undeformed shell is described mathematically as:

v, (x) =b,[1- (f) for0£x£a (A.3)
a

where a isthe semi-mgor axis length of the dlipsoid and b isthe semi-minor axislength. The
deformed part of the shell is assumed to have a parabolic shape:

yp(x)= A, + Ax+ A,x* for O£ x £ x, (A.4)

where 4y, A;, and 4, are unknown congtants that are determined by enforcing continuity of
dopes and deflections for the undeformed and deformed parts of the shell at the plastic hinge.
These continuity conditions are stated mathemeticaly as follows

v (x,)=yp(x,)
(A.5)
d

d
EyU(xA) = EyD(xA)

where x , isthe location of the plagtic-hinge circle, as defined by equation (A.1). Additiondly,

this formulation assumes thet the location of the plastic hinge and the maximum shell deflection
relaive to the origin are the same, or

y5(0)=y,(x,) = Rcosq (A.6)
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After performing the necessary differentiation and agebra,

b

X

2
v, (x) = Rcosq + (—j [Rsing - x] (A.7)
a) Rcos
The deflection at the center of the shell is.
w, =b- y,(0)=b- Rcosq (A.8)

Second Stage of Deformation Process for an Ellipsoidd Shdll.

Astheload level increases, the zone of plastic deformation becomes more widespread and
moves away from the center. Moreover, two plastic hinges are created during this stage of the
deformation process. Also, the zone of plastic deformation is contained within these two plas-
tic-hinge circles which are denoted by Points A and C in Figure A2. Mathematicdly, the coor-
dinates of these points are defined as follows:

= Rsin
*a = RSN (A.9)
v, = Rcoxq
and
x. =(R- 2r)sing (A10)
Ye =y, = Rcosq
where r isthe radius of the toroida surface between the hinge points (which isto be deter-
mined). In addition, the coordinates:
=(R- r)sin
xp = ( r)sing (A.11)

¥y = (R - r)cosq
define the center of the toroid (see Figure A2).
In this stage, the deformed elipsoidal shell is assumed to consst of two sections. One section
is described asthe toroida rise of the shell between plagtic-hinge circles. Furthermore, this sec-

tion of the deformed shell is assumed to have a parabolic shape, which is expressed mathemati-
cdly asfunction of x by:
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X
. a i

Figure A2. Schematic of Shell Deformation in its Latter Stage

¥ (x) =B, + B,(x - x, )2 for x. £ExEx, (A.12)

where B, and B, are unknown congtants and x 4, x 3, and x - were defined in equations (A.9),
(A.10), and (A.11), respectively. The unknown congants are found by matching the deflections
and dopes of the undeformed and deformed shellsat Point A. After performing the necessary
differentiation and agebra,

b\ [r?sinfq- [x- (R- r)sing]’
y(x) = Rcosq +(;) { FZrcosq ] Jor x. Ex£x, (A.13)

The second part of the deformed shell represents the indentation between the center and the
inner pladtic-hinge circle. Matheméticaly, this section is expressed as an dlipse with the same
agpect rétio as the undeformed shell but with a different semi-mgor axis length:

Yy (x) =Y, - (2)\/%2 -x* for OEx £x, (A.14)
a

In this equation, Y, isthe center of the dlipse (representing the inner part of the deformed shell)
and a;, isthe length of the semi-mgjor axisfor this elipse. Moreover, this function represents the
mirror image of the undeformed shell (which accounts for the negative sgn in front of the redical
term). The unknown congants, ¥, and a,, are determined by enforcing continuity of dopesand
deflections of the two functions describing the deformed shell a the inner plastic- hinge cirdle.
These conditions are expressed mathematicaly as.



d d
Eyg)l) (xc) = ay(DZ)(xc)

(A.15)
vy (o) =y (xc)
From the condition of dope continuity at the inner plastic-hinge cirdle,
2r
a, = (1- ?)a (A.16)
From the condition of deflection continuity at Point C,
Y, =2(R - r)cosq (A.17)

Therefore,

Y (x) = 2(R - r)cosq - b\/(l- %jz - (Ejz Jor O£ x £ x,. (A.18)
a

The deflection at the center of the shdll is.
wy =b- y,(0) = 2(1- %)(b - Rcosq) (A.19)

where r isthe radius of the toroidd rise of the deformed shell. Moreover, r is determined by
minimizing the collapse load which is described in the following section.

Collapse Load
The derivation for the collgpse load starts with an energy balance that equates the rate of work
of externa forcesto theinterna energy disspated during the deformation process. Thetota
disspation energy is the sum of three parts which are due to: (1) a discontinuous veocity field
at the plagtic-hinge cirdes, (2) a continuous deformation field in the shell between them, and (3)
the work done againgt internal pressurization. Mathemetically, the energy balance is expressed
as.

