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Abstract 

A series of tests investigating dynamic pulse buckling of a cylindrical shell under axial impact 
is compared to several 2D and 3D finite element simulations of the event. The purpose of the 
work is to investigate the performance of various analysis codes and element types on a prob- 
lem which is applicable to radioactive material transport packages, and ultimately to develop a 
benchmark problem to qualify finite element analysis codes for the transport package design 
industry. Four axial impact tests were performed on 4 in-diameter, 8 in-long, 304 L stainless 
steel cylinders with a 3/16 in wall thickness. The cylinders were struck by a 597 lb mass with 
an impact velocity ranging from 42.2 to 45.1 Wsec. During the impact event, a buckle formed 
at each end of the cylinder, and one of the two buckles became unstable and collapsed. The 
instability occurred at the top of the cylinder in three tests and at the bottom in one test. 
Numerical simulations of the test were performed using the following codes and element 
types: PRONT02D with axisymmetric four-node quadrilaterals; PRONT03D with both four- 
node shells and eight-node hexahedrons; and ABAQUSExplicit with axisymmetric two-node 
shells and four-node quadrilaterals, and 3D four-node shells and eight-node hexahedrons. All 
of the calculations are compared to the tests with respect to deformed shape and impact load 
history. As in the tests, the location of the instability is not consistent in all of the calculations. 
However, the calculations show good agreement with impact load measurements with the 
exception of an initial load spike which is proven to be the dynamic response of the load cell 
to the impact. Finally, the PRONT02D calculation is compared to the tests with respect to 
strain and acceleration histories. Accelerometer data exhibited good qualitative agreement 
with the calculations. The strain comparisons, although qualitatively good, show that mea- 
surements are very sensitive to gage placement. 
This study demonstrates that experiments, which are typically accepted as the correct answer, 
can have multiple results due to sensitivities inherent in the test design and measurement 
methods. Multiplicity of experimental results suggests that experiments performed for numer- 
ical benchmarks should first be numerically evaluated for such sensitivities. 

t This work was conducted at Sandia National Laboratories for the U. S. Department of Energy under 
Contract No. DE-AC04-94AL85000. 

tt A U. S. Department of Energy Facility 
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1 INTRODUCTION 

Radioactive material transport packages are required to withstand high energy impact events, 
which may result in large inelastic deformations, without affecting the package’s ability to 
contain the radioactive material. The finite element method has become a well established 
technique for simulating these events. For U.S. radioactive material package regulators to 
have confidence in these analyses, it is important to have finite element based computer codes 
benchmarked against known solutions. Hence, the Transportation Systems Technology 
Department designed a dynamic pulse buckling experiment for the purpose of benchmarking 
analysis codes against a well defined and closely monitored test which is applicable to the 
design and operation of radioactive material transport packages. 

Initially, a study was conducted [ 13 to determine if PRONT02D [2] could simulate the large 
inelastic deformation phenomena associated with dynamic buckling of cylindrical shells 
under axial impact as measured in an experiment by Lindberg and Florence [3]. The dynamic 
buckling pattern observed in the test was predicted without the inclusion of material 
imperfections or geometric imperfections. The computational and experimental results 
compared favorably in both the number and magnitude of the buckles. Using variations of this 
model, preliminary simulations were conducted to design a new test geometry and other test 
parameters which would be more applicable to transport package accident scenarios. 
However, discrepancies between pretest scoping calculations and a subsequent scoping 
experiment were found. The finite element model was modified to include additional details 
of the experiment which were not available during the original scoping calculations [4]. These 
modifications proved to be significant in resolving the discrepancies. Using the modified 
computational model, a new test sample was designed, and a preliminary test was performed 
to verify the model. The deformed shape of the preliminary test unit and the finite element 
model showed very good agreement. Consequently, a series of four additional tests were 
performed (more heavily instrumented than the preliminary test) for the purpose of providing 
benchmarking data to compare with subsequent benchmark calculations. In addition, a static 
compression buckling test was performed on an identical cylinder. Following the tests, the 
pretest axisymmetric calculations were compared to the test results with respect to deformed 
shape, strain histories, acceleration histories, and impact loads [5]. The predictions compared 
favorably with the measurements with the exception that a slight amount of ovaling was 
observed in the test cylinders. The next phase of this program, presented in this report, was to 
perform simulations of the test using other analysis codes and element types. The purpose of 
this work was to characterize the relative performance of various codes i d  elements, as they 
are typically used by analysts, for a problem applicable to the design and operation of 
radioactive material transport packages. This work is not intended to qualify or disqualify 
analysis codes, but merely to compare their performance with respect to experimental results. 

Seven numerical simulations of the pulse buckling test are presented in this report. The 
simulations were performed using the following analysis codes and elements to model the 
cylinder: PRONT02D [2] with axisymmetric four-node quadrilaterals; PRONT03D [6] with 
both four-node shells [7] and eight-node hexahedrons; and ABAQUSExplicit [8] with 
axisymmetric two-node shells and four-node quadrilaterals, and 3D four-node shells and 
eight-node hexahedrons. ABAQUSExplicit is a commercial product, while the PRONTO 
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codes were developed at Sandia National Laboratories. The inclusion of a commercial finite 
element code into this study was desired to demonstrate that the required tools for design 
based on inelastic analysis are available to any package designer. Although the geometry and 
load conditions of the impact event are axisymmetric, 3D calculations were performed to 
determine if ovaling observed in the tests was a natural buckling mode of the problem or the 
result of asymmetries in geometry or boundary conditions. All of the calculations are 
compared to the tests with respect to deformed shape and impact load history. In addition, the 
PRONT02D calculation is compared to the tests with respect to strain and acceleration 
histories. 

A description of the pulse buckling test (procedure and instrumentation) is presented in the 
following section. In Section 3, the finite element models and modeling assumptions are 
presented and discussed. The modeling results are compared to the experimental data in 
Section 4. An investigation of the effects of model asymmetries on the buckled shape is also 
presented. Finally, a discussion of the results and conclusions are presented in Section 5. 
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2 TEST APPARATUS 

The following section briefly describes the test procedure and instrumentation of the tests. A 
more thorough description of the test plan is provided in [9-131. 

2.1 Test Procedure 

The apparatus used in the test, including component masses and dimensions, is shown in 
Figure 1. A photograph of the test apparatus is shown in Figure 2. A hollow test cylinder, 
fabricated from annealed 304 L stainless steel, rests on a 4850-1b steel table and is axially 
impacted by a 597.3-1b aluminum mass with a nominal velocity of 44 ft/sec. The impact table 
slides on guide rods and is accelerated to impact velocity by elastic bungee cords. The support 
table is mounted on four hydraulic cylinders which dampen the shock of impact. Upper and 

ct Plate (1 in-thick, 

Felt Pad (1/4 in-thick) 

Upper Platen - steel 
(8.5 in-dia, 2.93 in-high, 47. 

Hollow Test Cylinder (8 in-long, 4 
in O.D., 0.1875 in-thick wall) Lower Platen - steel 

(8.5 in O.D., 2.93 in-high, 4 

I 

Figure 1. Test apparatus for axial impact of cylindrical tubes. 
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lower platens, designed to assure a uniform impact on the ends of the cylinder, are recessed as 
shown in Figure 3 (4 in-dia., 0.125 in-deep, with a 30" chamfer) to assure alignment on center. 
A 0.25 in-thick F1 felt pad was used to damp the acceleration spike resulting from the impact 
so that test equipment would not be damaged. 

