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Abstract 
 

Transport casks for radioactive materials with a Type-B package certificate have to ensure even 
under severe accident scenarios the radioactive content remains safely enclosed, in an undercritical 
arrangement and that ionising radiation is sufficiently shielded.  The impact limiter absorbs in an accident 
scenario the major part of the impact energy and reduces the maximum force applied on the cask body.  
Therefore the simulation of the behavior of impact limiting devices of transport casks for nuclear material 
is of great interest for the design assessment in the package approval as well as for risk analysis in the 
field of transport of radioactive materials  The behaviour of the impact limiter is influenced by a number 
of parameters like impact limiter construction, material properties and loading conditions.  Uncertainties 
exist for the application of simplified numerical tools for calculations of impact limiting devices. 
 Uncertainties exist when applying simplified numerical tools.  A model describing the 
compression of wood in axial direction of wood under large deformations for simulation with complex 
numerical procedures like dynamic Finite Element Methods has not been developed yet.  Therefore this 
thesis concentrates on deriving a physical model for the behaviour of wood and analysing the 
applicability of different modeling techniques. 
 A model describing the compression of wood in axial direction under large deformations was 
developed on the basis of an analysis of impact limiter of prototypes of casks for radioactive materials 
after a 9-m-drop-test and impact tests with wooden specimens.  The model describes the softening, which 
wood under large deformation exhibits, as a function of the lateral strain constraint.  The larger the lateral 
strain restriction, the more energy wood can absorb.  The energy absorbtion capacity of impact limiter 
depends therefore on the ability of the outer steel sheet structure to prevent wood from evading the main 
absorption zone.  This consistutes a model for the compression of impact limiters. 
 In order to absorb significant energy, wood must be stabalized by stiff cask or impact-limiter 
structures.  An elastic recovery has to be added to after the drop test measure deformations.  The 
Projected Fringe Method for the 3-dimensional surface digitalisation was applied successfully for the first 
time.  The method allows us to determine and chart the surface of the impact limiter in advance and after 
the test.  Therefore, it is suitable for a damage and deformation documentation of impact limiting devices 
subjected to a drop test. 
 A simplified numerical tool for the calculation of rigid body decelerations and impact limiter 
deformations was developed.  This tool can be applied puposefully in the design assessment of transport 
casks for radioactive materials under certain limitations.  For a risk anaysis different accident scenarios, 
for instance, the impact in on real targets can be evaluated and compared to the regulatory impact in a 
simple and cost-efficient way. 
 A full scale model of the CONSTOR V/TC was subjected to a 9-m-drop-test.  The rigid-body-
deceleration as an evaluation scheme, which is widely used up to now is not suited for an assessment of 
the loading of the package under accident conditions for casks like the CONSTOR V/TC with large, 
relative to each other movable masses.  The cask can not be treated as a rigid body. 
 A substitute model on the basis of conclusions from impact limiter analysis and wooden specimen 
impact tests was developed for the axial compression of wood.  The substitute model takes the lateral 
strain constraint as triaxiality of the stress field into account.  The applicability of different material 
formualtions for the substitute model as well as further modeling techniques were analysed.  Of the 
proposed combinations, none could simulate the behaviou of wood under large deformations in an 
acceptable manner. 
 Different modeling strategies for impact limiter of radioactive materials transport packages 
analysed and evaluated.  The Finte Element Method can be applied purposefully in type assessment and 
risk analysis.  Prerequisite is an extensive verification with experimental methods, where the boundary 
conditions of the simulation have to be adjusted to the conditions in the impact limiter concerning lateral 
strain restriction. 
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sij  Poisson constants      - 
Δt  Time difference      s 
T  Temperature       K, ºC 
t  Time        s 
Tki  PIOLA KIRCHOFF'S stress tensor   N·mm-2 
Δu  Virtual displacement     m 
U  Internal energy      J 
u  Moisture content      % 
υ  Displacement      m 
V  Volume       m3 
v  Velocity       m·s-1 
v(x, y) Deformation at point x, y      m 
W  Work        Nm, J 
x  Coordinate, path      m 
Y  Isotropic floor boundary     N·mm-2 
y  Coordinate, path      m 
Yij  Anisotropic flow boundary     N·mm-2 
z  Coordinate, path      m 
 
Greek Script 
 
α  Slap Down angle       º 
β  Angle of shock-absorber edge    º 
δ  Deformation       m 
δij  KRONECKER symbol     - 
σdB║  Crush strength parallel to fiber direction   N·mm-2 
σdB│  Crush strength orthogonal to fiber direction  N·mm-2 
ε  Expansion       - 
εD

ij  Distortion ball tensor     - 
εm  Mean expansion      - 
εijk  LEVI-CEVITA permutation tensor    - 
εij  Distortion tensor      - 
∇   Nabla operator      - 
ν  Poisson's ratio      - 
ω  Angular velocity, circle frequency    s-1 
Φ  Specific free energy      J·kg-1 
φ  Load-fiber angle      º 
ρ  Density       kg·m-3 
σ   Stress function of shock absorber    N·mm-2 

0
ijσ   Stress ball tensor      N·mm-2

 

σλ  Eigenvalues, Main stresses    N·mm-2 
σm  Mean stress       N·mm-2 
σv  von MISES comparison stress    N·mm-2 
σ50/50  Stress at 50% axial and 50% radial load   N·mm-2 
σij  Stress tensor       N·mm-2 
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Indices 
 
0  Initial value 
a  Axial direction 
c  Pressure (compression) 
d  Dynamic 
dtr  Oven-dried wood 
e  Element related 
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I  Index 
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pl  Plastic 
r  Radial direction 
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SD  Shock absorber 
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1 Introduction and Objective 
 
 Transport of radioactive substances in various forms are required in the context of the 
nuclear fuel cycle for the purpose of generating power in nuclear power plants.  Attention is 
focused here not only on the transport of uranium hexafluoride (UF6) due to the high 
radioactivity potential and the high heat output, but also on the transport of spent fuel elements 
and highly radioactive waste from reprocessing. 
 
 Fuel elements and waste transport casks, equipped with screwed or welded locking 
systems, are provided with shock-absorbing parts.  In case of a possible accident, the shock-
absorbing parts reduce the mechanical stress on the other transport cask components in that a 
large part of the kinetic energy is absorbed by the shock absorber, which, compared to the cask 
and the impact body, is more "resilient."  In Germany, these shock-absorbing parts frequently 
consist of internal steel structures upon which large-volume steel plate capsules are attached.  
The cavities are filled with wood of various types and fiber orientations. 
 
 In the process of licensing the transport cask for radioactive substances, we perform a 
design test that is done by an appropriate authority for the purpose of testing the evidence as to 
the type enclosure of the radioactive content, the subcriticality, the screening and the safe heat 
evacuation.  A big challenge here is represented by providing evidence of mechanical resistance 
against serious accident events, which mostly defines the marginal conditions for all of the 
abovementioned specific test data. 
 
 Risk analyses are performed with the objective of determining the magnitude of threats 
that could spring from a technical system in connection with the evaluation of threats arising 
during the transport of radioactive substances. The real task behavior is considered only to a 
minor extent due to uncertainties tied to the determination of stress and stressability. 
 
 Determining the risk connected with the transport of radioactive substances is a very 
complex and voluminous process. This is why this study deals with risk reduction connected 
with the transport of radioactive substances, the shock-absorbing parts that have a stress-
reducing effect on the tightness of the enclosure. Figure 1.1 shows an excerpt from the safety 
engineering action chain in mechanical accident situations during the transport of radioactive 
substances as well as the abstraction of this accident situation during design testing. In this study, 
we will focus on the safety behavior of the transport cask and here again exclusively on the 
behavior of the shock-absorbing parts.  This study does not describe the behavior, for example, 
of the cask body or the sealing system. 
 
 So far, no physical model has been created for the purpose of describing compression 
behavior of axially stressed wood in conjunction with large deformations.  No comprehensive 
numerical simulation of the shipping item behavior has been done because there has been no 
model for the behavior of the wood so far. 
 
 The objective of this study therefore is to derive a model for the behavior of wood-filled 
shock-absorbing parts. In conjunction with design testing and risk studies, we want to derive and 
evaluate the possibilities of modeling shock-absorbing parts using mathematical methods. 
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1 Introduction and Objective 

 
 

Figure 1.1: Illustration of the Safety Engineering Action Chain Connected with the 
Release of Radioactive Substances 

 
[Key: 1) Accident situation, mechanical part; 2) Shock-absorber behavior; 3) Behavior of sealed 
enclosure; 4) Real accident situation; 5) Design testing; 6) Accident target, for example, bridge 
pillar, vehicle, [illegible]; 7) Shock absorber; 8) Cask [illegible] lid, contamination; 9) Seal, 
metal or elastomer seal; 10) Accident object, nonresilient [illegible]; 11) Shock absorber; 12) 
[Illegible]; 13) Seal, metal or [illegible] seal]. 
 
 For this purpose, we first of all want to engage in some basic considerations in regard to 
the exact place of this study in the group of topics constituting the design testing of transport 
casks for radioactive substances and risk analysis connected with transports in these casks.  We 
describe the motivation for a more in-depth approach to the energy absorption mechanisms 
taking place in the shock absorber and their modeling with the help of numerical methods.  Then 
we present the shock-absorbing parts of transport casks. For wood used as main energy 
absorption material, we perform a bibliography study regarding the parameters that influence the 
energy absorption. 
 
 Experimental investigations will be described in the next chapter.  The behavior of shock-
absorbing parts is analyzed with cask drop tests. On the basis of these analysis results and the 
bibliography search, we will perform experimental investigations on the behavior of wood in 
response to large deformations resulting from pressure stresses in conjunction with the variation 
of the parameters called multiaxiality and stress velocity.  With the help of these results, we 
derive a physical model for the compression behavior of axially stressed wood in response to 
large deformations. 
 
 The results of the experiments with wood samples and the results from the cask drop tests 
will be used as verification base for the subsequently described mathematical investigations.  
First, we will present the development of a separate simplified numerical method for estimating 
the impact delay and the shock-absorber deformation, and this will be verified with the help of 
experimental results and conclusions will be drawn. Then the shock tests on wood and a drop test 
of a cask substitute mass with shock-absorbing parts are simulated and evaluated with the Finite 
Elements Method (FEM). The results are compiled, discussed, and further prospects are outlined. 
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 The results of this work are intended to bring about a better understanding and a better 
modeling of the behavior of shock-absorbing parts.  In that way, this study can serve as a 
foundation for the optimization of designs of shock-absorbing structural parts as well as for 
improved determination of risks connected with the transport of radioactive substances. 
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2 Fundamental Considerations 
 
 In this chapter, we describe the marginal conditions for this study.  To begin with, we 
underscore the significance of the transport of radioactive substances in the nuclear fuel cycle in 
order to emphasize the substantial significance of transports when it comes to the operation of 
nuclear power plants (KKW).  For this purpose, we will describe the transports necessary in 
conjunction with nuclear power plant supply and waste disposal.  Design testing, as part of the 
licensing procedure for transport casks, follows. Risk analysis is described as a method for 
determining the magnitude of risks connected with the transport of radioactive substances.  
When it comes to design testing and risk analysis, we developed the reason for an in-depth 
analysis of the mechanisms involved in energy absorption and for an investigation of the 
possibilities of modeling connected with the simulation of shock-absorbing parts. 
 
2.1 Nuclear Fuel Cycle 
 
 Since the start of its use for civilian purposes in 19541, nuclear energy has developed into 
an important part of worldwide power supply. Since then, the net output has been increasing 
continually.  In 1965, the worldwide net output came to about 5 gigawatts, and ten years later, it 
already was 75 gigawatts, while in the middle of the Eighties, it had climbed to 250 gigawatts. 
Today, 444 nuclear power plants with a total net output of about 375 gigawatts are operated in 31 
countries; they supply about 16% of the worldwide power requirements [SVA08].  Figure 2.1 
shows the worldwide distribution of the number of these blocks.  The largest operator of nuclear 
power plants is the USA with about 100 gigawatts, followed by France with about 63 gigawatts 
and Japan with about 48 gigawatts. 
 

 
Figure 2.1: Worldwide Distribution of Nuclear Power Plants According to [SVA07] 
 
 The last nuclear power plant was built in Germany in 1989, and according to current 
legislation, the last reactor (Neckarwestheim II) is to be shut down in 2021; nevertheless, the 

                                                 
1  The first nuclear power plant with a thermal output of about 30 MW went into operation in Obninsk, Soviet 

Union, in 1954 according to KOTCHETKOV [Kot04]. 
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peaceful use of nuclear energy will also continue to be extremely important in the future.  
Currently, 34 nuclear power plants are under construction in 14 countries with a total output of 
about 28 gigawatts and 83 nuclear power plants are in the planning phase with a total output of 
92 gigawatts [SVA08]. 
 
 Regardless of the fact that Germany dropped out of the nuclear energy field, there is a 
continuing need for addressing the subject of nuclear engineering safety.  Germany directly 
adjoins five countries that have nuclear power plants (The Netherlands, Belgium, France, 
Switzerland and Czechia), and it is also located in the area of operations of another 11 countries 
(Great Britain, Spain, Slovenia, Sweden, Lithuania, Slovakia, Hungary, Romania, Bulgaria, 
Russia and the Ukraine).  Some of these countries are today operating reactors whose safety 
systems are not up to the current state of the art in Germany. 
 
 The most widely used reactor types are the boiling water reactor and the pressurized 
water reactor. In both cases, energy generation is based on the fission of atomic nuclei by 
neutrons.  When a neutron with a certain energy impacts a fissile atomic nucleus, then the latter 
can break up into two or more smaller parts, releasing energy. In the process, additional neutrons 
are released from the atomic nucleus, and they can trigger more fission. If this process is self-
perpetuating, then it is called a chain reactor. Other reactor types are the fast breeder reactor and 
the thorium high-temperature reactor2. Nuclear fuel primarily consists of the uranium isotope U-
235, which is present to the extent of about 0.7% in the worldwide uranium deposits.  As for the 
remaining uranium isotopes, uranium U-238 is present to the extent of 99.3% and uranium U-
234 is present only in traces. Among the natural uranium isotopes, only uranium U-235 can 
generate a self-perpetuating chain reaction in the reactor.  Uranium is a slightly radioactive 
heavy metal that is found almost everywhere in the world. The biggest uranium mining countries 
are Canada, Australia, Namibia, Niger and South Africa.  The deposits offer different 
concentrations of uranium in the rock.  One can find up to 150 t of uranium per 1,000 t of stone 
(uranium ore).  A high concentration of uranium was also found in the former bismuth mine of 
the German Democratic Republic that at its peak supplied 75 to 80% of the Soviet uranium 
consumption according to GEIPEL [Gei99], today still holding third place worldwide with 
respect to the total quantity extracted nowadays (total extraction volume 220,000 t of uranium).  
MURRAY [Mur03] offers a comprehensive overview of the many aspects connected with the 
use of nuclear energy. 
 
2.1.1 Uranium Dressing 
 
 According to VOLKMER [Vol03], the uranium contained in uranium ore is separated 
from other substances by physical and chemical methods.  For this purpose, the ore is ground up 
and is dissolved with acid or lye. Using an oxidation agent (for example, Na2ClO4 or MnO2), the 
uranium is converted from the quadrivalent, poorly soluble form into the hexavalent form (uranyl 
sulfate). 
 

 (2.1) 

                                                 
2  Both reactor types are based on the fact that nonfissile radioactive substances (as in this case uranium 238 and 

thorium 232) are converted into fissile substances (in this case, plutonium 239 and uranium 233). 
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 Ammonium diuranate ((NH4)2U2O7), also called "yellow cake," with a technical purity of 
about 70-80%, is separated from the liquid uranyl sulfate, adding MnO, NaOH or NH3.  To get a 
purer uranium that is more enriched with uranium U-235, "yellow cake" is converted into the 
gaseous compound uranium hexafluoride (UF6), which is then filtered and which is enriched to a 
U-235 portion of about 3-4% via the diffusion, thermal diffusion nozzle, or centrifugation 
method.  The transformation of uranium hexafluoride is called conversion. Uranium hexafluoride 
is converted into ammonium uranyl carbonate to make the basic fuel element substance uranium 
dioxide. 
 

 (2.2) 
 

 (2.3) 
 
 The yellow ammonium uranyl carbonate can be separated and can be broken down by 
heat supply into its component parts, that is, ammonium, carbon dioxide, hydrogen fluoride and 
uranium trioxide (UO3). Uranium trioxide is reduced in a hydrogen atmosphere at high 
temperatures to uranium dioxide (UO2), which is the actual nuclear fuel.  Uranium dioxide (a 
gray powder) can be pressed and sintered to form UO2 pellets and can be charged into tubes 
consisting of Zirkaloy3.  These tubes are lined up to form a fuel element. 
 
2.1.2 Operation and Waste Disposal 
 
 During the fuel element's dwell time in the reactor amounting to a few years, the share of 
uranium U-235 in the fuel element drops to less than 1% again, assuming an average specific 
energy conversion of 45 MWd/kg of uranium4.  In the fuel rod, there is an accumulation along 
with plutonium Pu-239 that is formed from uranium U-238 by neutron capture also of the fission 
products of uranium U-235 and plutonium Pu-239 as well as residual quantities of uranium U-
236, neptunium, americium and curium. 
 

 (2.4) 
 
 After an average dwell time of 3-5 years, the fuel elements are taken out of the reactor 
and are put up for intermediate storage in the fading tank.  The dwell time in the fading tank is 
determined by the burnup5 of the fuel elements.  There are two possibilities for further treatment 
of the spent fuel elements after brief intermediate storage in the fading tank.  The spent fuel 
elements are transloaded into containers and are put up for intermediate storage in many 
countries6. The final storage of these fuel elements is planned but does not take place as yet due 

                                                 
3  An alloy consisting of zirconium and small quantities of tin, iron, nickel and chrome. 

4  1 MWd = 1 megawatt day  24,000 kWh. 
∧

=
5  The term "burnup" is used to refer to the decline of the portion of uranium 235 and the enrichment with 

radioactive fission products. 
6  For example, USA, Sweden, Finland, Germany. 
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to the fact that the final storage facilities are not yet present.  Transports of spent fuel elements 
for reprocessing have been outlawed in Germany since July 1, 2005 [AtG08]; in the Federal 
Republic of Germany, all fuel elements in transport casks (TB) for spent fuel elements are 
currently stored in intermediate storage facilities near the power plant site [BFS03].  In the 
future, they are to be transported to a packaging plant and then to a suitable final waste dump, 
they are to be transloaded into final dump casks and are to be stored there. 
 
 The fissile material remaining in the fuel elements can continue to be used for economic 
purposes by reprocessing.  This strategy was adopted, for example, by Great Britain, France, 
Switzerland and Japan. For this purpose, the fission products have to be removed and the portion 
of uranium U-235 has to be enriched again.  The fuel elements are packed in transport casks 
(TB) and are shipped to one of the reprocessing plants7.  Here, the fuel elements are first of all 
sawed in order then to be broken down into boiling nitric acid (HNO3) into their components 
uranium, plutonium and fission products. This process is referred to as the PUREX8 process. 
 

  (2.5) 
 
 Adding extraction agent tri-n-butyl phosphate (C4H9O)3PO, TBP30), we get uranyl 
nitrate (UO2(NO3)2), plutonium-IV-nitrate (Pu(NO3)4) and nitrates of the fission products.  For 
the case of uranium, the process is given in equation 2.5.  The uranium is again converted into 
uranium dioxide (UO2) and, together with the plutonium dioxide (PuO2), it is processed into 
mixed-oxide fuel elements (MOX). 
 
 The remaining highly radioactive waste (HAW9) must be treated and must be prepared 
for intermediate and final storage10.  The packaging is done during a fading phase in cooled 
high-grade steel tanks lasting about 5 years. Waste with negligible heat generation is packaged in 
metal, bitumen or concrete casings. Highly heat-generating waste is mixed with liquid gas and is 
poured into chills [ingot molds]11.  Glass is used because it best meets the requirements for 
immobilization and final storage of radioactive residual substances (good mechanical strength, 
high resistance to leaching, good heat stability and heat conductivity and high resistance to 
ionizing radiation) according to VOLKMER [Vol03]. 
 
2.1.3 Transport 
 
 The transport of radioactive substances is of fundamental significance in terms of the 
supply and waste disposal of nuclear power plants.  Different types of radioactive substances 
with varying radioactivity must be transported in conjunction with the operation of nuclear 
power plants. Basically, we differentiate between the supply and the waste disposal of nuclear 
power plants.  Supply can be subdivided into the following areas: 
 

                                                 
7  La Hague in France or Sellafield in Great Britain. 
8  Plutonium-Uranium-Recovery by Extraction. 
9  High-Active-Waste. 
10  Also called conditioning. 
11  For example, high-grade steel flasks with about 400 kg each of vitrified waste. 
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• transport of uranium or for uranium ore dressing; 
 
• transport of the uranium concentrate "yellow" cake to the conversion plant; 
 
• transport of uranium hexafluoride (UF6) for fuel element production; 
 
• transport of the fresh fuel elements to the nuclear power plants; 
 
• transport of the recovery of uranium to the conversion plant. 

 
 Uranium ore is shipped for uranium ore dressing usually in open trucks because the 
uranium ore dressing plants usually are located in the direct vicinity of the deposit. The "yellow 
cake" uranium ore concentrate is shipped in commercially available steel casks with a capacity 
of 200 l to the conversion plant.  After conversion into uranium hexafluoride (UF6), the UF6, 
which is solid under standard conditions, must be shipped in special UF6 pressure casks due to 
the low sublimation temperature of only 56º.  After production, the "fresh" fuel elements are 
packaged in fuel element transport casks and are shipped to the nuclear power plant. Ensuring 
adequate radiation screening is no problem due to the low specific radioactivity of the uranium, 
although subcritical arrangement of the fuel elements must be guaranteed. 
 
 Transport involved in waste disposal for nuclear power plants or reprocessing plants can 
be subdivided as follows: 
 

• transport of the spent fuel elements for intermediate storage or to the reprocessing plant; 
 
• transport of the fuel elements from the intermediate storage facility to the packaging 

plant; 
 
• transport of highly radioactive waste for intermediate storage; 
 
• transport of highly radioactive waste/fuel elements from the intermediate storage facility 

or the packaging plant to the final waste dump. 
 
 Spent fuel elements or the highly radioactive waste from the reprocessing plants have 
very high radioactivity due to the fission products and thus involve a very high heat output.  Due 
to this high radioactivity, transport casks for spent fuel elements and HAW casks must also 
guarantee a tightly sealed enclosure and screening of the radioactive content in serious accident 
scenarios. 
2.2 Design Testing of Transport Casks for Radioactive Substances 
 
 Design testing is the basis of the procedure for licensing transport casks for radioactive 
substances.  In this connection, we test data that must ensure that the casks are suitable for 
attaining the defined protection targets.  Typical cask designs, testing conditions and data 
acquisition concepts are described following an overview of the fundamental regulatory 
provisions. 
 

 8



 Fuel elements and HAW transport and intermediate storage casks, along with packages 
for infectious substances, are the only hazardous goods packages by means of which one can 
basically make the substances "accident proof."  This means that even in case of serious accident 
scenarios, it must be sufficiently probable to maintain the protection targets.  Here are the 
protection targets that dominate the basic principles of cask design: 
 

• preventing release of radioactivity; 
 
• ensuring subcriticality; 
 
• ensuring shielding. 

 
 The currently applicable regulatory provisions to attain these protection targets as well as 
the concepts used are presented in the following chapters. 
 
2.2.1 Explanation of Concepts 
 
 The following explanation of concepts are taken from ADR [ADR07] and are to be used 
in the field of radioactive substance transport. 
 
 A shipping item is the package with radioactive content, such as it is ready for 
transportation. 
 
 Packaging consists of all of the parts necessary for the complete enclosure of the 
radioactive content. 
 
 Content is made up of the radioactive substances with all of the contaminated or 
activated solid substances, liquid substances or gases within the package. 
 
2.2.2 Regulatory Documents 
 
 The guidelines, laws and decrees described here regulate the requirements for the 
shipping items as a function of the radioactive content.  According to [TSR08], we distinguish 
among the following: 
 

• released shipping items; 
 
• industrial shipping items (IP-1, IP-2 and IP-3); 
 
• Type A shipping items; 
 
• Type B shipping items; 
 
• Type C shipping items. 

 

 9



 Released shipping items are packages that contain only very small quantities of 
radioactive substances. Certain requirements apply, so, for example, when they are open, it must 
be possible to recognize which substances is contained therein. 
 
 Industrial shipping items contain radioactive substances with low radioactivity - LSA 
(Low Specific Activity) or SCO (Surface Contaminated Object). There are additional 
requirements, such as marking on the surface or recording in the shipping papers. 
 
 Type A shipping items should remain undamaged also during possible "routine" incidents 
in the course of transportation.  That includes, for example, falling down from certain heights, 
being subjected to action of spray water, and stacking of packages. 
 
 Type B packages are used to transport radioactive material with a great damaging 
potential, such as, for example, spent fuel elements or highly radioactive waste from 
reprocessing.  The high degree of damage potential resulting from the content in the case of Type 
B shipping items results in the requirement for making the packages basically "accident proof." 
The protection targets of the package must be met even in the most serious accident scenarios 
that might be assumed. These requirements apply according to ADR [ADR07], along with the 
Type B shipping items, also to shipping items with contents of Hazardous Goods Class 6.2 
(infectious substances). 
 
 Requirements for Type C shipping items are even higher because, in contrast to the Type 
B shipping items, they are licensed for air shipment. The detailed illustration of the model 
assumptions and the hazard potential of the content of a package derived therefrom is described 
in the "Q System" of the International Atomic Energy Agency (IAEA) [TSR08]. 
 
 The requirements for the licensing of transport casks for radioactive substances are based 
on the recommendations of the IAEA.  The basic requirements for radioactive protection are 
spelled out in the following: 
 

• International Basic Safety Standards for Protection Against Ionizing Radiation and for 
the Safety of Radiation Sources [IAE03] 

 
 These requirements are translated into conditions that must be complied with during 
shipment by the following: 
 

• "Regulations for the Safe Transport of Radioactive Materials" (TS-R-1) [TSR08], whose 
application is supported by: 

 
• "Advisory Material for the IAEA Regulations for the Safe Transport of Radioactive 

Material" (TS-G-1.1) (TSG08a). 
 
Further light is cast on additional aspects in: 
 

• Compliance Assurance for the Safe Transport of Radioactive Material [IAE94a]; 
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• Quality Assurance for the Safe Transport of Radioactive Material [IAE94b]; 
 
• Radiation Protection and the Safety of Radiation Sources [IAE96]; 
 
• Planning and Preparing for Emergency Response to Transport Accidents Involving 

Radioactive Material (TS-G-1.2) [TSG08b]. 
 
 The IAEA Standards represent recommendations without any legal obligation for the 
national states and in the UN Model Regulations are converted into instructions specifically 
designed for the particular carriers: 
 

• ADR - European Agreement on the International Transport of Hazardous Goods by Road 
[ADR07]; 

 
• RID - Order on the International Railroad Transport of Hazardous Goods [RID06]; 
 
• I - European Agreement on the Transport of Hazardous Goods on Inland Waterways in 

Conjunction with ADNR - Decree on the Transport of Hazardous Goods on the Rhine 
(and Mosel) [I07] [I06]; 

 
• IMDG - International Maritime Dangerous Goods Code [IMD06] in conjunction with 

INF - International Code for the Safe Carriage of Packaged Irradiation Nuclear Fuel, 
Plutonium and High-Level Radioactive Wastes On-Board Ships [INF06]; 

 
• ICAO-TI - International Civil Aviation Organization - Technical Instructions [ICA07] 

and IATA-DGR - International Air Transport Association - Dangerous Goods 
Regulations [IAT08]. 

 
For use in Germany, these rules for the conveyance of hazardous goods become obligatory via 
the legal decrees: 
  

• GGBefG - Law on the Conveyance of Hazardous Goods [GGB06]. 
 
for the highway, railway, maritime and inland navigation as well as air traffic carriers, which are 
subject to: 
 

• GGVSE - Decree on the Domestic and Border-Crossing Transport of Hazardous Goods 
by Roads and by Rail [GGV06]; 

 
• GGVSee - Decree on the Transport of Hazardous Goods Via Naval Vessels [GGV07a]; 
 
• GGVBinSch - Decree on the Transport of Hazardous Goods on Inland Waterways 

[GGV07b]; 
 
• Air Transport Licensing Order [LVZ08]. 
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 These decrees spell out the authority for implementation of the responsibility areas 
contained in the rules. When radioactive substances above a defined hazard degree A2

12 are 
transported, then specially licensed packaging must be used for this purpose.  This licensing is 
done by the Federal Bureau for Radiation Protection (BfS) on the basis of information supplied 
by the Federal Institute for Materials Research and Testing (BAM).  The division of labor 
between these two institutions as well as the procedure involved in the filing and processing of 
applications are defined on the basis of GGBefG §3, Paragraph 1 [GGB06] and the decrees 
[GGV06], [GGV07a], [GGV07b], [LVZ08] issued by the Federal Ministry of Transportation, 
Construction and Urban Development (BMVBS) in the following guideline: 
 

• R003 - Guideline for the Process in Design Licensing of Shipping Items for the 
Transportation of Radioactive Substances, of Radioactive Substances in Special Form, or 
Slightly Dispergatable Radioactive Substances [BMV04]. 

 
 The mentioned laws, decrees and guidelines constitute the body of regulatory documents 
applicable to the safe transport of radioactive substances on all permanent transportation routes.  
A clear survey can be found in [BAM08]. 
 
2.2.3 Testing Conditions 
 
 A distinction is made between the following transportation conditions in the described 
regulatory work regarding the definition of the stresses that the package must withstand.  The 
transportation conditions include the proper and expert handling for both serious and routine 
accident scenarios: 
 

• routine transportation conditions (no incidents); 
 
• normal transportation conditions (minor incidents); 
 
• transportation accident conditions (accidents). 

 
 Uneventful shipment is considered to take place under routine transportation conditions. 
The cask components are stressed only, for example, by bumps resulting from rough spots on the 
road surface or planned handling, such as, for example, during transloading.  Normal 
transportation conditions include minor incidents, such as, for example, rough deposit during 
transloading.  Transportation accident conditions are treated by a serious transportation accident.  
This covers combinations of different stresses such as impact and fire. 
 
 [TSR08] prescribes consecutive processing of the following tests: 
 
 1. mechanical tests; 
 
 2. thermal tests; 
 
                                                 
12  A2 is the radioactivity boundary value derived in [TSR08] for all radioactive substances or contained in tables.  

The maximum quantities of radioactive substances to be transported are given as a multiple of A2. 
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 3. water immersion test. 
 
 The data supporting the accident safety of transport casks holding radioactive substances 
comprise the following tests, specifically [TSR08]: 
 
 1. Mechanical tests 
 
  a) 9-m drop on an nonresilient foundation; 
 
  b) 1-m spike drop; 
 
 c) crush test for light and specifically light packages. 
 
 2. Thermal tests 
 
  a) enveloping fire at 800ºC for 30 minutes. 
 
 3. Water immersion test 
 
  a) a water depth of 15 m for at least 8 hours; 
 
  b) with more than 105 A2 content, a water depth of 200 m for at least 1 hour. 
 
 In addition to the mentioned tests, the package must undergo further testing under routine 
and normal transport conditions. In this study, we will not consider tests under routine and 
normal transport conditions because tests under accident transport conditions for the most part 
have coincident characteristics in terms of the mechanical stresses of the shipping items. 
 
 The sequence of mechanical tests must be so chosen that "upon completion of the 
mechanical test, the test object will have suffered such damage that the maximum possible 
damage will occur during the next following heating test."  For example, depending on the 
construction principle in one case, a 9-m drop with subsequent 1-m spike drop can be most 
damaging, whereas in another case, the 1-m spike drop before the 9-m drop will cause the 
greatest damage. From the area of mechanical testing, we will in this study only consider the 9-m 
drop upon the unyielding foundation because the shock-absorbing parts above all are responsible 
for protecting the shipping item in case of 9-m drops. 
 
 There is no special protection philosophy for the package against terrorist attacks. 
 
 So far, we have pointed out only the requirements that must be established for transport 
casks holding radioactive substances in terms of design testing.  Now we will describe the typical 
constructions that meet these requirements. 
 
2.2.4 Principles of Construction 
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 Many different container models are used worldwide.  This study deals with the container 
designs for spent fuel elements and highly radioactive wastes such as they are mainly used in 
Germany at this time and in the foreseeable future. These designs generally, as shown in Figure 
2.2, consist of the cask body, the lid, the shock-absorbing parts, the impact devices and the 
shielding devices against α-β-γ and neutron radiation. 
 
 The cask body, as a rule, consists of forged steel or ductile cast iron and, depending on 
the shielding and mechanical requirements, has wall thicknesses of between 250 mm and 450 
mm.  Other components of the shipping item are attached to the cask body with the help of 
screwing elements.  To ensure the tightly sealed enclosure of the contents and at the same time 
the loadability and unloadability, the frequently monolithically executed cask bodies are closed 
with a lid sealing system.  The lid system on casks made in Germany usually consist of two 
mutually independent lids, each of which can separately ensure the enclosure of the contents.  
The metal sealing rings or also 
 

 
Figure 2.2:  Profile Through an MHI (Mitsubishi Heavy Industries) Transport Cask 
 
[Key: 1) Neutron shielding; 2) Outer shell; 3) Bottom shock absorber; 4) Heat conduction plates; 
5) Cask body; 6) Metallic seal; 7) Carrying peg; 8) Carrying basket; 9) Primary lid; 10) 
Secondary lid; 11) Lid shock absorber]. 
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Figure 2.3: Simplified Lid System 
 
[Key: 1) Cask body; 2) Primary lid; 3) Secondary lid; 4) Closing lid; 5) Metal sealing ring; 6) 
Cask inventory]. 
 

 
Figure 2.4: Metal Sealing Ring, Type Helicoflex® HN200, with Internal and External 

Sheathing Cut Open  
 
the elastomer sealing rings are used as a seal shown in Figure 2.4. The sealing rings are in a 
groove between the cask body and the lid.  Figure 2.3 shows the lid system variant developed in 
Germany with the primary and secondary lids for long-term intermediate storage in transport and 
storage casks holding radioactive substances.  Uniform pressing of the seal is ensured by a large 
number of screwing elements and the stiff construction of the cask flange and the lid. 13Carrying 
pegs are attached to the cask body so that the container can be handled.  The α-, β- and γ-
radiation of the contents as well as the effects of fires are adequately shielded by the cask body 
material (forged steel or ductile cast iron). The neutron radiation is shielded by hydrogen-
containing moderator materials. UHMW polyethylenes or resins are usually employed.  A 
carrying basket is provided inside the cask to hold the radioactive content. The carrying bask 
ensures subcritical arrangement of the radioactive inventory. 
 

 
 

Figure 2.5: Round, Wood-Filled Shock Absorbers on the GNS (Gesellschaft für 
Nuklearsysteme mbH) POLLUX® Cask After 9-m Horizontal Drop 

 

                                                 
13  Ultra High Molecular Weight. 
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Figure 2.6: Filling of Shock Absorbers Attached to the Cask Ends (left: MHi shock 
absorber, right: GNS CONSTOR® shock absorber) 

 
 Shock-absorbing parts are usually attached in order to reduce the stresses on the cask 
components in connection with various accident scenarios. Many different constructions have 
been used in the past. In the case of currently used cask designs, the wood-filled shock absorbers 
(Figure 2.5) attached to the cask bottom and lid are most widely employed.  Other designs, for 
example, are aluminum rings positioned around the cask (usually referred to as jacket shock 
absorbers). This study concentrates on the wood shock absorbers attached to the cask ends 
because they are most widely used in Germany.  These shock-absorbing parts consist of steel 
plate constructions whose cavities are filled with woods of various types and orientations (Figure 
2.6). In case of a shock, the shock-absorbing parts reduce the stresses on the components of the 
tightly sealed enclosure and of the radioactive content in that the kinetic energy is absorbed by 
the shock absorber, which is rather resilient when compared to the cask body.  The intensity of 
the shock against the cask body, against the lids, the lid screw elements and the carrying basket 
with radioactive content are thus significantly reduced to tolerable stresses. 
 
2.2.5 Drop Positions for the 9-m Drop 
 
 In this section, we described the requirements for the drop tests that are governed by the 
provisions of TS-R-1 of IAEA [TSR08], Paragraph 727(a): 
 

For the I drop test, the test objects must so fall upon the impact foundation that it 
will suffer the greatest possible damage and the drop height, measured from the 
lowest part of the test object all the way to the surface of the impact foundation, 
must be 9 m. 

 
 The requirements for the impact foundation are given in [TSR08], Paragraph 717: 
 

The impact foundation for the drop tests according to Nos. 705, 722, 725(a), 727 
and 735 must have a level, horizontal surface that must be so constituted that any 
increase in its resistance to shifting or deformation during the impact of the test 
object would not lead to any significantly greater damage to the test object. 
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 Due to the differing test specimen constructions14, the drop position, where the test object 
or the various safety-relevant components suffer the greatest damage, is not clear.  Necessarily, 
in a different drop position, the cask body is exposed to the greatest stress than, for example, the 
lid-screwing device.  This is why the test object in general is subjected to several drop tests with 
different drop orientations. Experiences gathered by the BAM over the next year showed that for 
many test objects, the following drop orientations turn out to be the most damaging15: 
 
 1. vertical drop (perpendicularly upon the lid/bottom); 
 
 2. horizontal drop (upon the jacket line); 
 
 3. edge drop on the lid area (center of gravity over the impact spot); 
 
 4. slap down with secondary impact on lid side (slightly inclined horizontal drop). 
 
 The damaging drop positions are frequently identified with the help of advance 
calculations using the FEM. Various drop positions must be modeled and the stresses of the 
components of the tight enclosure must be compared. When it comes to the maximum stress 
upon the lid and the screw elements, we find that the vertical drop (see Figure 2.7, left) and the 
edge drop (see Figure 2.8, left) are frequently decisive as a result of the stress coming from the 
mass force of the content.  Regarding the cask body, the greatest stress is often supplied by the 
horizontal drop (see Figure 2.7, right) and, depending on the geometric conditions, also the slap 
down drop position (see Figure 2.8, right). The combination of the 9-m drop test with the 1-m 
spike drop cannot be considered here for reasons of scope. 
 

 
Figure 2.7: Vertical Drop (left) and Horizontal Drop (right) 
 
[Key:  Fallwinkel = Drop angle]. 
 

                                                 
14  Geometry, material, etc. 
15  Listing not complete, depending on model. 
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Figure 2.8: Edge Drop (left) and Slap Down (right). 
 
[Key:  Fallwinkel = Drop angle]. 
 
2.2.6 Data Recording Concepts 
 
 At this point, we want to discuss the possible concepts with whose help we can provide 
data in support of the matter of safety. Providing evidence as to the attainment of the protection 
targets in various ways is permitted according to the regulatory work. Information on possible 
data and position methods can be found in [TSR08] in Paragraphs §701 - §702.  But "evidence as 
to compliance with the design criteria required according to Section VI must be provided by one 
or several of the methods listed below." 
 

• performance of tests with (...) prototypes or serial specimens of the package. 
 
• reference to earlier satisfactory and adequately similar evidence. 
 
• performance of tests with models of a suitable scale (...) to the extent that technical 

experience showed that the results of such tests are suitable for design purposes. 
 
• calculation or justified consideration when the calculation methods are recognized as 

generally stressable and conservative. 
 
 In Germany, according to the current status of design testing, evidence is provided with 
the help of a combination of drop tests and computations. On the one hand, mathematical 
methods require a verification by comparisons with suitable experimental results due to a 
plurality of partly not definitely known parameters as well as general modeling uncertainties, 
among other things in conjunction with the simulation of the shock-absorbing parts.  On the 
other hand, drop tests alone are frequently not enough to document all aspects connected with the 
evaluation of safety. 
 
