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1. NOTATIONS ABOUT THE MADYMO 5.1 FINITE ELEMENT MODULE 

1.1 Introduction 

Until recently MADYMO offered a modest finite element module, developed mainly to 

model airbags in crash simulations. Studying vehicle deformations and detailed human 

body segment models requires nevertheless a more sophisticated use of finite element 

techniques. To enlarge the applicabilities and virtues of the code, the finite element 

module is extended in the 5.1 version. The combination of the multibody module and this 

new finite element module makes MADYMO a powerful tool in crash safety simulations. 

The scope of this reporì will be solely on the new finite element module. This chapter is 

concerned with a brief introduction to the finite element method as it is implemented in 

M ADY MO. 

1.2 A Brief History 

The finite element method has passed into common usage in all branches of 

engineering. At present many computer codes are available, all with their specific 

purposes. However, it took a long time for the finite element concept to achieve its 

broad applicability. The idea was stimulated by the work of the mathematician Courant, 

but the development of the technique was initialised by others at the end of the 

nineteenth century. Progress in development was slow until 1920 due to practical 

limitations of solving algebraic equations with multiple unknowns. In the early fifties of this 

century researchers began to develop a method which relied totally on the digital 

computer. Almost all of these pioneers had connections with the aircraft industry since 

this sector derived much benefit from the possibilities of the new technique. Moreover, 

this industry had the necessary research capital to buy the very expensive early digital 

computer. In the succeeding decades the finite element method was developed, 

parallel with the rise of the computer, to its recent status. 

1.3 Basic Ideas 

Computers can be instructed to describe structures in terms of continuous functions, but 

this is not a feasible option for complex constructions. Discretization is therefore a keyword 

in the finite element method. The basic idea is simple. Firstly, a structure is divided into 

elements which are so small that variations of the displacement and stress fields can be 

approximated. The problem is then spatially discretised. Secondly, all elements have to 
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be assembled together to ensure continuity along all element boundaries. The elements 

are connected to a discrete number of points, the nodes. The identification of these 

material points is very important in studying the continuum deformation and 

displacement. 

There are two different ways to describe the system kinematics. The Lagrangian method, 

which is normally used in solid mechanics, regards the entire continuum or part of it. 

Independent variables in this method are the initial state of the body and the time. The 

oihei method which is applied maiiiÍy iii fluid mechunics Is the Eule: UGSCiii3Itiofi. This 

method considers a part of the space, where the actual state and the time are the 

independent variables. 

MADYMO uses a Lagrangian description, which means that the elements are fixed to the 

material and move through space. The element formulation is based on displacements 

because of its simplicity. Motion of points within an element is defined as a function of 

the motion of the element nodes. This is achieved by choosing a relationship between 

the displacements at any arbitrary point in the element and the nodal points. This 

relationship is established via the shape functions and it determines how specific 

magnitudes vary across the element. 

1.4 Fundamentals 

In solving structural problems there are three different physical principles that have to be 

considered. These principles must always be satisfied, whatever the type of loading, be 

it static or dynamic and whatever the properties of the structure’s material. The principles 

are: 

10 Equilibrium. These laws relate stresses to applied forces. If the structure 

is excited dynamically, inertia forces are inserted in the 

equations of equilibrium. 

2. Compatabiliy. Geometrical laws define strains as a function of 

displacements. These relationships depend on the type of 

deformation and the geometry of the particular structure. 

Empirical laws define the relation between the strains and 

stresses. They depend on experimenta! evidence. 

3. Constitutive laws. 

The equations of equilibrium for a certain structure can be reflected by the principle of 

virtual displacements, which relates internal to external work using the product of forces 

and virtual displacements. 
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The internal virtual work for a 3D structure will be: 

Wi,, = p & d V  
V 

where IS and E reflect the column of stress and strain components within the structure 

respectively. The external virtual work done by body and surface forces is: 

w,, = SP,TodV + Sp:.dS (1.2) 
V S 

To satisfy equilibrium the internal work must equal the external work and thus the principle 

of virtual displacements is: 

p & d V  = JPJUdV + JPS'.dS (1.3) 
V V S 

In the finite element concept body and surface forces are concentrated in the element 

nodes. For static as well as for dynamic analysis, both internal and external nodal forces 

have to be known. By manipulating the intelnal virtual work a relationship will be derived 

between nodal displacements and internal nodal forces. 

