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ABSTRACT 
This paper describes engineering analyses to estimate the 

forces, deformations, and puncture resistance of railroad tank 
cars.  Different approaches to examine puncture of the tank car 
head are described.  One approach is semi-empirical equations 
to estimate the velocity at which puncture is expected to occur.  
Other approaches apply elastic-plastic finite element analysis.  
The results from these approaches are compared with 
experimental data from impact tests, and are shown to provide 
reasonable estimates of impact forces. 
 
INTRODUCTION 
 Studies on tank car head puncture were conducted by the 
Railway Progress Institute – Association of American Railroads 
(RPI-AAR)1 Tank Car Safety Research and Test Project in the 
1970s [1].  However, recent train derailments involving the 
subsequent release of hazardous material have prompted a 
renewed focus on the structural integrity of tank cars involved 
in accidents [2,3,4]. 

This paper describes engineering analyses to estimate the 
impact forces, deformations, and puncture resistance of railroad 
tank cars.  In the present context, puncture resistance is defined 
in terms of the impact velocity at which puncture of the tank is 
expected to occur.  These analyses include: (1) semi-empirical 
(or semi-analytical) equations, (2) static finite element analysis 
coupled with dynamic lumped mass modeling, and (3) dynamic 

                                                           
1 In 2003, the Railway Progress Institute (RPI) consolidated with the 

Railway Supply Association to form the Railway Supply Institute (RSI). 

finite element analysis.  Some of the work presented in this 
paper was documented in previous government reports 
prepared for the Federal Railroad Administration (FRA) by the 
Volpe National Transportation Systems Center (Volpe Center) 
[5,6], but has not been presented in any previous technical 
papers. 

SEMI-EMPIRICAL APPROACH 
Semi-empirical equations to calculate puncture velocity 

were originally developed by the RPI-AAR Tank Car Safety 
Research and Test Project for bare tank heads [7], and later 
modified by the DuPont Company to account for shield 
protection and thermal insulation. 

In deriving these equations, the energy transmitted by 
wave propagation is considered small compared to the initial 
kinetic energy and the energy dissipated during deformation, 
and is therefore neglected.  In such cases, local indentations or 
penetrations are strongly coupled to the overall deformation of 
the structure.  Moreover, the process is considered as 
isothermal so that temperature and other thermodynamic effects 
are also neglected. 

The maximum force due to a coupler impacting the head of 
a tank is related to the indentation or dent depth by:  
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where F is the maximum impact force (in units of kips), d is the 
dent depth (in inches), h is the shell thickness (in inch), a is the 
tank head radius (in inches), and p is the internal pressure (in 
psi).  The exponent of 3/2 for d indicates that a Hertzian 
relationship between the contact force and the indentation was 
assumed in the formulation.  Moreover, the Hertz contact 
assumption implies that the problems of elastic contact and 
elastic impact are treated identically in this formulation.  The 
assumption of Hertz contact may be valid for low-velocity 
impacts, but may be questionable for impacts involving large 
plastic deformations or those resulting in puncture or other 
types of failure. 

The semi-empirical equation for indentation or dent depth 
is a linear function of impact velocity: 
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where d is the indentation relative to its undeformed condition 
(in inches), v is the impact velocity (in miles per hour, mph), 
W1 is the weight of the impacting car (in kips), and g is the 
acceleration due to gravity (386 in/s2).  Also, α is the ratio 
between the weights of the tank car and the impacting car or 
W2/W1. 

An equation to calculate the maximum coupler force as a 
function of impact velocity can be derived by combining 
equations (1) and (2): 
 

 ( )1
3 / 32 3 / 2( ) 0.00383 ( )F v W v pα λ=  (3) 

 
In this equation, a dimensionless function of internal pressure is 
defined as 
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The numerical value of λ is always greater than or equal to 1.  
For example, λ equals 1.0 when the internal pressure is zero; λ 
is equal to 1.72 when the internal pressure is 100 psi. 