Mathematical Evidence 
 
 Computations are of fundamental significance in model testing already today. Here, 
above all, we use analytical and FE methods. A model verification is performed according to the 
current state of science and technology with the help of experimental results. Dynamic FEM 
methods are frequently employed because shock-like processes are to be simulated.  For this 
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purpose, the shock-absorbing parts must be modeled in detail. In order to image the shock-like 
stress using static FEM methods, the maximum rigid body delay of the cask body was 
determined in the past with the help of simplified numerical methods, such as the precursors of 
the "ImpactCalc" program (Chapter 5).  This rigid body delay is transferred with the help of a 
gravitation field into a static calculation for the components of the tightly sealing enclosure. This 
form of simulation is referred to as "quasistatic" analysis.  In that way, the shock-like stress is 
simulated with the help of a permanently acting gravitation field. With the help of this method, 
there is no need for any detailed modeling of the shock-absorbing part in the context of FEM. 
The usefulness of quasistatic analyses for stress determination on the cask body will not be 
further discussed in the context of this study. 
 
 Guideline BAM GGR 008 [GGR03] describes basic requirements for mathematical 
evidence to be used by operating personnel in conjunction with conservativity, validation and 
verification, quality assurance and result illustrations. 
 
 Mathematical methods for instrumentation planning are used to provide data through 
drop tests. Application sites for expansion and acceleration sensors as well as the most damaging 
drop positions are identified by advance calculations. In highly stressed areas, for example, 
notches, it is impossible to use expansion measurement strips, and on the basis of the results of 
nearby expansion measurement strips, stresses on the most highly stressed points are determined 
mathematically. The influence deriving from various parameters on the stress are estimated and 
marginal conditions can be changed with the help of follow-up computations. For example, the 
effects of a change in the material properties at higher or lower temperatures (according to IAEA 
[TSR08], temperatures of -40ºC up to a maximum operating temperature, but at least 70ºC, must 
be considered) upon the stress on the container can be investigated. 
 
 The container stress, which is achieved during experiments, cannot be exactly controlled. 
Even small changes in the drop position can cause big changes in the mechanical stress upon the 
test objects.  Follow-up computations are used to identify and evaluate minor deviations from the 
desired marginal conditions of the experiment. 
 
 Drop tests with test objects that completely correspond to the design that is to be licensed 
are often not possible. An example would be ruling out the use of real fuel elements as an 
inventory in drop tests. The evaluation of the differences between the model that is to be licensed 
and the test object in general is done mathematically. Worldwide, there are so far only two drop 
test stands on which drop tests can be performed with currently used large casks in accordance 
with the IAEA16, and for cost reasons, drop tests are often performed with models on suitable 
scales.  Evidence as to the transposability of the investigation results should preferably be 
mathematically provided. 
 
 Mathematical computations make an important contribution to evidencing the accident 
safety of transport containers for radioactive substances together with instrumentation planning, 
stress determination, parameter studies, transposability considerations and as support for 

                                                 
16  That includes the drop test stand of the BAM in Horstwalde near Berlin with a maximum cask mass of 200 t, and 

according to GUSKOV et al. [G+ 01], the drop test stand in Saint Petersburg with a maximum cask mass of 140 
t. 
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experimental investigations.  Errors in modeling the stress on the components of the tightly 
sealed enclosure, which essentially is characterized by the quality of the simulation of the 
behavior of the shock-absorbing parts, have an effect on all of the computational investigation 
results.  The quality of the computational simulation of the behavior of the shock-absorbing parts 
under accident stresses therefore is essential for many parts of the safety data record. 
 
2.3 Development of the Safety Data Record Concept in Conjunction with 

Design Testing 
 
 In the following subchapter, we will describe the history of the safety data record concept 
for transport casks in order to explain the origin of requirements for transport casks holding 
radioactive substances (9-m drop upon an nonresilient foundation, 1-m spike drop, water 
immersion test and fire for 30 minutes at 800ºC flame temperature). The subchapter then goes on 
to the risk analysis, which was used for the first time in 1975 to evaluate a technology.  This 
method was not yet used for the creation of the IAEA regulatory documentation and thus cannot 
be the basis of any data record concept according to IAEA. POPE [Pop04] published a more 
extensive description of the history of the safety data record concept in conjunction with design 
testing. 
 
2.3.1 History 
 
 According to POPE [Pop04} when the IAEA was founded in 195717, there were no 
international recommendations and regulations for the safe transport of radioactive substances.  
The Preparatory Commission of the IAEA (Preparatory Commission of the International Atomic 
Energy Agency) [UN57] thereupon in 1957 recommended the founding of an advisory panel, 
which later on was to be converted into a Standing Committee.  A resolution of the United 
Nations Economic and Social Council (ECOSOC) [UN59] recommends the continuation of the 
"Committee of Experts on the Transport of Dangerous Goods" with the suggestion that the IAEA 
be charged with formulating and disseminating recommendations regarding the transport of 
radioactive substances. The foundation of the first publication (IAEA Transport Regulations 
1961 [IAE61]), among other things, included the recommendations of the United States 
Interstate Commerce Commission (USICC), which was charged with drafting and implementing 
rules for the shipment of hazardous goods by the U.S. Congress. 
 
 At that point in time, the rules were very general, above all, the term "maximum credible 
accident" (assumption for the most serious accident that the package would have to withstand) 
up to that time was not used in any of the regulations governing the transport of hazardous 
goods. As MESSENGER & FAIRBAIRN [MF63] 1963 found, it is impossible to build a 
package that would withstand any and all external actions. "If there were such a thing, it would 
no longer be transportable." In the view of MESSENGER & FAIRBAIRN [MF63}, shock and 
fire were the most dangerous events, and they recommended the following procedure: 
 
 1. Frontal impact at 30 mph (13.41 m/sec) (or equivalent drop from 30 ft. (9.14 m) 

high) upon a rigid structure, followed by 
 
                                                 
17  In the form of the "Atoms for Peace" Organization. 
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 2. a 30-minute enveloping liquid fire of medium flame temperature amounting to T ≥ 
800ºC without cooling and 

 
 3. immersion in water if the penetration of water were to constitute a hazard. 
 
 The foundations of these recommendations are described in the following subsections 
and can be found partly more in-depth in POPE [Pop04] or in the mentioned sources. 
 
Mechanical Tests 
 
 Using the data available at that time regarding possible drop heights, probabilities and 
frequencies of crane handling (in particular, during crane handling operations in ports above very 
hard foundations), of collisions with other vehicles and other accidents (derailings, aircraft 
crashes, impacts against rigid structures), MESSENGER & FAIRBAIRN [MF63] drafted the 
recommendations entitled "9-m Drop Upon the Nonresilient Foundation."  They considered the 
fact that, for example, heavy transports must maintain speed limits and that a part of the impact 
energy is absorbed by the deformation of the vehicle or by the impact object.  In the case of 
bridges, for example, drop heights of more than 9 m are possible, although that probability is 
very minor (MESSENGER & FAIRBAIRN [MF63]). In addition, there must be no shortfall 
when it comes to currently existing test criteria.  The USA required an impact from a height of 
15 ft. (4.57 m) upon a nonresilient foundation, whereas Great Britain demanded an impact from a 
height of 40 ft. (12.2 m) upon a steel plate on 50 cm of concrete.  Fireproof safes were subjected 
to an impact from a height of 30 ft. (9 m) upon consolidated rubber.  At that time, an impact 
from a height of 30 ft. upon a nonresilient foundation was recommended. 
 
 APPLETON & SERVANT [AS65] in 1965 stated that a push stress caused by impact 
upon a protruding object, such as a pole, could be simulated by an impact from a lesser height 
upon a suitable object. Following upon the discussion of this topic, the regulations were 
expanded by the addition of the spike test from a height of 1 m (originally 3 ft.). According to 
[TSG08a] §727.3, drop height and spike geometry are more likely the result of engineering 
considerations rather than derivations from accident analyses.  Impact upon the spike was 
defined in the regulatory documents of 1964 [IAE64] as "impact from a height of 3 ft. upon the 
end of a 6-inch-thick steel spike consisting of unalloyed steel." 
 
 The definition of the nonresilient foundation was derived by FAIRBAIRN & GEORGE 
[FG66]: "A concrete block with at least ten times the mass of the part to be tested, covered with a 
steel plate having a minimum thickness of 1.25 cm with large-surface contact."  The works of 
DROSTE et al. [D+98], BLYTHE et al. [B+83] and McCLURE et al. [M+80] confirmed that an 
impact from a height of 9 m upon a nonresilient foundation corresponds to definitely higher 
impact velocities against real obstacles. 
 
 According to CLARKE et al. [C+76], the stress resulting from the 9-m drop of course 
covers vast ranges of mechanical resistance, but in the case of the packages with ever-smaller 
deadweight, one can observe a rising probability for a crush stress. The relevance of this stress 
was described by investigations, among other things, in the BAM, published by WIESER 
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[Wie82].  The dynamic "crush test" was added for light18 and specifically light19 shipping items 
in the 1985 regulatory work [TSR85]. Further discussions concerning the "crush test" were 
entertained by McCLURE [McC77], COLTON & ROMANDER [CR80], HÜBNER & 
MASSLOWSKI [HM83], CHEVALIER et al. [C+83] and DIGGS et al. [D+83]. 
 
Thermal Tests 
 
 MESSENGER & FAIRBAIRN [MF63] investigated a plurality of factors influencing 
fires in conjunction with serious accidents.  That included the type and volume of the fuel, 
possible fire temperatures influenced by the wind, etc., and the duration of the fire. Effective 
mean flame temperatures were estimated on the basis of melting points of various materials and 
alloys. A hot environment with a temperature of at least 800ºC for a duration of 30 minutes 
without any artificial cooling was considered as recommendation. According to BADER 
[Bad63]20, the temperatures in open pool fires amount to as much as 1010ºC; nevertheless, 
FAIRBAIRN & GEORGE [FG66] proposed a temperature of 800ºC and a duration of 30 
minutes because the peak temperatures could be reached only very locally and because serious 
transport fires rarely lasted more than half an hour. Supported by confirming investigations in the 
United States conducted by POPE et al. [P+80] and JEFFERSON & McCLURE [JM83], a test 
with the marginal conditions described in Table 2.1 was introduced. 

 
Table 2.1: Thermal Tests According to [TSR08] 

 
  Enveloping Fire at________________________________ 
 
  Flame temperature (average)    800ºC 
  Duration of tests      30 min 
  Minimum radiation coefficient of fire  0.9 
  Surface absorption coefficient   0.8 
 
Water Immersion Test 
 
 Initially, according to [IAE64], the water immersion test consisted of immersion in 3 ft. 
(0.914 m) of deep water for a duration of 24 hours.  The shallow immersion depth resulted from 
the realization that water penetration is prevented by the tightly sealed enclosure and that water 
penetration in most cases did not yet signify a hazard. Later editions [IAE64] demanded an 
immersion depth of 15 m for a period of at least 8 hours. For transport items with certain shapes 
containing irradiated fuel elements in the edition of 1985 [TSR85], the stepped-up water 
immersion test was supplemented by an immersion depth of 200 m for a period of 1 hr.  The 
reason was that the penetration of water in this case would result in an increase in the criticality 
due to neutron moderation.  In the TS-R-1 of 1996 [TSR96], this test was expanded for all 
shipping items with a content of more than 105 A2. 
 

                                                 
18  m ≤ 500 kg. 
19  p ≤ 1000 kg/m3. 
20  His report was used, among other things, as a basis for the determination of a mean temperature in open pool 

fires. 
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2.3.2 Design-Exceeding Experiments 
 
 The history of the data record concept for Type B shipping items was explained in greater 
detail in Section 2.3.1. A series of experiments exceeding design figures was carried out above 
all in Germany, Great Britain and the USA in order to confirm the concept according to the 
particular current state of the art. Just how great the safety reserves of the casks are in 
comparison to the 9-m drop or the 30-minute fire or what stress the 9-m drop upon the 
nonresilient foundation would represent in comparison to real accidents was examined under the 
most serious accident situations. A detailed description of the following facts can also be gleaned 
from DROSTE [Dro01] and SCHULZ-FORBERG & HÜBNER [SFH00]. 
 
Mechanical Experiments 
 
 Crash tests with transport casks for radioactive substances were performed by the Sandia 
National Laboratories in 1978 by direction of the U.S. Department of Energy (USDOE). 
YOSHIMURA [Yos78] described the experiments. The accident scenarios included the 
following: 
 

• impact of a fuel element transport cask mounted on a highway vehicle upon a massive 
reinforced steel structure at 60 mph (about 100 km/hr) and 80 mph (130 km/hr); 

 
• impact of a locomotive against a transport cask mounted on a highway vehicle at 80 mph 

(130 km/hr); 
 
• impact of a transport cask mounted on a rail vehicle upon a massive reinforced steel 

structure at 80 mph (130 km/hr), followed by an enveloping fire. 
 
 In the first case, the cask weighed 20.5 t and was filled with an exactly replicated model 
of a fuel unit of the Savannah type. There were plastic deformations on a fuel element assembly, 
but there was no fracture of the fuel element pellet-clad jacket.  In the second experiment, the 
cask weighed 22.9 t and was only slightly damaged except for a 26-mm-deep impression at the 
impact site.  Minor leaks were found.  In the third case, the cask weighed 61.8 t and was stressed 
purely elastically during the accident. 
 
 In a comprehensive investigation21 of the MAGNOX cask system in Great Britain, a 
locomotive with three freight cars and a total mass of 250 mg at a speed of 160 km/hr hit a 48 
mg MAGNOX fuel element transport cask of the original scale [MAG85]. The investigation 
comprised calculations, original and model experiments, in which the results of experiments with 
casks on the original scale and the model scale were compared. 
 
 The tightly sealed enclosure remained intact and the measured stresses were less than in 
the case of the 9-m drop on the nonresilient foundation. 
 

                                                 
21  The investigation comprised calculations, original and model experiments, in which we also compared the 

results of tests with casks on the original scale and the model scale. 
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 In a drop test conducted by the German GNS Company, MOSAIK casks were dropped 
from a height of 800 m out of a helicopter upon a concrete runway (JANBERG [Jan91] and 
ANDERSEN et al. [A+78]). 
 
 An aircraft crash was simulated (GLASER [Gla80] and DROSTE et al. [DVWQ02]) by 
gunfire in Germany using casks of Type CASTOR® Ia22, CASTOR® Iia23 and TN1300. The 
engine, the hardest part of an aircraft, was modeled by a projectile. The projectiles consisted of 
5-m-long hollow cylinders with a diameter of 600 mm and a wall thickness of 5 mm.  On the 
inside, 1.64 m from the tip, there was a pipe that replicated the engine shaft.  The mass, 1,000 kg, 
which was too small by a factor of 1.7, was compensated by a higher impact velocity.  The speed 
of the projectile was between 292 m/sec and 306 m/sec. The casks were fired upon a total of 
three times. 
 

• CASTOR® Ia bottom piece - Impact laterally upon cask. 
 
• CASTOR® Iia - Impact on the seal area with cask inclined. 
 
• CASTOR® Iia - Central impact upon lid. 

 
 Particularly relevant in terms of density was the perpendicular impact upon the lid system 
of the CASTOR® Iia, where the cask integrity and adequate tightness were preserved.  The 
TN1300 withstood similar experiments without integrity loss or major plastic deformations of 
the cask wall. 
 
 In a drop test conducted by BAM with an original cask of Type CASTOR® Ic from a 
height of 19.5 m upon a heavy load foundation, WIESER et al. [WJH83] showed that the 
maximum impact deceleration was only half as much as in case of a drop from 9 m upon the 
nonresilient foundation.  DROSTE et al. [D+95] conducted a 14-m drop test of a CASTOR® 
VHLW® CASK WITH A 120-mm-deep flaw in the 260 mm-thick wall upon a steel roller 
bearing (Figure 2.9) without any loss of cask integrity. 
 

                                                 
22  Bottom piece. 
23  Reduced length. 
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Figure 2.9: CASTOR® VHLW® Cask with a 120-mm-Deep Flaw in the 260-mm-

Thick Wall, Impact Upon a Steel Roller Bearing 
 
 Drops of heavy Type B casks from a height of 200 m were performed along with a series 
of drop tests from a height of 200 m with light containers for α-emitters.  According to 
SCHULZ-FORBERG & HÜBNER [SFH00], a 1:2 model cask of a TN 8/9 (mass of model 4 
mg) fell several times upon different foundations.  Because the cask upon the first drop missed 
the 20-x-80-m concrete surface, it hit forest ground and was found only after a protracted search. 
There was no damage except for minor deformations. A repeat of the experiment was successful; 
this time, a larger impact surface was hit (structure: 40-cm-thick reinforced concrete). 
Tightness24 and container integrity were preserved. 
 
 Even extreme but potentially conceivable terrorist actions were examined by means of 
hollow charge firing tests. PRETZSCH & LANGE [PL94] show that the radiological 
consequences remain minor after the object has been fired upon.  Assuming routine weather, the 
radiation dose, already at a range of 150 m, would be smaller than the value of the natural 
average annual exposure in Germany. 
 
 Currently, work is underway in the USA to prepare the "Package Performance Study" 
(NUREG-1768) in connection with which casks of originals size were to be subjected to 
mechanical and thermal accident scenarios. This series of experiments was triggered by a 
number of technical problems relating to the tolerability of accident stresses on fuel element 
transport casks raised by NUREG-CR-6672 SPRUNG et al. ([S+00]). 
 
Thermal Experiments 
 
 The resistance of a railroad tank car filled with propane was examined in 1999 on the 
experimental grounds of BAM in Horstwalde, and the results were published by DROSTE et al. 
[DPH99], [DP01], [DVWQ02]. One CASTOR® THTR/AVR® was placed (Figure 2.10) directly 
next to the railroad tank car in the fire.  During the explosion of the railroad tank car, which 
generated a fireball with a diameter of 150 m, the CASTOR® THTR/AVR® was hit directly, it 

                                                 
24  Tested by a bubble test. 
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flip-flopped and landed about 7 m from its original position (Figure 2.11). The cask remained 
completely intact except for some minor deformations. 
 

 
Figure 2.10: Fire Test with a Railroad Tank Car and a CASTOR® THTR/AVR® 

according to [DPH99] Before (left) and After the Experiment (right). 
 
Mathematical Investigations 
 
 Many investigations were performed by mathematical means in the course of the further 
development of hardware and software.  WIESER et al. [W+04] numerically investigated the 
tightness of a cask standing in the depot in response to a stress resulting from an aircraft crash. A 
method for the calculation of at least conservative leakage rates was presented in spite of the 
restrictions connected with the transposability of seal gaps on leakage rates. 
 

 
Figure 2.11: Fire Test with a Railroad Tank Car and a CASTOR® THTR/AVR® - 

Diagram 
 
[Key:  1) Experimental arrangement prior to the bursting of the tank car; 2) Movement of the 
CASTOR cask after impact of the tank car wreckage; 3) Start of burn [illegible]; 4) Probable 
movement path; 5) Fire well; 6) Concrete plates; [Other entries illegible]]. 
 
 According to RID [RID06], one cannot rule out the possibility that shipping items 
holding radioactive substances are transported in composite trains also carrying other hazardous 
goods. The effects of an explosion in the immediate vicinity of the shipping items were 
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investigated mathematically by BALLHEIMER et al. [B+04].  Compared to the stresses resulting 
from the IAEA testing conditions, the stresses this time were minor. 
 
 A TN-1300 cask was mathematically exposed to four hours of fire at 800ºC to determine 
the safety reserves (SCHNEIDER & JOBST [SJ85]).  In spite of the fact that the fire lasted eight 
times as long when compared to the required testing time, the temperature calculated in the 
endangered lid area was 315ºC, something that was definitely below the failure temperatures of 
the seals, amounting to about 380-400ºC, as determined by BAM by BREHM et al. [B+86]. 
 
2.3.3 Conclusions 
 
 In this subchapter, we described a series of experiments that went beyond the original 
design figures and that proved in a publicly effective manner that the 9-m drop test, which at first 
sight is relatively unspectacular, nevertheless definitely matches graver accident situations. 
Nevertheless, one can conceive of accident situations where an at least partial release of the 
radioactive content would be possible in spite of the fact that the transport cask model was 
licensed.  The development of the risk analysis made it possible also to quantify or at least to 
estimate the residual risk underlying the data-recording concept, something that was also done 
several times on the past for transports in Germany. 
 
2.4 Risk Analysis as Safety Engineering Instrument 
 
 In the past, safety frequently resulted from partly very longstanding experience with the 
uncertainty of situations further in the past.  A safety that was generated in this way naturally 
was very expensive in connection with these accidents (trial-and-error procedure). It is quite 
obvious that this procedure is all the less suitable the greater and more catastrophic are the 
anticipated consequences arising from the failure of a technology.  Subsequently, safety was 
considered with the help of deterministic methods. In this connection, deterministic means that 
by using certain safety devices, one can rule out any failure of the system based according to 
"just plain horse sense."  We did a definition as to what threshold developments are still credible 
and as to when they can be ruled out. This differentiation naturally contains an implied 
estimation of the occurrence probabilities. If nevertheless there were catastrophic trouble 
developments, then we spoke of unforeseeable factors or "force majeure."  In this case, there was 
a paradigm change upon the publication of the RASMUSSEN report on the risk to the general 
public deriving from nuclear power plants in the USA [R+75] [WAS75], who investigated and 
quantified the risk to the general public with probabilistic and partly deterministic methods (see 
also HARTWIG [Har99]). Since then, it has been increasingly realized that no technology is 
completely safe, that there will always be a residual risk, although it may be small, and that 
unsafe circumstances may occur. The existence of this residual risk introduces the question as to 
its magnitude and quantifiability but also as to its acceptability. 
 
2.4.1 Safety 
 
 The ISO [ISO04] describes safety as "safety: freedom from unacceptable risk of harm." 
DIN 31000, Part 2 [DIN87] clearly states in the foreword: "Because in technology, as 
everywhere in daily life, there cannot be any absolute safety in terms of freedom from any kind of 
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risk, the task is to reduce the risk to a justifiable measure." The requirement for an assessment 
decision on the justifiability of a risk here underscores the very simple basic principle: absolute 
safety cannot be achieved.  The basis of the risk decision thus is the comparison of the risk R, 
which is to be determined, with a suitable boundary risk Rv, which is to be determined.  Here, the 
boundary risk according to DIN 31000 [DIN87] is defined as the greatest still-justifiable risk 
from a technical procedure or condition that is to be evaluated.  Safety exists when R < Rv and 
hazard exists when R > Rv. 
 
2.4.2 Risk 
 
 According to HARTWIG [Har99], risk is defined as stochastic products from damage 
and the probability of damage occurrence.  DIN 31000 [DIN87] defines damage as 
"disadvantage arising from the injuring of choses in action." 
 
 HARTWIG [GS00b] describes risk with the help of four risk indices. The absolute 
frequency describes, for example, the number of accidents per year. The relative frequency 
weights the absolute frequency in relation to the number of exposed persons.  The accident 
frequency rate no longer ties the relative frequency in with a fixed time frame (for example, one 
year), but with the time the exposed persons are endangered. To determine the accident 
seriousness number, we multiply the accident frequency rate with the number of accident days 
per accident.  This means that from the absolute frequency all the way to the accident seriousness 
number, we observe a further precisization of the results, but also a more laborious and 
expensive determination. 
 
2.4.3 Justifiability of Risks 
 
 The question as to the quantification of the residual risk deriving from a technology raises 
another important question:  What kind of residual risk can we accept for the population at large?  
This is the place where, in the past, it was proposed to perform a risk comparison, that is to say, 
to perform the assessment decision concerning the justifiability of a risk on the basis of a 
comparison with technologies already in use (see SCHÖN [Sch93]). In the past, this procedure 
proved only to be of limited use because it did not sufficiently consider the risk perception, in 
other words, the perception of a risk among the population at large.  This can be made clear by 
way of example, comparing the procedure of energy with the help of coal and nuclear power.  
Although in the past a large number of people died when energy was obtained from coal25, this 
form of energy procurement is perceived by the population at large to be relatively low risk, 
whereas nuclear power so far has claimed only a comparatively small number of victims26, 
which, however is perceived among the population as a high-risk technology.  Along with the 
functional dependence of the risk perception on socialization, we encounter here the 
effect that identical risks (for example, number of dead per period of time) were 

                                                 
25  According to [NI007], in the USA alone during the last century, 11,639 individuals perished as a result of 

accidents with more than 5 fatalities in connection with coal mining. 
26  According to the IAEA [IAE06] Report, 31 individuals died as a direct consequence of the only accident that in 

the International Nuclear Event Scale (INES of the IAEA [INE01]) was placed in the most serious category 7, in 
other words, the Chernobyl accident.  During the period from 1992-2002, about 4,000 deaths were determined, 
conservatively speaking, from cancer resulting from radiation exposure. 
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perceived in different ways depending on whether it involved an accident with 1,000 dead or 
1,000 accidents with one dead each. It becomes clear that when it comes to the information 
derived from justifiability, one must consider other factors, such as the local and temporal 
distribution of damage types and volumes as well as the distribution of the victims, those 
threatened and those damaged.  Here we must touch on the psychological effects (see also 
CLARENBURG in HARTWIG [Cla83]) when it comes to the acceptance of risks.  Determining 
a uniform boundary risk is not justifiable due to the gradient connected with risk perception. 
 
 Basically, the desired advantages should be weighed against the disadvantages acquired, 
among other things, by risks, using as basis a description of the objective of an undertaking, 
which is to be evaluated.  Here one must also adequately take into consideration the risks arising 
from substitute undertakings connected with the rejection of a technology so as not to increase 
the risk overall. 
 
2.4.4 Probabilistic Analyses in the Nuclear Engineering Area 
 
 The safety of technical systems is customarily evaluated in two different ways.  Safety 
design in the conventional sense is referred to as deterministic.  In contrast to that, working with 
the probabilistic procedure (probabilistic risk analysis or risk study), we quantitatively determine 
the risks deriving from a system failure by way of the determination of occurrence probabilities 
of series of events that are not covered by the design. The essential procedure for the risk study 
comprises the following: 
 

• identification of triggering events; 
 
• determination of the course of events; 
 
• quantification of the occurrence probability of various courses of events by means of 

reliability analysis. 
 
 Risk study result magnitudes, for example, are the overall frequency of accident-related 
radioactivity releases or the frequency of accident-related damages or exposures.  Because the 
risk study definitely goes beyond the scope of deterministic analyses, the resultant discovery can 
be used for different applications. BERG [Ber95] includes in this also the quantification of safety 
margins. 
 
 Probabilistic Reliability Analyses. Probabilistic reliability analyses determine the 
probability of a system failure.  One procedure that is customary in this connection involves the 
method of fault tree analysis.  In the fault tree, we assemble the individual probabilities of the 
failures of individual components to make up a larger tree.  For example, on the basis of the 
component failures, we can conclude as to what kind of probability and under what marginal 
conditions we can expect a system failure [GRS98]. As an alternative, we can estimate the 
unavailability of safety functions by the frequency of the failure of a triggering event. Figure 
2.12 presents a graphic illustration.  Here, the fault tree illustration is presented for the main 
types of releases from chlorine tank cars according to HARTWIG [Har99].  The probabilities 
of releases based on various types of enclosure failures are described in an illustrative fashion. 
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Figure 2.12: Main Types of Radiation Release from Chlorine Tank Cars During West 

German Rail Transport Based on Fault Tree Illustration for the Reference 
Year 1990 and Their Occurrence Probabilities According to HARTWIG 
[Har99]  

 
[Key: 1) Chlorine release during rail transportation; 2) Chlorine release due to railroad operation 
failure; 3) Chlorine release due to [illegible] stress; 4) Year; 5) Chlorine release from tank car as 
a result of rail operations accident; 6) Chlorine release from tank car; 7) Chlorine release due to 
train operation accident; 8) Chlorine release during train operation; 9) Chlorine release during 
train switching operation]. 
 
 Probabilistic Risk Analysis. Building on the reliability analysis, the risk analysis or 
risk study determines not only the probability of a system failure but also tries to estimate the 
consequences of that system failure.  The fault tree method, used for the reliability analysis, is 
now enhanced by the event tree analysis or the event force analysis (see also FARMER in 
HARTWIG [Far83]).  The event tree shows what developments could materialize from a trouble 
event with what probability, depending on whether the required systems to control the trouble 
work or fail as planned. The occurrence probability of the different developments can then be 
calculated from the combinations of both procedures. 
 
 A study by DENNIS [Den78] discusses the accident situations involving fire, impact, 
crush, immersion and spike impacts.  The seriousness of the accident and its occurrence 
probability were determined for each of these situations. Among other things, the study 
determines that the expected speed change in 99.4% of all impact accidents was less than 50 
km/hr27 for casks with a mass of more than 36 t.  The maximum shock force acting on the cask is 
greater during impact upon a nonresilient foundation because of the very short shock time than in 
                                                 
27  Equivalent drop height h = 9.83 m. 
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case of an impact against a real foundation.  An updating of the study by LAHS [Lah87] shows 
that 99.94% of all conceivable mechanical accident events are covered by the IAEA testing 
conditions.  CLARKE et al. [C+76] confirmed that 99.95% of all highway transport accidents are 
covered by the spike test. 
 
 Continual risk analyses on RAM transports were performed in the USA. In 1977, the 
United States Nuclear Regulatory Commission (USNRC) published a study entitled: "Final 
Environmental Statement on the Transportation of Radioactive Material by Air and Other 
Modes."  NUREG-0170 [NUR77].  This study investigated the transport of all radioactive 
substances used in the USA on all carriers (highway, rail, air and water).  Based on the study 
results, the USNRC, 1981, stated that: "... the current regulatory work to protect the population 
against inappropriate risks due to the transport of radioactive substances is adequate" (46 FR 
21629, April 13, 1981).  The first damage model used (called Model I) assumed that when the 
test stress is exceeded, the complete content would immediately be released. This model was 
entirely too unrealistic; therefore, a second model (Model II) was developed. When testing 
conditions are exceeded, this model assumed a gradual increase in the release rate (as a function 
of the seriousness of the accident). 
 
 NUREG-0170 did not focus directly on the transport of spent fuel elements; therefore, 
additional mathematical investigations were conducted with the generic steel-lead-steel casks. 
The results were published by FISCHER [fis87] (NUREG-CR-4829) or  also "Model Study"). A 
comparison of this investigation with NUREG-0170 showed that the stresses "... are at least 3 
times less than determined in NUREG-0170" [NUR77]. 
 
 In 1996, the USNRC decided that the risk connected with the transport of spent fuel 
elements must be tested again. The basis for initiating the renewed study consisted of the 
following: 
 
 1. increase in the anticipated number of shipments; 
 
 2. transport on lines and with casks that were not considered earlier; 
 
 3. availability of newer statistical data and improved analysis methods. 
 
 The results of this NUREG-CR-6672 study, including a comparison with NUREG-0170 
([NUREG77]) and NUREG-CR-4829 (FISCHER [Fis87]) were published by SPRUNG et al. 
[S+00]. 
 
 Investigations were conducted in Germany several times on radiation exposure under 
"normal transportation conditions" and probabilistic transport accident risk analyses focusing on 
individual transport casks and certain lines.  The procedure, customary according to the current 
state of the art and technology, is described by LANGE et al. [L+07].  For instance, FETT et al. 
[F+97] investigated the return of vitrified and bituminized waste from La Hague, France, to 
Gorleben in CASTOR® HAW 20/28, TS 28 V and VII cast container casks. LANGE, 
GRÜNDLER & SCHWARZ [L+91] considered the transport of medium-radioactive and slightly 
radioactive waste with the help of the I-II concrete casks, the I-III cast casks, and the Type I-VII 
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cask containers to the Konrad final waste dump.  Figure 2.13 shows the anticipated frequency of 
effective doses > D above the effective D as a result of the investigations conducted by LANGE, 
GRÜNDLER & SCHWARZ [L+91].  The essential findings were summarized as follows: 
 

 
Figure 2.13: Frequency Distribution of the Effective Lifetime Dose Based on Waste 

Transport Accidents in the Final Dump Region (perimeter 25 km) 
According to LANGE et al. [L+91] (Farmer Diagram) 

 
[Key: 1) Prognosticated accident frequency of freight trains carrying weight; 2) Accident 
frequency: involving waste freight cars; 3) Accidents involving release; 4) Natural annual 
radiation exposure; 5) All exposure paths; 6) Trouble dose value; 7) Anticipated frequency of 
effective doses per year; 8) Effective dose D in the direction of propagation; 9) Basis; 10) Rail 
transport; 11) All exposure paths without countermeasures; 12) Inhalation only; 13) Year]. 
 

• One transport accident involving release is sufficiently unlikely during a 40-year 
transport phase to the final waste dump. 

 
• The risk connected with rail transport is less than with highway transport. 
 
• As the distance to the accident site increases, the radiation exposure or contamination 

would decline considerably (with a factor of 10 whereas the distance is multiplied by a 
factor of five). 

 
• At a distance of 250 m, an effective dose of ≥ 50 mSv28 would occur on the average only 

every 400,000 years. 
 
 FETT et al. [F+93] worked on the transport of medium-radioactive and slightly 
radioactive waste from different nuclear power plants as well as research and experimental 
                                                 
28  Maximum annual dose for persons professionally exposed to radiation. 
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reactors using barrel containers, primary containers and big containers to Morsleben.  In the 
context of the project entitled "Safety Studies for Waste Disposal" (PSE), safety analyses were 
made on transports of radioactive materials for highways by TULLY et al. (T+85] and for rail by 
SCHNEIDER & JOBST [SJ85].  All of the mentioned studies confirm that the risk is to be 
estimated as more than very slight. For normal transport conditions, the maximum anticipated 
radiation exposure is < 0.02 mSv/year for the population at large and < 2 mSv/year for more 
exposed cargo-handling personnel.  In the case of transport accidents according to FETT et al. 
[F+97], we must expect a release of minimum quantities with an occurrence possibility of 
1/1,000, and for radiologically relevant quantities, we must figure on 1/25,000 for all transports 
together.  Radiologically relevant here means that the radiation dose29 would not exceed the 
value of the natural radiation dose during one year following a real accident at a distance of 250 
m from the accident site. Accidents with higher release figures can be expected with an 
occurrence probability of 10-7/year. 
 
 There are many other investigations covering special aspects involved in the transport 
risk; here we might mention, for example, BALLHEIMER et al. [BPD00], DROSTE et al. 
[D+98], McCLURE et al. [M+80] and BLYTHE et al. [B+83]; they covered especially the 
influence exerted by the subsoil.  Other studies were performed by McCLURE et al. [McC77], 
McSWEENEY et al. [M+75], HALL et al. [H+77b], McSWEENEY & JOHNSON [MJ77] and 
HAEBERLIN et al. [H+77a]. All studies estimate the risk to the population from the shipment of 
radioactive substances as acceptable when compared to other technical risks.  The topic of this 
study does not include a comprehensive risk analysis, such as it was done, for example, by 
HARTWIG [Har99] for heavy gases using the example of the chlorine substance cycles. 
 
Cask Behavior in RAM Risk Studies 
 
 The first risk studies assumed a complete release of the complete radioactive content of a 
cask in case of an accident involving drop heights of more than 9 m.  The procedure is 
conservative but not realistic because, even if the drop height of 9 m is definitely exceeded, the 
stresses on the cask, assuming realistic accident bodies, are less than in the case of the drop on 
the nonresilient foundation.  Realistic foundations are definitely softer when compared to 
nonresilient foundations (BALLHEIMER et al. [BPD00]. The risk study done by LANGE, 
GRÜNDLER & SCHWARZ [L+91] devotes relatively little space to the topic of cask failure and 
subsequent release behavior. The possible accident situations are subdivided into stress classes.  
Release portions for certain radionuclides are matched up with the stress classes without any 
sources being given.  Greater details were provided on this subject only in FETT et al. [F+97].  A 
general global failure of the cask is ruled out.  Releases are estimated on the basis of experiments 
involving the following upon a CASTOR® Iia (GLASER [Gla80] and BAM [BAM82]).  The 
leakage rate, determined during the firing action, was applied with a safety factor of 10 for the 
stress class of more than 80 km/hr. 
 
 The procedure is probably conservative, although it does not fully consider the design 
features of currently used casks.  The cask types currently used for waste disposal at German 
power plants differ significantly from the cask models of the 1st generation, such as the 
CASTOR® Ia, CASTOR® Ic, and CASTOR® Iia.  Extraregulatory tests, such as the firing tests, 
                                                 
29  50-year sequence, population dose. 
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are very laborious in experimental terms and cost a lot of money. The further development of 
computerized methods provided new alternatives on that score.  For example, an aircraft crash 
upon a German intermediate storage dump was examined mathematically by WIESER & QIAO 
[WQ06]. 
 
 In the course of the further development of computation methods, it is now possible to 
support the risk analyses by means of the quantification of the cask behavior in response to 
accident stresses using mathematical methods. Two important areas must be considered 
regarding the tightly sealed enclosure of the radioactive contents during transport as part of the 
risk analysis by way of a first approximation:  The load injection coming from the accident 
situation and going into the cask as well as the resultant behavior of the sealing system generally 
is the weakest spot in the tightly sealed enclosure. Many approaches have been tried to tackle the 
behavior of the sealing system, such as, for example, the calculations done by BALLHEIMER et 
al. [BPD00] and WIESER & QIAO [WQ06]. The behavior of the sealing system in response to 
accident stress, however, cannot be a topic of this study for reasons of scope. 
 
 The behavior of the shock-absorbing parts is of decisive significance with regard to the 
stress on the lid-flange system.  They decide on the safety reserves that are present as a result of 
the licensing-related impact upon the nonresilient foundation from a height of 9 m when 
compared to stresses occurring in realistic accidents. So far, the risk studies did not consider the 
influence deriving from the behavior of the shock-absorbing parts. A precise analysis of the 
processes involving shock-absorbing parts and the resultant improved simulation possibilities 
using numerical methods would help in this case in order further to improve the precision of the 
quantification of risks involved in the transport of radioactive substances by improving the 
description of the cask stress involved in accident situations. 
 
2.5 Difficulties Connected with the Modeling of Shock-Absorbing Parts 
 
 In the earlier subchapters, we derived the need for a modeling of shock-absorbing parts 
using numerical methods.  First of all, manifold investigations are necessary for model design 
testing and they can be performed only mathematically.  For this purpose, the simulation of the 
behavior of shock-absorbing parts constitutes the basis for many numerically determined stresses 
on the components of the transport items.  The numerical simulation of the behavior of the shock 
absorber is a prerequisite for risk analysis if a realistic cask stress is to be achieved. In the 
following, we will describe the difficulties connected with the mathematical simulation of the 
behavior of shock-absorbing parts according to the current state of technology and science. 
 
 Experimental results are to be transferred frequently to altered marginal conditions with 
the help of computations.  In model design testing, that can be the case with the evaluation of the 
influence of an operating temperature above the experimental temperature or when it comes to 
evaluating a geometry change or in connection with an investigation of the influence of the 
material parameter variations in a risk analysis that can, for example, mean the investigation of 
the impact on certain accident bodies or a minor change in the impact angle. That requires a 
computation model that will commensurately describe the behavior of the shock-absorbing part 
in a robust manner and with physically justifiable parameters.  Such a model is so far not 
available.  Here is why: 
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 Basically, the mechanical properties of wood are not sufficiently known. Little has been 
published about the behavior of wood in response to major deformations; the behavior is 
described in phenomenological terms only to a limited extent.  To the extent that they are 
available, flow curves for wood as well as general material law parameters are frequently not 
directly applicable. 
 
 The results of experiments with wood samples must be transferred to the wood in the 
shock absorber. During this transfer, the material parameters must be adapted to the drop test 
results. The complex possibilities connected with parameter adaptations will lead to uncertainties 
as to the form in which the adaptation may be performed. 
 
 Unclear also are the factors that can influence the mechanical properties of wood and thus 
also the energy-absorption behavior of shock-absorbing parts.  Examples are the temperature and 
the moisture content of the wood. It is also unclear as to the extent to which these dependences 
must be considered in model testing. 
 
 Drop tests as part of model licensing are performed partly with scale models; therefore, 
when it comes to transfer to the models that are to be licensed, one must also evaluate the 
influence of the expansion ring. When scale models with identical material properties are used, 
one can observe higher expansion rates than in experiments with prototypes of the original 
magnitudes (NEUMANN et al. [NWD07]). 
 
 The interaction between wood as shock-absorber filling and the surrounding sheet-metal 
pieces has not yet been investigated adequately so far.  It is, of course, known that the sheet-
metal pieces perform supporting function for the wood, but the attendant mechanisms have not 
been clarified and quantified in scientific terms. 
 