Via the shape functions a relationship can be established between nodal displacements dn 

and displacements of an arbitrary point within the element: 

U = Ndn (1.4) 

Now the principle of computability can be applied. This relationship between strains and 

displacements depends on the definition of strain: 

N represents known shape functions and therefore differential operators can be applied 

to them. The differentiated shape functions can be denoted as = B which results in: 

E = Ba', (1.6) 

The constitutive law, which defines stresses as a function of strains, can be given by: 

o=€E (1.7) 

where E is the material stiffness matrix. The first term of equation (1 -31, which reflects the 

internal virtual work can be rewritten using (1.6) & (1.7) as: 
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JokdV = JE ' k d V  = dnrJBr€BúVd,, = dnrKgdn 
V V V 

where the element stiffness is defined as: 

Kg = sBrEBdV 
V 

(1.9) 

The work done by the applied forces in equation (1.3) can be rewritten using u = Nd,, , 

which gives: 

JP,,WdVd,, + JPsrNdVd,, = f,,'d,, (1.10) 
V S 

The equations of equilibrium (1.3) now look like: 

dnTKgd,, = fextrdn + &,trd,, = fextrd,, (1.1 1) 

The relationship between internal nodal forces and the nodal displacements is given by: 

6nt = Kgdn (1.12) 

1.5 A system of elements 

So far only a single element has been considered. For a system of elements the same 

theory can be applied. At this point most common finite element codes execute an 

element summation by constructing a system stiffness matrix. For MADYMO, however, the 

elementary part of the finite element concept ends with equation (1 -12). The code has 

been developed primarily for dynamic analysis and therefore the systems equations of 

motion have to be known. These are, in contradistinction to most codes, expressed in 

index notation, because that is most suitable for the solution proces MADYMO uses. This 

solution proces will be described later on in this chapter. 

Constitutive material properties which vary through a continuum have been spatially 

discretised and the continuum is now represented by a collection of nodes. Kinematic 

and constitutive relationships between these nodes can be stored in a columnK 

containing all stiffness factors Kg. 

In a dynamic analysis the effects of inertia forces are considered in the calculation. In 

order to define such a problem the minimum information that has to be specified is the 

stiffness and the inertia of the system. For a response calculation some initial conditions 

for displacement and velocity are also required. In addition any real system will contain 

damping that dissipates the vibrational energy and a set of time-varying loads. 
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The principle of virtual displacements for a dynamic system yields the equations of 

motion. Internal and external forces have already been transformed to a nodal level. 

Mass is concentrated in the nodes via a proces called lumping, which results in the mass 

column. Damping is specified as a linear function of mass and stiffness columns, which 

is known as Rayleigh damping. The resulting equations of motion for a system of finite 

elements can thus be denoted as: 

MX + CX + Kx = Fed (1.13) 

where M, C and K are the mass, damping and stiffness columns, Fexf is the applied load 

column and x a column containing the nodal displacements. 

1.6 Numerical integration 

After the equations of motion have been spatially discretised solving the resulting 

differential equation (1.13)remains to be done. This is done by numerical integration 

where the quantities are calculated at a number of discrete points in time. Basically there 

are two different methods for the numerical integration of differential equations; implicit 

and explicit methods. For explicit methods there is a timestep above which the numerical 

integration proces becomes instable. The timestep in implicit methods is only bounded 

by accuracy requirements. An explicit method has, in comparison to implicit methods, 

the advantage that the costs per timestep during the integration are much lower since 

no matrix decomposition techniques have to be used. Explicit methods are most suited 

to crash simulations. In crash simulations, deformations take place in a small time interval 

and thus the strain rates will be large. The timestep must be small to ensure the correct 

calculation of stresses. The disadvantages of the necessity of a small timestep turns out 

to be less apparent. 