Failure is assumed to occur when the maximum stress is 
greater than or is equal to the ultimate shear strength.  
Moreover, the failure criterion is based on the transverse shear 
component of stress, which is calculated for a flat circular plate 
with clamped edges subjected to a concentrated load offset 
from the center to represent a “knuckle” impact.  An analytical 
solution for transverse shear is calculated from the first five 
terms of an infinite series solution [9].  Mathematically, the 
failure criterion is expressed as: 
 

 1.81 u
F

ah
τ≥  (5) 

 
where τu is the ultimate shear strength of the head material (in 
ksi).  In general, mechanical properties for a given material are 
reported in terms of yield strength, ultimate tensile strength, 
and percent elongation.  Assuming that triaxial stresses are 
related to uniaxial properties by the von Mises equivalent 
stress, the ultimate shear strength is equal to 57.7% of the 
ultimate tensile strength. 

Figure 1 compares impact forces measured in the RPI-
AAR tank car head study [1] with those calculated from 
equation (3).  The data are segregated by the internal pressure 
level in the tank.  The straight line shown in the plot represents 
perfect correlation. Data points to the right of the straight line 
represent cases where the calculated impact forces 
overestimated the measured test results.  A quantitative measure 
of the overall scatter observed in the plot is estimated by 
calculating the correlation coefficient, which is equal to 0.920.  
The correlation coefficient for a perfect correlation is equal to 
one.  The correlation coefficient corresponding to the data for 
only non-pressurized tank cars is equal to 0.988, and for only 
pressurized cars the correlation coefficient is 0.773.  These 
values for the correlation coefficient indicate that the semi-
empirical equation for impact force is more accurate for non-
pressurized tanks than it is for pressurized tanks.  
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Fig. 1: Comparison between calculated and measured 

impact forces. 
 
Figure 2 compares measured indentation or dent depth 

from the RPI-AAR tests [1] with those calculated with equation 
(2).  Similarly, this plot segregates the data into non-pressurized 
tank cars and pressurized tank cars.  The correlation coefficient 
for all data is 0.777. If only non-pressurized tank cars are 
considered, the correlation coefficient is 0.809; if only 
pressurized tank cars are considered, it is 0.757.  As in the case 
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of calculating impact forces, the semi-empirical equation for 
dent depth is relatively more accurate for non-pressurized tank 
cars than for pressurized tank cars. 
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Fig. 2: Comparison between calculated and measured 

indentations. 
 

An expression to calculate puncture velocity (i.e., the 
velocity at which puncture of the tank may be expected to 
occur) can be derived by substituting the equation for 
maximum coupler force into the failure criterion: 
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In this equation, vp is the puncture velocity in miles per hour 
(mph). 

Test results indicate that there is a small reduction in 
impact velocity between head shield and tank car head impacts, 
suggesting that the head shield has a negligible energy 
absorption capability.  Apparently, the primary benefit of a head 
shield is to increase the overall material thickness.  In 
calculating the puncture velocity, the apparent increase in 
material thickness is represented by an effective thickness 
parameter defined as 
 

 
1/1.331.33 1.33 1.33
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where hh is the tank car head thickness, hs is the head shield 
thickness, and hj is the jacket thickness.  The exponent of 1.33 
is an empirical constant. 

A small but measurable reduction in impact velocity has 
been observed when a coupler hits a head shield and then when 
it hits the tank car head because, in general, the head shield is 
placed with a gap distance between it and the tank head.  

Applying the principle of energy conservation, a so-called gap 
factor can be derived: 
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where ∆ is the gap distance between the head shield and the 
tank head, vpb is the puncture velocity for a bare tank car head 
(in mph) with effective thickness as defined in equation (7), or 
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Then, the puncture velocity for a tank car head with shield 
protection and/or an insulating jacket can be calculated from: 
 
 p G pbv K v⋅=  (10) 

 
where KG is the gap factor defined by equation (8) and vpb is 
defined by equation (9). 

A secondary benefit of the head shield is that it prevents 
puncture by blunting the corner edges of the coupler making 
puncture less likely.  This effect has not been taken into account 
explicitly in these equations. 

The semi-empirical equations for puncture velocity were 
evaluated by comparing results from these equations with test 
data from various sources.  The first source is the RPI-AAR 
Tank Car Head Study [1] which included 42 full-scale tests (34 
on bare head tank cars, 6 with a head shield, and 2 with an 
insulating jacket) and 3 tests on DOT112A340W tank cars (2 
on bare heads and 1 with a head shield).  The second source is 
9 full-scale impact tests conducted on chlorine tank cars (3 with 
head protection and 6 with steel jackets) [9].  The third source 
of test data is 6 impact experiments that were conducted on 
aluminum DOT111A60ALW1 tank cars (3 with a bare head 
and 3 with a head shield) [10]. 