2.6.  Summary 
 
 The precise analysis of the behavior of shock-absorbing parts of transport casks for 
radioactive substances is of fundamental significance for the determination of the failure criteria 
as part of the risk analysis, on the one hand, and for model testing for the determination of cask 
stress, on the other hand. 
 
 In model testing, the shock-absorbing parts decide on the height of the stress on 
components of the shipping items during the 9-m drop upon the nonresilient foundation. They 
considerably diminish the intensity of the impact due to energy conversion.  It would be very 
interesting to improve our understanding of the behavior of the shock-absorbing parts as well as 
of the quality of simulation when it comes to the safety of transport casks for radioactive 
substances 
 
 So far, the real cask behavior in accident situations has been considered in risk analyses 
only to a small extent. Here, modeling the behavior of shock-absorbing parts can help improve 
the analysis quality in connection with the determination of the magnitude of risks and can thus 
make a contribution to the more precise description of the magnitude of safety. 



3 Shock-Absorbing Parts of Transport Casks 
 
 Following a presentation of current BE/HAW transport casks and intermediate storage 
dump casks, we will concentrate in this chapter especially on the construction of the shock-
absorbing parts.  The lead sheathing in WILKINS & GUINAN [WG73], which was used 
primarily for shielding, must be considered as one of the first forms of shock-absorbing materials 
for the casks used to hold radioactive substances. Thereafter, many investigations were 
performed with the most varied shock-absorber concepts and shock-absorbing materials. After a 
description of the most frequently used deign principles and a brief overview of the possible 
shock-absorber materials, this study concentrates on the wood-filled shock absorber because the 
shipping items used in Germany for radioactive substances to a great extent contain wood-filled 
shock absorbers. 
 
3.1. Principle of Shock Absorption in Transport Casks 
 
3.1.1 Function 
 

 
Figure 3.1: Prototypes of Fuel Element Transport Casks TN900 (left) and CASTOR® 

Ic (right) Before or After a 9-m Drop Test 
 
 Energy-absorbing parts are used in order to convert as much kinetic energy as possible in 
case of an impact over a longer period of time and path in a cask that is unprotected when 
compared to the shock into plastic form change energy.  By increasing the shock time and the 
shock path, one can convert the same kinetic energy into heat, assuming there is a significant 
reduction in the maximum shock force. 
 

 (3.1) 
 

____________________ 
W - Work done 
F(s) - Force function 
s - Path 
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 The performance capacity of a shock-absorber concept consists of the ability in accident 
situations to minimize the maximum stress on the object that is to be protected.  The less is the 
maximum force that acts upon the object to be protected, the greater will be the ability to 
withstand the impact or bump.  It was, above all, steel structures and sheet-metal structures that 
were used as shock-absorbing parts at the beginning of transport with spent fuel elements.  The 
transport casks, as we can see looking at the models TN900 and CASTOR® Ic visible in Figure 
3.1, are the casks that are equipped with "hard," "integrated" shock absorbers, such as, for 
example, cooling ribs.  Minor deformation paths of shock-absorbing parts resulted in heavy 
stresses on the cask body. 
 

 
Figure 3.2: 9-m Drop Test with a CONSTOR® V/TC Experimental Cask on the 

Original Scale at the Drop Test Facility of the BAM 
 

 
Figure 3.3: 1:2 Model CASTOR® HAW TB2 Before a Slap Down Drop Test at the 

Drop Test Facility of the BAM 
 
 Today, however, we mostly use shock absorbers with screwed-on, relatively "soft" steel 
plate constructions filled with wood, as we can see in Figure 3.2, in order to be able to achieve 
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the necessary shock absorber with the help of the currently available masses and dimensions. 
Large volumes with fillings of relatively "soft" wood types, such as balsawood, fir, pine and red 
cedar, result in a definite reduction of the stress during impact.  The shock absorbers shown in 
Figure 3.2 have the following dimensions:  3510 x 3510 x 1800 mm. 
 
 In contrast to that, models such as the CASTOR® HAW 28M (Figure 3.3 as 1:2 test 
specimen CASTOR® HAW TB2) have a combination of wood-filled shock-absorbers at the cask 
ends and rings made of aluminum. The aluminum rings are intended to protect the transport cask, 
especially in case of a horizontal drop or in case of a Slap Down (see 2.2.5) against heavy 
stresses.  This design principle is used for the acceptance conditions (diameter limitation) for 
shipping items holding radioactive substances from the reprocessing plant at La Hague. 
 
3.1.2 Shock-Absorber Materials 
 
 The many materials that are used frequently according to ALGHAMDI [Alg01] in the 
field of radioactive substance transport for shock absorbers include various foams, aluminum 
honeycombs and woods of the most varied types. Bonded mixtures (chipboard, MDF) and steel 
or sheet metal structures are used less frequently.  The materials that are currently used for the 
most part can be subdivided into the group of the cellular1 solid bodies. 
 
 The shock-absorber materials according to HENRY et al. [H+01] are generally selected in 
terms of costs, performance, availability, fire resistance and familiarity with the material.  The 
last point plays an important role. Certain materials are preferred in the various countries, 
depending upon the fundamental cask concept and transport strategy. For example, German, 
French and Japanese cask makers generally use wood-filled shock absorbers; according to 
McMURTRY & HOHNSTREITER [MH95]2 and GLASS et al. [GDM92], Great Britain and the 
USA above all use aluminum honeycomb, steel structures or sheet metal structures and PU 
foams.  HENRY et al. [H+01] have warned us that an estimation of the performance capacity of a 
shock-absorbing part based only on the materials used would be misleading.  It is not so much 
the material but rather more the shock-absorber concepts in combination with the safety 
engineering design concepts of the casks that will decide the performance capacity. 
 
 Next we will briefly describe widely used shock-absorber materials, followed by a more 
detailed consideration on the subject of wood as a shock-absorber material. 
 
Synthetic Foams 
 
 Closed-pore polyurethane foams (PU foams) have proved effective in the case of the 
synthetic foams, for example, as against phenolic foams, because in the case of the open-pore 
foams, there were problems with water infiltration due to their high hygroscopicity3 according to 
HENRY et al. [H+01].  Advantages can also be described from the basically isotope material 
behavior (where, according to LI et al. [LMB00], it must, upon closer examination, be 

                                                 
1  Cell or cellular are derived from the Latin "cella - chamber, small, enclosed space" and "cellarium" - 

"accumulation of cells." 
2  Here we compare aluminum foams, PU foams, honeycombs and sinter materials. 
3  Ability to react to the moisture content of the surrounding air with water vapor absorption or release. 
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considered as anisotropic), the favorable production costs as well as the possibly very good 
thermal protection in case of fire due to the formation of a surface protection layer. 
Disadvantages derive from the poor specific energy absorption capacity, as determined, for 
example, by MOURÃO & NETO [MaN03]. 
 
Aluminum 
 
 Aluminum is used, above all, in the form of aluminum foams, honeycombs or aluminum 
ring shock absorbers (see Figure 3.3).  According to HANSSEN et al. [H+02], aluminum foams 
do not have any pronounced constant plateau but rather display a continual rise in the stress 
along with expansion.  According to McMURTRY & HOHNSTREITER [MH95], the material 
likewise cannot be considered as ideally isotropic.  According to HANSSEN et al. [H+02], it is 
especially the high production costs that so far prevented broad use. 
 
 The term "honeycombs" refers to a family of cellular materials with two-dimensional 
periodic structures.  Aluminum honeycombs are used on a large scale in the USA (for example, 
SINGH et al. [SSB04] or SPRUNG et al. [S+00].  According to HENRY [H+01], a positive effect 
can also be derived from a pronounced, ideal-constant plateau, a high degree of deformability 
and, according to GLASS et al. [GDM92], a negligible expansion rate dependence of the 
mechanical properties.  The high anisotropy determined by MAJI et al. [MSD92], the great stress 
rise as of consolidation, the high thermal conductivity in case of fire, and the high price 
constitute disadvantageous effects. 
 
 Many attempts have already been made to describe the material in constitutive terms on 
the basis of the vast employment spectrum for aluminum honeycombs. HANSSEN et al. [H+02] 
examine and discuss usual constitutive models for honeycombs in terms of their usability for 
aluminum honeycombs.  MOHR & DOYOYO [MD04] propose an expanded constitutive model. 
 
3.2 Detailed Consideration Regarding Wood as Shock-Absorber Material 
 
 According to GIBSON & ASHBY [GA97], wood is the oldest material used most 
frequently by man. The term "material" is derived from the Latin "materies, material," meaning 
tree trunk.  A resting place for old Paleolithic wild horse hunters was discovered in Schöningen, 
Lower Saxony, in 1994. The seven completely preserved spears consisting of wood were dated at 
an age of more than 400,000 years according to THIEME [Thi99].  In 1990, near the city of 
Erkelenze - North Rhine-Westphalia - a well box construction made of oak wood was discovered 
and dated to the year 5090 B.C. (KOSCHICK [Kos98]). The beams, expertly worked with stone 
axes, are notched bilaterally and are connected with each other by way of a block structure.  
Around about 2500 B.C., the Egyptians already made wooden furniture, sculptures, coffins and 
death masks.  The Greeks used wood to build beds and sitting furniture around 700 B.C. 
 
 During the 16th century, so much wood was used in Europe due to the great demand that 
structural wood had to be imported from the "New World."  This is why, according to [DFW05], 
a permanent forestry industry was launched in Germany already at the start of the 18th 
century4, according to which each harvested surface had to be reforested.  Present-day 
                                                 
4  First mention in 1713 by VON CALROWITZ. 
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annual wood output according to NIEMZ [Nie93b] comes to about 109 mg and thus roughly 
corresponds to the annual output of iron and steel. 
 
3.2.1 History of Wood Research 
 
 With his "Discorsi e Dimostrazioni matematiche" [Gal38] [Mathematical Discourses and 
Demonstrations], GALILEO GALILEI created the starting point of solidity theory.  He used 
beams made of wood for his experiments on the fracture resistance of clamped bending girders. 
 
 The first scientific investigations of wood and wood use were performed already at the 
beginning of the 18th century by DU HAMEL DU MONCEAU [1700-1781) and LETERECE 
DE BUFFON (1707-1788) [DHDM55]. A series of additional studies on wood production and 
use were made starting in about 1750.  JOHANN HEINRICH VON COTTA (1763-1844) and 
GEORG LUDWIG HARTIG (1764-1837) worked above all on the solidity of wood.  In 1809, 
CARL FRIEDRICH WIEBEKING (1762-1842) [Wie09], in his capacity as the director of the 
Bavarian Water, Bridge, and Highway System, reported on the testing of wooden girders.  
Parallel to that, investigations were performed on other mechanical properties of wood so that in 
1837, a first overview of the properties of wood was published by KARMASCH [Kar37]. 
 
 A comprehensive scientific approach to the topic of wood was started at the beginning of 
the 20th century with the founding of the Forest Products Laboratory in Madison, Wisconsin, 
USA, in 1910.  Shortly thereafter came institutes in India5 (1912), Germany6 and Canada7 
(1913). The first compilation of knowledge in the wood sciences was presented in 1936 by 
KOLLMANN [Kol36], 1939 by TRENDELENBURG [Tre39] and 1949 by VORREITER 
[Vor49].  Along with DINWOODIE [Din81], BODIG & JAYNE [BJ82] and NIEMZ [Nie93b], 
KOLLMANN's work [Kol36] is especially important among standard works on the mechanical 
properties of wood. 
 
3.2.2 The Structure of Wood 
 
 The structure of wood can be subdivided into macro- (visible with the naked eye or the 
magnifying glass), micro- (visible with the microscope) and ultrastructure (visible with the 
electron microscope). Figure 3.4 shows the macroscopic structure of wood by way of a profile 
through the trunk. We refer to DINWOODIE [Din81], GIBSON & ASHBY [GA97], [WHB99] 
and especially to NIEMZ [Nie93a] [Nie93b] for a more in-depth view of the topic. 
 

                                                 
5  Forest Products Laboratory Research Institute, Debra Dun. 
6  Institute for Wood and Cellulose Chemistry, Eberswalde (starting in 1934, Reich Institute for Wood Research). 
7  Forest Products Laboratory, Montreal. 
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Figure 3.4: Profile Through a White Oak (Quercus alba) from [WHB99] 
 
* also bast or bark 
 
[Key:  A) Outer (dead) bark*; B) Inner bark; C) Cambium; D) Sapwood; E) Heartwood; F) Pulp; 
G) Wood spots]. 
 
Macroscopic Structure 
 
 If we look at the profile through a trunk, then going from the outside to the inside, we can 
see the following areas (Figure 3.4): (A) outer bark whose thickness varies greatly, depending 
upon the type and age of the tree and (B) inner bark that takes care of the transport of the 
nutrition from the leaves to the growth areas of the tree. The cambium (C) is a very thin layer 
constituting the transition between the bark and the sapwood.  This is the place where most of the 
lateral growth takes place. The wooden profile of the trunk can be subdivided into sapwood (D), 
which is responsible for nutrition transport from the roots to the leaves, and heartwood (E), 
whose cells no longer take care of the tasks of the sapwood.  The ratio between sapwood and 
heartwood varies greatly, depending on the type, growth speed and age of the tree. With the 
exception of the very young trees, the share of the sapwood amounts to 10-60% of the radius. 
Sapwood and heartwood again can be subdivided into periodic structures, the annual rings.  
Annual rings result from differing growth conditions at the start and end of the growth season 
within a year.  For example, in tropical forest species, one can generally find no growth rings due 
to the year-round growth. The inner, bright area of an annual ring is called early wood and 
usually has definitely larger cavities and rather small cell wall thicknesses when compared to the 
darker late wood that is found at the end of a growth season. The transition between early and 
late wood is normally relatively abrupt, but it depends on the species of the wood and the growth 
conditions.  Figure 3.6 clearly shows the transition from early wood to late wood.  Wood rays (G 
in Figure 3.4 and 2 in 3.6) are used for the transport and deposit of nutrients; in the horizontal 
plane, they point radially outward and connect several layers of pith up to the bark. 
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Figure 3.5: Profile Through a Wood Trunk with Axial, Tangential and Radial 

Direction According to GIBSON & ASHBY [GA97] 
 
 Three directions are usually employed for the description of the structure and properties 
of wood due to its approximately orthotropic structure: axial or longitudinal, radial and tangential 
(Figure 3.5). 
 
Microscopic Structure 
 
 Wood is a cellular material on the microscopic level.  The often hexagonally shaped 
prisms mostly have empty cavities or those that are partly filled with methyl cellulose or resin 
residues (see Figure 3.7). The ratio between wood wall thickness and cell wall thickness 
according to GIBSON & ASHBY [GA97] is between 0.05 (for Ochroma lapopus) and 0.80 (for 
Guaiacum Officinale). The mostly long cells, which at the ends are pointy, are called tracheids. 
 
 The structure of hardwood and softwood can be differentiated on the microstructural 
level. In the case of softwood, we speak of tracheids and wood rays; in the case of hardwoods, 
we distinguish between fibers, vessels and wood rays. 
 

 
Figure 3.6: Microstructure of Wood from NIEMZ [Nie93b] 
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[Key: A) Profile; B) Tangential layer; C) Radial layer; 1) Tracheids; 2) Wood rays; f) Early 
wood; s) Late wood]. 
 

 
Figure 3.7: Hardwood (left) and Softwood (right) Profile on a Microscopic Level from 

GIBSON & ASHBY [GA97] 
 
Table 3.1:  Volumetric Fractions and Dimensions of Wood Cells According to 

BODIG & JAYNE [BJ82] 
 
 Softwood Hardwood 
 Tracheids Rays Fibers Vessels Rays 
Vol. share [%} 85-95 5-12 37-70 6-55 10-32 
Axial magnitude [mm] 2.5-7.0  0.6-2.3 0.2-1.3  
Tangential magnitude [µm] 25-80  10-30 20-500  
Radial magnitude [µm] 17-60  10-30 20-350  
Cell wall thickness [µm] 2-7  1-11 -  

 
Table 3.1 presents a tabular listing of characteristic features.  The wood rays in the case 
of the softwoods are narrow and are only a few cell levels wide in the axial direction, 
whereas the wood rays in the hardwoods are definitely wider and cover larger areas in 
the axial direction.  In the hardwoods, there are so-called vessel canals in which 
nutrients are transported in the axial direction. The share of the vessel canals in 
hardwoods can be as much as 55% (Figure 3.7, left), whereas the share of the wood 
rays in softwoods amounts to a maximum of 12%.  The fibers of late woods (hardwood) 
compared to early woods have smaller diameters, whereas as tracheids of late wood 
(softwood) have the same diameter but greater cell wall thicknesses when compared to 
early wood. 
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Ultrastructure 
 

 
 
Figure 3.8: Ultrastructure of Wood According to KLEIN & SCHWAB [KS89] 
 
[Key: M) Middle lamella; P) Primary wall; S1, S2) Secondary wall; T) Tertiary wall (also S3)]. 
 

 
Figure 3.9: Excerpt from a Cellulose Molecule 
 
 On the ultrastructural level, wood can be construed as a fiber-reinforced composite 
structure.  The main components are cellulose, hemicellulose and lignin.  With a weight of about 
40-45%, cellulose (C6H10O5)n constitutes the basic substance for the "fiber" (Figure 3.9). With a 
crystallitic structure, the cellulose molecule forms amorphous arrangements (microfibrils) that 
form the actual fibers in the various layers of the wood cell walls (see Figure 3.8). 
Hemicellulose, which together with lignin can be considered as a "matrix" just like cellulose, is 
made up of carbohydrates. In contrast to the cellulose polymerization level (about 8,000-10,000 
units), the hemicellulose polymerization level is definitely less (< 200 units). Lignin consists of a 
complex, three-dimensional molecule with phenyl groups and in contrast to cellulose is not 
crystalline. For a more in-depth investigation, reference is made to NIEMZ [Nie93b] and 
BODIG & JAYNE [BJ82]. 
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3.2.3. Compression Mechanisms 
 
 The function of shock absorbers for transport casks is important above all in terms of the 
properties of wood exposed to pressure stress. This is why we will not touch on the traction, 
thrust or bending area which, each by itself, would presume an intensive coverage of the entire 
topic. 
 
 In small expansions, there is basically a linear-elastic behavior in all three direction.  The 
elasticity module in the axial direction is definitely greater than the modules in the radial and 
tangential direction. Pressure resistance or the crush limit is reached after the end of the elastic 
phase following a short transition area. In case of radial and tangential stress, we can observe a 
plateau that rises constantly all the way up to slightly until the start of a strong consolidation with 
a compression ratio of between 0.2 and 0.8.  In contrast to radial/tangential stress, axial stress 
displays a differently intensive loss of cohesion after the attainment of pressure resistance.  Then 
there are declining or constant force deformation developments until the onset of solidification in 
analogy to the stress in the radial/tangential direction (see Figure 3.10). 
 
 The mechanical properties of wood are anisotropic due to the prismatic structure of the 
cells.  If we neglect the radius of the annual rings, then we can start with orthotropic material 
behavior (axial, radial and tangential direction). Because of the prismatic cell shape, the fiber 
position is of basic significance for the mechanical properties of wood. The greatest strength 
exists in the axial direction, whereas it definitely decreases with increasing angle between the 
stress direction and the fiber direction. 
 
 Axial compression.  The cell walls begin to collapse at the tracheid ends at the end of 
elastic deformation.  A macroscopic strain band or kink band is formed upon reaching pressure 
strength.  In case of low density according to GIBSON & ASHBY [GA97], the cell walls are 
shifted into the cavities of opposite cells in the manner of a toothing (Figure 3.11).  In the case of 
hardwoods, there is increased local kinking of the cell wall.  Both forms of behavior are 
illustrated schematically in Figure 3.12.  After that, there is a stationary fiber kinking, as 
described by POULSEN [Pou97], which, however, only in case of flawless wood, leads to 
macroscopically visible deformations.  According to GROSS [Gro05], in case of small flaws, 
there are frequently oppositely extending strain or kink bands, which result in great lateral 
traction stresses. The wood is frequently split longitudinally as a result of this stress.  At the start 
of consolidation, all wood cavities in the wood have collapsed, and the material behaves like a 
cell wall substance according to ADALIAN & MORLIER [AM02]. 
 
 Radial/tangential compression. Failure laterally with respect to the fiber is 
characterized by the outward kinking of the cell walls parallel to the force. Lateral evasion 
results in a damage band of increasing size. In the radial direction, the wood rays result in a 
strengthening of the structure. 
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Figure 3.10: Basic Stress-Expansion Curve in Balsawood in Response to Pressure 

Stress According to GIBSON & ASHBY [GA97] 
 
[Key: Druckspannung = Pressure of stress; Stauchung = Compression]. 
 

 
Figure 3.11: Pressure Stress Compression Curves in Response to Stress on Balsawood 

in the Axial Direction According to GIBSON & ASHBY [GA97] 
 

 
Figure 3.12: Schematic Failure Mechanisms According to GIBSON & ASHBY 

[GA97]; left: undeformed, center: deformed softwood, right: deformed 
hardwood 
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3.3 Factors Influencing the Mechanical Properties of Wood 
 
 The mechanical properties of wood are influenced by a large number of factors.  Here we 
present an overview of the magnitude of the influence being exerted on the mechanical 
properties. 
 
3.3.1 Fiber Position 
 
 As described in Section 3.2.3 in the case of an axial stress direction, we can see definitely 
greater average stresses and partly differing pressure stress compression curves when compared 
to the radial/tangential stress direction.  The factor between average stress in the axial and 
transversal (radial and tangential) direction can, according to EASTERLING et al. [E+82] 
amount to as much as 10 (for example, for balsa). The magnitude of the difference between the 
radial and tangential directions depends greatly on the wood species.  According to GIBSON & 
ASHBY [GA97], this influencing factor can be neglected for all and according to [WHB99] for 
some species; on the other hand, GOODMAN & BODIG [GB70] mention a significant 
difference in the behavior between the tangential and the radial directions.  EASTERLING et al. 
[E+82] show that for both hardwood and softwood, the difference between the radial and 
tangential directions is statistically significant.  KENNEDY [Ken68] traces this difference back 
to the different behavior of early wood and late wood and shows that a small portion of late 
wood will lead to greater pressure strength in the radial direction and a large portion of late wood 
will result in higher pressure strength in the tangential direction. 
 

 
Figure 3.13: Influence of Fiber Position on Strength According to DINWOODIE 

[Din81] 
 
[Key: Druck = Pressure; Faserlage = Fiber position; other entries illegible]. 
 
 Equation 3.2 was derived by HANKINSON, 1921 [Han21] for the interpolation of the 
mechanical properties with relation to the fiber positions between 0º (axial) and 90º (transversal) 
(Figure 3.13).  Later, KOLLMANN [Kol36] proposed an experiment of n = 2.5 to 3 for the 
pressure area. KEYLWERTH [Key51] confirmed equation 3.2 with n = 2 in terms of the theory 
of elasticity, and the equation was also validated experimentally by GEHRI & STEURER 
[GS79]. 

 53



 

 (3.2) 
____________________ 
φ - Load-fiber angle 
n - 2 ... 3 
σAB║ - Pressure strength parallel to fiber position 
σAB  - Pressure strength orthogonal to fiber position ⊥

 
3.3.2 Density 
 
 Density exerts essential influence on the mechanical properties of wood along with fiber 
position. GLOS [Glo78] investigated the influence of various active substance and action 
characteristics in detail (raw density, annual ring width, annual ring layout, branchiness, fiber 
deviation, pressure wood share, wood moisture, relative air humidity) on mechanical properties 
in case of small deformations. Density and moisture caused more than 90% of the variance in the 
results in case of monoaxial pressure tests.  BUES [Bue86] confirmed this fact and emphasized 
that the variability above all can be traced to the raw density fluctuation.  GIBSON & ASHBY 
[GA97], NIEMZ & SONDEREGGER [NS03] and DINWOODIE [Din00] assigned so much 
significance to it that an attempt was made to describe the properties, independently of the wood 
species, as a function of the density: 
 

 (3.3) 
 

____________________ 
f - Strength 
k - Proportionality constant 
p - Density 
n - Curve exponent 

 
 DINWOODIE [Din00] determined a correlation coefficient of 0.902 between strength 
and density [Din00] with the help of experiments on more than 200 samples. The densities varied 
between 150-1,000 kg/m3.  In areas of small density differences, VORREITER [Vor49] assumes 

 54



a linear connection between density and mechanical properties, such as elasticity modules and 
pressure strength.  The density of the wood types to be used is therefore defined for the 
production of transport containers. 
 

 
Figure 3.14: Density Distribution in a Pine Trunk According to GÖHRE [Göh58] (a) 

Trunk cross-section, (b) Longitudinal trunk profile 
 
[Key: Stammdurchschnitt in 1 m Höhe = Trunk cross-section at a height of 1 m; Stammhöhe = 
Trunk height]. 
 
 Considerable raw density differences developed within a trunk, as agreed upon by 
GÖHRE [Göh58] and GÖTTSCHE-KÜHN & FRÜHWALD [GKF86]. GÖHRE [Göh58] 
presents this situation on the basis of a lateral profile and longitudinal profile through a pine 
trunk (Figure 3.14). 
 
3.3.3 Temperature 
 
 Basically, declining strengths can be expected in case of rising temperatures according to 
NIEMZ [Nie93b]. The magnitude of the influence exerted by the temperature on the elasticity 
module according to KOLLMANN [Kol82] amounts to as much as 40% between -20 and +60ºC. 
The drop in the pressure strength according to GLOS & HENRICI [GH90] amounts to about 
55% between -20 and +150ºC.  A cause is generally believed to be represented by the 
intermolecular attraction forces (hydrogen bridge bonds), which are weakened by the frequency 
of the atomic or molecular oscillations caused by the temperature. According to NIEMZ 
[Nie93b], the magnitude of the influence is additionally a function of the sample shape with 
which the characteristics are determined. 
 
3.3.4 Moisture 
 
 Wood must be understood as a partly hygroscopic, capillary-porous substance.  The share 
of cavities on the average amounts to 50-60% of the volume.  Wood can take on and store water 
by way of absorption and capillary transport processes.  The water contained in the wood 
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influences the mechanical properties.  The wood moisture content is calculated according to 
equation 3.4. 
 

  (3.4) 
 

____________________ 
u - Moisture content 
mn - Moisture of moist wood 
mdtr - Mass of oven-dried wood 

 
 Basically, the type of water infiltration is a decisive factor in determining the magnitude 
of the influence exerted by the moisture on the mechanical properties. No water is present in the 
wood in the oven-dried state. Water is absorbed by absorption and capillary condensation in the 
wood moisture range of between 0 and about 22-35% until the fiber saturation point has been 
reached.  Water occurs only in the "bound" form, it is stored between the microfibrils and, 
according to KOLLMANN [Kol82], changes the intervals8 of the microfibrils among each other, 
depending on the moisture share. A change in the intervals results in a change in the attraction 
forces of the microfibrils (hydrogen bridge bonds) and thus has an effect on the cohesion of the 
wood. The fiber saturation area characterizes the maximum possible content of bound water.  
This area begins between about 22 and 35% moisture content and as a mean value at about 28%.  
From here on in, the water is freely deposited in the hollow spaces. According to KOLLMANN 
[Kol82], any further infiltration of water above and beyond the fiber saturation area does not 
have any meaning for the strength properties. 
 
3.3.5 Stress Velocity 
 
 REID & PENG [RP97] investigated the influence of expansion rate on the strength 
properties for five different wood species with the help of a "Split-Hopkinson-Bar" experimental 
setup.  At stress velocities of up to 360 m/sec, they showed that there is a partly linear and partly 
exponential dependence between the pressure strength and the stress velocity.  In case of an axial 
stress direction, the dynamic factor is  
 

 (3.5) 
                                                 
8  Interfibrillary cavities. 
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____________________ 
Sd - Dynamic factor 
σd - Dynamic stress 
σs - Static stress 

   
between 1 and 4.5 at a stress velocity of up to 360 m/sec.  That corresponds to expansion rates of 
up to 18,000 s-1. 
 

 
Figure 3.15: Expansion Rate as a Function of Plateau Stress and Pressure Strength in 

Balsawood According to VURAL & RAVICHANDRAN [VR03] 
 
 According to VURAL & RAVICHANDRAN [VR03], the pressure strength for 
balsawood increases with the expansion rate, whereas the average pressure stress compression 
plateau is almost not influenced at all by the expansion rate (Figure 3.15).  Higher expansion 
rates also result in an earlier start of consolidation. 
 
 KOLLMANN & COTE [KCJ68] show a linear dependence of the pressure strength on 
the stress velocity. An increase in the pressure strength by a factor of 1.07 can be derived for 
pine, birch and oak for every 10-fold increase in the stress velocity. 
 
 Investigations on the expansion rate dependence in case of large deformations have so far 
not been published. 
 
3.3.6 Attenuation 
 
 FOSTER [Fos92] determined that in case of periodic stress, attenuation factors [are 
significant] for axial stress regardless of the stress level, of the load history and of the frequency. 
In case of stress in the axial direction, attenuation factors between v = 0.002 - 0.009 and 
radial/tangential factors between v = 0.006 - 0.018 are given. 
 
3.3.7 Transversal Strain 
 
 Due to the anisotropy of the wood, we must, according to NIEMZ [Nie93b], consider 
here six Poisson constants for the elastic area.  According to NEUHAUS [Neu81], the usual 
reduction to three constants for wood is not possible because 
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 (3.6) 
 

____________________ 
sij - Poisson's constant 

 
According to ZINK et al. [ZHS97], one can generally expect decreasing Poisson's ratios for 
poplar trees in case of greater stresses. SLIKER [Sli85] [Sli89] determines the Poisson constants 
for nine species of wood.  While sar, sal, srt and str

9 are between 0.3 and 0.7, sra and sta amount to 
0.03 and 0.043 (effective radial and tangential directions on axial direction). 
 
 Information for the plastic area is difficult to derive via the transversal stress because the 
plastic deformation of wood is characterized by failure. 
 
3.3.8 Effective Magnitudes 
 
 DILL-LANGER et al. [DL+03] describe a decreasing strength with increasing sample 
size for the area of traction [stress].  According to WOLCOTT et al. [W+89], the elasticity 
module in the pressure area rises with increasing relative sample height, whereas the sample 
volume does not influence the strength.  SCHNEEWEISS [Sch63] emphasizes that for the case 
of the ash tree, the strength in case of transversal stress is a function of the sample size.  
According to DOBBIN [Dob90], the strength data determined on small, flawless wood 
specimens are definitely higher than those determined on specific structural parts.  ISSLER, 
ROUSS & HÄFELE [IRH03] present a general magnitude factor as a function of the related 
highly stressed volume.  For a scale factor of 1:2.5, we get a strength decline for the 1:1 case to 
0.84 ± 0.08. The reasons for this are given in the mentioned publications as influences deriving 
from volume and marginal layer along with nonhomogeneities and inherent stresses in the wood. 
 
3.3.9 Influence of Structure 
 
 According to KENNEDY [Ken68] and MASCIA & CRAMER [MC00], changes in the 
density, the temperature and the moisture exert less influence on the mechanical properties of 
wood than does the volume ratio from early wood and late wood, and they thus emphasize the 
significance of this influencing factor. 
 
 Basically, deviations from the structural makeup (branches, cracks, etc.) exert very great 
local influence on the behavior of wood exposed to pressure stress.  Branches represent a jump in 
the quasihomogeneous structure of the wood with different fiber positions and densities. Pressure 
wood (wood compressed by natural growth) has a definitely higher density than normally grown 
wood (according to [WHB99] 30-40%) and thus points up the dependences described in Section 
3.3.2. Young wood (in the vicinity of the pith) has reduced density and displays definitely larger 
angles between microfibrils and axial direction.  Both characteristics result in reduced strength. 
 

                                                 
9  a = axial, r = radial, t = tangential 
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3.3.10 Conclusions Regarding Influencing Magnitudes 
 
 GIBSON & ASHBY [GA97] correctly stated: "Wood is complicated stuff." The 
mechanical properties and the factors changing them in various wood species are investigated in 
a series of studies; basic mechanisms are understood and documented in detail.  A big handicap 
for the problem tackled in this study is the concentration of the past investigations upon the area 
of elastic deformations or small plastic deformations (for example, POULSEN [Pou97]. Most of 
the investigations on the mechanical properties of wood were initiated by questions from the 
construction industry, which naturally considers wood generally only in the elastic area. Very 
few publications address the behavior of wood in response to pressure stress in conjunction with 
large deformations.  More investigations on the properties of wood in case of large deformations 
are necessary for shock-absorber design. Modeling should be done for the behavior of wood in 
response to axial pressure stress in conjunction with large deformations.  Particular consideration 
should be given to the influence of temperature, moisture content and stress velocity. 
 
3.4 Summary 
 
 The various construction principles for shock-absorbing parts combine the same 
functional principle: conversion of kinetic energy into form change energy.  It is about wood-
filled shock absorbers that prevailed along with foams and honeycomb structures, especially in 
Europe and Asia. 
 
 A bibliography search was performed on the mechanical properties of wood and their 
dependence on various influencing factors. The behavior of wood in case of small deformations 
was investigated adequately; on the other hand, so far very little has been published on the 
behavior of wood in response to pressure stress in conjunction with large deformations. It was 
proposed with the help of more extensive investigations to model the behavior of wood in 
response to pressure stress in conjunction with large deformations. 
 
 The influences deriving from various parameters upon the mechanical properties of wood 
were investigated above all for the elastic area.  It is not clear to what extent the results - above 
all, regarding the dominating influencing factors represented by density, temperature, moisture, 
expansion rate and influence of magnitude - can be transposed to the area of large deformations. 
The influence of the parameter consisting of the structure of the wood usually is minimized by 
suitable sorting of the wood products. 



4 Experimental Investigations 
 
 In this chapter, we will describe the experimental investigations on the behavior of wood 
with the help of small samples, parts experiments with shock-absorbing parts and drop tests with 
prototypes of shipping items for radioactive substances.  In a first part, we present the basic 
concepts, the implementation and evaluation of cask and shock-absorber drop tests.  The drop 
tests are used as verification base in order to investigate the applicability of various computation 
methods to actual transport casks holding radioactive substances. The deformed shock-absorbing 
parts are analyzed in order to determine the energy-absorption mechanisms responsible for the 
shock absorption.  In another part, we will describe shock tests with wood samples to determine 
the pressure stress compression interrelationships under the effects of various influencing 
parameters. 
 
4.1 Cask Drop Tests 
 
 The description of the drop tests is guided partly, for example, by [MNK08].  After a 
brief description of the drop test facility, we introduce the drop casks MHI MSF69BG® AND 
GNS CONSTOR® V/TC as well as the test object represented by shock- absorber testing in 
greater detail, and we present the pertinent test results. The tests were performed by the 
"Experimental Cask Investigations" team of BAM. The results are used with the permission of 
the GNS and the MHI. 
 
4.1.1 Description of Drop Test System 
 
 The new drop test system of BAM in Horstwalde is the largest of this kind in the world 
and meets the IAEA requirements for drop tests using shipping items holding radioactive 
substances up to a total weight of 200 mg. 
 
 The BAM drop test system consists of three main components:  the drop tower with the 
winch house and the hoisting winch, a light-metal shop with movable roof and the impact 
foundation, as described in greater detail in MÜLLER, MINACK & DROSTE [MMD04] and 
DROSTE, MÜLLER & MINACK [DMM05] and as shown in Figure 4.1.  The drop tower, a 36-
m-high steel pipe structure, stands over the shop on four separate piling foundations.  At a height 
of 33 m, the carrier platform holds the hoisting winch, whose maximum permissible hoisting 
mass is 200 mg and whose maximum hoisting height is 30 m. 
 
 The nonresilient impact foundation for test objects of up to 200 mg, built according to the 
IAEA Regulations [TSR08], consists of a massive steel-reinforced concrete ashlar (concrete 
grade B25/B35) with dimensions of 14 m x 14 m x 5 m and a steel impact plate embedded in the 
middle, flush with the surface.  This 220-m-thick impact plate (impact surface 4.5 m x 10 m) is 
connected via 40 pieces of M36 threaded spindles with the reinforced concrete ashlar in a form-
locking and force-locking manner and constitutes a direct impact area for the test objects.  The 
total mass of the impact foundation is 2600 mg. 
 
 The test object is dropped with a drop device that works in a moment-free manner. A 
hydraulically supplied force causes a tear bolt to be ripped off; nailed upon the latter is the test 
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object via a coupling piece (drop fork).  This moment-free drop guarantees the exact 
maintenance of the adjusted drop orientation of the test object after the impact. 
 

 
Figure 4.1:  Structure of Experiments for Drop Test System as BAM 
 
[Key: a) Drop device; b) Measurement cable; c) Impact foundationa; d) Tension release ropes; e) 
Measurement station; f) Measurement trigger (trigger); g) Protective wall]. 
 
a Steel plate, reinforced concrete. 
 
4.1.2 MSF69BG® Fuel Element Transport and Storage Cask, Scale 1:1 
 
 The test cask is an original-scale model of the transport and storage casks (TLB) 
MSF69BG® by the manufacturer Mitsubishi Heavy Industries Ltd. To hold up to 69 fuel 
elements from boiling-water reactors (Figure 4.2). 
 
Table 4.1: Main Dimensions and Masses of Selected Parts of the MSF69BG® Test 

Casks 
 
MSF69BG® Dimensions and Masses 
Total length with shock absorbers 
Outside diameter of cask body 
Outside diameter of shock absorbers 
Mass of loaded casks 
Mass of a shock absorber 
Total mass of test objects 

6900 mm 
2178 mm 
3205 mm 
113 mg 
7 mg 
127 mg 
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 The monolithic, forged cask body consists of low-alloy steel. The outside of the cask 
body surrounds a neutron shielding layer consisting of epoxy resin, which is enveloped in a steel 
jacket.  One pair each of supporting pegs is arranged to handle the cask on the lid and the 
bottom. A double-lid system consisting of a primary and secondary lid closes the cask. The lids 
are made of low-alloy, forged steel.  The lid seal is provide by means of metal seals that are 
made in the form of aluminum-jacketed Doppel-Helicoflex® steel.  The lids are screwed with an 
inside hexagonal slender-head screw, size M42. The carrying basket to hold the fuel elements 
consists of 69 individual aluminum hollow sections with a square cross-section that fill the cask's 
inside space in a form-locking manner.  The test cask is charged with substitute fuel elements 
that are made as hollow section with a square cross-section. The geometric main dimensions and 
masses of selected cask parts can be seen in Table 4.1. 
 

 
 
Figure 4.2:  Schematic Illustration of Test Cask MSF69BG® with Carrying Basket 

Structure 
 

 
Figure 4.3:  Schematic Profile Through MSF69BG® Shock Absorber 
 
[Key: Stossdämpfer = Shock absorber; Behälterkörper = Cask body]. 
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 On the lid and the bottom, the test cask is equipped with one shock absorber each (lid and 
bottom shock absorbers). The shock absorbers have a 5-mm-thick jacket made of high-grade 
steel and are filled with balsawood, cedar wood and oak wood.  A schematic sketch of the shock 
absorber can be seen in Figure 4.3. 
 
4.1.3 CONSTOR® V/TC Fuel Element Transport and Storage Cask, Scale 

1:1 
 

 
Figure 4.4: Schematic Illustration of the CONSTOR® V/TC Test Cask  

according to KÖNIG et al [K+05] 
 
 The CONSTOR® V/TC test cask of the Gesellschaft für Nuklearservice GmbH (GNS) 
[Company for Nuclear Service] is an original-sized model of the CONSTOR® V/69 transport and 
storage cask for spent fuel elements from light-water reactors with a total thermal output 
amounting to a maximum of 30 kW.  This construction principle is currently employed as 
CONSTOR® RBMK 1500 for the intermediate storage of spent fuel elements from the Ignalina 
power plant in Lithuania. Figure 4.4 presents a schematic illustration of the CONSTOR® V/TC. 
 