In MADYMO the central difference scheme with a fixed timestep is used. The relations for 

this method are given by: 

*n+o.s = %o., + &I 
(1.14) 

Xn+l = X" + *fX,+o., (1.15) 

To benefit from the efficiency of the central difference method it is necessary to assume 

Rayleigh damping. In MADYMO Rayleigh damping only dependent on the mass matrix 

is chosen. 

C = y M  (1.16) 

Furthermore it is assumed that the internal forces can be written as: 
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Fi,, = yMX, + Kx, (1.17) 

Combination of (1.13), (1.141, (1.15) & (1.17) yields: 
(1.18) 

2-yAf * M-l(F 
xn+0.5 = +"-OS + exi - Fi,S 

xn+l = xn *%+OS (1.19) 

Equations (1.18) & (1.19) are fully explicit. In exchange for its simplicity, however, the 

central difference method is only conditionally stable and the timestep is bounded, It can 

be deduced that due to stability the timestep must satisfy: 

(1.20) 

where o,& the maximum eigenfrequency appearing in the mesh. This is the so-called 

Courant criterion. This condition requires that the timestep is small enough to ensure that 

a sound wave may not cross the smallest element during one timestep. Since the speed 

of sound is a function of material properties, the critical timestep depends on the size of 

the smallest element and the constitutive properties of the material modelled. 
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2. ELEMENT & MATERIAL TYPES IN MADYMO 5.1 

2.1 Introduction 

In order to discretise a construction, finite elements are commonly used. In MADYMO 5.1 

eight different elements can be used to build a discretised computer model of a 

continuous system. For the material behaviour, one can choose from of 7 different 

material properties. However, not all combinations of elements and materials are 

implemented in version 5.1. Here the elements and materialtypes that can be used in 

MADYMO are given, with a brief description of their characteristics. 

2.2 Truss2 Element 

The Truss2 element is the most basic finite element in MADYMO 5.1. It’s a one-dimensional 

element, connecting 2 nodes. The mass is equally distributed over the two nodes. A Truss2 

element can only conduct axial loads, no torsion or bending. So each node has three 

global translational degrees of freedom. 

The element has a constant cross-sectional area which is defined by the user. 

There are three options for the material-behaviour of the Truss2 element at the moment: 

Isotropic elastic, Elasto-plastic and Hysteresis. 

2.3 Beam2 Element 

The Beam2 is a one-dimensional element, connecting 2 nodes, like the Truss2. The 

difference between a Truss2 and a Beam2 element lies in the fact, that a Beam2, besides 

axial tension and compression, can also handle torsion and bending. Each node has six 

degrees of freedom. 

The geometrical input consists of the area moments of inertia and area of the cross- 

section of the beam. 
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There is one option for the material-behaviour of the Beam2 element: Isotropic elastic. 

2.4 Mem3 Element 

The Mem3 element is a two-dimensional element, connecting three nodes. It can carry 

only in-plane loads. Because the element cannot bend, the angular orientation of the 

nodes is of no importance. The deformations are fully determined by the three 

translational degrees of freedom of the nodes. The mass of the element is lumped and 

distributed over the three nodes conferring element distribution factors. These factors are 

proportional to the angle enclosed by the two element edges joining in the vertex. 

The thickness of the element is presumed to be constant during the simulation and must 

be defined by the user. 

The tension in the element is characterized by Cauchy stresses and is presumed to be 

constant over the element. The stresses are defined in the local coordinate system of the 

element. 
I I 

The Mem3 Element has eight material options: Isotropic Elastic (tension/pressure, and ten- 

sion only), Orthotropic Elastic (tension/pressure, and tension only), Anisotropic Elastic 

(tension/pressure, and tension only), Elasto-Plastic and Hysteresis. 

2.5 The Facet6 & Shell6 Element 

In contradistinction to a Mem3 element, a Facet6 (or Shell6) element cari handle 

bending loads. For this purpose 3 rotational nodes where added to the element. See 

figure. 