Table 1 summarizes the comparison between the calculated 
puncture velocity and the results from the various impact tests.  
The data from the three different sources represent a total of 65 
test cases.  The semi-empirical equation for puncture velocity 
agreed with the test result in 51 out of these 65 cases.  Of the 
14 cases where the predicted and actual outcomes disagreed, 
the semi-empirical equation overestimated the puncture 
velocity in 6 cases.  In other words, the semi-empirical 
equation predicted that no puncture would occur in 6 cases 
where puncture occurred in the test.  But in 2 of the 6 cases in 
which the semi-empirical equations overestimated the actual 
puncture velocity, the difference was less than 1 mph. 
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Table 1: Comparison of Impact Test Data with Semi-

Empirical Equation for Puncture Velocity 
Source Cases Disagree Over 

RPI-AAR tests [1] 45 10 4 
FRA tests on chlorine 
tank cars [9] 14 3 1 

FRA tests on 
aluminum tank cars 
[10] 

6 1 1 

TOTALS 65 14 6 
 

ENGINEERING APPROACH 
Alternative methods to examine the impact forces and 

deformations of tank car heads involve elastic-plastic finite 
element (FE) analysis. 

The physics of impact may be captured with a dynamic, 
elastic-plastic FE model.  But the development of a model that 
includes impact dynamics as well as nonlinear material 
behavior may be labor intensive, and the model execution may 
require high computational times. Moreover, the combination 
of finite difference in time for dynamics and nonlinear material 
behavior makes it difficult in practice to obtain good model 
performance without assuming extremely small time steps. 

In linear problems, numerical stabilities in FE analysis are 
self-evident because the solution grows without limit.  In 
nonlinear problems, with elastic-plastic or other energy-
dissipating materials, extra energy introduced into the system 
by numerical instabilities may be dissipated by plastic work 
which makes it possible for the instability to be arrested.  An 
arrested instability may be difficult to detect because the 
solution, which may be in error by 10% to 100% or more, may 
appear to be reasonable [11]. 

For these reasons, an engineering method was developed 
which couples static elastic-plastic finite element analysis with 
a dynamic lumped-mass model, which is shown schematically 
in Figure 3.  The spring characteristic representing the stiffness 
of the tank car head as it deforms is assumed to be a nonlinear 
function of impact load. The impact load-deformation behavior 
is calculated from static elastic-plastic finite element analysis.  
The lumped-mass model uses the non-linear load-deflection 
curve as calculated from the static FE analysis to calculate the 
impact force as a function of closing velocity.  Moreover, the 
lumped-mass model provides a means to verify the results from 
a dynamic finite element model. 

 

m1 m2 

k(x) 
vo

z1 z2

x =z1-z2 
 

Fig. 3: Dynamic lumped-mass model for tank car impacts. 
 

For mathematical convenience, the nonlinear spring 
characteristic in the dynamic lumped-mass model may be 
defined by a piecewise linear curve.  The piecewise linear 
representation allows for an analytical solution to the equations 
of motion to the lumped-mass system [12].  The analytical 
equations for this particular application were derived and 
described in previous work [6].  Alternatively, the equations of 
motion may be solved numerically. 

The finite element analyses described in this paper were 
carried out using the commercial codes LS-DYNA [13] and 
ABAQUS [14].  Elastic-plastic (E-P) material behavior is 
modeled using the Ramberg-Osgood equation for strain as a 
function of stress: 
 

 
n

E K

σ σ
ε = + ⎛ ⎞
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 (11) 

 
where ε is the strain, σ is the stress, and E is the modulus of 
elasticity (30,000 ksi assumed for tank car steel).  Also, n and K 
are material constants.  Table 2 lists the assumed values of 
these constants for two different tank car steels.  The current 
tank car fleet has been built predominantly using TC-128B.  
The cars used in impact tests conducted in the 1970s [1] were 
made from AAR M-115.  The table also lists the yield and 
ultimate tensile strengths assumed for these tank car steels. 
 