Gage 
Designation 

SI 

s2 

2.2 Instrumentation of Tests 

Location Direction 

0'/0.375" axial 

0'/0.375" hoop 

The strains in the cylinder, accelerations of the test fixture, and maximum load applied to the 
support table were measured at the locations shown in Figures 3 and 4. The strain gages are 
labeled S 1 through S 14, and the accelerometers are labeled A1 through A8. The locations of 
the strain gages, measured from the bottom of the cylinder, are given in Table 1. 

s4 

s5 

Table 1: Strain Gage Locations Measured from Bottom of 
Cylinder 

90'/0.375" hoop 

180'/0.375" axial 

S6 

s7 

s3 

180'/0.375" hoop 

270"/0.375" axial 

I 90"/0.375" I axial I 

S8 

s9 

270'/0.375" hoop 

O"D.5" axial 

SI 0 

SI 1 

O'ff  .on axial 

0"/6.5" axial 

SI4 

I SI2 I O'D.75" I axial I 

0"/6.75" axial 

I SI3  I O"D.25" I axial I 
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gOL 
Upper and lower platens / 
are recessed to assure 
alignment (4 in-dia, 0.125 
in-deep, 30' chamfer). 

s4 
s3 r 

0" 
TOP PLATEN 

A I ,  A2 
I - - - - '  I 

si21 

si 31 
si 41 

is9 
Is1 0 
Is1 1 

LlDB TEST UNIT 

S2, S6 
' Sl,S5T 

I 
I I 

L---, 

A3, A4 
BOITOM PLATEN 

NOTE: 
Accelerometers and strain gages 
listed in bold a re  a t  0' (near side). 
Gages at  the s a m e  locations not 
listed in bold are at 180' (far side). 

S8 
s7 

Figure 3. Locations of strain gages and accelerometers on the test unit. 
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/ 

Impact Table (Aluminum) 

Support Table 

Figure 4. Locations of accelerometers and load transducer on test frame. 
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3 FINITE ELEMENT MODELS 
3.1 Description of Analysis Codes 

Model 

2D Axisyrnmetric 

3D 

The analysis codes ABAQUSExplicit, PRONT02D, and PRONT03D were used to perform 
the numerical simulations presented in this report. ABAQUSExplicit is a commercial product 
[8], while the PRONTO codes were developed at Sandia National Laboratories [2, 61. All of 
the codes use explicit time integration of the equations of motion, and all are designed for 
analyzing large deformations of highly nonlinear materials subjected to high strain rates. 
PRONT02D features only one element type: a four-node uniform strain quadrilateral 
element. PRONT03D features two element types: an eight-node uniform strain hexahedral 
element and a four-node quadrilateral shell element. ABAQUSExplicit features all three of 
the elements described above in addition to a two-node axisymmetric shell element which was 
also used in this study. (ABAQUSExplicit features a variety of additional elements which 
were not used in this study.) The continuum elements described above use one-point 
integration with an hourglass control scheme to eliminate spurious modes. The shell elements 
in PRONT03D also use one-point integration with hourglass control to compute the stress 
divergence at the centroid of the element midsurface. In addition, force and moment resultants 
are computed by numerical integration of the stress tensor through the element thickness [7]. 
All of the shell element calculations presented in this study were performed using 5 
integration points through the thickness. 

Element Type Analysis Codes Used 

4-node quadrilateral PRONT02D 
ABAQUS/Explicit 

2-node shell ABAQUS/Explicit 

ABAQUS/Explicit 

ABAQUS/Explicit 

8-node hexahedral PRONT03D 

4-node shell PRONT03D 

3.2 Geometric Models 

Table 2 summarizes the finite element models used in this study, the element types used in 
those models, and the analysis codes used to perform the calculations. A total of seven 
calculations were performed. The geometric model approximating the experiment is 
illustrated in Figure 5. The model geometry is axisymmetric with the axis of symmetry shown 
on the left side of the figure. In the actual test configuration, the impact table and support table 
are rectangular blocks and are not axisymmetric. In the models, the radial dimensions of these 
components were sized so that the masses and vertical heights were identical to those tested. 
This was done so that the wave mechanics would be relatively unaffected by the axisymmetric 
assumption. The load cell (shown in Figure 2) was not included since it was assumed to be 
rigid. 

Table 2: Finite Element Model, Element Types, and Analysis Code Used to Perform 
the Benchmark Calculations. 
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As stated earlier, the 4850 lb support table is supported by four hydraulic cylinders. The force- 
displacement response of these supports was not measured. However, based on system 
parameters (reservoir size, cylinder size, operating pressure, etc.) the load-displacement 
response of the table was characterized approximately. The approximate total pneumatic force 
exerted on the pistons of the hydraulic cylinders is 18,850 lb. Given that the table weighs 
4850 lb, the total preload on the cylinders is 14,000 lb. This force must be exceeded in order 
for the support table to move. Based on the compressibility of air located in the reservoir, the 
spring constant for this system was computed to be approximately 1100 lb/in. In preliminary 
calculations [4] where the table was unconstrained, the maximum forces acting on the support 
table due to the impact were approximately 140,000 lb, at which time the table had only 
displaced 0.4 in. Hence, for small displacements, the spring forces are negligible compared to 
the inertial forces. The function of the hydraulic cylinder mount is to stop the support table 
after motion is initiated by the high impact loads. The assumption that the spring forces are 
small compared to the inertial forces is supported by the fact that, during a preliminary test of 
the 6061-T6 cylinder, the impact table rebounded before the maximum displacement of the 
support table (1 to 2 in) was achieved. Hence, in the present calculations the support table 
model is not constrained in the vertical direction since the spring forces are small during the 
simulated time period (10 ms). 

I center line 

impact table r 
striker plate 
felt Dad 
upper platen F* 
test unit 

lower platen 

- support table 

Figure 5. Geometric model of the apparatus used for axial impact testing. 
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finite element model (a) four-node quadrilaterals (b) two-node shells 

Figure 6. 2D axisymmetric finite element model of test apparatus and cylinder. 
The cylinder is modeled with: (a) four-node quadrilateral elements and 
(b) two-node shell elements. 

3.2.1 2D Axisymmetric Model Geometry 

The 2D axisymmetric finite element models used in this study are shown in Figure 6 with the 
cylinder modeled with (a) four-node quadrilaterals and (b) two-node shell elements. The shell 
model uses 100 elements along the cylinder length, while the continuum model uses 75 
elements along the length and five elements a through the wall thickness. The use of five 
constant-strain elements through the shell thickness is generally considered an acceptable 
compromise between accuracy and cost. Preliminary mesh refinement studies proved this to 
be true for PRONT02D [4]. The quadrilateral model is composed of 2548 nodes and 2231 
elements. The shell model is composed of 2197 nodes and 1960 elements and uses 5 
integration points through the thickness of the shell. This level of mesh refinement was 
determined to be sufficient in a mesh resolution study. Five integration points is sufficient to 
capture bending. The nodes of the shell elements lie along the mid-wall thickness of the 
cylinder (1.90625 in). The top and bottom edges of the cylinder are ‘T’ shaped with two shell 
elements at each end for a total width of 0.1875 in, the thickness of the cylinder wall. This was 
necessary to enforce contact between the shells and adjacent quadrilaterals since contact 
cannot be enforced along the edge of a shell element. Furthermore, it was determined that the 
‘T’ must be 0.1875 in wide to correctly produce the edge moment applied which resists the 
tendency for the cylinder to roll up at the edges. 