The difference between the Facet6 and Shell6 element is that the shell6 accounts for the 

coupling between membrane and bending stiffness for a curved shell, whereas the 

facet6 neglects this effect and is therefore expected to require less CPU time. 
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So the element has three translational nodes and three rotational nodes. The rotational 

nodes cannot handle forces or translations, just rotations and moments in one direction. 

The translational nodes cannot handle rotations or moments, just translations and forces. 

The geometrical properties needed are the thickness of the shell or facet element and 

the number of integration points over the thickness. 

I WS t "3 
I 

Material types Isotropic Elastic and Elasto-Plastic can be used for the Shell6 and Facet6 

For Isotropic Elastic material behaviour only one integration point over the thickness is 

needed. For Elasto-Plastic material a minimum of two and a maximum of seven 

integration points can be chosen. 

2.6 The Shell4 Element 

The Shell4 element is a quadrilateral element that connects 4 nodes and can carry in- 

plane loads as well as bending loads. The Shell4 element has 20 degrees of freedom. In 

its local coordinate system, each node of the Shell4 has two rotational degrees of 

freedom in the element plane and three translational degrees of freedom. So each node 

can handle translations or forces and rotations or moments in three directions in the 

global system. The mass of the element is lumped and equally distributed over the nodes. 

As geometric data, thickness and the number of integration points over the thickness are 

needed. 
I I 

The material types that can be used for the Shell4 Element are: Isotropic-Elastic and 

Elasto-Plastic. 

It's possible to use the Shell4 element as a triangular element. This is done by collapsing 

the fourth node onto the third node. A triangular element results with its rotational 

degrees of freedom in the corner nodes, in contradistinction to a shell6 or facet6 element 

where the rotational degrees of freedom are handled in special nodes on the element 
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side. Due to the reduced integration scheme for this element hourglassing can occur. This 

will be described in chapter 4. __ 

2.7 The Solid1 & Solid8 Element 

The Solid1 & Solid8 elements are eight noded brick elements that can carry tension, 

compression and shear loads. The Solid1 uses only one integration point, over the 

elements volume. This leaves the element with twelve so-called Hourglass modes or zero- 

energy modes. The advantage of this element however is that is uses less CPU time than 

a Solid8. To be able to use a solid element that is always stable, the Solid8 was imple- 

mented. This element uses eight integration points over the elements volume, and leaves 

no zero-energy modes. Each node has three translational degrees of freedom. And the 

elements mass is lumped and equally distributed over the eight nodes. 

No geometric data needs to be specified. 
I 

- "2 7 

Three material models can be applied for the Solid elements: Isotropic-Elastic, Hysteresis 

and Mooney-Rivlin. 

The Solid elements can be used with collapsed nodes. This way solid elements with seven, 

six, five or four nodes can be used. 

2.8 Linear elastic isotropic material behaviour 

Linear elastic material behaviour can be described using Hooke's law. Isotropic material 

has the same material behaviour in all directions in the element. Its behaviour can be 

fully described by two parameters, sidecontraction coefficient v and elasticity modulus 

E. This material is as ISOLIN realised in MADYMO. A variant on this material is the isotropic 

tension-only material behaviour. This material-type has no stiffness against pressure and 

is named ISOTEN in MADYMO. 
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2.9 Linear elastic orthotropic and anisotropic material behaviour 

__ 
Linear elastic orthotropic material behaviour can be described in the same way as linear 

elastic isotropic material behaviour. In ortholinear materials, however, three orthogonal 

planes can be defined in any point, to which material properties are symmetric. The 

vectors normal to these planes can be denoted as the materials main directions. 

Because of the materials symmetry 9 independent parameters are necessary to describe 

the material behaviour. These 9 variables can be seen as contraction and stiffness 

coefficients for every main direction in the material. 

A material without any symmetry is said to be anisotropic, which means that the 

constitutive relationships between strains and stresses are different for every material 

direction. Since this material type can only be used for membrane elements in MADYMO 

6 parameters have to be defined to describe this material behaviour. 

2.10 Linear elastic material behaviour with hysteresis 

The hysteresis model can be used to model energy dissipation in a material. This is done 

by defining a loading curve which the element follows when the stress in an element 

increases. And when the stress decreases the stress will go along the unloading curve. 