 The cask body of the CONSTOR® V/TC consists of a steel and heavy concrete sandwich 
construction and is closed with a double-lid sealing system.  Between an outer and an inner 
jacket made of steel (see Figure 4.5), there is a filling consisting of Constorit®, a special cement 
with iron added. The content is simulated by a substitute body.  The flange area is welded upon 
the inner and outer jacket. Copper sheet metal pieces are attached between the inner and outer 
jackets to derive the decay heat.  After two drop tests with 1:2 models, the construction was 
expanded by a wider outer subdivided jacket (Overpack - in Figure 4.4 yellow/bright blue) for 
protection against impacts upon a spike. The main geometric dimensions and masses of the 
CONSTOR® V/TC test cask can be seen in Table 4.2. 
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Figure 4.5: Schematic Profile Through a CONSTOR® V/TC Without Shock-

Absorbing Parts According to CONSTOR® V/TC 
 
Table 4.2: Main Dimensions and Masses of Selected Parts of the CONSTOR® V/TC 

Test Cask 
 
CONSTOR® V/TC Dimensions and Masses 
Total length with shock absorbers 
Outside diameter of cask body 
Outside diameter of shock absorber 
Outside diameter of protective plate in shock absorber 
Mass of charged cask 
Mass of a shock absorber 
Mass of the Overpack 
Total mass 

7445 mm 
2332 mm 
3510 mm 
2700 mm 
 
110 mg 
20 mg 
31 mg 
181 mg 

 
 The shock-absorbing parts consist of a wood-filled steel plate construction.  The shock-
absorber construction contains an internal 60-mm-thick divided impact plate to protect the lid 
system against point-like stress. The outer cladding consists of sheet metal pieces with a 
thickness of 5 mm.  The filling of the cavities consists of fir wood with alternating fiber layers 
(stressed 50% axially, 50% transversally). The angle between the two side surfaces is 135º. The 
bottom and lid shock absorbers have the same structure. Basic dimensions of the shock-
absorbing parts can be seen in Figure 4.6. 
 
4.1.4 Shock-Absorber Testing 
 
 A shock-absorber test was conducted on a scale of 1:2 with the help of a substitute mass 
that was leaned against a CASTOR® transport cask; only the shock-absorber and shock-absorber 
attachment components were subjects of the investigations.  All of the other components were 
used to ensure the necessary drop mass, or they were auxiliary components. The substitute mass 
consisted of a cylindrical base body and a screwed lid in the position of the primary lid. We 
decided to refrain from secondary lids, small lids, seals and content models as well as carrying 
baskets. 
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Figure 4.6: Schematic Profile Through a CONSTOR® V/TC Shock Absorber 
 

____________________ 
dSD   Shock absorber diameter 
bSD  Width of shock-absorber base surface 
f=900 mm Depth of shock absorber below projected flask surface 

 
 The substituted mass was replicated after a cask in order realistically to acquire possible 
factors influencing the shock-absorber reaction.  The main geometric dimensions and masses of 
the test object can be seen in Table 4.3.  The test sample was provided by GNS. 
 
Table 4.3: Main Dimensions and Masses of Selected Parts of the Shock-Absorber 

Test 
 
Shock-Absorber Test Dimensions and Masses 
Total length including shock absorbers 
Outside diameter, cask body, substitute mass 
Outside diameter, shock absorber 
Outside diameter, protective plate in shock absorber 
Mass of cask 
Mass of a shock absorber 
Total mass 

3700 mm 
1225 mm 
 
1500 mm 
1211 mm 
 
10.8 mg 
1.5 mg 
13.8 mg 

 
 The structure of the shock-absorbing parts is similar to that of the CONSTOR® V/TC.  
They consist of an interior steel plate on which stands the steel sheet structure.  The cavities of 
this steel sheet structure are filled with fir wood. 
 
4.1.5 Performance of Drop Tests 
 
Test Specimen MSF69BG®, Scale 1:1 - Slap Down 
 
 This drop test was performed on September 24, 2004 before the eyes of the international 
technical experts, who happened to be in Berlin on the occasion of the 2004 "Packaging and 
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Transport of Radioactive Materials" (PATRAM) Fair. The test cask was dropped from a height 
of 9.3 m upon the nonresilient foundation. The drop position of the test cask was chosen with a 
10º inclination of the longitudinal axis of the cask with respect to the horizontal that the first 
impact took place on the bottom shock absorber and the second impact occurred on the lid shock 
absorber.  This drop position is called Slap Down and can be seen in Figure. 4.7. 
 

 
Figure 4.7: Performance of the MSF69BG® Drop Test in the Slap Down Drop Position on 

09/24/2004 
 
Test Specimen MSF69BG®, Scale 1:1 - Vertical Drop 
 
 A drop test in the vertical drop position took place on November 16, 2004 at the BAM 
drop test facility in Horstwalde as part of an application for the licensing of a transport cask 
holding radioactive substances. The test cask dropped from a height of 9.3 m upon the 
nonresilient foundation. The impact took place on the lid side. 
 
Test Specimen CONSTOR® V/TC, Scale 1:1 - Horizontal Drop 
 
 This drop test was performed on September 21, 2004, as in the case of the test on 
September 24, before the eyes of international technical experts, who happened to be in Berlin 
on the occasion of the 2004 "Packaging and Transport of Radioactive Materials" (PATRAM) 
Fair.  The test cask fell from a height of 9.0 m with horizontally arranged longitudinal cask 
access (see Figure 4.8) upon the nonresilient foundation. 
 
Shock-Absorber Testing 
 
 The drop test was performed on June 27, 2006 at the drop test stand of the BAM in 
Horstwalde.  The test object fell from a height of 9.0 m with horizontally arranged longitudinal 
cask access upon the nonresilient foundation. 
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4.1.6 Results 
 
Results of Drop Tests with MSF69BG® 
 
 Slap Down drop position. In case of the slap down drop, the center of gravity of the 
cask is not perpendicularly above the impact contact point, as in the case of the vertical or edge 
drop; therefore, the test cask is made to rotate after impact of the first cask end (primary impact). 
The subsequently second impact (secondary impact) with the opposite end takes place with 
 

 
Figure 4.8: Performance of the CONSTOR® V/TC Drop Test in the Horizontal 

Drop Position on 09/21/2004 
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Figure 4.9: Performance of Shock Absorber Testing Drop Test in the Horizontal Drop 

Position on 069/271/2006 
 
an impact velocity that is greater than the velocity resulting from a freefall (see also 
QUERCETTI, BALLHEIMER & WIESER [QBW02]. Here is the detail regarding the impact 
kinetics of the test cask:  In the first 40 msec, as of the start of impact (t = 0), the bottom end of 
the cask is delayed by the initial impact velocity (13.5 m/sec) resulting from the free drop with a 
maximum rigid body play of 508 m/s2 (52 g) to 0 m/sec.  The bottom shock absorber in this 
process remains in contact with the impact plate, while the lid end of the test object is accelerated 
to an impact velocity of about 16 m/sec due to rotation. The second impact is definitely rougher 
with a maximum rigid body delay in the amount of 1088 m/sec than the first impact (508 m/s2 
OR 52 g). The impact duration is 42 msec for the first impact and 30 msec for the secondary 
impact. A visual examination after the drop test did not show any visual damage to the cask 
body.  The way in which both the order of magnitude of the deformations of the shock-absorbing 
parts checked with the anticipated figures. The integrity of all screw connections was preserved. 
The tightness of the cask was ensured. 
 
 Vertical-drop drop position. As in the case of the slap down impact, a visual 
inspection after the drop test did not show any visible damage to the cask body or any other 
components of the tightly sealed enclosure.  The integrity of the screw connections and the 
tightness of the casks were preserved. 
 
 Figure 4.10 shows the delay-time curve at measurement point A311z. The measurement 
is on the cask body on the lid side inside in the 0º position. The delay amounts to a maximum of 
about 380 m/s2 (39 g). The decline in the delay between 20 msec and 30 msec results from an 
impact of the cask content upon the primary lid,  Due to the impact kinetics and the gap between 
the content and the lid, there was a time delay in the impact. The deformations of the shock 
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absorber can be seen in Table in 4.4  The undeformed shock absorber at this point is about 610 
mm.  A deformation of 259 mm therefore corresponds to a deformation grade of 42.5%. 
 

 
Figure 4.10: Experimentally Determined Deceleration-Time Curve for the 9.3-m 

Vertical Drop of the MSF69BG® (Low Pass Filter 1160 Hz) 
 
[Key: Y-axis=Delay; X-axis=Time]. 
 
Table 4.4: Experimentally Determined Deformation from the 9.3-m Vertical Drop of 

the MSF69BG® 
 
MSF69BG® Vertical Drop Test 
Maximum deformation 
Maximum deformation degree 

259 mm 
42.5% 

 
Results of Drop Test with CONSTOR® V/TC 
 
 A visual inspection after the drop test did not reveal any visible damage to the cask body 
or the outer jacket (Overpack).  The integrity of all screw connections was preserved. The 
tightness of the cask was ensured. 
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Figure 4.11: Experimentally Determined Deceleration-Time Curves for the 9-m 

Horizontal Drop of the CONSTOR® V/TC on the Lid and on the Bottom 
(150-Hz Low-Pass Filter) 

 
[Key: Verzögerung = Delay; Zeit = Time; Bodenseite = Bottom; Deckelseite = Lid]. 
 
Table 4.5: Experimentally Determined Deformations from the 9-m Horizontal Drop, 

CONSTOR® V/TC 
 
CONSTOR® V/TC Test 
Maximum deformation, lid, 
Maximum deformation, bottom 
Maximum deformation grade, lid 
Maximum deformation grade, bottom 

150 mm 
171 MM 
37.9% 
42.2% 

 
 Figure 4.11 shows delay-time curves of two acceleration sensors (BA) processed with a 
150-Hz low-pass filter.  BA 51.2 is on the lid on the inside of the cask flange in the 180º 
position, that is to say, opposite the impact side.  BA 50.2 is at the corresponding spot in the 
bottom area of the cask.  In spite of the very low filter frequency of 150 Hz, we can see a 
pronounced peak in the delay-time curve at about 12 msec at measurement point 51,2 (lid).  
Using the low-pass filter with a boundary frequency of 150 Hz, the maximum delay was 1600 
m/s2 (163 g).  A comparison of the curves of the measurement signals 50.2 (cask body, bottom) 
and 51.2 (cask body, lid) in Figure 4.11 shows a time shift of about 3-5 msec between the two 
signals. An analysis of the high-velocity video images1, taken during the drop test, shows that 
the cask impacted with a small angle between the longitudinal cask axis and the foundation.  The 
primary impact took place on the lid, whereas the secondary impact occurred on the bottom. The 
impact angle can be estimated according to equation 4.1 at 0.5-1º from the time difference 
between the acceleration signals (see Figure 4.11). 
 

                                                 
1  We used a camera system by the KODAK Company with 4,500 images/second. 
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  (4.1) 
 

____________________ 
α Slap Down angle 
ν Drop velocity 
δt Time difference between the acceleration signals 
lcask Cask length 

 
 Table 4.5 shows the deformations measured on the shock-absorbing parts. The slight 
inclination of the longitudinal cask axis with respect to the foundation during the impact process 
can explain the deviation between the bottom and the lid. 
 
Results of the Shock-Absorber Testing Drop Tests 
 
 An analysis of the cask impact using high-speed video images show that the test 
specimen at the moment of impact had a slight axial twist (Figure 4.12). 
 

 
Figure 4.12: High-Speed Video Image at Moment of Impact Upon the Lid Shock 

Absorber 
 
 On the basis of the time difference between the impact against the bottom and the lid, we 
can draw conclusions to the effect that the test object impacted at an angle of about 0.2º between 
the longitudinal axis and the foundation. External deformations on the shock absorbers could be 
seen after the drop test, but no significant damage could be identified to the shock-absorber 
substitute mass.  The greatest deformation on the shock-absorbing part could be seen at the 
impact level (150-200º).  Here and there, welding seams were torn along the shock-absorber 
metal cladding.  At a filter frequency of 2 kHz, the maximum delay in the middle of the cask 
amounted to about 2560 m/sec (260 g).  Figure 4.13 shows the rigid body delay-time curves 
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(350-Hz filter frequency). The deformations of the cask substituted mass remain within the 
elastic range. 
 

 
Figure 4.13: Acceleration-Time-Curves, Shock Absorber Testing, in the 0º and 180º 

Positions (impact at 180º on the bottom and lid, 9-m horizontal drop) 
 
[Key: 1) Delay; 2) Time; 3) Bottom; 4) Lid]. 
 
4.1.7 Deformation Measurement Using the Strip Projection Method 
 
An optical three-dimensional deformation measurement using the strip projection method was 
performed for the first time for the shock-absorbing parts during the shock-absorber test. A 
three-dimensional service model of the object to be measured is calculated on the basis of a point 
cloud determined with the help of a stereo camera.  The measurement was performed by the 
"Measurement and Testing Technology, Sensors" team of the BAM. 
 
Description of Method 
 
 The three-dimensional sensor consists of an LCD projector and two cameras arranged in 
a stereo pattern. The mutually firmly positioned camera arrangement are so calibrated with 
relation to a measurement volume using a local sensor coordinate system that from the image 
dots found in both cameras, which show the same object dot, one can determine that dot's three-
dimensional coordinates in this sensor coordinate system. 
 
 In a time sequence, the projector casts parallel-oriented bright and dark light planes into 
the measurement volume. The light planes are detected on the surface of the shock absorber as a 
strip pattern. Each individual surface point in both camera images can be identified by of the 
sequence of these strip patterns. The position and orientation of both cameras in space is known 
from the above-described camera calibration; therefore, we can now determine the three-
dimensional coordinates that belong these homologous dots. 
 
 For the time being, however, we only determined the three-dimensional dot cloud in an 
individual sensor picture. To measure a shock-absorber all around, we need to assemble 
numerous image parts next to each other. That was done with circular measurement markers 
applied additionally upon the shock absorber; the center coordinates of these markers in the 
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object coordinate system are known from a previously performed photometric measuring 
process. If the centers of the measurement markers are determined in the strip projection views, 
then the dot clouds from the local sensor coordinate system can be transformed into the 
superordinate object coordinate system from the photometric measurement process. The surface 
segments of the measurement markers used for assistance and on which no three-dimensional 
data are generated are subsequently interpolated.  Further information can be found in [AT007]. 
 
Uncertainty of Results 
 
 The increased uncertainty of results deriving from the ATOS II measurement system used 
in combination with the pertinent photogrammetry determined on the basis of the VDI/VDE 
Guideline 2634 "Optical 3-D Measurement Systems" [VD106} is better than ±0.1 mm for a 
measurement volume on the order of magnitude of the shock absorbers. This means that the 
absolute distance values, determined for the shock absorbers that are measured all around in their 
own coordinate system, will be within the mentioned range of values with a probability of 95%. 
 
Implementation 
 
 To determine the deformation, the shock-absorbing parts were mounted on the cask, 
separately and together, both before and after the drop test. Figure 4.14 shows the measurement 
setup. 
 

 
Figure 4.14: Measurement Setup for Measuring the Shock-Absorbing Part During the Shock-

Absorber Test Using the Strip Projection Method 
 
Results 
 
 Figure 4.15 shows a shock absorber that is to be measured prior to the test. The different 
colors show the very minor deviations from the final product specifications. 
 
 Figure 4.16 shows a three-dimensional model of a shock-absorbing part as the result of 
measurement using the strip projection method after the drop test. Deviations from the state prior 
to the test are color coded. We can see definite deformations in the impact area. 
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Figure 4.15: 3-D Model of a Shock-Absorbing Part as a Result of Measurement Using the 

Strip Projection Method Prior to Impact, Color Coding and Deviation 
from the Final Product Specifications 

 
[Key: 1) View upon inside of shock absorber]. 
 
 Form changes can be quantified with a high degree of accuracy by comparing the 
measurements before and after the drop test.  The relative change in the distance dimension 
between the impact surface and the shock-absorber protection plate amounts to about 61 mm.  
Further details can be found in GRÜNDER et al. [GKMM07]. 
 
Conclusion 
 
 The optical measurement method was used for the first time for the purpose of 
digitalizing the three-dimensional surface arrangement. The strip projection method is very well 
suited when it comes to making a relative comparison of the models before and after the drop 
test, all with relation to an internal mathematical model, and thus precisely quantifying the 
deformation of the shock-absorbing parts. 
 
4.2 Analysis of Shock-Absorbing Parts 
 
 The drop tests, shown in Subchapter 4.1, were analyzed in greater detail in the context of 
this study with regard to the behavior of shock-absorbing parts in connection with energy 
absorption. 
 
4.2.1 Elastic Resiliency 
 
 An analysis, done with the help of carrying peg substitute models2 on the MSF69BG® in 
the Slap Down drop, showed that the shock-absorbing part is again elastically extended 
backward after the end of the shock process by a significant amount.  For this drop position and 
this shock-absorbing part, the elastic resiliency came to about 20-30 mm.  The interval of the 
                                                 
2  Substitute carrying pegs, made of thin sheet metal, were intended to clarify whether carrying pegs come into 

contact with the impact foundation during the drop test.  
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deformed carrying peg substitute models from the foundation was measured after the drop test.  
That corresponds to an elastic resiliency of about 5-7.5%. 
 

 
Figure 4.16: 3-D Model of a Shock-Absorbing Part as a Result of Measurement Using the 

Strip Projection Method Following the Impact, Color Coding of the 
Change with Respect to the Test Object Measured Prior to Impact 

 
[Key: 1) View upon inside within imaging range of +/- 30 mm]. 
 

 
Figure 4.17: Schematic Illustration of the Elastic Resiliency, left: maximum compression, 

right: after elastic resiliency 
 
[Key: Maximale compression = Maximum compression; Dekompression = Decompression]. 
 
 A comparison of the experimentally and mathematically determined deformations of the 
shock-absorbing part is essential in evaluating the quality of a calculation. The maximum 
deformation during the test, however, does not correspond to the deformation after the drop test.  
After the end of the shock, the parts of the shock absorber again shrink elastically and thus bring 
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about a change in the form (Figure 4.17). The measured deformation is smaller than the 
maximum deformation that occurred. From the calculation, one usually takes the maximum 
deformation for the purpose of making a comparison.  The maximum deformation 
determined in a calculation is this possibly not conservative when the calculation 
method is verified with the help of measured deformations. To compare measured and 
calculated deformation, one must therefore add the elastic resiliency to the measured 
deformation. 
 
4.2.2 Energy Absorption 
 

 
Figure 4.18: Shock-Absorber Filling of the MSF69BG® Bottom Shock Absorber after a 9-3-m 

Slap Down Drop, Viewed Diagonally from the Direction of the 
Foundation 

 
[Key: Behälterseite = Cask; Aufprallfläche = Impact surface; Stossdämpfer Aussenseite = 
Outside of shock absorber]. 
 
 Figure 4.18 show the bottom shock-absorbing part of the model, original size of the 
MSF69BG® (see Section 4.1.6), where, after a 9.3-m Slap Down drop, the outer sheet-metal 
cover of the bottom shock absorber was removed. The areas below the line marked A are 
deflected upward during the impact. There are only minor deformations of these wood areas. The 
different deformation of the shock-absorber areas could be observed in a similar manner on the 
similarly structured lid shock absorber.  The area in which the largest part of the energy 
absorption was observed corresponds precisely to the wood packets that are located inside the 
shock-absorbing part precisely below the projected surface of the cask body.  From this we can 
conclude that it is above all material under the projected surface of the cask body that contributes 
to energy conversion.  Areas located further to the outside are deflected by the compression and 
contribute only little to the energy absorption. 
 
 It follows from this that in designing and making shock-absorbing parts, one must make 
sure that areas that are to contribute to energy absorption must be covered by rigid structures, 
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such as the cask body and stiff internal steel structures of the shock absorber in the direction of 
deformation. 
 
4.2.3. Sheet Metal Behavior 
 
 The sheet metal structure performs a supporting function and takes care of the cohesion 
of the shock absorber; a precise knowledge of the behavior of the sheet-metal structures is 
therefore important. An analysis of the cracks in sheet-metal structures of CONSTOR® V/TC 
showed that local deformations in the heat influence zone or a welding seam frequently cause 
that area to fail.  A part of the wood packets, lying under these sheet-metal pieces, can be 
deflected as a result of the lateral pressure and will thus not be available for providing lateral 
support for the wood in the main energy absorption zone.  Kink phenomena are frequently 
decisive in terms of the stresses on the sheet-metal structure. The kinking of the sheet-metal 
structures is adequately described in the bibliography provided for this study (for example, by 
JONES [Jon03]). 
 
4.2.4 Deformation Mechanisms 
 
 The analysis in Section 4.2.2 showed that wood in the shock absorber contributes to 
energy absorption to different degrees.  So far, there has been no model that would describe 
energy absorption by wood in the shock absorber. This is why the shock-absorbing parts in this 
case were taken out after the drop test, the outer sheet-metal covers were removed and the 
existing wood packets and fiber bundles were analyzed and subdivided into classes in terms of 
their deformation. 
 
 Axial stress. In looking at the distribution of wood deformation over the circumference 
of the shock absorber (Figures 4.18 and 4.21), we can observe similar failure mechanisms at the 
beginning in each area of the shock absorber. The end of the elastic phase of the wood under the 
marginal conditions in the shock absorber is not initiated by flowing but rather by the outward 
kinking of entire wood fiber bundles due to lateral traction failure (Figure 4.19).  The number of 
the kink points is not constant. As a result of the outward kinking of the fibers, one can observe 
an apparent transversal expansion, that is, with relation to the stress direction. 
 

 
Figure 4.19: Kinked Wood Fiber Bundle Using the Example of a Piece of Fir Wood 

Compressed in the Axial Direction During a 9.0-m Drop in a Shock-
Absorbing Part 
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 Figure 4.20 shows that as fiber bundle, we must not consider the entire piece of wood but 
only the wood of one annual ring width.  The piece of wood must then be construed as several 
parallel-connected wood fiber bundles. Figure 4.20 shows the shearing failure following up on 
the above-described lateral traction failure. Due to the shear stress, the composite structure fails 
along the early wood-late wood boundary, and both slide off against each other. 
 

 
Figure 4.20: Kinked Wood Fiber Bundle Using the Example of Fir Wood Compressed in the 

Axial Direction (Experiment M. Neumann, BAM, 2007) 
 
 Failure due to sliding fiber levels along the early wood-late wood boundary is referred to 
here as "fiber delamination."  A similar failure form can be observed in conjunction with 
delamination phenomena when working with glass-fiber and carbon-fiber reinforced synthetic 
substances (GFK & CFK) (HÖRMANN [Hör92]) and concrete (NEUBAUER [Neu00]. Due to 
the expansion of the wood fiber bundles initiated by the lateral traction failure in conjunction 
with a slight lateral expansion inhibition, the wood is increasingly compressed in the radial and 
tangential direction along with presumably definitely diminished energy absorption. 
 

 
Figure 4.21: Shock-Absorber Filling of the MSF69BG® Bottom Shock Absorber after a 9.3-m 

Slap Down Drop, View from the Cask 
 
 The mechanisms involved in energy absorption will change along with increasing 
deformation as a function of the position in the shock absorber.  In the main impact zone in the 
middle of the shock absorber, the wood is presumably strongly supported by wood located in the 
lateral environment and is thus prevented from being shifted naturally. Here we observe a large 
number of local kinking levels.  This phenomenon will now be called cavity compression. In the 
case of cavity compression, presumably accompanied with high energy dissipation, the cell 
cavities are compressed up to the start of solidification (see Figure 3.2.3). 
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 In areas further to the outside, the wood in the shock absorber is supported laterally to a 
definitely lesser extent.  Following an initial lateral traction failure, the individual fibers can be 
deflected laterally and presumably will contribute only little to energy absorption. 
 
 The subdivision of the shock absorber into areas with fiber delamination and cavity 
compression must be adapted to the geometric conditions in the shock absorber and to the wood 
that is used on the basis of experimental results.  Figure 4.22 shows the subdivision according to 
zones with cavity compression and zones with fiber delamination with radial/tangential 
compression using the example of the MSF69BG® bottom shock absorber.  Looking at the red-
marked surface, the cavity compression prevails, while in surrounding areas, fiber delamination 
prevails with subsequent radial/tangential compression. In the circumferential direction of the 
shock absorber (Figure 4.21), we can observe cavity compression in an area of about ±10-15º 
from the symmetry axis in the case of the shock absorber we are looking at here. 
 

 
Figure 4.22: Shock-Absorber Filling of the MSF69BG® Bottom Shock Absorber after a 9.3-m 

Slap Down Drop After Removal of the Outer Sheet-Metal Pieces, 
Subdivision into Zones with Cavity Compression and Fiber Delamination 

 
 Figure 4.23 shows zones that, for example, deviate partly by way of fiber delamination of 
[sic; or] compression. No pure fiber delamination with radial/tangential compression can be 
observed in the marginal areas due to the metal cladding with sheet-metal pieces. The portion of 
cavity compression, of course, is minor and is confined to the kink zone. The wood area shown 
in Figure 4.23 thus presumably contribute only little to energy absorption. 
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Figure 4.23: Shock-Absorber Filling of the MSF69BG® Bottom Shock Absorber after a 9.3-m 
Slap Down Drop After Removal of the Outer Sheet-Metal Pieces, Zones 
of Fiber Delamination 

 
 In the direction of the longitudinal cask axis (Figure 4.22), the areas not covered by rigid 
cask or shock-absorber structures will be deflected (see Section 4.2.2).  In a similar manner, 
areas located on the outside and thus supported by sheet metal only unilaterally (see Figure 4.23) 
will evade compression likewise and presumably contribute only little to energy absorption. 
 
4.2.5 Conclusion 
 
 The analysis of the compression mechanisms of the deformed wood areas in shock 
absorbers in the preceding section showed that the behavior of wood in response to pressure 
stress in the axial direction and in case of great deformations must be considered as a function of 
the lateral expansion inhibition. 
 
 It is therefore proposed that the shock absorbers be subdivided into three zones that 
presumably contribute to energy absorption in differently intensive ways. 
 
1. Zone I 
 The wood in this zone evades compression without significant energy absorption or load 

increase. Figure 4.18 shows this area below the line labeled A. 
 
2. Zone II 
 The wood in Zone II cannot deviate without failure. The wood shows lateral traction 

failure, it kinks out and is then compressed mostly radially/tangentially. 
 
3. Zone III 
 In the case of the wood in Zone III, lateral traction behavior also takes place at the start, 

but the wood fibers are so strongly supported laterally that we can observe primarily 
cavity compression here. This area presumably contributes greatly to absorption of the 
impact energy. 

 
 We established the hypothesis now that a lateral expansion inhibition will result in higher 
pressure force and absorbed energy in case of large deformations in case of axially stressed 
wood. To test this hypothesis, compression tests on wood samples with large deformations are 
designed, performed and evaluated.  These tests are described in the following subchapter. 
 
4.3 Shock Tests on Wood Samples 
 
 In this subchapter, we describe tests on encased and unencased wood specimens. The 
following questions are to be answered with the help of the results derived from these tests. 
 
4.3.1 Objective 
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 The uncertainties regarding the magnitude of the influence exerted by various marginal 
conditions upon the behavior of wood are described in Section 3.3.10. Here, we identified, above 
all, density, temperature, moisture, expansion rate and magnitude factors as important factors 
influencing the mechanical properties of wood.  The influence deriving from moisture and 
density can be minimized for shock-absorbing parts by sorting and corresponding marginal 
production conditions. In this case, the effects of temperature and magnitude cannot be examined 
due to the fact that experimental facilities are not available and because that would take too much 
time. 
 
 In Section 4.2.5, we established hypotheses on the behavior of the wood in response to 
pressure stress in the axial direction in the shock absorber on the basis of analysis of shock-
absorbing parts.  There we showed that in the impact area in the main energy-absorption zone, 
the wood is compressed along with definitely lateral expansion inhibition, whereas in the less 
well-supported areas, it evades the impact zones laterally.  Experiments are to be performed with 
and without lateral expansion inhibition to clarify and quantify the influence exerted by lateral 
expansion inhibition upon the mechanical properties that are relative in terms of pressure stress. 
 
 Another object of the tests is to determine "pressure flow curves" in the area of large 
deformations with simultaneous investigation of the influence from multiaxial and monoaxial 
stresses and various constant stress velocities.  The multiaxial stress is to be so adjusted that the 
multiaxiality conditions in shock-absorbing parts will be met. Flow curves determined in this 
fashion are to be used as basis for the calculation of the compression of shock-absorbing parts 
with simplified numerical methods and FEM.  The influence deriving from the expansion rate 
and lateral expansion inhibition on the pressure flow curves will be tested for their statistical 
significance. 
 
4.3.2 Test Objects 
 
 In the past, especially samples with a round cross-section such as, for example, the form 
used by DIERSCH et al. [D+94] with a diameter of 100 mm and a height of 50 mm were used for 
the pressure tests with wood.  DIN 52185 [DIN76] (Testing of Wood - Determination of Pressure 
Stress Parallel to Fiber) - proposes an ashlar-shaped sample with, if at all possible, a quadratic 
cross-section whose edge length is to be a = 20 mm.  In case the fibers or the wood run 
irregularly with wide, alternating rotary growth zones (annual rings), the sample dimension is to 
be so chosen that at least five annual rings or fresh growth zones will be covered. The height of 
the samples should be 1.5 to 3 times the width. TABARSA & CHUI [TC01a] [TC01b] propose 
chose samples with an edge length of 8 mm.  The experimental setup used in this study 
necessitates a sample height of about 100 mm in order constantly to achieve the desired high 
stress velocity. 
 
 The long, slim sample shape, described in DIN 52185 [DIN76], results from the desire of 
setting an as-much-as- possible ideal-uniaxial stress state.  As illustrated in Figure 4.24, the 
lateral expansion and thus a lateral evasion of the sample surfaces is prevented due to the friction 
in the contact surface between the underlying support and the sample or between the pressing 
stamp and the sample along with increasing compression. 
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Figure 4.24: Schematic Illustration of the Lateral Expansion Inhibition at the Contact Surfaces 

in Case of Uniaxial Pressure Tests with Wood 
 
[Key: 1) Lateral expansion inhibition; 2) Sample]. 
 
 In tests where the samples are compressed with large deformations, the fiber structure 
and the resultant failure mechanisms of the wood must be given adequate consideration.  To 
bring about a similar stress situation as in the case of the shock-absorbing parts, we propose here 
a cubic sample shape that can be seen in Figure 4.25 because it most likely corresponds to the 
geometric conditions prevailing in shock-absorbing parts. 
 

 
Figure 4.25: Cubic Sample Made of Fir Wood with an Edge Length of 100 mm 
 

 
Figure 4.26: Cubic Sample Made of Fir Wood with Lateral Expansion Inhibition Destroyed 

During Test Consisting of Glass-Fiber Reinforced Synthetic Substance 
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 The test objects were made in Germany from fir wood (PICEA ABIES).  The samples are 
made of whole construction wood, sorting class S10, according to DIN 4074-1 [DIN08a] with a 
moisture of 15±3%.  That corresponds to a strength class of C24 according to DIN EN 338 
[DIN08b]. To generate a lateral expansion inhibition, tests were performed with wood samples 
with cladding consisting of glass-fiber-reinforced and carbon-fiber-reinforced synthetic 
substances (GFK and CFK) and with sheet-metal pieces of various thicknesses. Cladding was to 
be so shaped that there would be no failure of the cladding and so that the compression could 
take place under effective lateral expansion inhibition. The high degree of brittleness of the fiber-
reinforced synthetic substances cause cracks in the glass fibers or the carbon fibers in case of 
relatively small deformations and thus brought about a failure of the lateral expansion inhibition 
(see Figure 4.26).  Sheet metal3 as cladding was investigated with thicknesses of 0.5 mm and 1 
mm.  As shown in Subchapter 4.2, wood declines in case of axial compression toward lateral 
evasion after initial failure; therefore, in case of tests done in the axial direction, we need a more 
intensive sideward expansion inhibition. In this study, we use sheet metal with a thickness of 1 
mm for tests in the axial direction and 0.5 mm for tests in the radial or tangential direction. The 
required sheet-metal thicknesses were determined with the help of preliminary experiments. 
Sheet-metal thicknesses of 0.5 mm were not adequate in tests with axial sample alignment.  In 
this case, the sheet metal fails frequently.  To be able to estimate the portion of form change 
energy, which is absorbed by the sheet metal, we perform pressure tests with sheet metal without 
wood filling (Table 4.8). 
 
Sample Designation 
 
 The experimental parameters comprise lateral expansion inhibition, wood fiber direction 
and stress velocity. The samples are numbered with a system consisting of a V and a sequential, 
three-digit number.  The test series were labeled with an abbreviation for lateral expansion 
inhibition (m for with, o for without lateral expansion inhibition), followed by an abbreviation 
for the fiber alignment (l for longitudinal-axial, q for lateral-transversal) and finally the tress 
velocity (1, 300, 3,000 mm/sec). 
 
4.3.3. Experimental Setup and Implementation 

                                                 
3  Steel JS235JRG2. 
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Figure 4.27:  Servohydraulic Impulse Test Stand of BAM 
 
 The servohydraulic 1000-kN impulse test stand of BAM (Figure 4.27) was developed to 
investigate parts exposed to shock stress and equipped with electronic control instruments and 
powerful servovalves.  Depending on the test cylinder, the test stand permitted a maximum 
testing force (traction/pressure) of 1000 kN or 630 kN at 600 mm work path.  The maximum 
piston velocity is 4.5 m/sec or 8.5 m/sec.  The machine can be operated statically with either path 
control or force control.  The path-time curve can be programmed dynamically.  The dimensions 
of the test stand are 8 m x 3 m x 2.6 m.  The samples can be clamped firmly and positioned 
flexibly. 
 
 Figure 4.28 shows a diagram illustrating the servohydraulic impulse test stand of BAM. 
The settings for the functional generator to produce the stress can be seen in Table 4.6.  Table 4.7 
presents an overview of the measurement sensors used. 
 

 
Figure 4.28:  Schematic Illustration of the BAM Servohydraulic Impulse Test Stand 
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[Key: 1) Crosshead, test machine; 2) Piston rod, test cylinder; 3) Specimen body; 4) Force 
measurement can; 5) Rock; 6) Column; 7) Base plate; 8) Force]. 
 
Table 4.6:   Settings of the Functional Generator in the BAM Impulse Test Stand 
 
Signal Form Control Type Velocity 
Ramp 
Ramp 
Ramp 

Path 
Path 
Path 

1 mm/sec 
300 mm/sec 
3,000 mm/sec 

 
Table 4.7: Measurement Value Acquisition from Shock Tests on Wood on the BAM Impulse 

Test Stand 
 
 
Name 

Measurement 
Magnitude 

Measurement 
Range 

Accuracy 

W125 (inductive half-bridge) 
KMD1000 (DMS full bridge) 
B25 (inductive half-bridge) 
PMIS3 (incremental) 

Path 
Force 
Acceleration 
Velocity 

±125 mm± 
±1000 kN 
±100 g 
±3 m/sec 

MK1 
MK1 
±0.2% 
±40µm/m 

 
Table 4.8: Listing of the Shock Tests Performed on Wood Samples 
 

Number 
Samples/Test 

Wood Fiber 
Direction 

Velocity 
[mm/sec] 

Lateral Expansion Inhibition Test Numbers 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
1 
1 
34 

axial 
axial 
axial 
radial 
radial 
radial 
axial 
axial 
axial 
radial 
radial 
radial 
- 
- 
div. 

1 
300 
3,000 
1 
300 
3,000 
1 
300 
3,000 
1 
300 
3,000 
1 
1 
div. 

Sheet metal 1.0 mm 
Sheet metal 1.0 mm 
Sheet metal 1.0 mm 
Sheet metal 0.5 mm 
Sheet metal 0.5 mm 
Sheet metal 0.5 mm 
- 
- 
- 
- 
- 
- 
Sheet metal 1.0 mm, empty 
Sheet metal 0.5 mm, empty 
Preliminary experiments 

46-55 
61-70 
81-90 
31-35; 56-60 
71-80 
91-100 
1; 110-118 
3; 130-138 
5; 148-156 
2; 101-109 
4; 121-129 
6; 139-147 
119 
120 

 
 The tests were performed in a workshop with a temperature of 17-19ºC. The samples 
were photographed, they were inserted in the test stand and the test was performed.  After the 
end of the test, the sample was taken out of the test stand, it was photographed, the experimental 
conditions were documented and the measurement data were stored. Table 4.8 presents an 
overview of the shock tests performed on wood. 
 
 Figure 4.29 shows the velocity-time curves that typically develop on the basis of the data 
given in Table 4.6 (300 mm/sec and 3,000 mm/sec). 
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Figure 4.29: Piston Velocity of the Testing Machine at 0.3 m/sec (V71) and 3 m/sec (V91) on 

the BAM Impulse Test Stand 
 
[Key: 1) Velocity; 2) Time]. 
 
4.3.4 Test Evaluation 
 
 The objective of the tests was to determine pressure flow curves for wood under various 
lateral expansion inhibitions and stress velocities. An evaluation was made with regard to the 
factors influencing the expansion rate and the lateral expansion inhibition upon the pressure 
strength or crush limit, the pressure force at 50% deformation and the energy dissipated up to 
50% deformation.  The latter energy is a measure of the energy absorption capacity of the wood 
sample. 
 
 Measurement data processing. To guarantee the comparability of the tests and to 
form a mean value, the tests were corrected to a common path channel.  That was necessary 
because the start of the test featured differing decelerations in relation to the start of the 
measurement value acquisition.  The following steps were taken for each test data item in order 
to process the measurement data. 
 
 1. Zero point shifting of the path-time function4. 
 
 2. A nonparametric spline5 is calculated for the supporting points of a newly defined 

time channel (T0) for the corrected path channel against the test-time channel. 
 
 3. Similar to Point 2, the force channel is newly calculated against the test-time 

channel. 
 

                                                 
4  In such a way that the start of the force rise was assigned the moment t=0. 
5  Piece-by-piece interpolation function with the help of polynomials, constantly differentiable. 
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 4. The relief part (part of the elastic resiliency and return of the piston) out of the 
force spline against the path spline is cut out. That is necessary to get a 
monotonously rising path channel. 

 
 5. A nonparametric spline is made from the force spline (see Point 3) against the 

path spline (see Point 2) for the support points of an equidistantly generated path 
channel (X0, 0 to 100 mm, 250 values). 

 
 6. Mean value formation of matching tests. 
 
 As a result of the measurement value processing done in this way, all experimental 
results will relate to the artificially generated path channel (see Point 5) and are thus directly 
comparable. We proceed according to equation 4.2 in order to determine the energy absorption 
capacity. 
 

 (4.2) 
 
  ____________________ 

  W  Energy absorption capacity in case of target deformation 
∧

s
  s Deformation 

   Target deformation 
∧

s
  F Force 
 
 The work, determined by integration in this fashion, was equated to the energy absorbed 
by the sample. 
 
 Statistical analysis. Pressure forces and absorbed energies are analyzed statistically in 
case of certain deformations.  We consider here the pressure strength in case of tests in the axial 
direction or the crush limit in case of tests in the radial/tangential direction (in this case, 
approximately by the expansion at 3.2% deformation) as well as the absorbed energy and force at 
50%. For that purpose, the corresponding experimental data are transferred to the statistical 
evaluation program SIGMAPLOT [SIG07] and are analyzed. Figures 4.33 to 4.35 show the box 
plots of the individual test series.  In the case of tests in the axial direction with lateral expansion 
inhibition when it comes to evaluating the force and the energy absorbed at 50% deformation, 
only those tests are included in the evaluation where the sheet-metal jacket had not yet failed.  In 
test group ml1, four tests failed (V48, V51, V53, V55), in ml300, two tests failed (V63, V65) and 
in ml3000, three tests failed (V84, V87, V88). A photo of specimen V63, whose lead jacket had 
failed before 50% deformation, can be seen in Figure 4.30.  To evaluate the pressure strength, all 
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tests of the corresponding test groups are used because the failure of the sheet-metal structures 
took place only after pressure strength was attained. 
 

 
Figure 4.30: Torn Sheet-Metal Jacket in a Sample with Axially Stressed Wood (V63, ml300) 
 
 To evaluate whether the difference between two test series is significance, we performed 
parametric t tests for unconnected basic totalities (see WERNECKE [Wer04]). In the process, we 
tried to examine with the help of two hypotheses6 whether the random samples differ from each 
other. If the p-value7 according to t-test magnitude 
 

  (4.3) 
 ____________________ 
 x - y   Difference in mean value 
 su  Extent of variability  
 n(x), n(y) Random sample volume 
 
is smaller than a significance level α, which is to be defined, then the HO hypothesis is rejected 
and the HA hypothesis is accepted.  If we start with a 95% confidence interval, then we have a = 
0.05.  In the case described here, a p-value of 0.04 tells us that a difference between the two 
random samples (for example, pressure strength as a function of the expansion rate) can be 
generalized to the basic totalities. The prerequisite for the use of parametric t-tests is the normal 
distribution of the magnitude to be examined, something that is given here by way of 
approximation. 
 