3.2.2 3D Model Geometry 

The 3D models simulate the same geometry as the axisymmetric models (Figure 5 )  swept 90 
degrees to produce a quarter-symmetry model. Based on preliminary calculations with a full 
3D model, it was determined that quarter-symmetry was sufficient to capture the asymmetric 
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buckling modes observed in the tests. The 3D finite element models used in this study are 
shown in Figure 7 with the cylinder modeled with eight-node hexahedral continuum elements 
and four-node quadrilateral shell elements.The continuum model contains 2759 1 nodes and 
22315 elements, while the shell model contains only 2980 nodes and 2273 elements. Both of 
the models include the recesses in the upper and lower platens. (It will be demonstrated later 
that the cylinder ovals excessively with the recesses omitted.) 

For the shell element model, 15 elements were modeled along the circumference, and 75 
along the cylinder length. This level of mesh refinement was determined to be sufficient in 
mesh resolution studies. As the figure shows, the shell model features the same 'T' on the 
upper and lower edges as did the axisymmetric shell model. For the continuum element 

Continuum Element Model Shell Element Model 

F 

3 

3D Model Geometry . . 

Figure 7. Three-dimensional finite element model shown with continuum and shell 
elements. The upper and lower 'T' edges on the shell model are added to 
enforce contact with adjacent continuum elements. 

21 



model, five elements were modeled through the cylinder wall, 30 along the circumference, 
and 75 along the cylinder length. As stated earlier, the use of five constant-strain elements 
through the shell thickness is generally considered an acceptable compromise between 
accuracy and cost. To maintain an element aspect ratio of less than two, more elements were 
used along the circumference of the continuum model. Furthermore, the continuum model 
required additional mesh refinement of the platens in the region of contact to quiet numerical 
hourglassing initiated by contact enforcement. Calculations with this model were too costly to 
perform a mesh resolution study. 

Young’s Poisson’s Yield Stress Hardening Constant’ A 
(Psi) Ratio (Psi) 

Material Modulus 
(Psi) 

304L 28 x lo6 0.27 28 x lo3 1 9 3 ~  io3 

3.3 Material Models 

Hardening 
Exponent, n 

0.748 

The impact plate, platens, and support table used in the test were fabricated from steel and 
were modeled as elastic materials (E = 30 x lo6 psi, v = 0.29) since these components were 
not expected to yield. The impact table, fabricated from aluminum, was also modeled as an 
elastic material (E = 9.9 x 10 psi, v = 0.33). 6 

The 304 L stainless steel test cylinder was modeled in the present calculations using a power 
law hardening model [ 141 which describes post-yield strain hardening by the following power 
law relationship: 

n 
G = o , , ~ + A E ~  

where A and n are material constants, CJ is the yield stress, eP is the equivalent plastic strain, 
and G is the effective stress. The matenal properties used for 304L stainless steel are given in 
Table 3 [15]. 

YS 

Previous calculations demonstrated that the inclusion of the felt pad was critical in obtaining a 
final deformed shape consistent with tests [4]. In these axisymmetric calculations (using 
PRONT02D), inclusion of the felt pad moved the buckling instability from the bottom of the 
cylinder to the top. However, the deformed shape was not changed, only inverted (top to 
bottom). This suggested that this is an instability problem in which either the top or bottom 
buckle could become unstable. The instability is sensitive to the characteristics of the applied 
load (Le. pulse magnitude and duration) and, as a result, the properties of the felt pad 
(stiffness, energy absorption, etc.). Hence, the presence of the felt pad in the model damped 
the shock load, changing the location of the instability. 
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Figure 8. Load versus displacement data for a 1 in-high felt sample with a 1 in2 cross 

sectional area. The plot is numerically equivalent to engineering stress versus 
engineering strain. [Obtained from R. G. Bell (5167).] 

The constitutive behavior of the felt pad proved to be difficult to model because its 
deformational response was known to be strongly nonlinear. Furthermore, very little test data 
were available to characterize it. The data shown in Figure 8 was obtained from a one inch 
cube sample of F1 felt material [16]. The test specimen was impacted at a velocity of 1 idsec, 
which are significantly slower than the impact velocity in the pulse buckling tests (506 in/ 
sec). The top curve is for the first loading of "virgin" material, while the other curves 
represent subsequent unloadings and reloadings. The material exhibits hysteresis losses for 
each load cycle. A series of tests performed at various slow strain rates did demonstrate a 
strain rate dependence; however, the loading rates used in the test were too slow to attempt 
extrapolating to high strain rates. In previous calculations [4], a constitutive model developed 
to model the crush of wire mesh [17] was used for the felt pad. This elastic-plastic model 
describes post-yield behavior by the following relationship: 

be B = a e  



where a and b are material constants, E is the equivalent plastic strain, and ZT is the effective 
stress. The model does not accurately simulate the response of the felt pad during unloading, 
as the model unloads elastically. 

For the present calculations, several other constitutive models were evaluated. The motivation 
for evaluating other models was that the wire mesh model is not presently available in 
commercial finite element codes, and the purpose in performing this study is to provide a 
benchmark problem to evaluate various finite element codes including those from the 
commercial sector. For this reason it was decided that, if possible, the problem should not 
require customization of the analysis package. 

An elastic-plastic material model of the felt pad was evaluated for the present calculations. 
This model was selected because it would dissipate energy upon impact. However, upon 
subsequent load cycling (resulting from the impact mass chattering on the upper platen) this 
model would not dissipate energy into hysteresis losses as the actual material does. Instead, 
the material would cycle elastically as long as the subsequent load cycles were smaller in 
magnitude than the initial impact load. (This was also the case for the exponential model 
which also unloads elastically.) The hardening modulus was adjusted so that the felt pad 
would deform to approximately 25 percent of its original height, yielding a hardening 
modulus of 20,000 psi. An elastic modulus of 150,000 psi and a Poisson’s ratio of 0.0 were 
also used. These properties yielded results nearly identical to those of previous calculations 
using the exponential model [4]. 
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4 COMPARISON OF NUMERICAL SIMULATIONS WITH TEST DATA 
4.1 Buckling Response 

Shell crushing takes place in two distinct stages, buckling and collapse [3]. In the initial stage, 
a buckling pattern is established by axial compression. This stage lasts only a few transit times 
of an elastic wave along the shell length. During the second or post-buckling stage, the 
buckles undergo the .large deformation collapse. The collapse stage can last orders of 
magnitude longer than the buckling stage and absorbs most of the impact energy. The 
principal mechanisms of energy absorption are membrane plastic flow and plastic bending. 
Based on an elastic stability analysis of a cylindrical shell subject to axial compression, the 
critical wall stress is given as: 

E ( h / a )  

where E is the elastic modulus, h is the wall thickness, and a is the cylinder radius. For the test 
cylinder geometry and material properties, this yields a critical stress of 1 . 6 5 ~ 1 0 ~  psi, 
significantly greater than the 2 8 ~ 1 0 ~  psi yield strength of 304 stainless steel. Hence, in the 
current problem buckling takes place during sustained plastic flow, a phenomena known as 
plastic flow buckling [3]. 

4.1.1 Test Results 

A photograph of the four test cylinders showing the buckling patterns is shown in Figure 9. 
Examination of high speed films revealed that all of the tests exhibited the same buckling 
behavior with four nearly equally spaced buckles forming along the cylinder length (one large 
buckle at each end with two smaller buckles in-between). One of the end buckles became 
unstable and collapsed. In Tests 1, 2, and 4 the instability or collapse occurred at the top, 
while in Test 3 and the preliminary test (not shown) it occurred at the bottom. The end view 
shows that some of: the cylinders did not buckle axisymmetrically, exhibiting a slight degree 
of ovaling. 