E=E,+E,+E, (A.20)
The rate of work of externd loading is given as.
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E = Fw2rsing (A.21)

where F, isthe applied load and w is the angular velocity of the two plagtic-hinge circles. The
dissipation energy due to the discontinuous velocity field at the plastic hinges contributes:

2

E, =2ps, %W(R sing + (R - 2r)sing) (A.22)

where s, isthe flow stressand 7 isthe shell thickness. The dissipation energy due to the con
tinuous deformetion field between plastic hinges contributes

- 1(b)* sinfq .
E, =2ps hw 3z r X2rsing) (A.23)

a) cox

where the term in the brackets represents the area of the toroida rise above the instantaneous
center of rotation passing through Points A and C in Figure A.2. The work done againgt inter-
nd pressurizetion is:

E,=2p {J':Cp X, Xx dx +LXAp X, Xx dx} (A.24)

where p isthe interna pressure. Also, the deflectionsrates are:
W, = 2/W sing W, =W[Rsing - x] (A.25)

After subgtitution and integration,
E, = 2ppE r(3R? - 6Rr +4r%)wsi n3q} (A.26)
Thefully-plastic moment is defined as

M, =22 (A.27)

We dso define adimensionless pressure parameter as.

p =4 (A.28)
2s 7

o
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where a istheradius of the tank (which isdso the length of the semi-mgor axis of the unde-
formed dlipse).

When the equations are combined, the collgpse load is found as a parametric function of the
agleq:

2 .
F (q)= 2pM{ﬂ£(2) sin’q LR 1+ ﬂ(RZ - 2Rr +£r2)8i n’ q} (A.29)
3h\a) coq r ha 3
As noted in the previous section, » is an unknown quantity at this point. The procedure to de-
termine r is described asfollows. The parametric function for the collgpse load, equetion
(A.29), isdifferentiated with respect to . The derivative is set equa to zero. Theroot of this
derivative isthe solution for 7. A relatively smple closed-form solution for » can be obtained for
the case where the internal pressure is zero:

B (ﬂ}/szeh cosq (A.30)
2sinq \ b

In principle, a closed-form solution for » can be obtained for the case of an interndly pressur-
ized shell, but the procedure entails the solution of a cubic polynomid inr. In practice, the solu-
tion of » for pressurized shellsis performed numericaly.

Trangtion Between Deformation Stages

The center deflection in the first stage of the deformeation process was determined previoudy as.

w, =b- Rcosq (A.8)

Similarly, the center deflectionin the latter stage was found to be:
w, = 2(1- %)(b - Rcosq) (A.19)

where r was determined by minimizing the collgpse load. It isinteresting to note that equation
(A.19) reducesto equation (A.8) when R=2r. Thus, the trangtion when the deformation pro-
gresses from the formation of asingle hinge circle to two hinge circles is assumed to occur &t the
vaueof g that stisfies this condition. In the case of no internd pressure, the angle a which the
trangtion occurs is found to be afunction of the semi-mgor and semi-minor axis lengths and the
shell thickness:
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A.31
2 9h%a’(a® - b°) - b° (A-3D)

g =arcco{£bJ3ha2«/9h2 +4b* - 9h’a® - 2*

Mathematicdly, the initid deformetion stage occurswhen g £q,,,,, , and the latter stage occurs
when q >q,.,,.. A Smilar expresson for the trangtion angle can be found for the case with
internal pressurization, but in practice the trangtion angle is determined numerically.
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APPENDIX B. DYNAMIC LUMPED-MASS MODEL FOR TANK CAR
HEAD IMPACT

A dynamic lumped-mass model was developed in the present work to determine the force-time
history for tank car head impacts. The modd is aso used to reate the maximum impact force
to theinitid impact velocity, v,. Asshown in Figure B1, the lumped-mass modd comprises two
masses representing the impacting car and the tank car and a nonlinear spring between them,
representing the stiffness of the tank car head asit deforms during impact.

s
o)

Figure B1. Dynamic Lumped-Mass Model

In the formalism developed in this gppendix, the spring characteridtic is represented mathemati-

cdly by apiecewise linear function of impact force, shown schematicdly in Figure B2 asa
hardening soring.