4.3.5 Test Results 
 

                                                 
6  H0 hypothesis:  In case of variation of one parameter (for example, expansion rate), the considered property does 

not change (for example, pressure strength).  HA hypothesis:  The property changes. 
7  Also probability of exceeding the amount or probability of error. 
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 Figures 4.31 to 4.32 show the pressure force-compression curves after mean value 
formation in case of axial and tangential or radial stress direction. Here we show the influence of 
the stress velocity and the lateral expansion inhibition upon the pressure flow curves. 
 

 
[1= y-axis, 2= x-axis] 
 
Figure 4.31: Shock Tests Against Wood Samples:  Force-Deformation Curves in Case of Axial 

Stress, Expansion Rate Influence With (left) and Without (right) Lateral 
Expansion Inhibition, In Each Case, Mean Values from 10 Tests 

 
[Key: 1) Force; 2 Path]. 
 
 
 
 

 
Figure 4.32: Shock Tests Against Wood Samples:  Force-Deformation Curves in Case of 

Tangential/Radial Stress, Expansion Rate Influence With (left) and 
Without (right) Lateral Expansion Inhibition, In Each Case, Mean Values 
from 10 Tests 

 
[Key: 1) Force; 2 Path]. 

 89



 
Pressure Strength 
 
 Axial stress. Figure 4.33, left, and Table 4.9 show that the influence of the expansion 
rate on the pressure strength (concepts according to DIN 52185 [DIN76] and DIN 52192 
[DIN79]) is significant with and without lateral expansion inhibition.  A higher expansion rate 
results in greater pressure strength.  Figure 4.33, left, and Table 4.9 furthermore show that the 
influence of the lateral expansion inhibition on the pressure strength is not significant at any 
stress velocity.  But it should be noted that a significant lateral expansion inhibition takes effect 
only in the follow-up rupture area. From the influence of the lateral expansion inhibition on the 
pressure strength, we cannot draw any conclusions as to the influence of multiaxiality of the 
stress test upon the pressure strength. 
 
 Radial stress. In case of radial stress (Figure 4.33, right, and Table 4.10), the influence 
of the expansion rate on the compression limit is not clear.  The differences between the stress 
velocities 1 mm/sec and 300 mm/sec are not significant; but the deviation between 300 mm/sec 
and 3,000 mm/sec is significant.  At this point, we recommend that in any follow-up 
investigations, we increase the testing volume in order to create adequate back-up support for the 
statistical bases. In case of high stress velocity, a higher expansion rate in each case results in a 
greater compression boundary. Equally significant is the influence of the lateral expansion 
inhibition upon the compression boundary at high stress velocities.  If we decide to do without a 
lateral expansion inhibition, then the compression limit compared to the tests with the lateral 
expansion inhibition definitely declines except for the test at 1 mm/sec.  Due to the elastic area, 
which is definitely greater in case of radial stress, the expansion inhibition is presumably already 
more effective than in case of tests in the axial direction. 
 
Pressure Force at 50% Deformation 
 
 Axial stress.  Figure 4.34, left, shows the analysis of the pressure forces at 50% 
deformation for axial stress. A significant increase in the pressure force was determined here in 
conjunction with lateral expansion inhibition in comparison to unhindered lateral expansion 
possibilities (Table 4.11). In tests with lateral expansion inhibition, an increase in the expansion 
rate results in significantly higher pressure forces at 50% deformation. The decline in the 
pressure strength at higher expansion rates during tests without lateral expansion inhibition (test 
series ol1, ol300 and ol3000) can be explained by dynamic effects.  As a result of the high stress 
velocity at 300 mm/sec and 3,000 mm/sec, less already-splintered sample parts remained in the 
experimental setup and contribute to increasing the sample resistance. 
 
 The statement by GROSSE [Gro05] to the effect that a top load in the radial or tangential 
direction will not lead to a  stiffening in the axial direction must thus be further spelled out in the 
following manner:  Only in case of small deformations before there are any macroscopic splits 
will transversal top loads not result in a stiffening in the axial direction.  In the follow-up rupture 
area, assuming increasingly occurring splits in the a-t level, a lateral expansion inhibition will 
result in a higher resistance in the axial direction. 
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 Radial stress. The expansion rate does not exert any significant influence on the 
pressure force at 50% deformation (Table 4.12). Without lateral expansion inhibition, we can 
again observe smaller forces at higher expansion rates due to the increasing ejection of little 
pieces of wood out of the experimental setup. Compression in the radial/tangential direction, of 
course, does not result in an expansion in the axial direction, but a stress in the radial direction 
will result in an expansion in the tangential direction and vice versa.  Because of that, an increase 
in the resistance in tests with lateral expansion inhibition compared to tests without lateral 
expansion inhibition is significant also in case of compression in the radial/tangential direction 
(Table 4.12). 
 
Form Change Energy at 50% Deformation 
 
 Axial stress.  Figure 4.35, left, and Table 4.13 show the form change energy at 50% 
deformation for axial stresses. With lateral expansion inhibition, the form change energy rises 
with rising expansion rate, but, of course, the difference is significant only between 1 mm/sec 
and 300 mm/sec. The previously mentioned dynamic effects are responsible for the declining 
form change energies at higher expansion rates in tests without lateral expansion inhibition (ol11, 
ol300, ol3000). With the help of these dynamic effects, we can investigate the influence of 
multiaxiality on the form change energy at 50% deformation only in case of 1 mm/sec stress 
velocity.  As the comparison between tests with and without lateral expansion inhibition (ml1 
and ol1) shows in Table 4.13, the difference is significant.  In tests with lateral expansion 
inhibition, in other words, significantly more energies are absorbed than in tests without lateral 
expansion inhibition. 
 

 
Figure 4.33: left: Boxplot Pressure Strength, Fail, Longitudinal; right: Boxplot Compression 

Boundary, Fail, Lateral, With and Without Lateral Expansion Inhibition, 
Expansion Rate Influence 

 
[Key: X-axis= Pressure strength; 2) Y-axis=Pressure force at 3.2% expansion]. 
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Figure 4.34:  left: Boxplot Pressure Force at 50% Expansion, Fir, Longitudinal; right: Boxplot 

Pressure Force at 50% Expansion, Fir, Lateral, With and Without Lateral 
Expansion Inhibition, Expansion Rate Influence 

 
[Key: Y-axis= Pressure force at 50% expansion]. 
 

 
Figure 4.35: left: Boxplot Form Change Energy at 50% Expansion, Fir, Longitudinal; right: 

Boxplot Form Change Energy at 50% Expansion, Fir, Lateral, With and 
Without Lateral Expansion Inhibition, Expansion Rate Influence 

 
[Key: Y-axis= Form change energy at 50% expansion]. 
 

 
Table 4.9: Results of the t-Tests Regarding Pressure Strength in Case of Stress in Axial 

Direction in the Test Program for Shock Against Wood with Fir Wood 
Samples 
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Table 4.10: Results of the t-Tests Regarding Compression Limit in Case of Stress in 

Radial/Tangential Direction in the Test Program for Shock Against Wood 
with Fir Wood Samples 

 

 
Table 4.11: Results of the t-Tests Regarding Pressure Strength at 50% Deformation in Case of 

Stress in Axial Direction in the Test Program for Shock Against Wood 
with Fir Wood Samples 

 

 
Table 4.12: Results of the t-Tests Regarding Pressure Strength at 50% Deformation in Case of 

Stress in Radial/Tangential Direction in the Test Program for Shock 
Against Wood with Fir Wood Samples 
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Table 4.13: Results of the t-Tests Regarding Form Change Energy at 50% Deformation in 
Case of Stress in Axial Direction in the Test Program for Shock Against 
Wood with Fir Wood Samples 

 

 
Table 4.14: Results of the t-Tests Regarding Form Change Energy at 50% Deformation in 

Case of Stress in Radial/Tangential Direction in the Test Program for 
Shock Against Wood with Fir Wood Samples 

 
 Radial stress.  Figure 4.35, right, and Table 4.14 show the form change energies at 
50% deformation in response to radial/tangential stress.  Due to the wide scatter, the rise in form 
change energy is significant only in case of tests with lateral expansion inhibition between 300 
mm/sec and 3,000 mm/sec.  In this case, the number of tests should be increased.  The influence 
of the lateral expansion inhibition on the form change energy is significant at 50% deformation.  
With lateral expansion inhibition and in response to radial stress, higher energies were absorbed 
than without lateral expansion inhibition. 
 
Mean Values 
 
 Table 4.15 shows the mean values of the pressure strengths or compression boundaries 
and the pertinent standard deviations of all recorded test series. Table 4.16 shows the mean 
values of the form change energies at 50% deformation. 
 
Influence of Sheet Metal 
 
 Figure 4.36 shows the force-deformation curves for compression tests with sheet-metal 
samples with a raw thickness of 1.0 mm and 0.5 mm. In experiments with axial stress direction, 
the energy, absorbed by the sheet metal, amounts to a maximum of 5% of the total energy and is 
thus negligible. 
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Figure 4.36: Force-Deformation Curve in Response to Pressure Stress on Sheet Metal Box 

Profiles with Wall Thicknesses of 1.0 mm (V119) and 0.5 mm (V120) 
 
[Sheet Metal Key: Y-axis= Force; X-axis= Path]. 
 

 
Table 4.15: Mean Values and Standard Deviations of the Pressure Strength or Compression 

Boundaries in the Test Program for Shock Against Wood with Fir Wood 
Samples 

 
[Key: 1) Test series; 2) Mean value; 3) Standard deviation]. 
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Table 4.16: Mean Values and Standard Deviations of the Form Change Energies at 50% 

Deformation in the Test Program for Shock Against Wood with Fir Wood 
Samples 

 
[Key: 1) Test series; 2) Mean value; 3) Standard deviation]. 
 
Determination of Average Stress-Expansion Curves 
 
 Technical stresses and expansions are determined by reference of the force-deformation 
curves with regard to the initial sample cross-section surface or the initial height of the sample. 
 
 A conversion of the technical stresses and expansions into two stresses and expansions 
according to LUDVIK [Lud09] (also called logarithmic stress and expansion measure, see also 
ISSLER, RUOSS & HÄFELE [IRH03]) does not lead anywhere when working with wood 
subjected to axial stress because this theory starts with volume constancy. As described in 
Section 2.2.3, the cavities in the wood collapse upon compression in the axial direction. This 
results in a volume that keeps shrinking in the course of compression. 
 
 The shock-absorbing parts that are used in the tests illustrated in Subchapter 4.1 partly 
have fir wood fillings with wood that is stressed 50% axially and 50% tangentially-radially.  A 
characteristic is derived for this practical case by simple mean-value formation (in each case, 
50% weighting) from pressure flow curves that are determined from the axial and 
tangential/radial direction. 
 

  (4.4) 
 
 ____________________ 
 σ50/50  Stress-expansion curve at 50% axial stress and 50% tangential stress 
 σa  Stress-expansion curve in response to axial stress 
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 σt  Stress-expansion curve in response to tangential stress 
 
4.3.6 Summary 
 
 The tests described in this subchapter made it possible to determine pressure flow curves 
for monoaxial and multiaxial stress of fir wood at varying stress velocities.  The following results 
were achieved: 
 
 1. Lateral expansion inhibitions do not exert any significant influence on the 

pressure strength in response to axial stress. In case of radial stress, lateral 
expansion inhibitions resulted in significantly higher pressure strengths. The 
cause presumably is represented by the definite expansion in the tangential 
direction in response to radial stress in combination with a small elasticity module 
of wood in the radial/tangential direction. 

 
 2. In case of axial stress, the lateral expansion inhibition exerts significant influence 

on the pressure force and the absorbed energy at 50% deformation.  More energy 
is absorbed with lateral expansion inhibition and the pressure force at 50% 
deformation is greater than in tests without lateral expansion inhibition. 

 
 3. Faster stress velocities have resulted in higher form change energies and forces, 

although not all differences were significant in the context of this study.  In case 
of axial stress, the stress velocity exerts significant influence on the pressure 
strength. 

 
 4. The kink band development at an angle of about 65º with respect to the direction 

of stress described by DINWOODIE [Din00] and POULSEN [Pou97] in 
conjunction with the failure of undisturbed wood could be observed neither in the 
tests with wood nor in the analysis of the shock absorbers. 

 
 5. Flow curves were determined for the "ImpactCalc" method described in Chapter 

5 and, on the average, that method corresponds to the lateral support in the shock 
absorber. 

 
 With the help of Point 1, one can confirm the hypothesis established in Section 4.2.5. The 
lateral expansion inhibition resulted in significantly higher pressure forces and absorbed energies 
in the case of axially stressed wood. 
 
4.4. Conclusions 
 
 The behavior of wood in response to radial and tangential stress is less complex than the 
behavior of wood in response to axial stress on the basis of the determined nonsoftening 
behavior.  At this point, we would like to note once again:  The nonsoftening [desolidarizing] 
behavior of axially stressed wood is a matter of great interest when it comes to the simulation of 
accident situations involving transport casks with wood-filled shock absorbers. This study is 
therefore concentrated on axially stressed wood. 

 97



 
Model for the Behavior of Axially Stressed Wood 
 
 Building on the analysis of the shock-absorbing parts in Section 4.2.4, the conclusions 
arising therefrom (Section 4.2.5) as well as the results of the shock-on-wood test program in 
Section 4.3.5, we can for the first time propose here a model for the behavior of axially stressed 
wood in case of large deformations. The model considers the lateral expansion inhibition of the 
wood mixture that takes shape in the course of compression. 
 
 The behavior of wood can be characterized as follows in the context of the proposed 
model: 
 
 1. Upon attainment of the pressure strength, development of a kink plane in the 

wood with generally opposite surfaces.  Due to the resultant lateral traction 
stresses, the wood is split longitudinally (lateral traction failure). 

 
 2. The further behavior must be considered as a function of the lateral expansion 

inhibition in the wood (see Subchapter 4.2): 
 
  a) Lateral expansion inhibition "slight" 
 

   The wood evades laterally unhindered; no further kink band 
levels or only a few additional ones are formed. By rotating wood fibers, 
wood is, above all, radially and tangentially compressed. In the course of 
greater deformation, more and more wood is radially/tangentially 
compressed and less and less wood is compressed axially. This results in a 
global force-deformation interrelationship, which declines up to the start 
of consolidation (see Figure 4.37 a). 

 
  b)  Lateral expansion inhibition "average" 
 

   Here we generally observe formation of several kink levels 
because, after a brief deformation, any further lateral evasion is 
increasingly hindered and there again causes formation of new kink 
planes. Wood is compressed partly axially and partly radially/tangentially. 
The decline of the global force-deformation interrelationships turns out to 
be less than in case of slight lateral expansion inhibition (see Figure 4.37 
b). 

 
  c)  Lateral expansion inhibition "high" 
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   Here we generally observe formation of a very large number of 
local kink planes because lateral evasion is possible only to a minimal 
extent. In that way, wood is compressed axially almost exclusively. The 
force-deformation curve remains relatively constant over rather wide areas 
(see Figure 4.37 c). 

 
 3. Start of consolidation depending on the ratio between the density of the wood and 

the cell-wall density. 
 

 
Figure 4.37: Diagram Illustrating Force-Deformation Curves for the Compression of Wood in 

the Axial Direction as a Function of the Lateral Expansion Inhibition 
 
[Key: Y-axis= Force; X-axis=Deformation]. 
 
 Concerning the zone subdivisions derived for the shock absorbers for the cask drop tests, 
it should be noted that the zone subdivision can change along with changes in geometry on the 
shock absorber. The underlying principle for energy absorption is identical, although the spatial 
extension of the zones may vary. 
 
Model for the Behavior of Shock-Absorbing Parts 
 
 From the results of the analysis of the shock-absorbing parts as well as the wood tests, 
one can derive the statement to the effect that the softening material behavior of wood exerts 
important influence on the energy absorption capacity of shock-absorbing parts on transport 
casks holding radioactive substances. If wood is strongly supported laterally in the course of 
compression, then there will be a deformation of the wood along with great energy conversion of 
kinetic energy into form-changing energy. If the wood in the shock absorber can evade laterally, 
then we are dealing with a definitely reduced energy absorption capacity.  In that way, with 
regard to shock-absorbing parts, the interaction of wood and surrounding steel and sheet-metal 
structure will be of decisive significance.  The greater the cohesion of the shock absorber as a 
result of the externally located sheet metal structure, the more energy can the shock-absorbing 
part absorb. 
 
4.5 Summary 
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 Various tests were described in this chapter.  Acceleration and deformation 
measurements during cask drop tests are used for the subsequent verification of calculation 
methods. 
 
 The behavior of wood in shock-absorbing parts in response to pressure stress in the axial 
direction was analyzed.  The wood was separated into zones on the basis of the physical 
compression mechanism. The hypothesis was established to the effect that lateral expansion 
inhibitions in the case of axially stressed wood will lead to higher pressure forces and absorbed 
energies. 
 
 The hypothesis that was established was then confirmed with the help of the "shock-on-
wood" testing program:  In case of axially stressed wood and large deformations, lateral 
expansion inhibitions resulted in higher pressure forces and absorbed energies. On the basis of 
this conclusion as well as the analysis of the shock-absorbing parts, a model was proposed for 
the first time for the axial stress of wood in case of large deformations:  For the compression of 
wood, the model considers the lateral expansion inhibition in relation to the continuing 
mechanics aspect that would be the multiaxiality of the stress state in the continuum.  The energy 
that can be absorbed by the wood increases the greater is the lateral expansion inhibition.  It 
follows from this that to provide a realistic simulation of the behavior of shock-absorbing parts 
in accident situations, a new approach should be used for modeling the wood: The softening of 
axially stressed would should be controlled by the lateral expansion inhibition.  As far as the 
shock-absorbing part is concerned, this means that the energy absorption capacity of the shock 
absorber depends on the availability of the outer sheet metal structure to prevent a deviation of 
the heavily stressed wood packets. 
 
 To recalculate accident stresses on transport casks with wood-filled shock-absorbing 
parts, the elastic resilience must be added for a comparison of measured and calculated 
deformation with respect to the measured reshaping. That is the only way one can make a 
realistic comparison between measured and calculated deformation. 
 
 It follows from the analysis of the energy-absorbing areas of the shock absorber that 
when it comes to designing and building shock-absorbing parts, one must make sure that areas 
that are expected to contribute to energy absorption must be covered by rigid structures, such as 
the cask body and stiff internal steel construction of the shock absorber in the direction of 
deformation.  Areas that are not covered will deviate without any noteworthy energy absorption. 
 
 Pressure flow curves for the compression of wood in case of large deformations were 
determined by means of the "shock-on-wood" testing program.  The influence of the lateral 
expansion inhibition and the stress velocity upon various points on the pressure flow curves was 
investigated.  In the process, higher stress velocities in general resulted in higher pressure forces 
and absorbed energies, although not all these interrelationships were significant in the context of 
this study.  In the case of axially stressed wood, lateral expansion inhibitions result in higher 
pressure forces and absorbed energies. 
 
 The strip projection optical method was used for the first time in measuring the shock-
absorbing parts. The method facilitates the recording of a precise reshaping contour before and 
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after the test and is thus very well suited for damage and reshaping documentation on the shock-
absorbing parts. The method should be used for the documentation of results of drop tests.  At 
this point, we want to develop a possibility for coupling finite element methods. 



5 Modeling Using Simplified Numerical Methods 
 
 Initial attempts to calculate reshaping and delays of transport casks holding radioactive 
substances with shock-absorbing parts were documented by WILKINS [WG73].  A series of 
studies has since then addressed the calculation of the behavior of shock-absorbing parts of 
transport casks holding radioactive substances by way of drop tests. The goal of these studies 
mostly was the derivation of a maximum impact delay or the attendant maximum shock force as 
an initial magnitude for a quasistatic stress analysis on the components of the tightly sealed 
enclosure. Section 2.2.6 briefly presents the quasistatic analysis.  The possibilities of using 
quasistatic analyses will not be discussed in the context of this study.  Other potential 
possibilities of practical use are parameter studies dealing with minor variations in the 
geometries or the material properties as well as estimations of the occurring rigid body delay in 
the course of designing and evaluating shock-absorbing parts for transport casks holding 
radioactive substances. In this chapter, we want to explain the fundamentals in greater detail for 
the calculation of the shock forces and deformations of shock-absorbing parts with the help of 
simplified numerical methods, and we then want to present a new method. 
 
5.1 Overview of Methods Used So Far 
 
 Spring-mass models constitute the basis for most of the programs to calculate the 
behavior of shock-absorbing parts of transport casks holding radioactive substances in the course 
of drop tests. The basic problem springs from the fact that there has been little public discussion 
on these computation methods.  Companies that make transport casks for radioactive substances 
frequently develop or commission the development of analytical methods.  In most cases, 
publications contain only very little information on specific marginal conditions involved in the 
methods and do not permit any reproduction of the computation results nor any comparison of 
the various methods among each other. 
 
 Codes with the names CRUSH and CASH were developed in Japan on the basis of 
spring-mass systems by ASADA et al. [A+88] and IKUSHIMA & HODE [IH89]. Compared to 
the experimental drop test, deviations were found in connection with determined delays of up to 
120%.  NOLAN, EGGERS & SHIH [NES89] describe a model that computes the time curves of 
acceleration and deformations, giving special consideration to various impact angles. The 
deviations from deformations and decelerations amount to as much as 15% in making a 
comparison of the computation with the experiment (TN Gemini Model) in the case of horizontal 
and vertical drops; on the other hand, in case of inclinations of 30º and 60º, there will be 
deviations of up to 100%. SHIRAI, ITO & FUNAHASHI [SIF92] describe an analytical 
computer model with up to 20 Kelvin elements1. Of course, in this study, we investigated, above 
all, the interaction among various cask components as well as the content. AMMERMAN 
[Amm92] uses the empirical function shown in equation 5.1 for the force-reshaping 
characteristic of the shock absorber. [Translator's note: Author makes a distinction between 
deformation and verformung = deformation, reshaping]. This study focuses on the impact upon 
real foundations and the modeling of the shock absorber is not discussed in any greater 
detail. 
 
                                                 
1  Parallel circuit consisting of spring and attenuation element. 
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  ____________________ 
  D, E, G, H Constants 
  Fi   Spring force 
  xi   Spring travel 
 
 IKUSHIMA et al. [IIOA92] present a code by means of which one can calculate rigid 
body delays and deformations and compare them to the experiment. The deviations of delays and 
shock-absorber deformations amount to as much as 66% without going into any greater detail as 
to the possible causes of these deviations.  DIERSCH et al. [D+94] present a method on the basis 
of a spring-mass system that determines only maximum reshapings and delays and no time 
curves. DUVALL [Duv02] proposes a program for the determination of time curves of delays 
and reshapings.  Of course, the program is presented only in a rudimentary fashion and the 
determined results are not related to any drop tests. 
 
 Many of these approaches entail the disadvantage to the effect that they cannot be used to 
calculate any time curves of shock-absorber reshaping or cask acceleration. Nevertheless, if time 
curves are computed, then the shock-absorber geometry and the extension ratios in the shock 
absorber are modeled only inadequately.  In the context of this work, we developed a tool by 
means of which one can calculate the time curves of the shock-absorber reshaping and cask 
acceleration with precise consideration given to the geometric conditions (see NEUMANN et al. 
[NWB07]). For instance, a precise comparison is made possible, among other things, using the 
methods shown in this study. 
 
5.2 Fundamentals of Computation 
 

 
Figure 5.1: Single-Mass Oscillator 

 
 In using the computation method based on spring-mass models, the shock absorber is 
considered as a nonlinear spring system that is stressed by a mass (Figure 5.1). The differential 
equation of the free, unattenuated oscillation system is the basis of the computation: 
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 (5.2) 
   ____________________ 
   m  Mass 
   x  Path variable 
   F(x)  Nonlinear spring force 
 
 Here we consider only the oscillations up to the first maximum because, in this case, the 
maximum reshapings and forces of concern and the spring force is known only in the 
compression phase. No external forces are at work here; therefore, the particular situation of the 
differential equation is zero and the solution is described only by the homogeneous solution.  

Here are the initial conditions for the recomputation of the differential equation: t = 0; x = 0;  
= v0.  No spring characteristics are generally known for the shock-absorbing parts; therefore, 
they must be replaced by suitable descriptions.  The term F(x) describes the spring force, which, 
converted into the interrelationship of an object that is to be compressed, can be substituted by 
A(x)·σ(x,y). Here, A(x) describes the current contact surface with the foundation

.
x

2 and σ(x,y) 
describes the normal stress working on the surface as a function of the spring travel and the 
position in the shock absorber (see Figure 5.2). The reshaping x is used as independent variable 
of the differential equation. The following differential equation results from that: 
 

(5.3) 
 

____________________ 
   x  Reshaping of shock absorber 
   y  Lateral position in shock absorber 
   A(x)  Section plane function 
   σ(x,y) Stress as a function of x and y 
 
5.3 Development of a Separate Computation Program 
 
 In the following, we will present a new method that facilitates the computation of time 
curves of the rigid cask body delay, the shock-absorber deformation and the shock-absorber 
reaction forces of transport casks holding radioactive substances [NW07].  The basis for the 
"ImpactCalc" program is the solution of differential equation 5.3 whose individual terms will 
                                                 
2  Red-marked intersection surface in Figure 5.4. 
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be explained in greater detail below.  The term m  describes the mass force of the system. The 
basic assumption here is the compression of the shock absorber, starting from the foundation in 
the positive x direction.  In case of a horizontal drop (see Figure 2.7, right), a larger force is 
engaged in the course of higher reshaping.  The surface is usually constant for a vertical drop. 

..
x

 
 Equation 5.3 indicates the mass and spring stiffness of the system.  The shipping item 
mass is used as mass; but for the reaction force, there is proposed an integration of the stress 
σ(x,y) prevailing for the current reshaping x in relation to the current theoretical boundary surface 
(see Figure 5.4) between the foundation and the shock absorber A(x): 

 (5.4) 
 
  ____________________ 
  A(x)  Surface limitation function 
 

 
Figure 5.2: Schematic Illustration of a Partial Cross-Section Using the Example of an 

Octagonal Shock Absorber 
 
 The surface integral can be replaced by the following equation, assuming we perform an 
exact mean-value formation: 
 

 (5.5) 
 
____________________ 

_
σ  Stress function - Exact mean stress in shock-absorber section plane 
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 The determination of this stress function as well as of the shock-absorber section plane 
will be described in the next section. 
 
5.3.1 Material Modeling 
 

 To determine the stress function  used in equation 5.3, we must perform compression 
tests with wood samples. Compression tests using wood samples performed in this study are 
described in Subchapter 4.3. By means of compression tests with wood samples, one can 
determine wood-stress-expansion characteristics as basis for the computation of shock-absorber-
stress-expansion characteristics. These characteristics are recorded as discrete force-shifting 
curves.  After conversion into stress-expansion points, the point sequences can be interpolated to 
come up with constant functions.  Here we use the wood characteristic at 300 mm/sec stress 
velocity and mean lateral expansion inhibition as determined in Subchapter 4.3. The lateral 
support roughly corresponds to the support in shock-absorbing parts in the main energy 
absorption zone. The expansion rate roughly corresponds to the expansion rate in the shock 
absorber.  In the following, we will describe how such a specifically design-related stress 

function  can be derived from wood characteristics. 

_
σ

_
σ

 
 Using the example of an octagonal shock absorber, Figure 5.2 shows the abstracted cross-
section. Depending upon the position in the shock absorber, the wood is compressed in 
differently intensive ways. To take into account this differently intensive compression, the 
compression σ(x,y) is determined by referring the current deformation v(x,y) to the shortest 
distance h(y) between foundation and cask at point y: 
 

 (5.6) 
 
  ____________________ 
  δ(x,y) Compression in shock absorber as function of x and y 
  v(x,y) Current shock-absorber reshaping at position x, y 
  h(y)  Maximum possible shock-absorber reshaping at y 
  x  Current reshaping in shock absorber along symmetry plane 
  y  Lateral position in shock absorber 
 
 The stress for current reshaping x can be determined everywhere in the shock absorber 
with the help of the expansion δ(x,y) as a function of the current reshaping in the symmetry plane 
x and lateral position in the shock absorber y (see Figure 5.2) and the wood characteristic σ(x): 
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 (5.7) 
 
 To eliminate the dependence of the lateral position in the shock-absorber y in equation 
5.6, we propose here a mean-value formation of the function σ(δ(x,y) via y.  The stress function 

of the shock absorber (x) now depends only on the deformation x in the symmetry plane of the 
shock absorber (see Figure 5.2): 

_
σ

 

 (5.8) 
 
  ____________________ 

    Average stress in section plane belonging to deformation x 
_
σ

  k  Number of shock-absorber segments (see Figure 5.2) 
  I  Segment number 
 

 The dependence of the integration boundaries on x leads to the stress function (x) that 
describes the average stress level in the section plane belonging to x as a function of x. Various 
segments in the shock absorber can be considered by the summation of the integration area. For 
example, at least two segments are required for the case described in Figure 5.2: Segment 1 from 
y = 0 to y = bSD/2 and Segment 2 for y > bSD/2.  For the example of an octagonal shock absorber 

during a horizontal drop (see Figures 5.2 and 5.4) when (x), it now follows: 

_
σ

_
σ

 

 (5.9) 
 
 ____________________ 
 BSD,1  Width of long edge of shock absorber (Figure 5.2) 
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 Β  Angle of oblique edges of shock absorber (Figure 5.2) 

 1  Compression in Segment 1 
_
ε

 2  Compression in Segment 2 
_
ε

 
when 
 

 (5.10) 
 
  ____________________ 
  rcask  Outside diameter of cask/of shock absorber base 
  x0  x at maximum possible reshaping (100% deformation) 
 
and 
 

 (5.11) 
 
and 
 

 (5.12) 
 
 x is substituted with ε with the help of x0 in order to get the stress function as a function 
of the expansion and not the deformation: 
 

 (5.13) 
 
  ____________________ 
  ε  Expansion in symmetry plane of shock absorber 
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 Figure 5.3 shows a comparison between the stress function of the shock absorber and the 
underlying wood characteristic (determined in Subchapter 4.3) using the example of octagonal 
shock absorbers in horizontal drop.  At higher expansions, one can recognize that the stress 
function of the shock absorber has a lower stress level than the wood characteristic due to larger, 
still slightly compressed areas. The stress function, determined in this fashion, exactly takes into 
account the differing compression of various areas in the shock absorber as a function of the 

reshaping in the symmetry plane x.  The multiplication of the stress function  for each x or ε 
with the current surface A(x) provides precisely the same force as an integration of the really 
prevailing stress σ(x,y) via the surface A. 

_
σ

 

 
Figure 5.3: Comparison of Stress Function of Shock Absorber with the Underlying Wood 

Characteristic for the Horizontal-Drop Drop Position Using the Example 
of the CONSTOR® V/TC Shock Absorber  

 
[Key: 1) Stress function; 2) Wood characteristic; 3) Stress; 4) Expansion]. 
 

 
Figure 5.4: Section Plane Content Using the Example of an Octagonal Shock Absorber for 

the Horizontal-Drop Drop Position 
 
5.3.2 Geometry Modeling 
 
 Along with the stress-expansion interrelationship, we must determine the 
interrelationship between the current section plane (see Figure 5.4) and the deformation x.  We 
remember:  The spring force term F(x) from equation 5.2 is replaced with the product of the 
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stress function  and the section plane function A(x). The average stress in the current shock-

absorber section plane , multiplied by the current section plane, will give us the momentarily 
prevailing pressure force in the shock absorber. 

_
σ

_
σ

 

 
Figure 5.5: Schematic Illustration of a Partial Cross-Section for the Section Plane Calculation 

Using the Example of the Round Shock Absorber for the Horizontal Drop 
 
[Key: 1) Cask body; 2) Shock absorber; 3) Foundation]. 
 
 Basically, there are several possibilities for determining the section plane function. In 
simple geometries, working with a round shock absorber, one can determine the plane content, 
and one can describe all variables of the plane content function as a function of x (see Figure 5.5 
for the horizontal-drop drop position)3: 

 (5.14) 
 
  ____________________ 
  A(x)  Section plane function (see Figure 5.4) 
  ymax(x) Shock-absorber boundary function (see Figure 5.5) 
  fSD  Depth of shock absorber (see Figure 5.5) 
 
with the shock-absorber plane boundary function ymax(x): 
 

                                                 
3  The prerequisite here is a constant depth fSD of the shock absorber. 
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 (5.15) 
 
 
  ____________________ 
  rSD  Radius of shock absorber 
 
 The plane function for a round shock absorber for the horizontal-drop drop position will 
then look like this: 
 

 (5.16) 
 
 If the volume is known in case of complex geometries for the intersected geometry (for 
example, obliquely cut cylinder hoof [sic; zylinderhuf, cylinder stroke] in case of an edge drop of 
a cask with round shock absorbers - see Figure 5.6), then by substituting all of the variables of 
the volume function with x and formation of the differential quotient for x, one can determine the 
plane content of the section plane: 
 

 (5.17) 
 
  ____________________ 
  V  Volume function 
 
 For the case of the cylinder hoof [sic] according to BRONSTEIN & SEMENDJAJEW 
[BS04], the volume under the marginal condition that b < R and φ  < π would be as follows4: 
 

 (5.18) 
 

                                                 
4  Variables according to Figure 5.6. 
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Figure 5.6: Cut Cylinder Hoof [sic} According to [BS04] 
 
 The section plane function resulting from equation 5.17 and equation 5.18 is not visible 
here due to its length. 
 
5.3.3 Drop Positions Considered 
 
Vertical Drop 
 
 For the vertical drop, we use only areas of the shock absorber under the cask body for the 
plane function.  This assumption is justified in Section 4.2.2.  The prerequisite is a cylindrical 
cask body with level alignment of the front surface.  Two special cases exists here because this 
surface in the course of reshaping remains constant and because the expansion δ(x,y) is equal for 
all places in the shock absorber (see equation 5.7): 
 

 (5.19) 
 
 ____________________ 

 (x)  Stress function 
_
σ

 

 (5.20) 
 
  ____________________ 
  A(x)  Section plane function 
 
 For casks with an internal step in the outer contour (see Figure 5.6, left), the section plane 
function reads as follows, provided the internal area is not involved: 
 

 (5.21) 
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____________________ 
 rI  Radius of internal step 
 
Horizontal Drop 
 
 The derivation of the stress function and the section plane function for octagonal and 
round shock absorbers was explained partly in earlier sections. The stress and section plane 
functions for an octagonal shock absorber look like this: 
 

 (5.22) 
 

when 1, 2 and ymax according to equations 5.10 to 5.12 and 
_
ε

_
ε

 

 (5.23) 
 
  ____________________ 
  n  Number of engaged shock absorbers 
 
 The stress and section plane functions for a round shock absorber look like this: 
 

 (5.24) 
 
 ____________________ 
 rSD  Radius of shock absorbers 
 rcask  Outer diameter of cask/shock-absorber base 
 
and 
 

 (5.25) 
 
5.3.4 Solution Algorithm and Results 
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 Equation 5.3 can be solved with the stress and section plane functions determined on the 
preceding pages. The computation is performed in this study using the commercial computer 
algebra system MATHCAD, Version 13 [MCD06]. The solution algorithm is based on a Runge-
Kutta method (see BUTCHER [But87]).  As standard, 500 support points were used.  Variation 
computations showed that a higher support point number did not improve the quality of the 
result. 
 
 Only the phase of shock-absorber compression is computed.  Reliable setups are missing 
at this point for the phase of the relief following compression (also decompression or elastic 
resiliency).  The relief phase is of little significance when it comes to the stress on the test 
specimen. This is why we refrain from a more precise modeling of this phase. 
 
 In the context of this study, the interrelationships were derived for vertical and horizontal 
drops for the usual cask and shock-absorber models (cylindrical cask, round and octagonal shock 
absorbers) and transferred to the "ImpactCalc." 
 
Result Uncertainty 
 
 Along with geometry modeling, the stress function underlying this method exerts great 
influence on the computation result. The stress function of course was derived from experimental 
results with wood samples where the lateral expansion inhibition for the wood was adjusted in a 
specifically determined fashion as in the case of the shock-absorbing parts examined here. The 
energy absorption of the sheet metal construction of the shock absorber and its interrelationship 
with the wood is not considered here separately from the wood.  Changes in the design can 
necessitate other stress functions.  Analysis of the behavior of the shock-absorbing parts to be 
considered here in light of the drop tests thus is a prerequisite for the definition of a 
corresponding stress function. 
 
5.4 Verification of the Analytical Setups 
 
 Verification is done on the basis of the experiments described in Chapter 4 with models 
of fuel-element transport casks/transport casks for radioactive waste. A description of the general 
marginal conditions is followed by considerations regarding verification for the individual drop 
positions. 
 
5.4.1 General Aspects 
 
Prerequisites 
 
 The prerequisite for the use of the program is represented by the fact that deformations on 
other parts of the shipping item rather than the shock-absorbing parts are negligible.  That is the 
case when the resiliency of the shock-absorbing parts can be considered as being very high in 
comparison to the other parts of the shipping item.  In this case, the cask bodies as well as the lid 
system can be considered as a rigid body.  Multimass effects between content, lid system, shock-
absorbing parts and other cask components must be ruled out, as was pointed out by 
BALLHEIMER, QUERCETTI & ZEISLER [BQZ02]. 
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Comparison Criterion 
 
 The basis of verification is to be a comparison of the computed and experimentally 
determined force-time curves as well as the deformation of the shock-absorbing parts.  One uses 
the deceleration, which can be converted into a force-time function via 
 

 (5.26) 
 
  ____________________ 
  F(t)  Force function 
  m  Mass 
  a(t)  Acceleration function 
 
because the force cannot be measured directly in the experiment.  The prerequisite for this 
procedure is represented by the fact that the abovementioned conditions are maintained and that 
the cask can be conceived as a rigid body, excluding the shock absorber.  The mass of the shock-
absorbing parts must be small in comparison to the total shipping item because, in the course of 
the deformation of the shock-absorbing parts, the mass m in equation 5.26 is reduced by the mass 
of the already braked [sic] shock-absorber parts. 
 
 Another verification criterion is comparison between the computed and the 
experimentally determined shock-absorber deformation.  Here it must be kept in mind that the 
measured shock-absorber deformations in general are smaller than those that occurred maximally 
in the drop test because the elastic resiliency was not considered. The computation determines 
the maximum deformation of the shock-absorbing parts.  Controlling the reshaping is important 
in order to identify the penetration of the shock absorber (excessive compression, see Section 
3.2.3) exactly as in the case of an impact of additional parts of the cask (for example, carrying 
pegs) and preventing it by means of corresponding design changes. 
 