Profile measurements of the post-test cylinders are presented in Figures 10 through 13 for 
Tests 1 through 4, respectively. The oval deformed shapes shown in Figure 9 exhibit quarter 
symmetry in the circumferential direction. Hence, profile measurements were made at 0,45 
and 90 degrees, spanning the range of possible profiles. The zero degree profile corresponds 
to the circumferential position where the buckle is largest. The deformation patterns of Tests 1 
and 2 are nearly axisymmetric, exhibiting very little ovaling. However, Tests 3 and 4 pinch in 
one direction resulting in significant ovaling. Except for Test 3, all of the measured profiles 
exhibit the same four buckle profile. Test 3 yielded five buckles: one large buckle at each end 
and three smaller buckles in between. However, the location and relative size of the two larger 
buckles is in agreement with the other tests. 
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(a) side view 

(b) end view 

Figure 9. Buckling patterns of four test units. Test 3 and the preliminary test (not shown) 
are the only tests in which the instability occurred at the bottom. 

4.1.2 Calculated Responses 

The buckling event is shown in Figure 14 for the PRONT03D shell calculation. At 1.3 ms 
into the simulation, two buckles of nearly equal size develop at the upper and lower ends of 
the cylinder at approximately the same distance from each end. By 2.5 ms, both buckles have 
grown, with the upper buckle becoming slightly larger. By 4.0 ms the upper buckle has 
become unstable and collapses (7.0 ms). 

All four of the 3D calculations yielded an axisymmetric buckling pattern. Hence, the seven 
computed profiles are compared to Test 2 which, of the four tests, yielded the most 
axisymmetric response. The final deformed profiles of the shell element calculations are 
presented in Figure 15. The calculations predict the development of two dominant buckles at 
the top and bottom of the cylinder. The 3D shell models predicted the buckling instability 
would occur at the top of the cylinder and the 2D axisymmetric model predicted the instability 
would occur at the bottom. Although the buckling instability is not consistently predicted to 
occur at the same side of the cylinder, the calculations show good agreement with the test with 
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Figure 13. Test 4 profile measurements. 
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(a) 1.3 ms (b) 2.5 ms (c) 4.0 ms (d) 7.0 ms 

Figure 14. Deformed shapes of circular tube due to axial impact. 

respect to the size and axial position (relative to the edges of the cylinder) of the buckles. The 
ABAQUS 3D shell calculation did not collapse as much as the other two shell calculations. 
Based on mesh refinement studies, all three of the shell calculations were determined to be 
convergent solutions with respect to mesh refinement. The two smaller buckles between the 
larger buckles are not as evident in the simulations as in the test unit. The PRONT03D shell 
element calculation shows the two smaller buckles most clearly. However, the smaller 
buckles are present in all of the shell element calculations as is evident by the correct spacing 
of the larger buckles. Three buckles would result in the larger buckles being positioned farther 
from the ends. The smaller buckles are more visible at earlier times in the simulations. As the 
simulations progress the cylinder bulges at the iniddle, making the two smaller buckles appear 
more like one. 

The final deformed profiles of the continuum element calculations are compared in Figure 16 
to the profile of the test unit. Neither the two 3D hex calculations nor the ABAQUS 
axisymmetric quad calculation agree very well with the test unit. The bending response of the 
shell walls in these calculations appears to be too stiff, resulting in only three equally spaced 
buckles. The increased stiffness of these models inhibits the development of the buckling 
instability. These calculations also show greater radial expansion at mid-length. Conversely, 
the PRONTO2D axisymmetric calculation (with the same mesh refinement as the ABAQUS 
axisymmetric model) shows reasonably good agreement with the test. Also shown in the plot 
are the results of the ABAQUS axisymetric quad calculation run with a finer mesh using 11 
elements through the thickness and 200 along the length (vs. 5 by 75). The results of this 
calculation compare much more favorably with the test than the coarser model using the same 
element type. Hence, different mesh refinement is required for PRONTO2D and ABAQUS/ 
Explicit even though both calculations use the same element type. This may be due to 
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Figure 15. Profiles of shell element calculations compared to Test 2. 
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Figure 16. Profiles of continuum element calculations compared to Test 2. 
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differences in the hourglass control formulations of the wo codes. Bending deformations, 
such as those predicted at the collapse region, activate the hourglass deformation mode of an 
element [18]. If the artificial hourglass stiffness or viscosity is set too high, then bending 
would be inhibited. Unfortunately, there is no user control of hourglass stiffness in ABAQUS. 
The only way to decrease the effect of the artificial hourglass stiffness is to increase mesh 
refinement. Hence, five elements through the tube wall thickness is not necessarily adequate 
for all codes and element types. It is possible that the 3D continuum models were to stiff for 
similar reasons and that similar performance improvements could be obtained by increasing 
the mesh refinement. However, neither of the 3D continuum models were run with finer 
meshes due to computational expense. 

Figure 17 is a plot of all of the measured cylinder profiles compared to one of the predictions 
(PRONT02D). The plot demonstrates that the predicted profile is within range of the 
meGured profdes except near the small buckle, where the predicted buckle is farther from the 
edge than the measured profdes. The plots also show variations amongst the tests with respect 
to the location of the buckles as well as the post-buckling deformations. 

Figure 17. Comparison of predicted profile to measurements from Tests 1,2,3, and 4. 

31 



4.1.3 Mechanistically Similar Multiple Responses 

The inability to reproduce the same response in all of the tests raised concerns with respect to 
the multiplicity of solutions to the problem and how that might affect a numerical 
benchmarking exercise. There are two distinct post-buckling responses observed in the tests 
and the calculations: one in which the instability occurs on top and the other in which the 
instability occurs on the bottom. However, a closer investigation of the computed post- 
buckling behavior reveals that the two responses are mechanistically similar. The radial 
displacements of nodes on the apex of each of the larger buckles and on the cylinder mid- 
length are plotted as a function of time in Figure 18 for the PRONT03D shell calculation. 
Early in the event (less than 1.5 ms), the location of the largest radial displacement alternates 
from top to bottom. The velocity of the upper platen is also shown in Figure 18. The velocity 
history indicates that the impact load is applied to the upper platen cyclically (the impact table 
was predicted to lose contact with the platen on each cycle). Each impact causes the upper 
buckle to become the larger (up to 6 ms). During rebound of the impact table, the lower 
buckle overtakes the upper. The upper platen has a nonzero velocity at the end of the 
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Figure 18. (a) Velocity of upper platen, and (b) radial growth of the end-buckles and the 
cylinder midlength as a function of time. 
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applied load 

moment arm 

Figure 19. Bending moment applied to cylinder during axial buckling. 

simulation because the support table is unconstrained. As a result, the whole system has a 
nonzero velocity. As shown in Figure 19, the applied load becomes eccentric relative to the 
shell wall because of mid-length expansion of the shell, resulting in a bending moment being 
applied to the shell wall. As the buckles form, a hardening moment develops (due to 
differential stress states through the wall thickness) which resists further curvature increases. 
Instability occurs when the applied bending moment is greater than the hardening moment, 
causing the largest of the two buckles to become unstable and collapse. This phenomena is 
often referred to as snap-through [3]. In performing the calculations, it was observed that if 
the instability occurs during impact, the upper buckle becomes unstable; whereas if the 
instability occurs during rebound, the lower buckle becomes unstable. The rebound 
characteristics of the impact table, and hence the location of the buckling instability, were 
found to be sensitive to the felt pad properties. However, the two different post-buckled 
shapes predicted in these simulations were nearly identical, only inverted top-to-bottom. 
Hence, it is proposed that the two post-buckled shapes observed in the tests represent 
mechanistically sirhlar though not identical solutions. 