Force
(ds, Fy)
ks

(ds, F3)

(@, F2) ko

(dj,F]) k2
ki

Deflection, x

Figure B2. Piecewise Linear Representation Of Spring Characteristic
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Intheinitid linear iffness range, the equations of motion are;

mlfl(l) +k, Zl(l) - 22(1)] =0
0f£¢r<t, (B.2)
m,z, @ 4+ kl[z2 o zl(l)] =0

where z; isthe displacement of the ram car which hasamass of m, z, is the displacement of the
reaction or tank car whichhasamass of m,, k; istheinitid dope of the load-displacement
curve, and ¢; isan unknown time to be determined. Also, the superscript refersto the system
responsein theinitia linear regime of the stiffness curve. The generd solution to these coupled
differentia equationsin thisregimeis

Z0(0) = AP + ALt + A cosw,t + AL sinw ¢

1 1 .. (B.2)
V(1) = AP + 40t - ~ AL cosw,z - ~ AL sinw, ¢t

where a is defined as the ratio between the mass of the tank car and the mass of the ram car, or
mlm;. Also, the circular frequency of oscillation in this regime is defined as:

w, = \/kl(ml ") \/kl(“a) . (B:3)

m,m, ma

From this eguation, the effective mass of the ram car is defined as:

a

My =y (B.4)

The four unknown congtants in equations (B.2) are determined by gpplying the following initid
conditions:

Z%0)=0

- (1) 0) =

Ztl)( )= (B.5)
z°(0)=0

£9(0) =0

where v, istheinitid impact velocity of theram car. After applying theseinitid conditions to the
generd solution, the motion of the two massesin theinitid linear stiffness regime can be ex-
pressed in closed-form as.
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v a
z0 (1) = 2|t + —sinw,¢
l+a w,

: (B.6)
20 () = V—O[t - isi nwlz}
1+a w,
Therefore, the compression of the spring between the two massesis equd to:
xW(t) =20 (t) - 29 (¢) = VVV— sinw, 7. (B.7)

1

At this point, two possible cases must be considered to determine¢;: (1) if the impact velocity
v, islessthan d,w;, then ¢; isthe tota time of the impact event; or (2) if the impact velocity v, is
greater than d,w;, then plastic deformation of the tank-car head occurs and ¢; isthe time when
the next bresk point in the load deflection curve is reached.

Inthefirst case, ¢; isgiven by:

[, = WL (B.8)
1

Moreover, the overdl system responsein this case is regarded as linear dastic and istherefore,
completely described by equations (B.6). Plastic deformations, however, generdly occur when
the impact velocity is greater than 3 to 4 miles per hour (mph), and ¢; is defined by the second
case.

In the second case, ¢, is determined from the following condition:

% .
—.sinw.t, =d B.9
Wl 11 1 ( )

Solving this equetion for ¢,,

1 .
t, =—arcsi w,d, (B.10)
ow, v

For time after ¢;, the stiffness of the tank-car head is governed by 4, and the rlevant equations
of motion for this part of the force-deflection curve are:
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m121(2) +k2[21(2) - 22(2)] =-F +k,d,
t,Et<t, (B.11)
mzéz(z) +k, 22(2) - 21(2)] =F - k,d,
The generd solution to this set of coupled differentid equationsis Smilar in mathematical form to
the previous case but with complementary terms added to represent the particular solution:

2

. 1 F
Ziz)(t) = A1(2) + Aéa (t - tl) + AéZ) COSWz(t - ll) + Af) Sl an(t - ll) +E(d1 ) _1]

(B.12)
2) @ 4 4@ 47 o 1 £
Z2() = AP + 4P (¢- 1,)- - COSW, (¢ - ;) - - Sinw, (- t,)- B d, - 0
. —_ k2
where: w, = (B.13)
m

eff

The unknown congants in equations (B.12) are determined from continuity of displacements
and velocities &t ¢,

5" (4) =27 (t)
5 (6) =47 (1)

o @ . (B.14)
zp () =z (1)
) (h) =2 (t,)
Subdtituting equations (B.12) into theseinitia conditions renders:
. d F,
Al(Z) :i Yo asi h +1(1_ a) 1. d1
l+a |w, v, 2 k,
Az(z) _ Y
l+a (B.15)
a2 =2 h
° 1+a &,
@-__ 2 wd,)’
4 w2(1+a) Vo ( 1 2)

After the unknown congtants in equations (B.12) are determined, two possible cases are cor+
Sdered to determine 7.