 
Table 2: Assumed Ramberg-Osgood (R-O) Material Constants 

and Mechanical Properties for Two Tank Car Steels 
 AAR M-115 TC-128B 
Hardening exponent, n 6.65 9.41 
R-O Constant, K 73.1 ksi 96.8 
Yield strength 30 ksi 50 ksi 
Tensile strength 60 ksi 81 ksi 
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Figures 4 and 5 show the finite element (FE) meshes used 
to represent the ellipsoidal tank car head. The quarter-
symmetric mesh is used for cases where the load is applied at 
the center of the head.  The half-symmetric mesh is used for 
cases with off-center loading.  Moreover, three-dimensional 
solid elements are used to construct these meshes. Two layers 
of solid elements are used to model the thickness of the tank 
car head. 
 

 

 
 

Fig 4: Quarter-symmetric mesh for typical tank car head. 
 
 

 
 

Fig 5: Half-symmetric mesh for typical tank car head. 
 
In order to ascertain confidence in the model development, 

results from the elastic-plastic (EP) finite element (FE) model 
are compared with a closed-form solution for the plastic 
collapse of a rigid-plastic ellipsoidal shell subjected to a 
concentrated load applied at the center [15].  Figure 6 compares 
the closed-form (analytical) solution with finite element results 
using ABAQUS for AAR M-115 tank car steel.  In these 
results, the ellipsoidal tank head has an aspect ratio of 2 to 1, 
diameter of 87.5 inches, thickness of 0.5 inches, and no internal 
pressure.  In the FE model, the applied load is distributed over 
a 1 square-foot area at the center of the cap.  In addition, FE 
results are shown for two material models regarding stress-
strain behavior: elastic-perfectly plastic (EPP) and elastic-
plastic behavior modeled with the Ramberg-Osgood equation.  
In the analytical solution, the flow stress was assumed to be 
equal to the yield strength of the material.  The solution 
algorithm in the finite element analysis uses Riks method [16], 

which is efficient when the static load-deflection curve is 
expected to exhibit snap-through or snap-back behavior.  
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Fig. 6: Analytical and FE results for an ellipsoidal cap 
loaded at the center (AAR M-115 tank car steel). 

 
Figure 7 shows similar results for TC-128B tank car steel.  

Given the differences in the assumed material behavior and 
applied loading, these comparisons show reasonable 
agreement. 
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Fig. 7: Analytical and FE results for an ellipsoidal cap 

loaded at the center (TC-128B tank car steel). 
 

 
Figure 8 shows the effect of load location on the static 

elastic-plastic (i.e., Ramberg-Osgood) finite element results for 
an ellipsoidal end cap assuming AAR M-115 tank car steel.  In 
the off-center case, the load is applied at a distance equal to 
one-third of the radius down from center.  The figure shows a 
slight stiffening effect for the off-center loading case.    
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Fig. 8: Effect of load location on static elastic-plastic analysis 

(AAR M-115 tank car steel). 
 
The load-deflection results from the static elastic-plastic 

finite element analysis for off-center loading are then used as 
input to the lumped-mass model to calculate impact force as a 
function of approach velocity or closing speed.  Figure 9 shows 
the results from three different approaches: (1) the semi-
empirical method, (2) the lumped-mass model, and (3) dynamic 
elastic-plastic finite element analysis.  In these results, a ram 
car that weighs 128.9 kips is assumed to strike an empty tank 
car weighing 48.5 kips. The semi-empirical method calculates 
impact forces that are lower than the lumped-mass model and 
dynamic FE analysis for relatively low closing speeds (roughly 
less than 15 mph).  Conversely at relatively high closing 
speeds, the semi-empirical method calculates impact forces 
greater than the lumped-mass and the dynamic FE analyses. 
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Fig. 9: Impact force as a function of approach velocity. 

CONCLUDING REMARKS 
The semi-empirical or semi-analytical approach to 

calculate impact forces, indentations, and puncture velocity 
provides reasonable agreement with experimental data from 
three different sources.  The agreement between predictions 
from this approach and experimental data becomes worse when 
head shield protection or an insulating jacket is present and 
when the tank is internally pressurized. 

Alternative engineering approaches to examine puncture 
resistance were described which apply nonlinear finite element 
analysis which minimizes the need for empiricism.  The results 
from this work indicate that the semi-empirical method and the 
engineering approaches provide similar results for impact 
forces. 

Research is ongoing to apply various fracture initiation 
criteria to the dynamic finite element analyses to estimate the 
force and corresponding velocity at which puncture is expected 
to occur.  Work is also ongoing to examine the effect of fluid-
structure interaction on the dynamic response of tank car head 
impacts. 
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