4.1.4 Oval Buckling Modes 

A 3D calculation was performed using PRONT03D which was identical to the shell element 
model shown in Figure 7 except that it is a full 3D model (not quarter syrnhetry) and the 
recesses in the upper and lower platens were .omitted, removing all constraints against 
ovaling. The final deformed shape is shown in Figure 20. The large buckle occurred at the 
bottom of the cylinder and the cylinder pinched in one direction over the large buckle (as was 
observed in Tests 3 and 4). The cylinder also ovaled at the top orthogonally to the lower 
buckle. Although this calculation does not accurately model the boundary conditions of the 
tests, it does demonstrate that oval buckling modes are a possible solu.tion to this 
axisymmetric model. It is possible that oval buckling can be effected into the other 3D models 
(including the recess) by the introduction of asymmetries into the model. 
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top view 

side view 

side view 

Figure 20. Three-dimensional shell element calculation (PRONT03D) of full symmetry 
model with the platen recesses omitted. 
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4.2 Strain Gage Data 

The strain gage data measured in the tests is compared in the following section to only the 
PRONT02D axisymmetric calculation. The strain gages used in the test measured 
engineering strain (Auk). Therefore, engineering strains were calculated at the approximate 
locations of the strain gages. The hoop strains and axial strains were calculated differently. 
The axial strain was calculated as the change in length for an element (at the surface) divided 
by the original length of the element. The hoop strain was calculated as the change in radius of 
a node, divided by the original radius of that node. In some cases, strain gages were placed at 
the same axial location but at various angular locations around the cylinder (such as S1, S3, 
S5, and S7 shown in Figure 3). The data from these gages are compared to one location on the 
axisymmetric model corresponding to that axial location. 

The strain gage locations listed in Table 1 are measured from the bottom edge of the cylinder. 
In the PRONTOZD analysis, the buckling instability occurred at the top of the cylinder, while 
its location varied in the tests, occurring at either the top or the bottom. As was done for the 
profile comparisons, the measured and computed solutions are aligned so that the large buckle 
occurs at the same end. This was done based on the argument that the two responses are 
mechanistically similar (Section 4.1). Thus, for the case where the buckling instability 
occurred at the bottom (Test 3), the locations of the calculated strains were measured from the 
top edge of the finite element model. Conversely, for cases where the buckling instability 
occurred at the top (Tests 1,2, and 4), the locations of the calculated strains were measured 
from the bottom edge of the finite element model. Using this convention, the test and the 
calculations are aligned with respect to the location of the large buckle. For example, for tests 
in which the buckling instability occurs near the bottom (in agreement with the calculations), 
then the calculated strain corresponding to gage S3 was computed for an element near the 
lower edge of the cylinder model. However, for tests in which the buckling instability occurs 
near the top (opposite to the calculations), the finite element model of the cylinder was flipped 
so that the calculated strain corresponding to gage S3 was computed for an element near the 
upper edge of the cylinder model. 

It is important to note that the strain measurements are sensitive to the location of the strain 
gages with respect to the buckles. The predicted axial and hoop strains profiles are plotted in 
Figure 21 for the final deformed shape. The axial position is based on the undeformed 
cylinder length. As discussed earlier, the predicted and measured deformation profiles in 
Figures 10 through 13 do not agree on the exact location of the buckles. The locations of the 
buckles are not even consistent from test to test, varying in axial location as much as 0.2 in. 
The strain profiles in Figure 21 show large gradients in the regions where the buckles occur 
due to the large plastic bending strain in the buckled region. Thus, a small shift in the location 
of the buckle could result in a significant change in the strain at the sampled location. Hence, 
the agreement of the calculation and tests could be better than indicated by the following 
strain comparisons. 

In the following two sections the strain data are adjusted so that the signals initiate (become 
nonzero) at the same time as the calculations. Some of the tests are marked with an f or a u in 
the legend. The f indicates that the gage failed electrically, while the u indicates that the gage 
came unglued from the test article. Since Test 3 is opposite to the other tests, its comparison to 
the computational model is presented in a separate set of graphs. 
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Figure 21. Calculated axial and hoop strain profiles as a function of surface position for 
the final deformed shape (t=10 ms). Surface position is on the outer wall 
surface and is measured axially from bottom to top. 

4.2.1 Hoop Strains 

Comparisons of the hoop strain data (S2, S4, S6, and S8) to the calculated strains are 
presented in Figures 22 through 25 for the cases where the buckling instability occurred at the 
top (Tests 1,2, and 4). These gages are located near the smaller buckle. The calculated strain 
is for the fifth node from the lower edge of the cylinder model, where the smaller buckle is 
predicted. The agreement is reasonably good, with the calculations being slightly lower on 
average than the measurements. In Figures 26 through 28 the hoop strain data from gages S2, 
S4, S6, and S8 are compared to the calculated strains for the case where the buckle occurs at 
the bottom (Test 3). In this case the gages are located near the larger buckle. The calculated 
strain is calculated for the fifth node from the upper edge of the cylinder model, where the 
large buckle is predicted. The measurements and calculations compare favorably for the range 
of data that was taken before the gages failed. 

As observed from the measured profiles, the test cylinders deformed non-axisymmetrically . 
Since the calculation is axisymmetric, the calculated strain for an axial location should fall 
within the bounds of the measured data for a given test. Figures 30 through 33 show the hoop 
strains (S2, S4, S6, and S8) measured from Tests 1,2,3, and 4, respectively, compared to the 
computational results. In all cases except Test 1, the calculated strains are within the range of 
the data. 
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Figure 23. Gage S4 hoop strains from Tests 1,2, and 4 compared to predicted strains 
at the corresponding location. 
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Figure 26. Gage S2 hoop strains from Test 3 compared to predicted strains at the 
corresponding location. 
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Figure 27. Gage S4 hoop strains from Test 3 compared to predicted strains at the 
corresponding location. 
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Figure 29. Gage S8 hoop strains from Test 3 compared to predicted strains at the 
corresponding location. 
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Figure 30. Test 1 hoop strains (gages S2, S4, S6, and SS) compared to calculated 
strains at the corresponding axial location. 

Figure 31. Test 2 hoop strains (gages S2, S4, S6, and SS) compared to calculated 
strains at the corresponding axial location. 
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Figure 32. Test 3 hoop strains (gages S2, S4, S6, and S S )  compared to calculated 
strains at the corresponding axial location. 
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Figure 33. Test 4 hoop strains (gages S2, S4, S 6 ,  and SS) compared to calculated 
strains at the corresponding axid location. 
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4.2.2 Axial Strains 

Comparisons of the axial strain data from gages S1, S3, S5, and S7 to the calculated strains 
are presented in Figures 34 through 37 for the cases where the buckling instability occurred at 
the top (Tests 1, 2, and 4). In these tests the gages are located near the smaller buckle. The 
calculated strain is for the fourth element from the lower edge of the cylinder model, where 
the smaller buckle is predicted. The are calculation strain is within the range of the measured 
strains for all gages except for S1 and S7 (S1 data was not complete for: Test 1 because the 
gage failed). In Figures 38 through 41 the axial strain data from gages S1, S3, S5, and S7 are 
compared to the calculated strains for the case where the buckle occurs at the bottom (Test 3). 
In this test the gages are located near the larger buckle. The predicted strain is calculated for 
the fourth element from the upper edge of the cylinder model, where the large buckle is 
predicted. The agreement between the measurements and calculations is good for the range of 
data taken (all of the gages came unglued in the test). 

As in the case for the hoop strains, the calculated axial strain should fall within the bounds of 
the measured data for a given test. Figures 42 through 45 show the axial strains (Sl, S3, S5, 
and S7) measured for a given test compared to the computational results. The calculations are 
within range of the data for Tests 1 and 3. The predicted strains were larger than the measured 
strains in Tests 2 and 4. This overprediction may be caused by sensitivity to gage location. 