Filtration 
 
 Deceleration-time curves are measured with the help of locally applied acceleration 
sensors. To facilitate a comparison between experiment and computation, the effects of the local 
deformation effects that do not occur on shock-absorbing parts must be eliminated.  These 
effects, for example, include the bending as well as ovalization oscillations of the cask body.  
These local processes and phenomena are not decisive for the basic shock-absorber behavior as 
long as the abovementioned marginal conditions (rigid body, no multimass effect) remain 
fulfilled.  When these signals have small period durations in comparison to the shock duration, 
then by using a deep pass filter, one can turn off higher-frequency signals.  The use of a low-pass 
filter is recommended in the Advisory Material of the IAEA § 701.9 [TSG08a]: "When 
acceleration sensors are used to evaluate the impact behavior of the package, the cut-off 
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frequency should be considered."  Highly sensitive acceleration sensors measure a vast 
oscillation spectrum including high-frequency parts at the point at which the sensor is attached.  
That includes the shockwaves that run through the application site as well as all of the 
oscillations associated with the acoustic area.  From the simple relationships for the single-mass 
oscillator: 
 

 (5.27) 
 
  ____________________ 
  x  Oscillation path 

    Amplitude 
^
a

  ω  Circuit frequency 
  t  Time 
 

 (5.28) 
 
one can compute the relationship of the path amplitudes of two differently frequent 
oscillation parts: 
 

 (5.29) 
 

Equation 5.29 shows that an acceleration peak 2, whose underlying frequency ω2 amounts to 
ten times the frequency ω1, is to be equated only with a stress of the model amounting to one-
one-hundredth of the stress a1.  This means that the more high frequency a signal is, the less will 
be the underlying model stress, assuming the same amplitude.  This is why the Advisory 
Material of IAEA § 701.9 [TSG08a] proposes the use of a filter frequency for shipping items 
with a mass of up to 100 mg: 

..
x

 

 (5.30) 
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  ____________________ 
  f  Filter frequency [Hz] 
  m  Shipping item mass [mg] 
 
5.4.2 Horizontal Drop 
 
CONSTOR® V/TC 
 
 Figures 5.7 to 5.9 show the path, deceleration and force-time curves calculated with 
"ImpactCalc" for the horizontal drop of the CONSTOR® V/TC from a height of 9 m. After a 
strong rise that can be traced back to a broad shock-absorber surface that is immediately 
engaged, there follows a constant energy conversion with a slightly changing deceleration level. 
A summary of the computation results, including the shock-absorber deformation, will be found 
in Table 5.1. 
 
Table 5.1: Results of the "ImpactCalc" Computation, 9-m Horizontal Drop, CONSTOR® 

V/TC 
 
 
CONSTOR® V/TC 

"ImpactCalc" 
Lid 

"ImpactCalc" 
Bottom

Shock time compression phase 
Maximum reshaping 
Maximum reshaping degree 
Maximum deceleration 
Maximum reaction force 

29.2 msec 
209 mm 
51.6% 
519 m/s2 (53 g) 
94 MN 

29.4 msec 
207 mm 
51.1% 
519 m/s2 (53 g) 
94 MN 

 
 
 Figure 4.11 shows the deceleration-time curves from acceleration sensors in the lid and 
the bottom areas of the cask body during the 9-m horizontal drop of the CONSTOR® V/TC.  A 
comparison of the experimentally determined deceleration curve on the lid with the computed 
curve (Figure 5.10) shows relatively good agreement regarding the computed and experimentally 
determined shock time and the average force level in the shock-absorber compression phase. The 
peak in the deceleration-time curve, which can be seen in Figure 5.10 at 3 msec is not 
reproduced by the computation. The wood characteristics underlying this program do not show 
this peak, and it cannot be derived either from the geometrical marginal conditions; the program 
therefore cannot determine this peak either. 
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Figure 5.7: Deformation-Time Curve for 9-m Horizontal Drop of the CONSTOR® V/TC 

Computed by "ImpactCalc" 
 
[Key: 1) Deceleration; 2) Relevant value; 3) Time; 4) Height]. 
 
Deceleration-Time Curve 
 

 
 
Figure 5.8: Deceleration-Time Curve for 9-m Horizontal Drop of the CONSTOR® V/TC 

Computed by "ImpactCalc" 
 
[Key: 1) Deceleration; 2) Relevant value; 3) Time]. 
 
Shock Force Curve 
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Figure 5.9: Force-Time Curve for 9-m Horizontal Drop of the CONSTOR® V/TC Computed 

with "ImpactCalc" 
 
[Key: 1) Shock force; 2) Relevant value; 3) Time]. 
 

CONSTOR® V/TC, 9-m Horizontal Drop 
 

 
Figure 5.10: Comparison of the Experimentally Determined (Low-Pass Filter with 150 Hz) 

with the Deceleration-Time Curve for the 9-m Horizontal Drop of the 
CONSTOR® V/TC on the Lid Computed with "ImpactCalc" 

 
[Key: 1) Rate deceleration; 2) Experiment measurement point; 3) "ImpactCalc" computation; 4) 
Time]. 
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Table 5.2: Comparison of the Deformations Determined in the Drop Test with the Results of 
the "ImpactCalc" Computation of the 9-m Horizontal Drop of the 
CONSTOR® V/TC. The values in parentheses are based on an estimated 
elastic resiliency of 30 mm. 

 
CONSTOR® V/TC Test "ImpactCalc" 
Maximum reshaping, lid 
Maximum reshaping bottom 
Maximum reshaping degree, lid 
Maximum reshaping degree, bottom 

150 mm (180 mm) 
171 mm (201 mm) 
37.0% (44.4%) 
42.2% (49.6%) 

209 mm 
207 mm 
51.6% 
51.1% 

 
 An analysis of the CONSTOR® V/TC experimental cask showed that the phenomenon of 
the high acceleration peak is explained by the special structure of the test casks. The great 
deadweights of the individual cask components that are not rigidly connected with each other, 
such as the outside and inside liners, the Constorit filling, Overpack and shock absorber result in 
a complex multimass dynamic during the impact process. This is why only a comparison of the 
shock-absorber deformations and the shock time during the shock-absorber compression phase is 
done on the CONSTOR® V/TC.  A comparison of the computed and experimentally determined 
deformations shows that "ImpactCalc" overestimates the deformations conservatively by about 
27% on the lid or 17% on the bottom. 
 
 The deformations shown in Table 5.2 are corrected by the elastic resiliency (see Section 
4.2.1).  When we consider an elastic resiliency of about 30 mm or 7.5% (according to Section 
4.1), then we get deviations amounting to about 13% for the lid and about 3% for the bottom. 
 
Shock-Absorber Testing 
 
 Table 5.3 presents a summary of the computation results, including the shock-absorber 
deformation. 
 
Table 5.3: Results of the "ImpactCalc" Computation, 9-m Horizontal Drop, Shock-Absorber 

Test 
 
 
Shock-Absorber Test "ImpactCalc" 
Shock time, compression phase 
Maximum reshaping 
Maximum reshaping degree 
Maximum deceleration 
Maximum reaction force 

10.1 msec 
67.2 mm 
37.2% 
1660 m/s2 
11.47 MN 

 
Shock absorber test, 9-m horizontal drop 
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Figure 5.11: Comparison of the Experimentally Determined (Low-Pass Filter with 350 

Hz) [Curve] with the Deceleration-Time Curve Computed with 
"ImpactCalc" for the 9-m Horizontal Drop, Shock Absorber Test 

 
[Key: 1) Deceleration; 2) Experiment measurement point; 3) Computation "ImpactCalc"; 4) 
Time]. 
 
 A comparison of the experimentally determined deceleration-time curve on the lid with 
the computed curve shows relatively good agreement regarding the computed and 
experimentally determined shock time and the basic curves in the shock-absorber compression 
phase (Figure 5.11). The difference between computation and experiment at the start of the shock 
process (steeper rise) can be explained by the gap closing effects and by the slight axial turning 
upon impact (see Figure 4.12). 
 
Table 5.4: Comparison of the Decelerations and Deformations Determined in the Drop Test 
with the Results of the "ImpactCalc" Computation of the 9-m Horizontal Drop for Shock-
Absorber Testing 
 
Shock-Absorber Testing Test "ImpactCalc" Deviation 
Maximum deceleration 
Lid 
Bottom 

1622 m/s2 
1634 m/s2 

1660 m/s2 
1660 m/s2 

2.3% 
1.6% 

Maximum reshaping 
Lid 
Bottom 

59.2 mm 
65.0 mm 

67.2 mm 
67.2 mm 

13.5% 
3.4% 

Maximum reshaping including elastic resiliency (5%) 
Lid 
Bottom 

62.2 mm 
68.3 mm 

67.2 mm 
67.2 mm 

8.0% 
-1.6% 

Reshaping degree 
Lid 
Bottom 
Shock time 

34.5% 
37.9% 
10-12 msec 

37.4% 
37.4% 
10.2 msec 
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 A comparison of computed and experimentally determined deformations shows that 
"ImpactCalc" overestimated deformations conservatively by about 4% for the lid or 1% for the 
bottom.  The deformations, shown in Table 5.4, are corrected by the elastic resiliency (see 
Section 4.2.1). If an elastic resiliency of about 5% is considered (according to Section 4.2.1), 
then we get deviations of about 8% for the lid and about 2% for the bottom. 
 
5.4.3 Vertical Drop 
 
 Table 5.5 shows a compilation of the computation results including the shock-absorber 
deformation. 
 
Table 5.5: Results of the "ImpactCalc" Computation, 9-m Vertical Drop, MSF69BG® on the 

Lid 
 
MSF69BG® "ImpactCalc" 

Lid 
Shock time compression phase 
Maximum reshaping 
Maximum reshaping degree 
Maximum deceleration 
Maximum reaction force 

43.1 msec 
317 mm 
52.2% 
371 m/s2 
47.12 MN 

 
 A comparison of the experimentally determined deceleration- time curve and the 
computed curve displays relatively good agreement regarding the computed and experimentally 
determined shock time and the basic curves in the shock-absorber compression phase (Figure 
5.12). The decline of cask body deceleration between 20 and 25 msec is not illustrated here.  An 
analysis of other acceleration sensors showed that the content substitute masses at that point in 
time hit the primary lid and thus results in a brief decline of the deceleration.  At the start of the 
shock process, the developing rigid body deceleration is conservatively overestimated. 
 

MHI MSF69BG, 9.3-m Vertical Drop 
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Figure 5.12: Comparison of Experimentally Determined (Low-Pass Filter with 150 Hz) 

[Curve] with the Computed Deceleration-Time Curve for the 9-m Vertical 
Drop, MSF69BG®, on the Lid 

 
[Key: 1) Deceleration; 2) Time]. 
 
Table 5.6: Comparison of the Decelerations and Deformations Determined During the Drop 

Test with the Results of the "ImpactCalc" Computation, 9-m Vertical 
Drop, MSF69BG®, on the Lid 

 
MSF69BG® Test "ImpactCalc" Deviation 
Deceleration 
Reshaping 

383 m/s2 
261 mm 

371 m/s2 
317 mm 

-3.1% 
21.5% 

Maximum reshaping including the elastic resiliency (5%) 
Reshaping 
Shock time 

276 mm 
48-55 msec 

317 mm 
43.1 msec 

14.8% 

  
 A comparison of computed and experimentally determined deformations shows that 
"ImpactCalc" overestimated deformations conservatively by about 22%. 
 
 The deformations, shown in Table 5.6, are corrected by the elastic resiliency (see Section 
4.2.1). If one considers an elastic resiliency of about 6% (according to Subchapter 4.1), then we 
get deviations between the computed and measured deformation amounting to about 15%. 
 
5.5 Conclusions and Summary 
 
 In this chapter, we showed that the simplified numerical method "ImpactCalc" presented 
in this study is suitable for determining estimations for global kinetic parameters, such as cask 
rigid-body decelerations or shock-absorber deformations.   With minor deviations, this method 
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can determine the curves of rigid-body decelerations and shock-absorber deformations for 
transport casks holding radioactive substances with wood-filled shock-absorbing parts. 
 
 Of course, the limitations of this method were also pointed up quite clearly. Using the 
example of CONSTOR® V/TC and MHI MSF69BG®, it was shown that it is a fundamental 
marginal condition of this method that the entire cask system, excluding the shock-absorbing 
parts, can be construed approximately as a uniform, continuous rigid body.  This simplification 
can be made only if the resiliency of the container compared to the resiliency of the shock-
absorbing parts is negligible and if no significant relative motion is possible between individual 
parts of the cask.  From the result of the CONSTOR® V/TC computation, it must be concluded 
that the interaction between shock absorber and cask body must be subjected to further scrutiny, 
particularly for casks such as the CONSTOR® V/TC with large,  heavy shock-absorbing parts 
(weight accounting for about 22% of the packaging) and mobile parts, such as the Overpack 
(mass accounting for about 16%). 
 
 Simplified numerical methods require precise verification.  The estimating character of 
the method includes predictability of failure on the basis of the simplified assumptions in 
conjunction with the lateral expansion inhibitions in the shock-absorbing part that cannot be 
fixed a priori. The wood characteristics, determined in Subchapter 4.3, turned out to be parts 
characteristics that are suitable in the context of this method for the practical application cases 
considered here. 
 
 On the basis of the computation results for the CONSTOR® V/TC, it must be concluded 
that the widespread basic principle of evaluation of the maximum rigid body deceleration for 
model stress can no longer be meaningfully applied for casks such as the CONSTOR® V/TC. In 
the context of cask evaluation, we must therefore investigate, for example, by means of a 
dynamic comparison computation, whether the setup of a rigid body deceleration covers the cask 
stress. 
 
 In model testing, the method, assuming verification, can be specifically employed, for 
example, for parameter studies or as estimations of the rigid-body deceleration and shock-
absorber deformation in the course of test planning. If certainties occurring in connection with a 
safety data determination are large enough to compensate for the uncertainties connected with 
the use of simplified numerical methods (property change of the shock absorber by change in 
friction, of the sheet metal behavior, etc.), then this method can also be used for safety data 
recording.  The required safety factors should be determined on the basis of the possible property 
changes of the component of the shock-absorbing part.  Assuming a verification with the results 
of drop tests of a similar model, we propose here the use of a sufficiently conservative safety 
factor of two for the results for computations with "ImpactCalc" in order to provide further 
evidence. 
 
 For risk analysis, one can estimate many different accident situations, for example, 
impact against real foundations, in a simple and reasonably priced manner and can be compared 
with the impact upon the nonresilient test stand foundation. The prerequisite is a verification by a 
comparison with the drop test results on the model to be considered.



6 Modeling with FEM 
 
 At the beginning of this chapter, we presented a brief overview of the fundamentals of 
FEM and of material theory, which is important in this connection. FEM is a numerical 
simulation method that is widely used in science and technology in order to determine 
approximation solutions for physical problems.  The method is employed in model testing of 
transport casks holding radioactive substances in combination with drop tests for stress 
determination. 
 
 After an introduction into the continuum-mechanics fundamentals that are important for 
this study, this chapter presents various modeling forms for the simulation of wood exposed to 
pressure stress in conjunction with large deformations.  Their applicability is tested with the help 
of various material formulations in the commercial FE program LS-DYNA [Hal97] [LSD08]. In 
a first step, the shock tests, described in Subchapter 4.3, are recomputed in order to evaluate the 
applicability of the modeling forms using simple geometries.  The conclusions obtained in this 
way can be applied to the particular practical case and can be conclusively evaluated with the 
help of results deriving from drop tests with transport casks holding radioactive substances. 
 
 As unit system, we basically employ g, mm, ms, N, MPa. 
 
6.1 Introduction and Fundamentals 
 
 In this subchapter, we will first of all take up the fundamentals of continuum mechanics 
that will be important in this connection.  Based on a series of balance setups, we will describe 
the marginal conditions in which the FEM is embedded as well as the fundamental equations of 
the FEM because these underlying interrelationships cannot be found in such a summarized 
fashion in other studies. 
 
6.1.1 Continuum Mechanics Fundamentals 
 
 The fundamentals of continuum mechanics will be presented in a brief form and only to 
the extent that they are important for an understanding of the following parts of the study.  We 
will dispense with a description of the kinematic fundamentals, referring to the corresponding 
bibliography (for example, BETTEN [Bet93]).  The basis is to be the Euclidean space R3. A 
delimited quantity of particles1 is to be labeled as a body or continuum Β, and in that body, each 
particle can be associated with a point in space and the body remains continuous in case of 
deformation. 
 
Stress and Distortion Tensor 
 
 The general stress state in a body is described by the stress tensor σ or, with another 
symbol, the components of the stress tensor σij.  The description of the form change state is 
presented for small deformations by the distortion tensor ε or the components of the distortion 
tensor εij.  The stress tensor σ can be broken down into a volume-changing (hydro- or isostatic) 
and a shape-changing (deviatory) par: 
                                                 
1  Material points 
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 (6.1) 
 
  ____________________ 
  σij  Components of the stress tensor 
  σ   Components of the ball tensor (hydrostatic part) 0

ij

  sij  Components of the stress deviator (deviatory part) 
 
 We proceed in a similar manner for the distortion tensor.  Using the KRONECKER 
symbol: 
 

 (6.2) 
 
[Key:  für = for]. 
 
and EINSTEIN's summation convention, it now follows that: 
 

 (6.3) 
 
  ____________________ 
  δij  KRONECKER symbol 
  σm  Average stress (average stress, isostatic stress) 
 

 (6.4) 
 
  ____________________ 
  εij  Components of distortion tensor 
  ε   Components of the distortion ball tensor (hydrostatic part) 0

ij

  eij  Components of the deviatory part of the distortion tensor 
  εm  Average expansion, volumetric expansion 
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 In the following, we will take a closer look at the stress tensor. In analogy, all operations 
can also be transferred to I distortion tensor because both tensors involve symmetrical tensors of 
the second stage (σij = σji or εij = εji). 
 
 A Cartesian axis system can always be defined for the stress tensor (main axis 
transformation) in that all secondary diagonal elements of the stress tensor are turned into zero 
(σij = 0 for I ≠ j). The following must therefore be fulfilled for equation 6.5: 
 

 (6.5) 
 
  ____________________ 
  σλ  Eigenvalue, principal stresses 
  aj  Components of the eigenvectors for the eigenvalue λ 
 
 For nontrivial solutions of equation 6.5, the determinant of the coefficient matrix must 
disappear: 
 

 (6.6) 
 
 In the Euclidean space R3, the solution of equation 6.6 supplies the following 
characteristic polynomial or characteristic equation: 
 

 (6.7) 
 
  ____________________ 
  I1, I2, I31st, 2nd and 3rd invariant of the stress tensor 
 
 The invariants of tensors depend on the stress state at the considered point but not on the 
chosen coordinate system.  For σij, they are as follows: 
 

 
[Key: spur = trace]. 
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 Similarly, eigenvalues and invariants can be given for the stress deviator: 
 

 
 
 ____________________ 
 J1, J2, J3 1st, 2nd and 3rd invariant of the stress deviator 
 
 We will not further touch here upon the invariants of the ball tensor because it is not 
relevant due to the identity between the first invariant of the stress tensor and the first invariant 
of the ball tensor for the following material models. 
 
 The stress state can be described objectively2 with the help of three independent 
invariants. Usually, the first invariant of the stress tensor I1 and the second and third invariants of 
the stress deviators J2, J3 are used for this purpose because, with the help of the first invariant of 
the stress tensor, one can fully describe the hydrostatic stress part, and with the help of the 
second and third invariants of the stress deviator, one can fully describe the deviatory stress part. 
 
6.1.2 Material Theory 
 
 Independently of each other, the basic laws of continuum mechanics describe the 
kinematic, kinetic and energetic magnitudes that must basically apply to every system. In 
addition, however, we need information on the material behavior. Material laws describe the 
specific peculiarities of the macroscopic behavior with phenomenological variables. The 
following axioms should apply for material theory: 
 
 Causality principle.  By way of independent variables, we only have the 
displacements ui and the temperature Θ. All other variables of a thermomechanical material can 
be derived from that. 
 
 Principle of determinism.  All dependent variables3 in a material point in space are 
definitely determined by the history of the independent variables ui, Θ in the entire body B. 
 
 Principle of local effect. The condition at a material point depends only on the values 
of the independent variables in its immediate vicinity4. 
                                                 
2  Independently of the observer. 
3  Stress and distortion measures, heat flows, etc. 
4  Also principle of near action. 
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 Objectivity.  The material laws are independent of the station of the observer and of any 
rigid body motion. 
 
 In the following, we will briefly touch on the areas of material theory that are most 
important in this connection.  For intensive coverage, we would recommend reading MARSDEN 
& HUGHES [MH82], NOLL [Nol74], PIPKIN & RIVLIN [PR59] [PR60] and TRUESDELL 
[Tru85] as well as the works of general continuum mechanics (BETTEN [Bet01], WILLNER 
[Wil03]). 
 
Elasticity 
 
 A material is called elastic when all dependent constitutive variables are definite 
functions of the independent constitutive variables of the current point in time, that is to say, if 
they do not depend on the stress history. This means that elastic processes are not dissipative.  
An elastic material returns to its initial state after complete relief.  In the case of linear elasticity, 
we start with a linear connection between stress and distortion. 
 
 In case of isothermal limitation, the specific free energy consists only of form-changing 
energy: 

(6.16) 
 
  ____________________ 
  Φ  Specific free energy 
  Cijkl  Material tensor 
 
 The generalized HOOK's law can be derived only by derivation of Φ for the distortions 
εij: 
 

 (6.17) 
 
 The material tensor Cijkl has 81 entries for general anisotropy.  Depending on the 
symmetry type (monoclinic, orthotropic, transversal-isotropic, isotropic, etc.), one can reduce the 
number of constants.  There are two elastic constants for the special case of isotropy. For a more 
in-depth understanding, we would recommend reading the pertinent literature (for example, 
BETTEN [Bet01]). 
 
Plasticity 
 
 With the help of 
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• flow condition, 
 
• flow rule, 
 
• consolidation law, 

 
one can constitutively describe plastic material behavior. In the multiaxial stress space, the flow 
condition defines a surface that separates the stress states into areas of elastic and elastic 
deformation.  The flow rule defines the direction of the plastic deformation and the consolidation 
law describes the evolution of the flow surface in the course of plastic deformation. 
 
 The characteristic feature of plastic material behavior is represented by the fact that 
lasting distortions occur after complete relief.  Assuming small deformations, the distortion is 
additively split into a part of elastic εe and a part of plastic εp distortion. The elastic distortions 
can be determined with HOOK's law, derived in the preceding subsection. There is no clear 
connection anymore between a stress and distortion tensor; therefore, we need incremental 
formulations that must then be integrated over the entire stress history. 
 
 Flow condition. The flow condition F can be subdivided into a pure stress part f(σij) (the 
flow criterion) and a material parameter k that is to be determined experimentally: 
 

(6.18) 
 In the n-dimensional stress space (here n = 6), the flow condition represents a closed 
surface.  Direct visualization is not possible due to its dimensionality. If we look at the stresses, 
of course, in the principal axis representation (see Section 6.1.1), then the flow conditions can be 
illustrated graphically in the three-dimensional principal axis space.  A classification can be 
made with the help of the type of dependence of the flow condition on the invariance. Flow 
surfaces are frequently illustrated with the section surface of the flow surface in the principle 
stress space with the octahedron plane5 (Figure 6.1).  These surfaces characterize the material 
behavior in case of purely shape-changing stress. 
 
 The flow condition according to VON MISES [vM28] starts with the assumption that in 
the case of crystalline materials, the flow depends only on the deviatory part of the stress state.  
This setup results from investigations on the start of flow of crystals. 
 

 (6.19) 
 
 In the principal stress space, this flow condition defines a circular cylinder located along 
the hydrostatic axis, unlimited downward and upward (Figure 6.1, left). 
 

                                                 
5  Also deviator plane. 
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Figure 6.1: Flow Conditions According to VON MISES [vM28] and DRUCKER & 

PRAGER [DP52] in the Principal Axial Space 
 
[Key: 1) Octahedron plane; 2) Flow side]. 
 
 The flow condition according to DRUCKER & PRAGER [DP52] is often used for 
materials subjected to friction, such as floors and concrete.  The flow condition looks like this: 
 

 (6.20) 
 
A dependence on the hydrostatic stress state is defined by means of the first invariant of the 
stress tensor (Figure 6.1, right). 
 
 According to BETTEN [Bet01], the flow condition must basically have a convex surface, 
something that can be derived from DRUCKER's stability postulate (see HOFSTETTER & 
MANG [HM95]).  As for a number of other isotropic flow conditions, such as those of MOHR 
COULOMB or TRESCA, as well as anisotropic flow conditions, such as those of HILL or 
according to TSAI & WU, we would like to refer to the pertinent literature (for example, 
BETTEN [Bet01]), or they are presented in the context of the discussion of the material laws that 
are implemented in LS-DYNA [Hal97] [LSD08]. 
 
 Flow rule. The direction of the plastic flow is defined with the help of the flow rule: 
 

 (6.21) 
 
 Here, dλ is the plastic multiplier that in the current iteration step determines the amount 
of plastic expansion and Q is the plastic potential that provides the direction of the plastic 
expansion.  An associated flow rule is obtained if the flow condition Q = F is used for the plastic 
potential.  Plastic flow in conjunction with associated flow rules thus always takes place in a 
direction perpendicular to the flow surface, whereas in nonassociated flow rules, plastic flows 
are also possible in directions other than the perpendicular direction. 
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 Consolidation law.  In the course of increasing plastic expansion, materials frequently 
display increasing flow strength, something that can be interpreted as a translation of or a change 
in the magnitude of the flow surface. Isotropic consolidation is a boundary case; here, the flow 
surface remains fixed in the principal stress area, where it becomes slowly larger.  In a second 
borderline case, in other words, kinematic consolidation, the position of the flow surface in the 
principal stress area is changed, but the magnitude remains constant. 
 
Consideration of Attenuation 
 
 In mechanics, attenuation effects are frequently considered as attenuation in proportion to 
the velocity. In FEM for reasons of numerical efficiency, one frequently uses RALEIGH's 
attenuation (see BATHE [Bat02]), which is split up into a mass-dependent and a stiffness-
dependent part: 
 

 (6.22) 
 
  ____________________ 
  C  Attenuation matrix 
  M  Mass matrix 
  K  Stiffness matrix 
  α, β  Constants given by two measures of attenuation 
 
6.2 Possibilities of Modeling Wood 
 
6.2.1 Problem Description 
 
 In many fields of practical application, wood constructions are considered only up to the 
point of failure (attainment of strengths, etc.).  That is not sufficient in the sense of this study 
because wood is very severely deformed as shock-absorbing material and continues to absorb 
energy in spite of large-volume failure in conjunction with large deformations. 
 
 The macrostructural behavior of wood must be inspected more closely in the post-rupture 
area so that one may identify possible setups for material laws by means of which one can 
adequately describe the behavior of wood in the case of large deformations in the post-rupture 
area in response to axial stress.  In Subchapter 4.4, we derive the fact that the energy absorption 
of the wood fiber mixture, which is formed in the course of compression, depends on the lateral 
expansion inhibition of the mixture.  Although the failure starts on the microscopic magnitude 
level, the effects and thus also the visible order of magnitude of the failure are definitely 
macroscopic and are no longer negligible in relation to the system dimensions (see also GROSSE 
[Gro05]). A phenomenon, which is so fashioned by microscopic and macroscopic effects, is 
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difficult to acquire in terms of continuum mechanics because continuum mechanics starts with a 
continuously coherent medium. 
 
6.2.2 Continuum Mechanics Substitute Model with Multiaxiality 
 
 A physical model for the behavior of wood in response to axial stress and large 
deformations is derived in Subchapter 4.4. This model is translated for the first time into the 
continuum-mechanics interrelationship where, in this particular case, a continuum mechanics 
substitute model is proposed which - in spite of macroscopic cracks and large-area failure in the 
wood - is supposed to be capable of describing the behavior of wood in response to pressure 
stress and  large deformation.  The fiber mixture, which takes shape in the course of deformation, 
is simulated here as a continuous system. This procedure requires adaptations of various material 
law parameters. 
 
 On the basis of the derivations from the experimental results described in Section 4.2.5, 
the flow surface of the "substitute continuum" should be dependent not only on the deviatory 
stress state but also on the hydrostatic stress state and thus on the 1st invariant of the stress 
tensor.  The multiaxiality of the stress state is taken into consideration due to the dependence of 
the flow surface evolution on the hydrostatic and deviatory stress state. When we use a 
monotonously rising hydrostatic flow curve and a softening deviatory flow curve, then in 
combination with significant lateral expansion and corresponding expansion inhibition, one can 
possibly simulate the behavior of wood also under large deformations.  The model can be in a 
position to control the stress prepositioning in conjunction with the outward kinking of the wood 
fiber bundles in accordance with lateral expansion inhibition.  If the lateral expansion inhibition 
was small, then the stress was controlled above all by the deviatory part that is modeled in a 
softening [desolidarizing] manner. During the test, the wood fiber bundles kink out at this point 
and evade the stress laterally. If the lateral expansion inhibition is high, then the multiaxiality of 
the stress state and the hydroscopic flow curve that keeps rising or is not modeled in a softening 
fashion takes over the control of the flow surface.  The outkinking wood is prevented from a 
lateral expansion and is compressed by cavity compression. 
 
 The numerical instabilities connected with the use of a softening flow curve may possibly 
turn into a problem. 
 

 
Figure 6.2: Principal Force-Deformation Curve with Softening and Hardening 
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[Key: 1) Force; 2) Softening; 3) Hardening]. 
 
6.2.3. Other Modeling Setups 
 
 At this point, we want to derive and present other possibilities for the modeling of axially 
stressed wood in case of large deformations. That the wood is described as a locally coherent 
system in spite of macroscopic cracks and large-area failure also applies to these setups.  That 
requires adaptation for various material law parameters. Particular emphasis is placed here on the 
modeling of softening (see Figure 6.2) because, while the pressure strength in the wood generally 
determines the stress for the cask, a deformation of the wood into the area of hardening (see Fig. 
6.2) for the practical case of a shock-absorbing part must be capable of being ruled out or 
estimated. The softening is a function of the lateral expansion inhibition; therefore, depending on 
the construction of the shock absorbers, we can find differently intensive softenings.  The level 
of softening influences the energy absorption of the shock absorber. 
 
 The behavior of wood can basically be described only to a limited extent by way of the 
deterministic approach due to the statistical fluctuations of the material properties and the 
complexity of the compression mechanisms in response to axial stress.  In the following, we will 
present or develop various other modeling setups and we will evaluate their applicability to the 
case at hand. 
 
 Softening flow curve. One possibility has to do with the modeling of the wood as 
continuum when one uses a softening flow curve. Here, the damage is "smeared" over the 
computation object in a continuum-mechanics fashion (see, for example, failure of composite 
fiber structures in HÖRMANN [Hör02]). It is thus treated just like materials that are simpler in 
terms of structural mechanics without softening. In that way, a large number of material models 
can be applied to the case of wood.  The possible numerical instabilities or localization 
phenomena have a negative effect. By localization phenomenon, we mean the development of 
narrow failure zones in which the deformations are concentrated, whereas other areas are 
relieved. 
 
 When it comes to localization, a problem is created by the attendant discretization 
dependence of the results when one uses the classical continuum theory in combination with a 
local material formulation (HÖRMANN [Hör02], BAŽANT [BO76]). In physical terms, this 
means that the type of the partial differential equation in connection with dynamic problems 
changes from hyperbolic to elliptical and the good setup of the initial marginal value problem is 
lost (HILL [Hil62]) and the results therefore become network dependent. For the tension area, 
that means that in case of infinite refinement, the phenomenon of the dissipated energy tending 
toward zero will appear according to BAŽANT & OH [BO76], CRISFIELD [Cri79] or DE 
BORST [dB86]. For the pressure area, this results in the pathological network dependence of the 
softening, as can be seen in Figure 6.7, or to global network dependence (material models 24, 26 
and 63 in LS-DYNA). 
 
 The problems described in conjunction with the modeling of softening material behavior 
can be tackled by means of regularization strategies.  These strategies are so named because the 
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underlying mathematical equations are regularized and the good setup of the initial marginal 
value problem is thus assured. 
 
 Regularization strategies are theories, such as the theory of nonlocal integral continua 
according to BAŽANT [Baz84] and PIJAUDIER-CABOT & BAŽANT [PCB84] on the basis of 
COSSERAT & COSSERAT [CC09] or the theory of gradient widening of continuum models 
according to PERZYNA [Per66] or MÜHLHAUS & AIFANTIS [MA91] and AIFANTIS 
[Aif92]. An overview of the different nonlocal formulations can be found in BAŽANT & 
JIRÁSEK [BJ02].  As a caveat, one must note that nonlocal theories according to LEUKART 
[Leu05] can be converted in the context of the FEM only in a very complex numerical fashion 
because the local character of the FEM is violated by the three-dimensional mean value 
formation. 
 
 As described in Section 6.2.5 using the example of material law 26, only pronounced 
viscous effects have a regularizing influence (see also HAUFE [Hau01]). Evidently, viscous 
effects occur either in connection with very high stress velocities or in the case of pronounced 
viscous material properties. Both prerequisites are not met in the context of this study. 
 
 Structural discretization.  One possibility of modeling the compression of wood in 
the axial direction consists in discretizing the smallest decisive structural magnitude.  In this 
connection, that will be the tracheids (see Section 3.2.2) and their cell walls.  The macroscopic 
part is not possible due to the resultant discretization; therefore, the annual rings that 
predominate during the failure of wood can also be considered as the smallest structural 
magnitude (see Section 4.2.4).  In that way, one neglects microstructural effects and one 
"smears" them macroscopically.  Local microscopic effects are of significance only in an integral 
fashion for global behavior in conjunction with large deformations. Many studies address the 
underlying failure types, for example, BODIG [Bod66], DEBAISE, PORTER & PENTONEY 
[DPP66], EASTERLING et al. [E+82], BARISKA & KUČERA [BK85], GONG & SMITH 
[GS00a], MÜLLER [Mül03], SMITH & VASIC [SV03], also at various angles (REITERER & 
STANZL-TSCHEGG [RST01]). Fundamentals are also described in standard works on wood. 
 
 The underlying crack criteria are also covered, among other things, by DAUDEVILLE 
[Dau99], EBERHARDSTEINER [Ebe02] and MACKENZIE-HELNWEIN et al. [MHEM03]. 
 
 The basis for structural discretization is the determination of local failure with fracture-
mechanics methods; and for that, according to the current state of science, one must a priori 
know the crack curves.  According to the current state of technology and science, modeling these 
curves is very laborious in view of the large number of cracks that develop during the axial 
compression of wood.  Also problematical in the case of this method is the extremely fine 
discretization of the wood in the shock absorber in view of the orders of magnitude of the shock 
absorber. The number of required elements would result in disproportionately laborious 
computations. 
 
 Substitute structure discretization. The procedure described in the section entitled 
Structural Discretization can also be simplified in that one abstracts the described discretization 
of the annual ring zones to one kink element per wood block in the shock absorber.  Along with a 
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wood matrix, we also model a stiffening that fails under load and thus models the softening. In 
that way, we can get around the problem of expansion localization. The lateral expansion 
inhibition and thus the level of softening, however, is not considered in this way.  This variant 
therefore also demands a precise knowledge of the average softening in the wood. 
 
 Material softening controlled by fracture mechanics.  For example, BAŽANT 
& OH [BO83], LOURENÇO & ROTS [LR97] and WEIHE [Wei95] addressed the objective 
control of material softening with the help of fracture mechanics criteria.  In the process, the 
softening process is described with the help of the energy dissipation triggered by the crack 
formation (see also SCHLEGEL & RAUTENSTRAUCH [SR02]). It must be emphasized here 
that for this variant likewise in  analog to the variant of structural discretization, the course of 
each individual crack must already be known and must be modeled accordingly. Modeling a 
large number of possible crack fronts would be too expensive and thus impractical for the 
cohesiveness of this study. 
 
 Damaging models. Damaging mechanics considers degradation of the mechanical 
properties caused by microstructural failure by applying a microscopic damage parameter that 
successively reduces the mechanical properties in the material law.  Using damaging mechanics 
cannot lead anywhere in view of the macroscopic damage and the subsequent hardening. 
 
 "Min-max consideration" without softening.  Transport casks holding radioactive 
substances must reliably withstand accident events under various potential conditions. According 
to IAEA [TSR08], [TSG08a], that includes fluctuations in the temperature from -40ºC all the 
way to operating temperature. These temperature fluctuations of up to 150K for shock-absorbing 
parts must be included in the evaluation of the mechanical properties.  The state of science 
concerning the dependence of the mechanical wood properties on the temperature was described 
in Section 3.3.3. 
 
 Due to fluctuations of the mechanical properties, one must basically use an upper and a 
lower covering curve; therefore, the mechanical properties in case of softening behavior can also 
be estimated with a covering upper and lower curve. If no possibly truly realistic but 
conservatively covering computation results are acceptable, this variant can be right on target 
when it comes to the evaluation of safety test data. The resultantly growing conservativities can 
be problematic when it comes to verification. 
 
 Energy equivalence setup without softening.  A curve can be derived on the 
basis of the energy equivalence criterion if, in contrast to "min-max consideration," no covering 
but rather an as accurate as possible computation is to be made.  In that way, the energy absorbed 
by the shock absorber is correctly modeled with a target deformation. 
 
 Part characteristic with FE substitute model. Basically, the reaction force of the 
shock-absorbing part can also be applied as force-time curve upon the components of the tightly 
sealed enclosure.  To do that, we must know the precise force-time curve as well as the 
distribution of the reaction force over the circumferential direction of the cask body. The average 
mechanical properties of the shock absorber are transferred to a simple model.  That can be done 
by the definition of a geometric substitute model or by definition of an adequate nonlinear 

 135



spring characteristic.  This form of modeling severely restricts the predictability for 
shock-absorber constructions that are not secured by a large number of drop tests. 
 
6.2.4 Discussion 
 
 The variant continuum mechanics substitute model with multiaxiality is given further 
consideration because it, for the first time, considers the multiaxiality of the stress state in the 
substitute continuum. It can be in a position to describe the behavior of wood in response to axial 
compression in a generally valid manner, although only approximately because of continuum-
mechanics smearing. 
 
 A caveat must be stated for the other modeling variants to the effect that the general 
behavior of wood in response to pressure stress cannot be described independently of the lateral 
expansion inhibition or in accordance with the multiaxiality of the stress state in the continuum-
mechanics substitute model for the wood fiber mixture. An adaptation to the particular lateral 
expansion inhibitions prevailing in the shock absorber is necessary for each individual case. This 
means that the derivation of the global model for the wood fiber mixture is not possible. 
 
 If one knows the lateral expansion inhibition in the shock absorber, then a computation 
with softening flow curve can possibly be on target provided the numerical problems connected 
with the use of softening flow curves are not dominant. 
 
 The variant structural discretization is impractical due to the required large element 
number and the modeling effort and is not further pursued here. 
 
 For the variant substitute structural discretization, the kink element must be modeled for 
each wood layer. This modeling form does not lead anywhere for the shock-absorbing parts of 
transport casks holding radioactive substances that consist of a large number of wood layers and 
is not further pursued here. 
 
 The variant fracture-mechanically controlled material softening constitutes a promising 
research area that should be pursued further. Any further dealing with this topic in the context of 
this work is forbidden by the implementation that so far has not been done in commercial FE 
systems as well as the necessity of the manual selection of fracture surfaces in the wood. 
 
 The last-mentioned three variants min-mix consideration without softening, energy 
equivalence setup without softening and parts characteristic with FE substitute model to estimate 
the shock force of a shock-absorbing part presuppose a precise analysis of the processes taking 
place in each individual shock absorber in response to accident stress.  A recomputation of the 
wood tests does not lead anywhere with these variants.  Nevertheless, this variant [sic] can 
supply practical estimates for the determination of the stresses to which the cask is exposed.  At 
this point, a test should, if at all possible, be recomputed; therefore, the variant energy 
equivalence setup without softening should be examined in further detail on the basis of the 
recomputation of a cask drop test. 
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 The discussion of the variants shows that only modeling with the variant continuum-
mechanics substitute model with multiaxiality can be in a position to describe the behavior of the 
shock absorber in response to pressure stress with the help of the multiaxiality of the stress state 
in the substituted continuum. The lateral expansion inhibition and thus the anticipated softening 
must be known a priori for the other variants. The variants continuum-mechanics substitute 
model with multiaxiality and softening flow curve should be further investigated on the basis of 
the recomputation of compression tests on wood samples.  To recomputed drop tests with 
transport casks holding radioactive substances, it would, in addition, be necessary to investigate 
more in detail the variant energy equivalence setup without softening, above all because the 
necessary accuracy of the knowledge on the behavior of shock-absorbing parts depends directly 
on the safety margin of the cask model considered under test requirements. 
 
6.3 Recomputation of Shock Tests on Wood Samples 
 
 When simulating the wood tests presented in Subchapter 4.3, one can review and 
evaluate the applicability of the various modeling forms by means of simple geometries. The 
principal energy absorption connected with drop tests occurs in zones with a medium or high 
lateral expansion inhibition (Subchapter 4.4).  This is why tests with a high lateral expansion 
inhibition are simulated in this study. The results can then also be transferred to average lateral 
expansion inhibitions. The effect of softening can be observed here even more pronouncedly.  
The nonlinear, explicit, commercial FE program LS-DYNA [LSD08] is used here. 
 