Thefirgt case occurs when the initid impact velocity is not high enough for the indentation to
reach the next break point in the spring characterigtic curve. In this case, ¢, represents the time

62



when maximum compression of the goring is reached. Mathematically, this condition is satisfied
when:

2(t,) =27 (1) - 7 (1,) =0 (B.16)

After some dgebraic manipulations, it can be found that:

1 k
t, =t +—arctan{ 2 v - (wldl)z} (B.17)
W2 F;LWZ

The second case iswhen the initid impact velocity is high enough to reach the next break point
in the load versus deflection curve. Inthiscasg, ¢, is determined from the following condition:

x®? (tz) = ZiZ) (tz) - Z£2)(t2) :dz (B.18)

After some agebraic manipulations, it can be found that:

\]Vf - (W1d1)2 - \/Vj - (W1d1)2 - Wz(dz - dl)(Z%-l'dz - dl]

- (B.19)

2
t, =t, +—arctan

w F
’ [ i"_dz'dljwz

For times after ¢,, as defined by equation (B.19), the overdl system response requires solution
of the following set of coupled differentid equations governing the next part of the piecewise
linear load deflection curve:

mlz-l(a) +k3[zl(3) _ 22(3)]= - F, +k3d2
, , , t, Et<t, (B.20)
mzéz() +hky Zz( )- Zl( )] =F, - kd,

The procedure to solve equations (B.20) isidentica to that followed in solving equations (B.1)
and (B.11). The generd solution to the equations (B.20) isamilar to equation (B.12) and dso
contains four unknown congants.

. F
0= A2+ A2(0- 1,) A0 comw 0 1)+ A s (- 1) 3, - 2

42 o 1 F
Z2() = A2 + AP (¢- t,)- a3 CoSW ,( - 1,) - a4 sinw,(z-t,)- > d,- -2

63



where: W, = (B.22)

The unknown congtants are determined from continuity conditions for the displacements and
velocities at ¢;, from which:

A9 =20 ) +az@ (1) +S(1- a) 12 - d,
2 ks
47 =27(1,) +az? (t,)
(B.23)

F
AP =ax2
3

a
40 = )'C(Z) ¢
P =)

Subsequently, two possible cases must be considered to determine ¢; which depends on the
magnitude of the initid impact velocity. If theinitid velocity is not high enough to reach the next
break point in the load deflection curve, then:

1 k
t3 =t, +—arctar{ 22 - (wldl)z} (B.24)
WZ F;LWZ

In this case, t; represents the time when the maximum spring compression is reached.

The other possible case is when the impact velocity is high enough that the next bresk point in
the load deflection curve is reached:

5 X(Z)(tz)' \/x(Z)(tz)Z'Wg(ds' dz)(szz'l'ds' dz]
t,=t, +—atan : (B.25)

w, 2F2+d3'd2 .
k3

A pattern in the equations for the system response emerges which can be used to derive succes
sive incrementa solutions. Mathematically, the general solution to the ™ increment step (for
>2)is




. . . . Lo 1 F
20() = AP + AL (1 - 1,,)+ AL cosw, (¢ - 1,.,) + AL sinw (¢ - ti.l)+§(d . j

k,
(B.26)
D@ =40 +40(t-t,.,) A‘E’)cosw (t-t.,) ‘(‘l)sinw (t-¢.,) Ly . L
t) = -t,)- — (t-t.,)-=d -
ZZ 1 2 i-1 a i i-1 a i i-1 2 i-1 kl,
k,
where: w, = |[—— (B.27)
M

The unknown congtants are;

k,

AP =20 () +azf (1) + S - a)[ - d,-_lj
AP =259, ) +azi v, )

F (B.28)

A?Ei) —a X i- 1
i

40 =2 e
4 W (1-1)

i

When the maximum spring compression is eventualy reached, the last incrementa solution as-
sumes elagtic unloading of the spring dong a specified dope k. Assuming that ¢;, as given by
equation (B.24), is the time when the maximum spring compresson is reached, the equations of
motion for thefind incrementa solution are:

m121(4) +k, 21(4) - 22(4)] =- Fa tk,d

ol <tEe, (B.29)
m222(4) +kU[Z2(4) - 21(4)] = Fmax - kUdmax i !

where ¢, is the time for total impact duration which isto be determined. Also,

- -0 (3)
d e _x(S)(ts) =z, (t) -z, " (t3)

B.30
Frg = F, +ky[x® (1) - d,] (.30
The generd solution to the equations of motion for unloading of the spring is given by:
(4) — 44 (4) (4 (4) o 1 Fmax
2,0 (8) = A4 + A7 (t- t,)+ 4" cosw, (1 - t,) + 4,” snw, (¢ - t3)+§ d. - p
"7 (B.31)

(4) 4)
) 1
20 =AY + AP (t-t,)- ——cosw,,(t- t,)- ; snw,, (¢-t,) - E(d o

a
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where: w, = |4 (B.32)

After applying the conditions of continuity of displacements and velocities at ¢;, the unknown
congantsin equation (B.31) are found to be:

F,
AP =20 (1) +a (1) +5 (1 a) 2=
2 k,

AP =20(1,) 2z (1)

(B.33)
A =g Lmac
U
AP =0
Findly, the total time of theimpact, ¢, is determined from the following condition:
- (4) _
i9(,)=0 (B.34)
from which:
_ p
t, =ty 2w, (B.35)
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