The remaining six axial strain gages located at the top of the cylinder (S9 through S14) are 
presented in Figures 46 through 51 for the cases where the large buckle occurred at the top 
(Tests 1, 2, and 4). Since the measurements are of axial strains near the large buckle, the 
calculated strains are provided for elements near the upper edge of the cylinder model (where 
the large buckle is predicted to occur). The calculations and the measurements show good 
qualitative agreement considering that all of these gages came unglued. The same gages are 
plotted in Figures 52 through 57 for the case where the buckle occurs at the bottom (Test 3). 
Since the axial strain measurements are near the smaller buckle, the calculated strains are 
provided for elements near the lower edge of the cylinder model (where the smaller buckle is 
predicted to occur). In most of the cases, the analysis overpredicts the strains. Again, this is 
probably due to differences in the gage locations relative to the buckles. 
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Figure 35. Gage S3 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 
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Figure 36. Gage S5 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 

-0.05 

-0.1 5 

- Test 1 
- Test 2 

Test 4 - PRONT02D Analysis 
- 

I . I . I . I . I . I . 1 . 1 . 1 ,  

0 1 2 3 4 5 6 7 8 9 10 
time (ms) 

- Test 1 
- Test 2 

Test 4 - PRONT02D Analysis 
- 

I . I . I . I . I . I . 1 . 1 . 1 ,  

0 1 2 3 4 5 6 7 8 9 10 
time (ms) 

Figure 37. Gage S7 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 
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Figure 39. Gage S3 axial strains from Test 3 compared to predicted strains at 
corresponding location. 
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Figure 42. Test 1 axial strains (gages S1, S3, S5, and S7) compared to predicted 
strains at corresponding location. 
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Figure 43. Test 2 axial strains (gages S1, S3, S5, and S7) compared to predicted 
strains at corresponding location. 
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Figure 44. Test 3 axial strains (gages S1, S3, S5, and S7) compared to predicted 
strains at corresponding location. 
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Figure 45. Test 4 axial strains (gages S1, S3, S5, and S7) compared to predicted 
strains at corresponding location. 
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Figure 46. Gage S9 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 

0.1 0 

PRONT02D Analysis 
0.05 

h c c 
K 

S 

- 
Y - E 0.00 

2 

- 
Q) 

m - - 

-0.05 

0 1 2 3 4 5 6 7 8 9 10 
time (ms) 

-0.1 0 

Figure 47. Gage S 10 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 
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Figure 51. Gage S14 axial strains from Tests 1,2, and 4 compared to predicted strains 
at corresponding location. 

52 



. , . I .  

- Test3 
- PRONTOPD Analysis 

- 

- 

- 

- 

- 

-0.12 1 , 1 . 1 , 1 . 1 , 1 . 1 . 1 . 1 .  

0 1 2 3 4 5 6 7 8 9 10 

Figure 53. Gage S10 axial strains from Test 3 compared to predicted strains at 
corresponding location. 
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Figure 55. Gage S12 axial strains from Test 3 compared to predicted strains at 
corresponding location. 
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4.3 Accelerometer Measurements 

As with the strain gage data, the measured accelerations are compared in the following section 
to only the PRONT02D axisymmetric calculation. This was done because only PRONT02D 
could produce a history variable in the output file. A history variable is a nodal or element 
variable (acceleration for the present case) which will be output for a particular node or 
element (nodes corresponding to the locations of the accelerometers) for every time step in the 
analysis. The acceleration histories of nodes corresponding to the locations of the 
accelerometers provide the best data for comparison with the measurements. 

Recall from Figures 3 and 4 that accelerometers A1 and A2 are located on the upper platen, 
A3 and A4 on the lower platen, A5 and A6 on the impact table, and A7 and A8 on the support 
table. Two gages are placed on each component for the purpose of having redundant 
measurements. Examples of the raw test data for gages Al,  A3, A5, and A7 are shown in 
Figures 58 through 61 for Test 1. Also shown in these plots are the computed accelerations for 
nodes in the approximate locations of the accelerometers. The data are presented in this form 
to show how they appear unfiltered. Both the measurements and calculations contain high 
frequency vibratory modes. In the case of the calculations, these high frequency modes can be 
attributed to chatter induced by the enforcement of contact surfaces. In the case of the 
measured data, these high frequency modes can be attributed to chattering of mechanical 
components which are not modeled in the analysis (e.g. the impact table sliding on the guide 
rods). Signals containing these modes do not provide a meaningful comparison as they are a 
product of details which are not common to the model and the actual tests. To get a 
meaningful comparison of the test and calculations such extraneous modes should be filtered 
out of the data. 

The measured data for accelerometers A1 and A2 (attached to the upper platen) and the 
analysis results, all filtered at 5000 Hz to remove high frequency modes, are compared in 
Figures 62 and 63, respectively. The initial maximum acceleration (obtained upon impact) is 
approximately 5700 g’s for the calculations and from 9000 to 12000 g’s for the tests. As has 
been demonstrated in the scoping calculations [4], this underprediction is a result of the 
material properties used to model the felt pad. Stiffening the linear hardening modulus of the 
felt pad material would result in a higher impact acceleration. However, since matching 
accelerations was not the main goal of this study, this additional calculation was not 
performed. Although the peak accelerations are not the same, the calculations and the 
measured data agree qualitatively. Following the initial impact, the acceleration reduces to 
approximately -2000 g’s for approximately 0.5 ms. This short period of constant acceleration 
is indicative of the impact table lost contact with the upper platen. Following this event, the 
calculation and data compare favorably, although slightly out of phase, to approximately 
2.5 ms. After this time, the data exhibits damping not present in the calculation. The absence 
of damping in the calculation is probably due to the fact that the felt pad is modeled as an 
elastic-plastic material. As the impact mass loses contact with the upper platen, the felt pad is 
cyclically loaded. Based on the load-displacement plot in Figure 8, the felt pad dissipates 
energy when cyclically loaded. The elastic-plastic model does not provide a mechanism for 
dissipating energy after the first load cycle. 
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Figure 58. Accelerometer A1 raw data for Test 1 compared to numerical results for a 
node in the corresponding location. 
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Figure 62. Accelerometer A1 data and numerical results filtered at 5000 Hz. 
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Figure 63. Accelerometer A2 data and numerical results filtered at 5000 Hz. 
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The measured data for accelerometers A3 and A4 (attached to the lower platen) and the 
predicted acceleration are compared in Figures 64 and 65, respectively. All signals are filtered 
at 5000 Hz to remove high frequency modes. The analysis and the measured data do not 
compare very well. The calculation exhibits a -2600 g spike upon impact, followed by another 
spike at 5.5 ms. The second spike occurs when the buckle collapses onto its side wall. The 
measured acceleration of the lower platen exhibits an oscillatory response of approximately 
2000 Hz, indicating that its motion is cyclic. This suggests that the load cell, located between 
the lower platen and the support table, is acting like a spring. The cyclic motion of the lower 
platen is damped out approximately 2 ms after impact. Furthermore, the second spike 
observed in the calculations is not present in the measured data. It was probably damped out 
by the load cell. It will be shown later that the dynamic response of the load cell influences the 
load measurements by including a component which represents the instrument response to the 
impact. 

The purpose of locating accelerometers on the impact and support tables was to determine the 
rigid body motion of these components. The raw data (Figures 60 and 61) contains a 
significant amount of high frequency vibration. To examine the rigid body motion of these 
components, the signals must be filtered to a very low frequency. The measured data for 
accelerometers A5 and A6 (attached to the impact table) and the predicted accelerations, both 
filtered at 500 Hz, are compared in Figures 66 and 67, respectively. The calculation and the 
measurements exhibit good qualitative agreement. During the frrst millisecond, the measured 
data do not remain zero, but “drift” up in A5 and down in A6. This is an artifact of filtering to 
such a low frequency, as the amount of drift is very small (up to 40 g’s) compared to range of 
the unfiltered data (over 10,000 g’s in Figure 60). The drift was not corrected for in the 
attached plots, but does account for part of the difference between the calculations and 
measurements. 