6.3.1 Objective 
 
 The objective of recomputation should be an evaluation of the applicability of various 
material laws and modeling forms for the simulation of the behavior of wood under pressure 
stress. For this purpose, all possible material formulations should be identified, discussed and 
evaluated by a comparison with the experimental results. Through parameter studies on 
important additional possible influencing factors, the latter should then be evaluated. 
 
6.3.2 FEM Models, Investigation Matrix 
 
 With the help of a quarter model (two symmetry planes) of the sample with which the 
tests were performed (Section 4.3.2), a comparison is made of the results of the various 
modelings (Figure 6.3).  The model has 706 nodes and 532 elements. 
 
 The wood is modeled by three-dimensional solid elements6 with eight nodes, linear 
displacement setup and reduced integration.  To model the sheet metal, one sues shell elements 
with four nodes according to a setup by BELYTSHKO & TSAI [BT84].  The force introduction 
plates are modeled by means of two rigid planes (rigidwall). One velocity is given for the rigid 
plane that is in motion and thus simulates the stress created by the piston of the test unit. 
 
Comparison Criterion 
 

                                                 
6  Hexahedron 
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 Agreement of the pressure force compression curves is used as comparison criterion. The 
change in the interval between the rigid planes related to the initial height of the sample 
corresponds to the pressure on the sample.  Forces are given as reaction forces of the rigid 
planes. 
 

 
Figure 6.3: FEM Quarter Model of the Wood Sample with Sheet Metal 
 
6.3.3 Material Models 
 
 In Section A.1, we derive that to solve the underlying marginal-value problem of the 
FEM after using all of the balance equations for assistance, there are still no equations (Table 
A.1).  These equations are provided by the material models and describe the specific material 
behavior.  The FE program LS-DYNA has a large number of possibilities when it comes to 
modeling material behavior. The VON MISES flow condition [vM28] is applied in many of the 
material models that contain plasticity.  Accordingly, flowing is possible only in a shape-
changing but not in a volume-changing fashion. Flow laws for foams and honeycombs in general 
permit the modeling of the plastic volume compression that is to be observed in wood.  
Therefore, when it comes to wood, one can use, above all, material models that were developed 
for honeycomb structures and foams.  Table 6.1 shows a selection of the suitable material model. 
Here, we dispensed with models that cannot be applied to hexahedron-shaped elements.  We 
selected material models that might possibly be useful for the continuum-mechanics substitute 
model with multiaxiality (75), softening flow curve and energy equivalence setup without 
softening (24, 26, 63, 103, 126, 142, 143) modeling foam. 
 
Discussion of Material Models 
 
 Mat24. Material model 24 (mat_piecewise_linear_plasticity) is widely used in the 
simulation of shock-like events7 as a generally isotropic material model with VON MISES flow 

                                                 
7  Crash events 
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criterion. The softening is isotropic, the expansion rate effects can be applied via a COWPER-
SYMONDS model or vial a scaling of the flow surface.  The model is used primarily for metals. 
 
 Mat26. Material models 26 (mat_honeycomb) and 126 (mat_modified_honeycomb) are 
orthotropic material models with three basic areas developed for aluminum honeycomb 
structures. The material is linear elastic in the first area. The elastic and the anisotropic plastic 
areas are separated by multiplanar flow condition according to JOHANSON [Joh64] with fixed 
flow surfaces for standard and thrust stresses.  In that way, one can graphically illustrate the 
material model only in the hexadimensional stress area. In the case of the anisotropically plastic 
area (area 2), all three directions x, y, z are completely uncoupled, that is to say, a load in the 
plastic area in one direction does not produce any plastic effect in the other two directions. As of 
a relative volumetric expansion to be defined, both models become isotropically elastically 
plastic material models.  Material models 26 and 126 differ from each other by the use of 
differing expansion dimensions.  Technical tensions and expansions for the function of the flow 
surface evolution must be used for material model 126, while volumetric expansions must be 
used for material model 26.  In addition, material model 126 makes it possible to include 
expansion rate effects. 
 
Table 6.1: Direction of Material Models in LS-DYNA That May Possibly Be Suitable for the 

Simulation of the Wood Under Pressure Stress  
 
Material Model Anisotropy Flow Condition 
24 
26 
63 
75 
103 
126 
142 
143 

linear plasticity 
honeycomb 
crushable foam 
bilkhu-dubois 
aniso. viscoplastic 
modified honeycomb 
trans. aniso. Honeycomb 
wood 

no 
yes 
no 
no 
yes 
yes 
yes 
yes 

VON MISES 
JOHANSON 
JOHANSON 
Ellipsoid 
VON MISES 
JOHANSON 
JOHANSON 
not documented 

 
 Mat63. Material model 63 (mat_crushable_foam) is an isotropic material model that was 
developed for foams.  Similar to material model 26, this material has a multiplanar flow 
condition according to JOHANSON [Joh64], which, in the case of material model 26, however, 
is set up in the principal stress area.  Here, flowing occurs only as a function of the maximum 
amount of the principal stress.  The material model must not be confused with material model 
*crushablefoam of the FE program ABAQUS [ABA06]. The ABAQUS model corresponds to 
the material model 75 described below in many parts. 
 
 Mat75. Material model 75 (mat_bilkhu_dubois) can be traced back to FAUNAS & 
DUBOIS [FDB97].  This material has an ellipsoid flow surface in the principal stress area.  The 
section plane with the octahedron plane (see Figure 6.1.2) is circular.  The evolution of the flow 
surface can be controlled as a function of the hydrostatic and uniaxial stress state by putting in 
two independent flow curves for uniaxial pressure via expansion and hydrostatic pressure via 
expansion. In contrast to the crushable-foam material model of ABAQUS [ABA06], the shape of 
the flow surface can change in the course of evolution.  The material model can possibly be used 
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with the help of the combination of plastic compressibility in conjunction with simultaneous 
form-change possibilities of the ellipsoid flow surface for the described continuum-mechanics 
substitute model with multiaxiality. 
 
 Mat103. Material model 103 (mat_anisotropic_viscoplastic) is the anisotropic 
broadening of material model 24. The isotropic material model 24 is sufficient for a first 
evaluation because, in this investigation, only uniaxial stress tests in the axial stress direction are 
recomputed in the beginning. 
 
 Mat142. Material model 142 (mat_transversely_isotropic_ 
crushable_foam) is a transversal-anisotropic modification of material model 26. It goes back to 
HIRTH, DUBOIS & WEIMAR [HDBW02]. Particular emphasis was placed on the realistic 
imaging of the behavior in response to stress between the principal material directions8. Here, we 
will consider only material model 26 due to the similarity between material models 26 and 142 
and the stability problems connected with the use of material model 142, as described by 
SCHLEGEL & RAUTENSTRAUCH [SR02]. 
 
 Mat143. (mat_wood) Material model 143 (mat_wood) was developed for impact 
situations against wood in the highway transportation system of the USA.  This material model 
will not be considered any further here because it is documented to a very minor extent and, 
besides, it is a function of units. 
 
 Overview of plasticity modeling. Equations 6.23 to 6.27 show the flow conditions 
of the described material models to the extent that they are documented.  The stress is elastic for 
values of f < 0, while values of f > 0 are not permitted.  The flowing action begins when the 
function is f = 0.  All variants of Y here designate isotropic or anisotropic flow boundaries. 
 

 
   
                                                 
8  Usually referred to as off-axis loading 
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____________________ 
  Y  Isotropic flow boundary 
  Yij  Anisotropic flow boundary 
  p  Hydrostatic part of flow boundary 
  pc  Hydrostatic part of flow boundary - pressure 
  pt  Hydrostatic part of flow boundary - tension 
  σν  VON MISES comparison stress 
  a  1st hemiaxis length of elliptical flow surface 
  b  2nd hemiaxis length of elliptical flow surface 
 
 The equations that control the evolution of the flow surfaces of the individual material 
models can be seen in 6.28 to 6.32. 
 

 
 ____________________ 
 Epl  Plastic tangent module 
 H  Isotropic hardening curve 
 Hij  Anisotropic hardening curve 
 
 Only associated flow rules are used here except for material model 75; therefore, the flow 
of the plastic expansions for all material models up to material model 75 is controlled by the 
flow condition Fij = fij: 
 

 (6.33) 
 
 The flowing of the plastic expansions in the case of material model 75 is define 
by 
 

 (6.34) 
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 Density, elastic properties and flow curves must be given for all material models. For 
some models, we need additional material parameters that were estimated by values from the 
pertinent literature or whose influence on the computation results was evaluated by parameter 
studies.  The definition of Poisson's ratio is very important along with the flow curves.  In case of 
stress in the axial direction in the elastic area, wood, according to NIEMZ [Nie93b], has a 
Poisson's ratio of between 0.43 and 0.46.  But in the post-fracture area, the wood is no longer as 
exactly describable as a continuum; therefore, one must use a substitute Poisson's ratio. Plastic 
volume constancy prevails in material models with VON MISES flow conditions, that is to say, 
one automatically presumes a plastic Poisson's ratio of νpl = 0.5 Material models with 
JOHANSON flow conditions, such as material 26 and 63, generally are uncoupled, that is to say, 
we use a plastic Poisson ratio of νpl = 0.  Material model 75 puts the Poisson ratio, which must 
be supplied, over the entire elastic and plastic areas. 
 
Conclusion 
 
 The use of material model 85 is recommended for the continuum-mechanics substitute 
model described in Section 6.2.2.  Controlling the form of the flow surface by means of the 
multiaxiality of the stress state in the substitute continuum is possibly an option for simulating 
the softening occurring in the wood as a function of the lateral expansion inhibition. 
 
 Investigating materials 24, 26 and 63 is recommended for the modeling variant softening 
flow curve.  In that way, a material model with VON MISES flow condition and two material 
models with multiplanar flow condition according to JOHANSON [Joh64] can be compared. 
 
6.3.4 Influencing Parameters 
 
 Below, we find a selection of additional parameters that can decisively influence 
simulation. The selection is based on lessons learned in model testing. 
 

• Contact definitions 
 
• Network fineness/error estimation 
 
• Friction 
 
• Attenuation 

 
 Parameter studies will be performed in the following to evaluate the sensitivity of the 
recomputation results on the parameters. 
 
Contact Definitions 
 
 Contact definitions represent contact conditions, that is to say, they prevent one contact 
partner from beginning to penetrate a second contact partner.  They differ from each other by the 
manner and way in which the penetration is prevented.  Some contact definitions presuppose 
nodular velocities upon the start of penetration to zero or prescribe velocities for them by means 
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of which they are again precisely on the contact surface during the next time step (constraint 
method). Others presuppose the so-called penalty method where internal force pairs are applied 
at the penetration points. The amounts can be calculated from the penetration depth and the 
contact stiffness. This means that the method is theoretically energy-neutral. Contact stiffness is 
usually determined by the program from material properties and element dimensions.  Possible 
contact types will be described below in LS-DYNA [LSD08]. 
 
 Parts of the model are generally defined as contact partners so that contact forces can be 
given specifically and so that it will not be necessary to check the contact conditions for all 
nodes of the model with every computation step. The efficiency of computer technology has 
resulted in a neglect of these contact types in favor of global contacts where the penetration of 
each node into each free surface is checked out9.  The model parts that are in contact with each 
other must be described for first-named contacts. In the simplest case, the two models, which are 
in contact with each other, are described as "master" or "slave" sides. The penetration of slave 
nodes into segments of the master side is examined.  This type of contacts is therefore referred to 
as unilateral contacts10.  If the penetration of two contact partners into each other is examined, 
then we speak of symmetrical contacts11. In large deformations, instabilities frequently occur due 
to theoretically negative volumes12; therefore, the inner contact13 was developed. Here we check 
whether nodes of a tetrahedron element penetrate the outer surface of that same element and 
hinders this movement. 
 
 Other differences are brought out in LS-DYNA for the treatment of contacts with shell 
elements. Shell elements are treated like tetrahedron elements in case of contacts with the option 
automatic. This means that the orientation of the element perpendiculars is meaningless. By 
using real shell thicknesses, however, in the course of big time steps, it is possible that contact 
violations might not be recognized or the nodes are steered out to the false side. 
 
Error Estimation 
 
 According to KOCH [Koc03], one must in error estimation during FE analyses 
distinguish between: 
 
 1. Idealization error (physical model formation), 
 
 2. Discretization errors (geometry and material imaging) and 
 
 3. Numerical errors. 
 
The error that occurs during the transfer of the real structure into a physical model is referred to 
as idealization error.  Its magnitude depends as to whether and, if yes, in what way various 
influencing factors are considered. 

                                                 
9  In -LS-DYNA single_surface or general_contact 
10  For example, nodes_to_surface contacts 
11  For example, surface_to_surface contacts 
12  Often referred to as the turning up of the elements 
13  contact_interior 
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Figure 6.4: Errors Influencing the FEM Analysis According to KOCH [Koc03] 
 
[Key: 1) Numerical error; 2) Discretization error; 3) Finer network; 4) Higher elements; 5) Total 
error]. 
 
 The discretization error designates the error that occurs during the transfer of the 
geometry and the solution variables to the FE net. The numerical error is generated during the 
solution of the equation system, for example, by numerical integrations, rounding errors or 
iteration methods. ARGYRIS & MLEJNEK [AM86] try to describe the discretization errors and 
the numerical errors in qualitative terms. Figure 6.4 shows the curves for the discretization and 
numerical errors according to KOCH [Koc03], going back to ARGYRIS & MLEJNEK [AM86].  
The total error is minimized at a certain net fineness, which is a function of the problem, the 
order of the displacement setup and the storage processing in the computer system. It follows 
from this that finer nets do not automatically result in better results. 
 
Friction 
 
 COULOMB's friction is considered as dissipative energy part in contact definition.  
Friction coefficients14 are between 0.5 (adhesion friction) and 0.15 (sliding friction) for the pairs 
of wood-wood and wood-steel according to DUBBEL [GF04]. The friction coefficient can also 
be smaller due to moisture or resin deposits on the contact surfaces. 
 
Attenuation 
 
 Attenuation can be considered as a dissipative energy part over the material model; this is 
because, in case of harmonic excitation of resonance cells, theoretically infinitely large 
deflections can occur.  Excessive attenuation coefficients, of course, result in unrealistic 
computation results so that special attention can be paid to the determination of realistic 
                                                 
14  Also friction coefficients or friction numbers 
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attenuation coefficients. It is usually recommended that one completely dispense with attenuation 
in computations.  Attenuation factors between ν = 0.002-0.009, and in case of radial/tangential 
stress between ν = 0.006-0.018, apply to wood in case of axial stress according to FOSTER 
[Fos92]. 
 
6.3.5 Results 
 
Material Models 
 
 Material model 24.  The global pressure force-compression curve of the test can be 
reproduced acceptably when making a computation with material model 24. Figure 6.5 shows 
the experimentally determined curve and the calculated curves for two parameter variants. The 
flow curve in the area of large expansions must be lowered due to plastic incompressibility 
because the surface that is perpendicular to the force introduction rises more than in the test. The 
deformation picture developing during the computation is physically unrealistic. The big 
deviatory distortions of the elements, which cause numerical instabilities and net dependences 
(Figure 6.6) are a problem. 
 

 
Figure 6.5: Comparison Experiment ml300 (compression, fir, axial 300 mm/sec) with the 

Computation Using Material Model 24 and Softening Flow Curve 
(wood104 and wood106) 

 
[Key: 1) Pressure force; 2) Test; 3) Wood; 4) Path]. 
 
 Material model 26.  Due to the uncoupling of the plastic expansions in the orthogonal 
directions, the combination of material model 26 and a softening flow curve will lead to the 
pronounced net dependence shown in Figure 6.7.  Of course, the global deformations can be 
localized in individual element levels and thus generate the curve shown in Figure 6.7, but above 
and beyond this effect, there are no pronounced distortions in the elements. The uniaxial 
compression behavior can be recomputed in a stable manner with material model 26. If no 
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softening were to be introduced, then the pressure force-compression curves determined in case 
of uniaxial compression tests could be satisfactorily recomputed. Material model 26 offers an 
orthotropic formulation of the material behavior; therefore, wood, with is orthotropic structure, 
can be modeled well if one neglects the effect of the lateral expansion dependent softening. 
 

 
Figure 6.6: Net Deformation in Computations with Material Model 24 
 

 
Figure 6.7: Comparison Experiment ml300 (compression, fir, axial, 300 mm/sec) with the 

Computation and Softening Flow Curve (wood87) 
 
[Key: 1) 1) Pressure force; 2) Test; 3) Wood; 4) Path]. 
 
 Material model 63. Figure 6.8 shows the pressure force-compression curve of the 
recomputation with the isotropic material model 63. Localization effects (Figure 6.8) can be seen 
in analogy to the results of the recomputation with material model 26. Marginal influences 
(Figure 6.9) can be observed in the further outlying areas due to the automatic alignment of the 
flow surface in the principal stress area. In analogy to material model 26, the behavior of wood 
in response to uniaxial compression can be simulated with adequate accuracy provided we 
dispense with the modeling of the softening. Only isotropic material properties can be defined; 
therefore, the orthotropic behavior of wood cannot be modeled. Computation variants with minor 
changes in the computation parameters showed that even minor changes in the initial parameters 
of the material model will not allow the computation to converge.  These instabilities can be 
traced back to the effects of the automatic alignment of the flow surface in the principal stress 
area in combination with softening flow curve. 
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Figure 6.8: Comparison of Experiment m1300 (compression, fir, axial, 300 mm/sec) with the 

Computation Using Material Model 63 and Softening Flow Curve 
(wood107) 

 
[Key: 1) Pressure force; 2) Test; 3) Wood; 4) Path]. 
 

 
 
Figure 6.9: Marginal Layer Influences in Computation with Material Model 63 (wood100) 
 
 Material model 75. The adaptation of the material parameters to the test is relatively 
complex because six different material parameters control the evolution of the flow surface.  
Figure 6.10 shows another graphic illustration of the flow surface. Plotted on the abscissa is the 
hydrostatic pressure, described by the ball tensor of the stress tensor, while plotted on the 
ordinate is the VON MISES comparison stress that depends only on the deviatory stress state: 
 

 (6.35) 
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 ____________________ 
 sij  Stress deviator (deviatory part of the stress tensor) 
 

 
Figure 6.10: Evolution of the Flow Surface of Material Model 75 
 
[Key: 1) Hardened flow surface; 2) Uniaxial compression; 3) Original flow surface; 4) 
Hydrostatic compression]. 
 
 As we can see in Figure 6.10, the shape of the flow ellipse is defined by the points of the 
uniaxial and hydrostatic flow boundary.  Both are given as functions of volumetric expansion. 
 

 
Figure 6.11: Comparison, Pressure Force Plotted Against Path of Experiment m1300 

(compression, fir, axial, 300 mm/sec) with the Computation Using 
Material Model 75 and Softening Flow Curve (wood 96) 

 
[Key: 1) Pressure force; 2) Test; 3) Wood; 4) Path]. 
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 Using the continuum-mechanics substitute model with multiaxiality (Section 6.2.4), the 
separation between hydrostatic and deviatory and not uniaxial stress states is a prerequisite as 
shown by computations using various parameter variations with material model 75.  Let us once 
again describe the foundation of the continuum-mechanics substitute model with multiaxiality in 
order further to explain the basis of this conclusion: By combining significant lateral expansion 
with corresponding lateral expansion inhibition, we want to control the evolution of the flow 
surface with the help of the ratio derived from deviatory and hydrostatic part [sic] in light of the 
stress state. If the continuum-mechanics substitute model does not have any lateral expansion 
inhibition, then plastic expansions will be controlled exclusively by the deviatory stress part due 
to the plastic lateral expansion factor νpl close to 0.5. The deviatory part of the plastic flow of the 
volumetric expansion is influenced here because the uniaxial flow curve is defined as a function 
of the volumetric expansion, something that does not lead anywhere in the context of this study.  
The motivation of the setup of material model 75 presumably springs from the fact that in the 
case of foams, uniaxial stresses result in negligible expansions in the transversal directions 
(ABAQUS [ABA06], SCHREYER, ZUO & MAJI [SZM94]). 
 
Additional Parameters 
 
 Material model 26 was used without attenuation and the contact definition 
surface_to_surface was used with a friction coefficient of 0.1 in order to investigate additional 
parameters. Material model 26 was chosen because, in this case, there are no large deviatory 
distortions and the computation therefore is relatively stable. 
 
 Contact definitions. The choice of contact definition does not decisively influence the 
computation results when it comes to recomputing the tests with wood samples if one uses 
physically meaningful parameters. Figure 6.12 shows a comparison of the support forces for 
various contact definitions using the computation example ml300 with material model 26; they 
differ from each other only slightly. 
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Figure 6.12: Comparison of the Pressure Force-Deformation Curves Obtained with the Help of 
Differing Contact Definitions Using Computation Example ml300 
(compression, fir, axial, 300 mm/sec) with Material Model 26 

 
[Key: 1) Pressure force; 2) Wood; 3) Path]. 
 
 Error estimation/discretization. The main cause of idealization errors that are made 
when one uses the continuum-mechanics substitute model is the neglect of the fracture behavior 
and the attendant cracks resulting from smearing upon a continual model. This is why the 
behavior of wood in response to pressure stress can be described only approximately in case of 
large deformations. 
 
 The role of discretization assumes special importance because all of the compared 
variants are discretization dependent. It is therefore basically not possible to achieve an error 
minimum according to ARGYRIS & MLEJNEK [AM86]. The pronounced net dependence can 
be seen in Figure 6.13 in the computation with material model 24. The discretization, which is 
about 2.5 times finer, results in a basically different deformation image. A different modeling 
form must be chosen when encountering such dependences, as we can see in Figure 6.13. 
 

 
Figure 6.13: Pathological Dependence of the Malposition of the Marginal Value Problems on 

the Discretization When One Uses Softening Flow Curves on 
Computation Example ml300 (compression, fir, axial, 300 mm/sec) with 
Material Model 24 at 35 msec, left: rough discretization, computation 
stable up to the end (270 msec), right: fine discretization, discontinuation 
at 35 msec 

 
 Friction.  Figure 6.14 shows the pressure force-deformation curves on the basis of 
differing friction coefficients. The values vary between 0.1 and 1.0.  The influence of the friction 
on the pressure force-deformation curves is minor. In the context of the simulation of a cask 
impact, we want to determine once again what influence the friction exerts. 
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 Attenuation.  Figure 6.15 shows the influence of various attenuation factors 
(RALEIGH attenuation in proportion to the stiffness15) using the example of the pressure force-
deformation curves obtained with material model 26.  The attenuation values vary between 0.00 
and 1.00.  The implementation of attenuation in the computation takes place via the material 
model; therefore, the influence must be determined more exactly for each material model. For 
material model 26, considering the parameter set used here, the influence is significant only for 
unrealistic attenuation values, something that might possibly be due to the use of stiffness-
dependent attenuation. Figure 6.15 clearly shows the regularizing effect of attenuation in case of 
high attenuation factors. 

 
 

Figure 6.14: Comparison of the Pressure Force-Deformation Curves Obtained with the Help of 
Differing Friction Coefficients Using the Computation Example ml300 (compression, fir, axial, 
300 mm/sec) with Material Model 26 
 
[Key: 1) Pressure force; 2) Wood; 3) Friction; 4) Path]. 
 

 
                                                 
15  Implemented via the material model definition of wood 
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Figure 6.15: Comparison of the Pressure Force-Deformation Curves Obtained with the Help of 
Differing Attenuation Factors Using the Computation Example ml300 (compression, fir, axial, 
300 mm/sec) with Material Model 26 
 
[Key: 1) Pressure force; 2) Wood; 3) Friction; 4) Path]. 
 
Sheet Metal Modeling 
 
 To estimate the forces necessary for the deformation of the sheet metal in response to 
lateral expansion inhibition, two tests were performed in the course of which only the sheet metal 
jacket with a sheet metal thickness of 0.5 mm and 1.0 mm was compressed. Figure 6.16, by way 
of comparison, shows pressure force-compression curves of experiment and recomputation in 
case of a sheet metal thickness of 1.0 mm.  The stress level for initial failure (kinkout) is slightly 
underestimated; nevertheless, the curve, the order of magnitude and the developing kink forms 
are well reproduced. 
 

 
Figure 6.16: Pressure Force-Compression Curves, Comparison Experiment and Simulation for 

a Sheet Metal Sample Without Wood Filling, 1.0 mm Thickness 
 
[Key: 1) Force; 2) Test; 3) Recomputation; 4) Sheet metal; 5) Path]. 
 
 Compared to the value of the energy absorbed by the wood, the sheet metal in tests with 
wood-sheet metal samples in the axial wood direction (sheet metal thickness 1.0 mm) absorbs 
about 5%, and in tests with transversal wood direction (sheet metal thickness 0.5 mm), it absorbs 
about 9% of the total energy. 
 
6.3.6 Summary 
 
 None of the variants discussed here was able satisfactorily to describe the behavior of 
wood in response to axial pressure stress in case of large deformations. The experimental results 
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could be retraced in a global fashion with the help of the pressure force-deformation curves 
determined with material model 24.  Large deviatory dispersions on individual elements, 
resulting from localization influences, show that the initial marginal value problem is badly 
posed. The solution is unstable. 
 
 The pressure force-deformation curves obtained with the help of material model 26 do 
not describe the experiment satisfactorily because we can see a global discretization dependence 
due to the collapse of individual element levels.  But the solution is relatively stable. This 
material model should be investigated with nonsoftening flow curve in the context of the 
simulation of a cask impact. The experiment could not satisfactorily be retraced globally with the 
help of material model 63; in addition, there were influences from the margin that influenced the 
stability of the numerical computation. 
 
 Material model 75 was selected for the modeling variant continuum-mechanics substitute 
model with multiaxiality. An investigation showed that the dependence of the uniaxial flow 
behavior on the volumetric expansion does not permit any separation between deviatory and 
hydrostatic stress state and that material model 75 is thus unsuitable for the proposed continuum 
mechanical substitute model. In the context of further investigations, we want to program a 
material model that under orthotropic marginal conditions will control the evolution of the flow 
surface on the basis of the hydrostatic and deviatory stress state.  That could be done on the basis 
of existing setups, such as those of the group around EBERHARDSTEINER [MHEM03] 
[MMHE04] with a flow surface according to TSAI & WU [TW70], GROSS [Gro05], 
SCHMIDT & KALISKE [SK06], SCHREYER, ZUO & MAJI [SZM94] or MILLER [Mmil00], 
broadening to include large deformations and coupling to the continuum-mechanics substitute 
model with flow surface form that would be changeable in the course of evolution. The flow 
surface is defined in the hexadimensional stress state, something that cannot be illustrated 
graphically; therefore, Figure 6.17 shows a flow surface according to TSAI & WU [TW70] for 
the level case. 
 

 
 
Figure 6.17: Illustration of the Anisotropic Flow Surface According to TSAI & WU for the 

Level Case 
 
 The use of RALEIGH attenuation that is adequately proportional to the stiffness is 
justifiable for the simulation of the behavior of shock-absorbing parts. 
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 Contact definitions did not decisively influence the results that were obtained. 
 
 The proposed variant of the continuum-mechanics substitute model with multiaxiality can 
be construed in this context as regularization strategy for the pressure area in case of large 
deformations. Figure 6.11 shows that the globally softening material behavior can be modeled 
over a vast area. Assuming appropriate material formulation, this setup could bring results. 
 
6.4 Recomputation, Drop Test, Shock-Absorber Testing 
 
 In this subchapter, we describe recomputations of a drop test of a substitute cask mass 
with shock-absorbing parts. A description of the drop test is given in Section 4.1.4. This involves 
a test with shock-absorbing parts that are dynamically loaded with a test mass replicated by a 
cask. The objective of the test was not to determine the stress upon the substitute mass but rather 
to investigate the behavior of shock-absorbing parts under realistic stress conditions. 
 
 In the earlier subchapters, we proposed different variants for the modeling of wood in 
response to axial pressure stress and we took a closer look at their applicability on the basis of 
the simulation of shock tests against wood. The conclusion was that none of the modeling forms 
investigated with the help of the shock test results could be recommended for any further 
investigations.  It was proposed to take a closer look at the applicability of the modeling energy 
equivalence setup on the basis of a simulation of a cask drop test. 
 
6.4.1 Objective 
 
 In this subchapter, we want to see to what extent the proposed modeling form is capable 
of determining a realistic simulation of the behavior of shock-absorbing parts in response to 
accident stress. 
 
 The investigation was to be performed with the help of two models, a "simplified" and a 
"detailed" model to investigate whether the degree of detailing of the shock-absorbing parts 
exerts any influence of the quality of the computation results using the example of the local cask 
deceleration. 
 
 The influence of the friction, of the attenuation and the foundation modeling upon the 
computation results in the form of local cask decelerations should be investigated and evaluated. 
 
 In conclusion, we want to derive recommendations for the modeling of shock-absorbing 
parts using the FE method. 
 
6.4.2 Models and Investigation Matrix 
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Figure 6.18: FE Models of the Shock-Absorber Testing Experiment Series with Simplified 

(left) and Detailed Shock-Absorber Model (right) at Computation Moment 
t=0 msec 

 
 Figure 6.18 shows the FE model with simplified (left) and detailed shock-absorber model 
(right). 
 
 Cask and lid modeling. The substitute cask body and primary lid masses are modeled 
equally in both variants (Figure 6.19).  Moderator borehole zones present on the cask body are 
considered by a hollow cylinder with diminished stiffness and density.  The primary lid and the 
cask body are connected with each other by truss elements16 that simulate the screwing 
arrangement.  Table 6.2 summarizes the basic model data. Elastic material models are used 
because of the experimentally determined purely elastic stress of the cask and the primary lid. 
Cross-linkage is done with 8-node hexahedron elements with reduced integration because the 
stiffness is partly definitely overestimated [LSD08] when one employs fully integrated elements 
and larger element-length/width conditions. 
 

 
Figure 6.19: FE Models of the Shock-Absorber Testing Experiment Series, Cask and Primary 

Lid Mass at Computation Moment t=0 msec 
 
 Impact foundation modeling. The impact foundation is modeled by a rigid plane17, 
which does not permit any entry or penetration of nodes and no absorption of energy. This 
modeling therefore extensively corresponds to the situation on the nonresilient impact foundation 
of BAM in Horstwalde, which has more than 200 times the mass of the test object and a massive 
impact plate. 
 
                                                 
16  1-d rod elements with tension-pressure stressability 
17  rigidwall_planar_id 
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Figure 6.20: FE Model of the Shock-Absorbing Testing Experiment Series, Simplified (left) 

and Detailed FE Model of the Shock-Absorber Model (right) as 
Computation Moment t=0 msec 

 
 Shock-absorber modeling simplified model. The shock absorber is modeled as an 
interconnected continuum without inner and outer sheet-metal structures (Figure 6.20, left). The 
tripartite division of the shock absorber is introduced for reasons of stability for the FE 
computation. In an interconnected due to sharp transitions, one finds intensive expansion 
localizations that can cause numerical instabilities.  As material model, we use mat_honeycomb 
(material model 26) [LSD08]. 
 
 Shock-absorber modeling detailed model. Figure 6.20, right, shows the detailed 
shock-absorber model. All sheet-metal structures are modeled with the help of shell elements.  
For the shell elements, we use a setup according to BELYTSCHKO-TSAI [BT84] with two 
integration points against the thickness and Gaussian integration algorithm. The sheet-metal 
pieces are connected with each other by common nodes on all coinciding positions. Sheet-metal 
pieces were defined with their nominal thicknesses.  As material model for the sheet metal, we 
use mat_piecewise_linear_plasticity (material model 24). The chambers separated by the sheet-
metal pieces are filled by 8-node tetrahedron elements that simulate the wood filling.  We use 
mat_honeycomb as material model. 
 
Table 6.2: Basic FE Model Data from the Shock-Absorber Testing Experiment Series 
 
Model Part Nodes Elements Material Model 
Total model detailed 
Total model simplified 
Cask 
   Cask body 
   Primary lid 
Screws 
Shock-absorber simplified 
   Steel structure 

153046 
128452 
32830 
29124 
3706 
0 
62232 
36974 

136922 
104330 
25104 
22080 
3024 
24 
49692 
29520 

 
 
elastic 
elastic 
elastic 
elastic 
honeycomb 
elastic 
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   Wood/sheet metal 
Shock-absorber detailed 
   Steel structure 
   Intermediate sheet metal 
   Outer sheet metal 
   Wood 

25258 
127368 
36974 
14064 
44804 
31526 

20172 
111794 
29520 
18768 
44994 
18512 

elastic 
 
elastic 
piecewise_linear_plasticity 
piecewise_linear_plasticity 
honeycomb 

     
6.4.3 Results - Simplified Shock-Absorber Model 
 
 The quality of recomputation is evaluated by a comparison of the deceleration-time 
curves measured locally during the test. (At this point, we would like to note once again that the 
drop test does not involve a "real" path. The mass and the basic geometry, however, on a scale of 
1:2 correspond to the structure of a cask of current design).  The decelerations are filtered in 
order to mask the oscillation effects of the substitute cask mass. Up to what degree this filtering 
is permissible will depend on the objective of the comparison. If we want to compare the rigid 
body deceleration in order to evaluate the shock-absorbing parts, then one can employ filtering. 
The important thing is that test and computation results are processed with the same filter and the 
same filter frequency. In this case, that would be the SAE-SCS filter [Gre02] with a low-pass 
boundary frequency of 180 Hz. The pertinent components are not modeled in sufficient detail for 
a stress determination on the cask and the lid system. 
 
 Figure 6.21 shows local decelerations on the bottom and the lid based on experiments and 
recomputation. Good agreements can be seen especially for the bottom decelerations. The lid 
deceleration is overestimated to a minor extent and the curve is well reproduced. To generate this 
curve, friction and flow curves have to be adapted in a physically meaningful framework.  The 
flow curves can and under certain circumstances must be adapted in the case we are dealing with 
here if the experiments did not precisely cover the deformation mechanisms of the shock-
absorbing parts during tests for the purpose of determining pressure flow curves. Flow curves 
had to be lowered in this connection (Figure 6.22). The lowering of the flow curve can be 
interpreted in physical terms as follows: 
 
 1. The global anisotropy of material model 26 must be adapted to the local modeling 

conditions. The anisotropy is aligned by the global coordinate system, while the 
anisotropy on the shock-absorbing part is best described in a cylinder coordinate 
system. Due to the interconnected areas in the substituted model, the outer shock-
absorber areas contribute an excessive portion. 

 
 2. The stratification of the wood in the shock absorber must be taken into 

consideration. Interconnected samples were tested in response to purely axial and 
radial/tangential stress in the course of the test program given in Subchapter 4.3; 
on the other hand, the shock-absorber filling consists of about 20-30-mm thick 
layers of wood that are not connected with each other and whose alignment 
changes. The separations in the wood mixture must be interpreted already as 
wood layers that have already failed. The lateral tension behavior (see Section 
3.2.3), which is frequently observed on cohesive wood exposed to axial stress 
occurs to a lesser extent. The energy necessary for rupture is no longer available 
for energy absorption. 
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 Table 6.3 shows a comparison of the deformations occurring in the experiment and the 
recomputation. The deviations are relatively small. Even if we assume an elastic resiliency of 
5%, the maximum deviation amounts to about 11%. In view of the simplifications that must be 
accepted during wood modeling, this deviation must be evaluated as being acceptable. 
 
Table 6.3: Comparison Between Measured and Computed Deformations with Simplified 

Shock-Absorber Model Variant 91 
 
Shock-Absorber Testing Test FEM Computation Deviation 
Bottom side 
Lid side 

65.0 mm 
59.2 mm 

70.5 mm 
55.3 mm 

8.5% 
-6.6% 

with elastic resiliency of 5%: 
Bottom side 
Lid side 

68.3 mm 
62.2 mm 

70.5 mm 
55.3 mm 

3.2% 
-11.1% 

 
 The friction coefficient (Table 6.4) must be selected relatively high to prevent an evasion 
of the shock-absorber elements. In the real part, this function is assumed by the outer sheet-metal 
structure, which holds the wood packets in the principal energy absorption zone under the cask 
body. 
 

 
Figure 6.21: Comparison of Results of Shock-Absorber Test Experiment, Measurement Points 

on the Bottom (left) and on the Lid (right) at 0 and 180º and FEM 
Computation with Substitute Shock-Absorber Model Variant 91 

 
[Key: 1) Deceleration; 2) Test; 3) Bottom; 4) Lid; 5) Time]. 
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Figure 6.22: Flow Curve for the Substitute Shock-Absorber Model (left) and for the Wood  
 
[Key: 1) Stress; 2) Flow curve substitute shock-absorber model; 3) Flow curve, wood, detailed 

shock-absorber model; 4) Distortion]. 
 
 Parameter law. Table 6.4 shows the standard parameter law with which computation 
results shown in Figure 6.21 were determined. Annex B presents other settings of the material 
models. 
 
Table 6.4: Standard Settings of the FE Model with Simplified Shock Absorber 
 
Parameter Value 
Time step control 
  Scaling factor 
Contact definition 
  Friction 
Attenuation 
Foundation modeling 
  Friction 
Primary lid connection 
Shock absorber connection 
Material models 
  Flow curve   

 
0.66 
automatic general 
0.3 
none 
rigidwall 
0.3 
truss elements 
truss elements 
honeycomb 
Fig. 6.22 

  
 Variations.  Figure 6.23 shows the curves of lid and bottom decelerations for four 
different friction factors. The dependence of the computation results indicates the great influence 
exerted by friction. When the friction coefficients are reduced, we can see increased deviation by 
the shock-absorbing part (see Fig. 6.26). At the same time, the shock-absorber deformation is 
increased by about 60%. The shock absorber punches through, something that is indicated by the 
sudden rise in the deceleration in Fig. 6.23, left, for variant 93 or 132 at about 20 msec. In the 
real shock absorber, sheet-metal pieces prevent the wood areas from slipping apart, and this 
holding function is provided in the substitute model by friction. 
 
 The influence of RALEIGH attenuation, which is proportional to the stiffness (see 
BATHE [Bat02] and equation 6.22) can be seen in Figure 6.24. The stiffness proportional term 
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of the RALEIGH attenuation has an effect above all on the high-frequency oscillations. The 
influence naturally can be recognized only indirectly because filtered results are compared here. 
The effects on the filtered local decelerations are minor, whereas the influence on the unfiltered 
local deceleration is quite clear. The influence of mass proportional RALEIGH attenuation can 
be seen in Figure 6.25. The mass proportional attenuation has an effect, above all, at low 
frequencies; therefore, the rigid-body motion is also attenuated in this way.  Even small 
attenuation factors exert significant influence. 
 
 Contacts, where differently elemented areas of the FEM "are glued together" (tied 
contacts), must basically be employed with a certain amount of caution. Figure 6.26 shows 
expansions on the cask body that result from an identification of the contact areas that was 
erroneously obtained from algorithms.  Expansions in the vicinity of the glued contact areas are 
partly definitely falsified. 
 

 
Figure 6.23: Mathematically Determined Decelerations Under Variation of the Parameter 

Flexion Bottom (left) and Lid (right) at 0º When Using the Simplified 
Shock-Absorber Model Variants 91, 93, 95, 132 

 
[Key: 1) Deceleration; 2) Friction; 3) Time]. 
 

 
Figure 6.24: Mathematically Determined Decelerations Under Variation of the Parameter 

Stiffness Proportional RALEIGH Attenuation Bottom (left) and Lid (right) 
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at 0º When Using the Simplified Shock-Absorber Model Variants 91, 112, 
114 

 
[Key: 1) Deceleration; 2) Attenuation; 3) Time]. 
 

 
Figure 6.25: Mathematically Determined Decelerations Under Variation of the Parameter Mass 

Proportional RALEIGH Attenuation Bottom (left) and Lid (right) at 0º 
When Using the Simplified Shock-Absorber Model Variants 91, 122, 124, 
119 

 
[Key: 1) Deceleration; 2) Attenuation; 3) Time]. 
 

 
Figure 6.26: Bottom Shock-Absorber Penetration in FE Computation with Simplified Shock-
Absorber Model Variant 93 with Reduced Friction Coefficient (left) and Influence of Expansions 
Due to the Erroneously Recognized tied-Contact on the Lid (right) 
 
[Key: Illegible]. 
 