The measured data from accelerometers A7 and AS (attached to the support table) and the 
predicted accelerations, both filtered at 500 Hz, are compared in Figures 68 and 69, 
respectively. These curves also exhibit good qualitative agreement. Signal A7 also contains a 
large error due to incorrect zeroing of the signal. Accelerometer AS, Test 1 provides the best 
signal for comparison to the calculation since it exhibits very little drift. This measurement 
and the calculation show good agreement. 
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Figure 64. Accelerometer A3 data and numerical results filtered at 5000 Hz. 

Figure 65. Accelerometer A4 data and numerical results filtered at 5000 Hz. 
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Figure 66. Accelerometer A5 data and numerical results filtered at 500 Hz. 
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Figure 67. Accelerometer A6 data and numerical results filtered at 500 Hz. 
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Figure 68. Accelerometer A7 data and numerical results filtered at 500 Hz. 

10.0 

.o.o 

I= 
0 .- w 9 -10.0 
a, 
a, 
0 
0 m 

- 

-20.0 

- Test 1 

PRONT02D Analysis 

0 1 2 3 4 5 6 7 8 9 10 
time (ms) 

-30.0 

Figure 69. Accelerometer A8 data and numerical results filtered at 500 Hz. 
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4.4 Impact Load 
4.4.1 Load Cell Measurements 

Load cell measurements were made in each of the tests with a load transducer located below 
the lower platen. To provide an accurate measurement of the crush force without affecting the 
experimental results, the load cell should act as a rigid link between the lower platen and the 
support table. The acceleration histories of the lower platen (Figures 64 and 65) suggest that 
the load cell does not act as a rigid link, but rather as a spring. The measured load histories are 
presented in Figure 70. The measured load histories exhibit very good consistency between 
tests, with a maximum measured load of 320,000 lbs. However, the maximum measured load 
occurs during the initial load rise, and is part of a high amplitude, 2000 Hz component which 
damps out after several cycles. The frequency and damping characteristics of this component 
correspond to the dynamic response of the lower platen (Figures 64 and 65). This suggests 
that the dynamic response of the load cell is influencing the load cell measurements. 

To provide further support to this argument, the output of accelerometer A8 in Test 1 was 
fdtered to 500 Hz and multiplied by the mass of the support table, yielding the net force 
applied to the support table. The signal was chosen because it was the only measurement 
which did not drift. The acceleration derived load history is compared to the load cell output 
from Test 1 in Figure 71. Note that the acceleration derived load history does not contain the 
initial spike and subsequent 2000 Hz response that is observed in the load cell data. Hence, the 
maximum measured load is 320,000 lbs while the maximum acceleration derived load is only 
133,000 lbs. After this component has damped out (2 ms afeer impact), the acceleration 
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Figure 70. Measured load versus time for Tests 1,2,3, and 4 compared to PRONT02D 
analysis. 
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Figure 71. Measured load history pest 1) compared to the load calculated from the 
acceleration history of the support table. 

derived and measured loads show good agreement. At 4.5 ms, the acceleration derived load 
exhibits a second increase. The increase is not as sharp as in the load cell histories since the 
impact, as experienced by support table, would be dampened by the load cell. This 
comparison proves that the load cell data is influenced by instrument response to the shock 
load. Hence, the acceleration derived load history from accelerometer AS in Test 1 is used in 
the following comparisons .with the calculations. 

4.4.2 Calculated ImpactLoad 

The fiiite element simulation did not explicitly model the load cell. Instead, the load applied 
to the support table was calculated. For the PRONTO calculations, the load was calculated as 
the table mass multiplied by the mass-averaged acceleration of the table. The mass-averaged 
acceleration is calculated as the sum of the nodal masses multiplied by the nodal accelerations 
for all nodes in the support table, divided by the total mass of the table. The result is simply 
the rigid body acceleration of the table. ABAQUWExplicit does not output nodal mass, 
therefore the load was calculated for these models based on the contact stresses between the 
lower platen and the support table. 

The measured load histories presented in Figure 70 exhibit a second force increase at 
approximately 3.5 to 4.4 ms to approximately 140,000 lb. The second increase in load 
corresponds to the time at which the unstable buckle impacts the platen. Figure 72 shows the 
vertical stresses in the lower platen at times of 4.8 and 4.9 ms into the PRONT02D 
simulation. The plots show the vertical stresses increase at the point of contact as the upper 
buckle touches the platen. As will be seen in the force history plots Figure 75), the impact of 
the side wall onto the upper platen corresponds to the second rise in the measured impact load. 
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Figure 72. Vertical stresses in lower platen at 4.8 and 4.9 ms (PRONT02D simulation). The 
impact of the side wall onto the upper platen corresponds to the second rise in the 
measured impact load. 

The predicted load histories of the various finite element simulations are compared in Figures 
73 thru 75 to the measured load history. The results are presented in three plots for clarity. The 
maximum measured load is approximately 133,000 lb. The load decreases to 66,000 lb as the 
larger buckle becomes unstable and then increases again to a second peak of 99,000 lb when 
the buckle collapses onto its side. Figure 73 shows the load history of the continuum element 
models which are too stiff. In all of these calculations, the predicted maximum load is greater 
than the measured load. Because these models are too stiff to collapse, they do not predict a 
second load increase. The ABAQUS 3D shells model (Figure 74) accurately predicts the 
maximum load (as one of the buckles becomes unstable) but does not predict a second 
increase since the buckle did not fully collapse. Both the ABAQUS axisymmetric shells and 
axisymmetric quads (finer mesh) yield similar results to one another. They accurately predict 
the maximum load, the load decrease due to collapse, and the second load increase. However, 
the second increase comes much later than the test data, indicating a slightly stiff response 
which does not allow the buckle to collapse as quickly. The best agreement with the test data 
is obtained with the PRONT02D axisymmetric continuum and PRONT03D shells models 
(Figure 75). Both of these models accurately predict the maximum load, the decrease due to 
instability, as well as the timing of the second increase. 

4.4.3 Characterization of Load History 

A characteristic of dynamic buckling problems is that the load amplitude is higher than .the 
static buckling load. However, a distinction is made between what are known as low order 
and high order dynamic buckling problems. In high order buckling, the amplitude is much 
higher than the static buckling. load. In low order dynamic buckling, the dynamic loads do not 
differ widely from static buckling loads. The theory of low-order buckling predicts negligible 
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Figure 73. Comparison of measured impact load with PRONTO3D 3D hexahedral, and 
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74. Comparison of measured impact load with ABAQUSExplicit 3D shell, 
shell and axisymmetric quadrilateral (finer mesh) calculations. 
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Figure 75. Comparison of measured impact load with PRONT02D axisymmetric 
quadrilateral, and PRONT03D shells calculations. 

influence of inertial forces on the preferred mode selection [3]. In the present study the 
maximum measured load in the dynamic tests was approximately 140,000 lb, compared to 
120,000 lb for the static compression test. The closeness of these two figures suggests that this 
is a low-order buckling (or slow buckling) problem, indicating negligible influence of inertial 
forces on the preferred mode selection. This is supported by the fact that the static 
compression test yielded the same buckling modes and post-buckling shape as the dynamic 
tests. 