6.4.4 Results - Detailed Shock-Absorber Model 
 
 Figure 6.27 shows local bottom and lid deceleration-time curves from experiment and 
recomputation. One can see a basic similarity along the curves, although there are minor 
deviations for the deceleration and the shock time. 
 
 Table 6.5 presents a comparison of the deformations occurring in the experiment and the 
recomputation.  While the bottom deviation is minor, the lid deformation is overestimated by 
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about 15%.  If one considers the elastic resiliency of about 5%, then the deviations are definitely 
diminished. 
 

 
Figure 6.27: Comparison of Local Deceleration-Time Curves in the Shock-Absorber Testing 

Experiment with FEM Computation Using Detailed Shock-Absorber 
Model Variant 129, Measurements bottom (left) and lid (right) at 0 and 
180º 

 
[Key: 1) Deceleration; 2) Bottom; 3) Lid; 4) Time]. 
 
 Standard settings. The settings shown in Table 6.6 were used as the standard when 
they deviated from the LS-DYNA standard settings [LSD08]. 
 
 Figure 6.22 shows the flow curve used for wood. The flow curve was lowered when 
compared to the test results (as can be seen in Subchapter 4.3). 
 
 Variations. In contrast to impacts without shock-absorber parts, the difference in the 
local decelerations between modeling of the impact surface with a rigid wall (rigidwall) and a 
modeling of the impact plate made of steel used at the test stand foundation of the BAM in 
Horstwalde (see Section 4.1.1) is minor.  Figure 6.28 shows a comparison of the local bottom 
and lid decelerations at 0º. The foundation is stressed elastically only to a minor extent due to the 
shock-absorbing part that is very resilient when compared to the foundation. 
 
Table 6.5: Comparison Between Measured and Computed Values of the Deformation with 

Detailed Shock-Absorber Model Variant 129 
 
Shock-Absorber Testing Test FEM Computation Deviation 
Bottom side 
Lid side 

65.0 mm 
59.2 mm 

69.8 mm 
67.9 mm 

7.4% 
14.7% 

with elastic resiliency of 5%: 
Bottom side 
Lid side 

68.3 mm 
62.2 mm 

69.8 mm 
67.9 mm 

2.2% 
9.2% 

 
Table 6.6: Standard Settings of the FE Model with Detailed Shock Absorber 
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Parameter Value 
Time step control 
  Scaling factor 
Contact definition 
 Shell thickness is used 
  Friction 
Attenuation 
Foundation modeling 
  Friction 
Primary lid connection 
Shock absorber connection 
Material models 
  Wood 
  Sheet metal 
  Screws   

 
0.66 
automatic general 
2 
0.1 
none 
rigidwall 
0.2 
truss elements 
truss elements 
 
honeycomb 
piecewise_linear_plasticity 
elastic 

 

 
Figure 6.28: Deceleration-Time Curves Under Variation of the Foundation Modeling 

(Rigidwall or Modeling of the Impact Plate), Bottom (left) and Lid (right) 
at 0º When Using the Detailed FEM Shock-Absorber Model Variants 129, 
130 

 
[Key: 1) Deceleration; 2) Steel slab; 3) Time]. 
 
 Computations with detailed model while varying the friction factors showed that the 
magnitude of the influence of the friction factor is less than in case of simplified modeling.  The 
influence on the computation results is slight in case of variation within the usual values for 
friction factors between wood and steel (0.1-0.5). 
 
6.4.5 Conclusions Concerning the Recomputation of Shock-Absorber Testing 
 
 The recomputation of the shock-absorber testing drop tests show that the behavior of the 
shock-absorbing parts in response to pressure stress can be nicely replicated with a nonsoftening 
flow curve on the basis of the modeling variant energy equivalence setup. The prerequisite for a 
recomputation is a corresponding consideration of the compression mechanisms of the wood in 
the shock absorber. For that purpose, the flow curves must be adapted as a function of the lateral 
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expansion inhibitions in the shock-absorber and test results [sic]. The methods should be used 
only with a verification by means of drop tests using similar drop test objects (particularly, 
similar shock-absorbing parts). 
 
 We investigated two detailing degrees for shock-absorbing parts, a simplified model and 
a detailed model. Using the simplified model, it was possible satisfactorily to reproduce local 
bottom and lid deceleration-time curves. That necessitated adaptations of material parameters to 
the test results. A variation of the magnitudes of the friction coefficients exerted significant 
influence on the computation results. If the friction coefficient is chosen too small, then the 
material will evade laterally under the cask body and will no longer be available for energy 
absorption. In the case of real shock-absorbing parts, the sheet-metal structure - not modeled in 
the simplified model - performs this holding function.  The evasion behavior of the wood could 
be simulated realistically only with an empirically determined friction coefficient of 0.3. The 
simplified model can basically be used for a simulation of the compression of shock-absorbing 
parts if the force introduction of the shock-absorbing part is known a priori.  The prerequisite for 
this is a verification [of] drop tests with identical models. Special attention must be devoted to 
the friction coefficients that must be set. The basic predictability of the results determined with 
this modeling form must thus be evaluated as being rather minor.  An evaluation of the influence 
of changing marginal conditions, such as, for example, changes in the temperature, is impossible 
due to the dependence of the computation results on the friction coefficients. 
 
 Local bottom and lid deceleration-time curves could be replicated satisfactorily with the 
detailed shock-absorber model. Here again, an adaptation of the material parameters to the 
experimental results was necessary. Except for the use of unrealistically small values, the 
friction, however, does not exert any decisive influence on the developing force-time curves. 
When realistically modeling the sheet-metal behavior, this variant, assuming a verification with 
the help of drop test results, can be used in order effectively to simulate the behavior of shock-
absorbing parts in drop tests with transport casks holding radioactive substances.  The influence 
of changing marginal conditions, such as changes in the temperature, can now be evaluated. 
 
 The LS-DYNA material model 26 mat_honeycomb proved to be a suitable material 
description due to its structure, which is well suited for wood, except for the modeling of the 
softening (anisotropic, uncoupled flow conditions, hardening of relative volume change) for the 
investigated modeling form energy equivalence setup and both investigated modeling grades. 
The use of adequately stiffness-proportional RALEIGH friction is justifiable for the simulation 
of the behavior of shock-absorbing parts. The influence on the expansions occurring on the cask 
body, however, should be investigated. The vaporization of the rigid-body motion must be 
observed carefully when using mass proportional RALEIGH attenuation. Friction exerts 
significant influence, especially on the substitute shock-absorber models because it decides on 
the possibility of a lateral evasion of the shock-absorber areas that are earmarked for energy 
absorption. A detailed modeling of the impact foundation was not necessary in the combination 
investigated here; in case of deviations of the elasticity ratio between shock absorber and 
foundation, a modeling of the foundation, however, can be helpful when it comes to recomputing 
the performed drop tests. 
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 If one may assume extensive verification with experimental methods, then the FEM can 
be used for model testing and risk analysis for stress determination in a very practical manner.  
By means of an experimental verification, the simulation model must be adapted to the marginal 
conditions prevailing during the test by means of physically acceptable corrections regarding the 
multiaxiality of the tension state. For model testing, the modeling setup can be used most 
effectively for data on the components of the shipping items that constitute the tightly sealed 
enclosure.  The prerequisite is the verification with the help of drop test results on a sufficiently 
similar test specimen. 
 
 A stress determination for various accident situations, considering the real packaging 
behavior, which would be more realistic in comparison to analyses conducted so far, can be 
performed in the course of a risk analysis with the help of the FEM. 
 
 As a function of the deviatory and hydrostatic stress state, one should define a material 
model that is capable of describing the behavior of a substitute continuum-mechanics model for 
the wood mixture in the post-rupture area under the influence of multiaxiality.  The status of 
simulation described here could be improved considerably with the described material model, as 
implemented in a computation model with detailed shock-absorber modeling. 
 
6.5 Summary 
 
 In this chapter, we presented a substitute continuum-mechanics model for the simulation 
of the behavior of axially pressure-stressed wood at large deformations. Then the wood fiber 
mixture that forms as a result of axial stress along with large deformations is modeled in a 
"smeared" manner by way of continuum mechanics. The multiaxiality of the triaxial stress state 
in the model should control the evolution of the flow surface. If the lateral expansion inhibition 
and thus the multiaxiality are minor, then the flow surface - modeling softening - should become 
smaller. If the lateral expansion inhibition and thus the multiaxiality are high, then the flow 
surface should become larger with increasing stress. Various modeling setups were proposed for 
the conversion of the substitute model in the FEM.  The softening flow curve, substitute 
continuum-mechanics model with multiaxiality and energy equivalence setup variants were 
recommended for further work.  Material models of the LS-DYNA FE program, which 
potentially can be applied to the proposed modeling setups, were presented and evaluated.  
Material models 24, 26, 63 and 75 of the LS-DYNA FE program were selected for an additional 
investigation. 
 
 The applicability of the material models and modeling forms was evaluated with the help 
of a recomputation of the shock tests against wood samples presented in Subchapter 4.3. None of 
the investigated combinations was able globally to simulate the behavior of wood in the post-
rupture area with large deformations. The results, determined with the softening flow curve 
modeling variant were basically a function of discretization and, except for one case, were not 
numerically stable and therefore could not be recommended for any further use.  The 
applicability of the LS-DYNA material model 75 was investigated for the modeling variant 
substitute continuum-mechanics model with multiaxiality. The material model does not separate 
deviatory from hydrostatic stress conditions; therefore, the material model was not suitable for 
the proposed modeling variants. 
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 Using the results from a drop test, the modeling variant energy equivalence setup was 
transferred to the specific application case, in other words, the simulation of a drop test with a 
cask-like substitute mass and shock-absorbing part.  Cask kinematics (filtered lid and bottom 
deceleration) could be simulated satisfactorily with simplified and detailed shock-absorber 
models. Friction coefficients decisively influenced the determined curves in the case of 
simplified modeling. The extrapolability of the simplified modeling for parameter investigations 
should be evaluated as being very poor due to the dependence of the computation results on the 
friction coefficients. 
 
 The influence of the friction coefficient on the lid and bottom decelerations was minor 
when the detailed shock-absorber model was used. This modeling form can be used to evaluate 
the influence of changing marginal conditions, such as changes of the temperature or the 
geometry. 
 
 The LS-DYNA material model 26 mat_honeycomb proved to be a suitable material 
description for the investigated modeling form energy equivalence setup and both investigated 
modeling grades.  The use of adequate stiffness proportional RALEIGH attenuation can be 
justified for the simulation of the behavior of shock-absorbing parts. We advise against using 
mass proportional RALEIGH attenuation. Friction exerts significant influence, especially for the 
substitute shock-absorber models. A detailed modeling of the impact foundation was not 
necessary in the combination investigated here. The type of contact definition exerted little 
influence on the computation results. 
 
 If one may assume extensive verification with experimental methods, then the FEM can 
be used for model testing and risk analysis for stress determination in a very practical manner.  
By means of an experimental verification, the simulation model must be adapted to the marginal 
conditions prevailing during the test by means of physically acceptable corrections regarding the 
multiaxiality of the tension state. For model testing, the modeling setup can be used most 
effectively for data on the components of the shipping items that constitute the tightly sealed 
enclosure.  The prerequisite is the verification with the help of drop test results on a sufficiently 
similar test specimen. 
 
 A stress determination for various accident situations, considering the real packaging 
behavior, which would be more realistic in comparison to analyses conducted so far, can be 
performed in the course of a risk analysis with the help of the FEM.



7 Summary 
 
 The goal of this study was to develop a model for the behavior of wood-filled shock-
absorbing parts of transport casks holding radioactive substances. This model was used in order 
to derive and evaluate modeling strategies for shock-absorbing parts in the course of 
mathematical determination of the release risk during the shipment of radioactive substances and 
for the evaluation of safety characteristics in the context of model testing of transport casks 
holding radioactive substances.  The results of this study represent progress for the investigation 
of the shipment risk as well as for model testing because the safety behavior of transport casks 
holding radioactive substances can, with the results of this study, be better modeled and 
quantified as part of the safety engineering accident chain. 
 
 Shock-absorbing parts, tested in the course of drop experiments, were broken down and 
analyzed to shape the model for the behavior of shock-absorbing parts. To absorb significant 
energy, the wood must be covered by rigid container or shock-absorber structures in a position-
stabilizing manner.  To make a realistic comparison between measured and computed shock-
absorber deformation, we must also add an elastic resiliency of the shock-absorbing part after the 
impact to the measured deformation, amounting to between 5% and 7.5%. The optical 
measurement method of strip projection, which was developed for the purpose of measuring 
three-dimensional objects, was employed for the first time for measuring shock-absorbing parts 
of shipment casks for radioactive substances and is very well suited for damage and deformation 
documentation.  The method was to be employed to document deformations on shock-absorbing 
parts in drop tests. 
 
 Differing failure and compression mechanisms could be seen for wood, depending on the 
position in the shock-absorbing part.  With the help of experiments on wood samples, it was 
possible to confirm the hypothesis derived therefrom: After attaining pressure strength, the 
energy-absorption capacity of the wood in the shock-absorbing part depends on the lateral 
expansion inhibitions. The more intensively the wood is supported laterally, the greater will be 
the energy absorption.  Faster stress velocities in general resulted in stronger pressure forces and 
absorbed energies, although not all of the interrelationships examined in this study were 
significant.  The dependence of the pressure strength on the expansion rate was determined. 
Increasing pressure rates resulted in higher pressure strength. On the basis of the experimental 
investigations, a model was developed for the behavior of axially stressed wood in conjunction 
with large deformations.  The model considers the lateral expansion inhibition for the 
compression of wood - and in the continuum-mechanics context, that would be the multiaxiality 
of the stress state in the continuum. The energy that can be absorbed by wood grows the greater 
is the lateral expansion inhibition. That results in a model for the behavior of wood-filled shock-
absorbing parts:  The energy-absorption capacity of the shock absorber depends on the ability of 
the outer sheet-metal structure to assure the cohesion of the shock absorber and to prevent a 
primarily axial stress of the wood as well as an evasion of an entire wood packet. To build 
shock-absorbing parts, it is necessary to ensure the lateral support of the wood and the 
cohesiveness of the shock absorber by means of adequately dimensioned sheet-metal structures. 
 
 The simplified numerical method "ImpactCalc," as developed in this study, is suitable for 
determining estimates for global kinematic parameters, such as rigid cask body decelerations or 
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shock-absorber deformations.  With slight deviations, the method is capable of determining 
curves of rigid-body decelerations and shock-absorber deformations in shipment casks for 
radioactive substances with wood-filled shock-absorber parts. For this purpose, we must construe 
the entire cask system, excluding the shock-absorbing parts approximately as a uniform, 
cohesive, rigid body. This simplification can be made only if the resiliency of the cask when 
compared to the resiliency of the shock-absorbing parts is negligible and if no significant relative 
motion is possible between the individual parts of the cask. 
 
 It follows from the experimental and computational results on the CONSTOR® V/TC that 
the widely used principle of evaluation of maximum rigid-body deceleration as model stress for 
casks, such as CONSTOR® V/TC, can no longer be meaningfully employed.  As part of cask 
evaluation, one must, for example, investigate by means of a dynamic comparison computation 
whether the setup of a rigid-body deceleration covers the cask stress.  Assuming verification, the 
method can be used appropriately in model testing to determine rigid-body decelerations and 
shock-absorber deformations. Assuming a verification with the results of drop tests involving a 
similar model, we propose the use of a sufficiently conservative safety factor of two for the 
results of computations using "ImpactCalc" for further evidence.  For risk analysis, one can, in a 
simple and cost effective manner, estimate many different accident situations, for example, an 
impact against real foundations, and they can be compared with the impact upon the nonresilient 
test stand foundation. 
 
 A continuum-mechanics substitute model was proposed for modeling with the Finite 
Elements Methods, which the proposed physical model on the behavior of the wood ties in with 
the continuum-mechanics interrelationship. In the model, the multiaxiality of the triaxial stress 
state controls the evolution of the flow surface. In that way, the degree of lateral expansion 
inhibition decides the softening or hardening material behavior. Other simplified modeling forms 
were derived and evaluated. 
 
 Using a simulation of the compression experiments with wood, it was determined that 
none of the proposed modeling strategy was in a position to model the behavior of wood in 
response to pressure stress and in the presence of large deformations, including softening. The 
investigated variants "softening flow curve" resulted in pronounced network dependences and 
numerical instabilities. No suitable material model is available for the modeling variant 
"substitute continuum-mechanics model with multiaxiality." 
 
 By simulation of a drop test with a cask body and shock-absorbing parts, it was shown 
that the modeling form "energy equivalence setup," while lowering the flow curve, was suitable 
for computing a cask kinematic as determined in the experiments.  The LS-DYNA material 
model 26 mat_honeycomb proved to be a suitable material description for the investigated 
modeling form energy equivalence setup and both investigated modeling degrees.  The use of 
adequate stiffness proportional RALEIGH attenuation is justifiable to simulate the behavior of 
shock-absorbing parts. We advise against using mass proportional RALEIGH attenuation. 
Friction exerts significant influence on the determined shock force curves, especially with 
respect to the substitute shock-absorber models. A detailed modeling of the impact foundation 
was not necessary for the combination investigated here. The contact definition exerted little 
influence on the computation results. 
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 If one may assume far-reaching verification with experimental methods, then the FEM 
can be used effectively in model testing and risk analysis for stress determination. By means of 
experimental verification, the simulation model must be adapted to the marginal conditions 
prevailing in the experiment by means of physically justifiable corrections regarding the 
multiaxiality of the stress state. When it comes to model testing, the modeling setup can be used 
effectively for test data on the components of the shipping items that constitute the tightly sealed 
enclosure.  The prerequisite here is verification with the help of drop test results using an 
adequately similar test specimen.  In the course of a risk analysis using the FEM, one can make a 
comparison with the previously performed analyses of more realistic stress determination for 
various accident situations, considering the real packaging behavior. 
 

 
Figure 7.1: Excerpt from the Scheme Showing the Safety Engineering Chain with Progress 
Achieved by This Study 
 
[Key: 1) Accident situation, mechanical part; 2) Shock-absorber behavior; 3) Behavior of tightly 
sealed enclosure; 4) Real accident situation; 5) Accident body, for example, bridge foundation, 
vehicle, rocks; 6) Shock absorber; 7) Cask, cask body, lid, screw locks; 8) Seal, metal or 
elastomer seal; 9) Activity release, released substances; 10) Impact conditions, impact velocity, 
angle, position; 11) Cask kinematic, for example, rigid-body deceleration, maximum shock 
force; 12) Flange deformation, form change, flange, lid; 13) Model testing; 14) Accident body, 
nonresilient foundation, steel dome; 15) Measurement results; 16) Material investigation, floors, 
concrete, asphalt, highway foundations; 17) Drop tests with transportation cask containing shock 
absorbers, wood experiments; 18) Stress determination, stresses, expansions; 19) Seal 
characterization, permissible seal deformation; 20) Leakage rate, helium tightness; 21) Physical 
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model; 22) Solid body and structural mechanics, for example, flow mechanics; 23) Solid body 
and structural mechanics, plastic mechanics; 24) Solid body and structural mechanics, plastic 
mechanics, beams; 25) Solid body mechanics, viscosity mechanics; 26) Fluid mechanics, gas 
dynamics, rheology; 27) Mechanical model; 28) Foundation model, rigid, elastic; 29) Shock-
absorber model, wood-sheet metal, interaction, 30) Component model, system model; 31) Seal 
model; 32) Mass and volume flows; 33) Impact conditions, impact velocity, impact position, 
angle; 34) Cask kinematic, contact force, force function, local deceleration; 35) Deformations, 
expansions in the sealed track]. 
 
 Figure 7.1 shows the excerpt, already presented in Chapter 1, from the safety-engineering 
action chain, this time supplemented by the action that was "operationalized" with measurements 
as well as physical and computer models; the sections marked with orange color indicate that this 
study determined essential results and produced progress.  The results of the performed drop 
tests and the wood experiments can be integrated into the measurement results. Various impact 
conditions were investigated and the cask kinematics were determined experimentally. Using 
experimental results, we determined a typical model of the behavior of wood in response to axial 
pressure stress, and that resulted in a model for the behavior of shock-absorbing parts.  For 
simplified numerical and FEM methods, we supplied mathematical models of shock-absorbing 
parts, and we evaluated their applicability and, in one case, the influence of foundation modeling. 
Various impact positions were investigated mathematically and cask kinematics were 
determined.  The physical models were arranged according to GUMMERT & RECKLING 
[GR94]. 
 
 Figure 7.2 is a summary showing the possible routes as determined and evaluated in this 
study for the computation of the load introduction into the cask body for mathematical data 
evidencing the accident safety of the transport cask holding radioactive substances or for studies 
to determine the hazard potentials connected with the shipment of radioactive substances.  
Dynamic FE methods or the simplified numerical method "ImpactCalc" can be used. 
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Figure 7.2: Scheme Showing Possible Procedures To Be Used for Mathematical Data 
Evidencing the Accident Safety of Transport Casks Holding Radioactive Substances 
 
[Key: 1) Accident situation, for example, 9-m drop; 2) Rigid-body setup applicable?; 3) Yes; 4) 
No; 5) Dynamic FEM; 6) Shock force determination, determination of maximum shock force by 
computation with minimal/maximal characteristic curves; 7) Shock force determination, 
determination of the time curve of shock force by computation with minimal/maximal covering 
flow curves; 8) Shock force determination, determination of time curve of shock force by 
computation with minimal/maximal covering flow curves; 9) Safety factor, use of an adequate 
safety factor (proposal s=2); 10) Multimass effects, determination of shock kinematic of other 
shipping item components; 11) Force propagation into the cask body; 12) Cask stress]. 
 
 In conclusion, we might keep in mind that this study and the method developments 
presented herein make a decisive contribution to an understanding of the behavior and the 
simulation possibilities of shock-absorbing parts and can be a basis for further design 
developments and continued research activity in this field. 
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8 Outlook 
 
 The behavior of shock-absorbing parts as well as the possibilities of modeling it and 
computation with various methods as characterized in this study constitute but one part of the 
mechanical safety evaluation in the course of model testing and risk analysis. 
 
 In any risk analysis, a mathematical computation of the cask stresses in accident 
situations would be possible on the basis of this study.  Further investigations would be 
necessary regarding the behavior of the sealing systems in response to accident stresses and the 
modeling of the "real" obstacles, such as vehicles or bridge foundations. 
 
 More extensive concretizing materials or parts investigations for various design forms of 
shock-absorbing parts are necessary when it comes to model testing, for example, in the course 
of a specific licensing procedure.  That includes further experiments on wood samples with 
which one could determine the influence of temperature, moisture and sample size on the 
energy-absorption capacity of wood in case of large deformations. 
 
 The transferability of experimental results on wood samples, for example, under various 
temperature conditions upon real shock-absorber designs, could be examined in the course of 
experiments with prototypes or models on a suitable scale using transport and storage containers 
under operational, space and low-temperature conditions. 
 
 The considerations can be expanded to other impact positions and more complex 
geometries for simplified numerical methods. 
 
 Depending on the deviatory and hydrostatic stress state, by defining a material model that 
is capable of describing the behavior of a substitute continuum-mechanics model for the wood 
mixture in the post-fracture area under the influence of multiaxiality, the status of simulation 
described here can be improved considerably. 
 
 Basically, the investigations and computation methods used in this study can be used also 
for other shock-absorbing materials, although that would require appropriate materials 
investigations.
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A Fundamentals of the Finite Elements Method 
 
 Let us agree that the marginal conditions, as described in Subchapter 6.1, apply to the 
interrelationships described below. 
 
A.1 Balanced Equations 
 
 Balanced equations describe generally valid principles or laws that are independent of 
special continuum properties.  They describe the change in terms of time of a physical magnitude 
Φ (random tensor) that will describe the state of the body during a process.  If the change in 
terms of time is Φ = 0, then we are dealing with a special case of a preservation principle. 
 
 Mass balance. The prerequisite to the effect that the mass of a body is constant at all 
times with the help of Euler's divergence formula leads to the local mass continuity equation: 
 

 (A.1) 
 
  ____________________ 
  m  Mass 
  ρ  Density 
  div(v) Divergence of velocity vector 
 
or the global mass continuity equation in the momentary configuration: 
 

 (A.2) 
 
 Impulse balance. The change of the impulse in terms of time must be equal to 
the action of all surface and volume forces: 
 

(A 3) 
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 ____________________ 
 I  Impulse 
 vi  Velocity vector 
 a  Surface 
 v  Volume 
 fi  Force per volume 
 ti  Force per surface 
 
 With the help of the GAUSSIAN principle that describes the interrelationship between an 
area integral via the volume V and the integral via the pertinent surface A 
 

 (A.4) 
 
  ____________________ 
  ∇   Nabla operator 
  ∇ ·φ   Divergence of Φ 
  n  Perpendicular vector on the surface 
  
and the interrelationship between Cauchy's stress tensor σij and Cauchy's stress vector ti 
 

 (A.5) 
 
one can describe the local form of the impulse balance in the momentary configuration: 
 

 (A.6) 
 
   ____________________ 
   σij,j div(σ) Divergence of σ 
 

 Rotary impulse balance. The change in terms of time of the total rotary impulse i 
is equal to the resultant rotary moment of all external forces MRi. 

.
D

 

 (A.7) 
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____________________ 
εijk  LEVI-CEVITA permutation tensor, third stage 
 
 With the help of the Gaussian principle (equation A.4), one can substitute the surface 
integral, and equation A.7 then gives us 
 

 (A.8) 
 
 It follows from this that Cauchy's stress tensor σij must be symmetrical. 
 
 Energy balance. The global form of the energy balance is known as thermomechanical 
energy preservation principle or 1st principal theorem of thermodynamics. The time change of 
the internal energy and of the kinetic energy of the continuum corresponds to the output of the 
external volume and surface forces as well as of the supplied or evacuated heat quantity in the 
volume or via the surface per [unit of] time.  The local evaluation [interpretation] in the 
momentary configuration gives us: 
 

 (A.9) 
 
  ____________________ 
  U  Internal energy 
  dki  Deformation velocity tensor 
 
 Here, the term σkidki describes the mechanical form change energy density per [unit of] 
time. 
 
 Entropy balance. The entropy balance equation is called the 2nd principal theorem of 
thermodynamics: In case of irreversible processes. The entropy always increases for closed 
systems, whereas the entropy remains constant for reversible processes. 
 

 (A.10) 
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  ____________________ 
  Tki  2nd PIOLA KIRCHOFF's stress tensor 
  Φ  Specific free energy 
  Θ  Absolute temperature 
  S  Specific entropy 
  qi  Temperature gradient 
  Qi  Heat flow 
 
 Equation A.10 is referred to as the Clausius-Duhem inequality. 
 
 Marginal value problem. In the preceding sections, we derived the local form of the 
impulse balance (equation A.6).  The balance is fulfilled therein, point by point; therefore, 
equation A.6 is also referred to as a strong form of the balance.  The margin of the continuum is 

now subdivided into a part ΓD on which the displacements  (DIRICHLET marginal condition) 

and a part ΓN on which are prescribed the stresses  (NEUMANN marginal condition). The local 
impulse balance thus leads to a marginal value problem for whose solution the supplied balance 
theorems are available. 

_

u
_
t

 
Table A.1: Variables and Equations in Continuum Mechanics 
 
Number of Field Magnitudes Number of Equations 
Displacements u 
Stresses σkl 
Density ρ 

Special internal energy  
_
u

Temperature Θ 
Heat flow q 
Specific entropy S 

3 
9 
1 
 
1 
1 
3 
1 

Mass balance 
Impulse balance 
Rotary impulse theorem 
1st principal theorem of 
thermodynamics 
2nd principal theorem of 
thermodynamics 

1 
3 
3 
1 
 
(1) 

Total 19  8 
 
 The balance between existing equations and unknowns for the Euclidean space RRR3 in 
Table A.1 shows that other equations are needed on top of those already supplied. The missing 
equations for the unequivocal solution of the marginal-value problem are supplied by 
constitutive equations. 
 
A.2 Finite Elements Method 
 

The boundary value problem from Chapter 6.1.1 consists of coupled partial differential 
equations that can be solved only in the rarest of cases. This is why one generally employs 
numerical solution methods. The Finite Elements Method is a procedure that is in wide use to 
solve these marginal-value problems.  In the process, the body is subdivided into finitely many 
subareas on which all structural magnitudes are discretized. At this point, we want to show only 
a small introduction for an understanding of the fundamental equations; for any further work, we 
would like to refer to the standard works on continuum mechanics, such as BETTEN [Bet01], 
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WILLNER [Wil03] and, on the Finite Elements Methods, BATHE [Bat02], WRIGGERS 
[Wri01] and ZIENKIEWICZ & TAYLOR [ZT05]. 
 
A.2.1 Principle of Virtual Work 
 
 The strong form of the impulse theorem is converted into the so-called weak form to 
solve the marginal-value problem (see Chapter 6.1.1). For example, the balance is no longer 
fulfilled locally, but rather only integrally over the entire system.  The unknowns of the system 
are not calculated by balance conditions but are derived from energy considerations. The 
principle of virtual work states that for a statically possible deformation, the virtual work δWa of 
the external forces and moments must be equal to the virtual internal work δWi: 
 

 (A.11) 
 
 The possible deformations are referred to here as virtual jigglings1. The matrix notation 
customary in FEM is used for further work. With the help of the impulse balance (equation A.6), 
we get: 
 

 (A.12) 
 
  ____________________ 
  δu  Virtual displacement 
  u  Displacement 
  f  Vector of all external forces (including mass forces) 
 
 With the help of 
 

 (A.13) 
 
and the GAUSSIAN theorem 
 

 (A.14) 
 

                                                 
1  A fictitious, infinitesimal, geometrically possible and timeless displacement or twisting. 
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 ____________________ 
 t  Surface forces 
 
we get: 
 

 (A.15) 
 
 With the help of the virtual velocity gradients: 
 

 (A.16) 
 
which can be split up into a symmetrical δD and an antimetric δW part 
 

 (A.17) 
 
one can write the principle of virtual work2 in its classical form: 
 

 (A.18) 
 
A.2.2 Discretization 
 
 The body Β is now broken down into nele finite elements: 
 

 (A.19) 
 
 The weak form of the balance e(A.18) with extraction of the mass inertial term out of the 
vector of the external volume forces now becomes a sum via the elements: 
 

 (A.20) 
 

                                                 
2  Principle of virtual jiggling or displacement for static cases. 
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 One usually selects set-up functions for the elements by means of which one can separate 
the local and time dependences: 
 

 (A.21) 
 
  ____________________ 
  Hu (ξi) Matrix of form functions 
  ξi  Local element parameters 

ue  Unknown node magnitudes in element 
 
 Due to the separation, the derivation operations for the formation of the distortions act 
only on the form functions Hu (ξi): 
 

 (A.22) 
 
  ____________________ 
  Dεu  Differential operator 
 
 We proceed similarly with the virtual magnitudes, which, however, according to 
definition, are not a function of the time. The nodular magnitudes are not a function of the 
location; therefore, they can be factored out of the integral.  Equation A.20, used for a single 
element, gives us the following: 
 

 (A.23) 
 
 By interpreting the integrals, one gets the element vector of the internal forces: 
 

 (A.24) 
 
the element mass matrix 
 

 (A.25) 
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the element load vector from volume loads 
 

 (A.26) 
 
and the element load vector from marginal loads 
 

 (A.27) 
 
which now, with the help of the assembling operator A according to HUGHES [Hug87], are 
incorporated in the system matrices: 
 

 (A.28) 
 
 Here are the resultant system balance equations: 
 

 (A.29) 
 
whereby the system load vectors were combined for volume and marginal loads. 
 
A.2.3 Linearization in Case of Nonlinear Problems 
 
Equation A.29 is a linear equation system only for linear problems, as in the case of linear elastic 
material behavior.  We have a high-grade nonlinear equation system here due to the nonlinear 
material laws employed here. Iterative methods must be used for the solution. The NEWTON 
RAPHSON method is frequently employed for this purpose. We will not present it here; instead, 
we would like to refer to DEUFLHARD [Deu04]. 
 
A.2.4 Time Integration for Dynamic Problems 
 
 The idea underlying all time integration methods is the discretization of the time axis into 
discrete time steps τ.  The objective is the deterministic determination of subsequent states t+τ of 
a system by means of the initial conditions given at moment t. The various methods for time 
integration can be subdivided into explicit and implicit methods. In the case of explicit methods, 
the differential equations are evaluated at moment t, while in the case of implicit methods, this is 
done at moment t+τ. For the explicit case, there now follows a linear equation system, and in the 
case of implicit nonintegration, there will be nonlinear equation systems that must be solved 
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iteratively. Explicit methods are only conditionally stable, while implicit methods are very 
laborious in terms of mathematics.  There are many methods for time integration and the best-
known implicit method is the generalized method according to NEWMARK [New59].  The 
method of central differences is frequently used for explicit integration. The EULER forward 
method is another option. A discussion of other time integration methods can be found in 
HUGHES [Hug87]. 
 
A.2.5 Solution of the Linear Equation System 
 
 All of the mentioned methods for the solution of nonlinear or time-dependent problems 
will lead to a linear equation system: 
 

 (A.30) 
 
  ____________________ 
  K  System matrix 
  u  Unknown node magnitudes 
  f  Right side given  
 
 This equation system can be solved with the help of standard methods (for example, 
GAUSSIAN elimination). The coefficient matrix, however, is mostly only lightly occupied, and 
it is also symmetrical; therefore, one can use more effective methods. We differentiate between 
direct and iterative solution methods.  Direct methods for small problems are based on a matrix 
breakdown (mostly CHOLESKY method of LDLT factorization); iterative methods, such as the 
JACOBI or the LANCZOS method, are often used for working on major problems (see also 
BATHE [Bat02]). 
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B FE Model Settings 
 
 In this chapter, we present the FE material law parameters that are used in the FEM 
computation for wood. 
 
Table B.1: Material Model 24 Settings for Fir Wood in Response to Axial Stress 
 
Item Symbol Value 
Density 
Elasticity module 
Poisson's ratio 
Elongation limit 
Attenuation 

RO 
E 
PR 
SIGY 
DAMP 

4.5·10-4 g/mm3 
3.0·103 MPa 
0.45 
50 MPa 
0.0 

 
Table B.2: Material Model 26 Settings for Fir Wood in Response to Axial Stress 
 
Item Symbol Value 
Density 
Elasticity module 
Poisson's ratio 
Elongation limit of compacted material 
Volume ratio, start of hardening 
Elasticity module, uncompacted axial 
Elasticity module, uncompacted radial 
Elasticity module, uncompacted tangential 
Transversal elasticity module, uncompacted, t-r direction 
Transversal elasticity module, uncompacted, r-a direction 
Transversal elasticity module, uncompacted, a-t direction 

RO 
E 
PR 
SIGY 
VF 
EAAU 
EBBU 
ECCU 
GABU 
 
GBCU 
 
GCAU 

1.5·10-3 g/mm3 
3.5·104 MPa 
0.35 
70 MPa 
0.3 
3.0·103 MPa 
700 MPa 
400 MPa 
700 MPa 
 
40 MPa 
 
700 MPa 

 
Table B.3: Material Model 63 Settings for Fir Wood in Response to Axial Stress 
 
Item Symbol Value 
Density 
Elasticity module 
Poisson's ratio 
Tensile strength 
Attenuation 

RO 
E 
PR 
SIGY 
DAMP 

4.5·10-4 g/mm3 
3.0·103 MPa 
0.45 
50 MPa 
0.0 

 
Table B.4: Material Model 75 Settings for Fir Wood in Response to Axial Stress 
 
Item Symbol Value 
Density 
Elasticity module 
Poisson's ratio 

RO 
E 
PR 

4.5·10-4 g/mm3 
3.0·103 MPa 
0.25 
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Tensile strength 
Viscous attenuation 

SIGY 
V 

50 MPa 
0.0 

 
Table B.5: Material Model 75 Settings, Sheet Metal 
 
Item Symbol Value 
Density 
Elasticity module 
Poisson's ratio 
Elongation limit 
Attenuation 
Expansion at which element erodes 

RO 
E 
PR 
SIGY 
DAMP 
FAIL 

7.85·10-3 g/mm3 
2.1·105 MPa 
0.3 
-0 MPa 
0.0 
0.3 

 
 

 
Figure B.1: Flow Curve for Sheet Metal Used for All Variants 
 
[Key: Y-axis= Sheet-metal flow curve; X-axis= Stress; Fliesskurve Blech = Expansion]. 
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List of Abbreviations 
 
A2   Activitätsgrenzwert 
   [Radioactivity boundary value] 
ADNR   Europäisches Übereinkommen über die Beförderung gefährlicherGüter auf 

Binnenwasserstrassen (ADN) in Verbindung mit der Verordnung über die 
Beförderung gefährlicher Güter auf dem Rhein (und Mosel) 

   [European Agreement on the Transportation of Hazardous Goods on 
Inland Waterways (ADN) in Conjunction with the Decree on the 
Transportation of Hazardous Goods on the Rhine (and Moselle) 

ADR   Europäisches Übereinkommen über die internationale Beförderung 
gefährlicher Güter auf der Strasse 

   [European Agreement on the International Transportation of Hazardous 
Goods by Highway] 

BA   Beschleunigungsaufnehmer 
   [Acceleration sensor] 
BAM   Bundesanstalt für Materialforschung und -prüfung 
   [Federal Institute for Materials Research and Testing] 
BfS   Bundesamt für Strahlenschutz 
   [Federal Bureau for Radiation Protection] 
BMBF   Bundesministerium für Bildung und Forschung 
   [Federal Ministry for Education and Research] 
CFK   Kohlefaserverstärkter Kunststoff 
   [Carbon-Fiber Reinforced Synthetic Substance] 
DMS   Dehnungsmessstreifen 
   [Expansion measurement strip] 
FEM   Finite Elements Method 
GFK   Glasfaserverstärkter Kunststoff 
   [Glass-fiber reinforced synthetic substance] 
GGBefG  Gesetz über die Beförderung gefährlicher Güter 
   [Law on the Transportation of Hazardous Goods] 
GGG   Grauguss mit globularem Kugelgraphit 
   [Gray cast iron with globular ball graphite] 
GGVBinSch  Gefahrgutverordnung Binnenschifffahrt 
   [Hazardous Goods Decree Inland Navigation] 
GGVSE  Verordnung über die innerstaatliche und grenzüberschreitende 

Beförderung gefährlicher Güter auf der Strasse und mit der Eisenbahn 
   [Decree on the Domestic and Border-Crossing Transportation of 

Hazardous Goods by Road and Rail] 
GGVSee  Verordnung über die Beförderung gefährlicher Güter mit Seeschiffen 
   [Decree on the Transportation of Hazardous Goods on Oceangoing 

Vessels] 
GNS   Gesellschaft für Nuklearsysteme GmbH 
   [Nuclear Systems Company, GmbH] 
HAW   High-Active Waste 
IAEA   International Atomic Energy Agency 
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IATA   International Air Transport Association 
ICAO   International Civil Aviation Organization 
IMDG   International Maritime Dangerous Goods Code 
INF   International Code for the Safe Carriage of Packaged Irradiated Nuclear 

Fuel, Plutonium and High-Level Radioactive Wastes on Board Ships 
KKW   Kernkraftwerk 
   [Nuclear power plant] 
MHI   Mitsubishi Heavy Industries Ltd. 
LSA   Low Specific Activity 
PSE   Projekt Sicherheitsstudien Entsorgung 
   [Waste Disposal Safety Studies Project] 
PSA   Probabilistische Sicherheitsanalyse 
   [Probabilistic Safety Analysis] 
PU   Polyurethan 
   [Polyurethane] 
RAM   Radioactive Material 
RID   Ordnung über die internationale Eisenbahnbeförderung gefährlicher Güter 
   [Directive on International Rail Shipment of Hazardous Goods] 
TLB   Transport- und Lagerbehälter 
   [Transport and Storage Cask] 
TB   Transportbehälter 
   [Transport cask] 
IAEATRANSSC Transport Safety Committee of the IAEA 
USDOE  United States Department of Energy 
SCO   Surface-Contaminated Object 
UHMW   Ultra-High Molecular Weight 
UNO   United Nations Organization 
UN-ECOSOC  United Nations Economic and Social Council 
USICC  United States Interstate Commerce Commission 
UDM   Uniaxial Displacement Method 
USNRC  United States Nuclear Regulatory Commission  
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