4.5 Energy Dissipation 

Both the 3D continuum calculations and the AEiAQUSExplicit 3D shells did not predict the 
complete collapse of one of the buckles as was observed in the tests and predicted in the other 
calculations. This suggests that the cylinder did not absorb as much energy. The only 
dissipaters of energy in the analysis are the felt pad and the cylinder. The energy absorbed by 
the felt pad should be the same from simulation to simulation, and is very small compared to 
the energy absorbed by the cylinder. Thus, the kinetic energy in the system is a good indicator 
of the strain energy dissipated into the cylinder. Figure 76 is a plot of the kinetic energy 
histones for each of the seven simulations. The leveling off of the kinetic energy histories is 
indicative that no fui-ther energy is being dissipated in to the cylinder. The residual kinetic 
energy at the end of the simulations is due to motion of the various components as the support 
table is not constrained against vertical motion. The parameter of concern is the total change 
in kinetic energy during the simulation. The change in the kinetic energy is nearly identical 
for all of the calculations. 
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Examination of the predicted profiles Figures 15 and 16) reveals variations in the 
deformation mechanisms. For example, although the unstable buckle predicted in the 
ABAQUSExplicit 3D shell calculation is smaller than that predicted in the other shell 
calculations, the buckle at the opposite end is slightly larger. Similarly for the continuum 
element calculations, the average radial expansion of the calculations which predicted only 
three buckles is greater than that of the calculations which predicted four buckles. Hence, in 
the three lobe calculations, the membrane plastic flow is greater than the plastic bending. In 
summary, the kinetic energy absorbed in each of the calculations is nearly identical; however, 
the mechanisms of energy absorption are different. 

4.6 Comparison of Analysis Run-Times 

All of the calculations presented in this study were performed on a Cray Y-MP 8/864 
computer. A comparison of the analysis run times is presented in Table 4. The PRONTO2D 
and ABAQUSExplicit axisymmetric calculations required approximately 20 CPU minutes to 
complete. Both the ABAQUSExplicit and PRONT03D three-dimensional shell models used 
the identical mesh. The ABAQUSExplicit model required 1.8 CPU hours, while the 
PRONT03D calculation required 1.1 CPU hours. The 3D model using eight-node hexagonal 
elements (requiring approximately 11 hours to run with PRONT03D and 38 hours to run with 
ABAQUSExplicit) required the most CPU time to complete. 

One of the benefits of the shell models of the test, in addition to requiring fewer elements, is 
that the critical time step for these models is larger. The critical time step, as calculated by the 
code, is proportional to the smallest element dimension. In the continuum model, the smallest 
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Figure 76. Kinetic energy (irlb) as a function of time for the seven simulations. 



element dimension is through the wall thickness (0.1875 in wall t 5 elements = 0.0375 in/ 
element). Since the shell model is not meshed in the through-wall direction, the smallest 
element length is in the axial direction (8 in cylinder length + 75 elements = 0.107 in/ 
element). Hence, the critical time step was 1 . 4 3 ~ 1 0 - ~  sec for the 3D continuum model, and 
2 .46~10-~  sec for the 3D shell model. 

Table 4: Summary of Calculations and CPU Run Time (run on Cray YMP 8/864) 

Analysis Code Element Type CPU time (hr) 

PRONT02D axisymmetric quad .34 

3 D  hex 11.2 

3 D  shell 1.37 

axisymmetric shell .33 

PRONT03D 

axisymmetric quad 1.37 

axisymmetric quad ABAQUS/Explicit (finer mesh) 3.0 

3 D  hex 38 

3 D  shell 1.7 
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5 CONCLUSIONS 

This report presented results from a series of tests investigating dynamic pulse buckling of a 
cylindrical shell under axial impact compared to seven numerical simulations of the event. 
The simulations of the test were performed using the following codes and element types: 
PRONT02D with axisymmetric four-node quadrilaterals; PRONT03D with both four-node 
shells and eight-node hexahedrons; and ABAQUSExplicit with axisymmetric two-node 
shells and four-node quadrilaterals, and 3D four-node shells and eight-node hexahedrons. The 
exercise demonstrates the capability of all of the codes to predict dynamic buckling without 
the inclusion of material imperfections or geometric imperfections. This indicates that finite 
element analysis is a good tool for inelastic design of transportation packages subject to 
dynamic buckling conditions, one of the most difficult conditions to analyze. In addition, this 
study has provided valuable insight into solving dynamic pulse buckling problems. For 
example, it is not neccessarily true that five constant-strain elements through the shell 
thickness represents an acceptable compromise between accuracy and cost. This is a generally 
accepted guideline based on the fact that four to five constant-strain elements are sufficient to 
capture a bending stress distribution. The computational results presented here demonstrate , 

that, although two analysis codes use similar element types, each may require different mesh 
refinement to produce a convergent solution. PRONTO2D required five constant strain 
elements through the shell thickness, while ABAQUSExplicit required eleven. In addition, 
the 3D continuum calculations were not convergent with five elements through the thickness. 
These results should provide insight and guidance for the structural analysis of transportation 
casks. 

Comparisons of the test data with the numerical simulations revealed some problems with the 
benchmark testing procedures and instrumentation. Many of these problems bring into 
question the validity of the data for benchmarking purposes. These problems include: 

Multiple solutions to the benchmark problem. A good benchmark problem should 
have a single, repeatable solution. In the present study, the buckling instability 
occurred at the top of the cylinder in Tests 1,2 and 4 and at the bottom for Test 3. As 
in the tests, the location of the instability was not consistent in all of the calculations. 
The calculations demonstrate that the location of the instability is determined by the 
growth rate of the upper and lower buckles. On average, both the upper and lower 
buckles grow at the same rate. However, due to the kinematic response of the system, 
the growth rates of the buckles oscillate such that the largest radial displacement alter- 
nates from top to bottom. Instability occurs at the buckle which is largest at the time 
the applied bending moment is larger than the hardening moments in the two buckles. 
Sensitivity to felt pad properties. Previous calculations demonstrated that the location 
of the buckling instability can be affected by the properties of the felt pad [7]. The felt 
pad introduces a component which is difficult to model and affects the reproducibility 
of the experiment. 
Dynamic response of load cell influences the measurements. Load measurements 
taken with a load transducer did not agree very well with the calculations. The mea- 
surements recorded a much higher maximum load which occurred during the initial 
load rise and was due to a high amplitude 2000 Hz component which damped out after 
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several cycles. Load histories calculated from the measured acceleration histories of 
the lower table agreed with the calculations (they did not contain the 2000 Hz compo- 
nent), indicating that the load cell was measuring its own dynamic response to the 
applied load. Hence, the load cell acts as a spring-damper system, and, like the felt 
pad, the load cell response could also affect the location of the buckling instability in 
the tests. 
Strain measurements are sensitive to the placement of the gages. The comparisons of 
the measured and calculated strains generally demonstrated good qualitative agree- 
ment. However, in some cases the quantitative agreement was not as good. This was 
due to the sensitivity of the measurements with respect to the location of the gage (rel- 
ative to the apex of the buckle). In designing an experiment for numerical benchmark- 
ing, it is important to select meaningful metrics for comparison (i.e. those which are 
not sensitive to gage placement). In the present comparison, the agreement of the cal- 
culation and tests could be better than indicated by the strain measurements. 

Even with the above problems, the test results provided a defined, if not repeatable, solution 
to gage the numerical results. Furthermore, the test program provided physical confirmation 
of the unstable nature of this problem. Often times benchmark problems are based on a single 
test. This study demonstrates that experiments, which are typically accepted as the correct 
answer, can have multiple results due to sensitivities inherent in the test design and 
measurement methods. Multiplicity of experimental results suggests that experiments 
performed for numerical benchmarks should frst be numerically evaluated for such 
sensitivities. 
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