A slope parameter defines a linear function between the loading and unloading curve 

to get from one curve to another. An elastic limit can be defined, so if the strain in the 

element stays under the elastic limit, the material behaviour will keep following the 

loading curve, even when it unloads. The hysteresis model assumes incompressible 

material behaviour. MADYMO has three different hysteresis models available, which we 

will not fully describe here. Instead we will suffice to refer to the MADYMO manual 

(Chapter 2.9). 

2.1 1 Elastic plastic material behaviour 

With the ISOPLA material type, elastic plastic material can be modelled. The user can 

specify the modulus of elasticity, Poisson’s ratio, hardening function and the yield stress. 

The material behaves as linear elastic isotropic material, until the stress (according to the 

Von Mises yield criterion) exceeds the yield stress. After the stress has become larger than 

the yield stress, the material deforms plasticfollowing a user-defined hardening function. 

If the stress decreases the material will always unload with the slope of the elasticity 

module. 
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3. BETA-SITE TESTS O F  M A D Y M O ’ S  FINITE ELEMENT M O D U L E  

3.1 Introduction 

In software development alpha- and beta-sites are generally accepted household words 

to indicate certain objective relationships. ’Alpha-site’ labels the team that is responsible 

for the development of the concerned software, while ‘beta-site‘ is applied to indicate 

a cooperating company or institute. 

Testing MADYMO’s finite element module without having acces to the source code 

therefore can be denoted as beta-site testing. Of course MADYMO offered a modest but 

thorough finite element module in earlier versions, but this is no guarantee of the 

thoroughness of the new expanded element module which is to be released in version 

5.1. 

To validate the implementation of the new module and the interaction with other 

modules the MADYMO development team performs tests that can be refered to as 

alpha-site tests. These tests generally concern global loading situations of more or less 

complicated constructions, performed mainly to check whether the new module delivers 

reasonable output. Labour intensive detailed tests concerning well-determined loading 

situations of specific element configurations are only incidentally carried out by the 

development team itself. These tests are exclusively suitable to be performed by beta- 

sites since they are mainly heavy-users and they thus will derive much benefit of a well- 

functioning finite element module. The tests described in this chapter may be refered to 

as beta-site tests because of their detailed character. 

At first all element types MADYMO offers were individually tested, defining isolinear 

material behaviour. Secondly, the implementation of all material models available in the 

finite element module was evaluated and finally the interaction of different element 

types in determined configurations was checked. This chapter is concerned with the 

global character of all tests performed. A concise but detailed overview of all tests 

classified per element is given in appendix D. 

3.2 Rigid body movements 

A logical choice for the tests to start with is checking rigid body movements for all 

element types. These motions can be subdivided in rigid body translations and rigid body 

rotations. In both cases the element is assumed to remain stress and strainless. 

As shown in chapter 1 shape functions relate nodal displacements to displacements of 

an arbitrary point within the element. Checking rigid body movements can be 

considered as evaluating certain coefficients in the shape functions. A rigid body 

translation requires arbitrary points within the element frame to undergo identical 
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displacements as the nodes. When looking at equation (1.4) it can be deduced that the 

shape functions must contain a coefficient which is independent of local coordinates. 

Otherwise rigid body rotations require arbitrary points within the element to undergo 

displacements that are a linear combination of the nodal displacements. The shape 

functions thus must contain coefficients that are linear in the local coordinates. The 

remaining coefficients appearing in the shape functions are not explicitely checked by 

rigid body movements. 

Rigid bedy ~ w e ~ e r i t s  C O ~  he opp!ied in ?wo different ways.  first!^, disp!acements can 

be prescribed after which strains and stresses are checked to be zero in the MADYMO 

output. Secondly, external loadings will force a non-supported element to accelerate 

according to Newton’s second law. The latter method may be prefered since mass 

computation is involved according to the former law, which states external forces to be 

a product of acceleration and element mass. Mass computation is connected with 

integration of the element volume. Element volume is determined by all nodal 

coordinates and the implemented shape functions and thus we may conclude again 

that checking the element mass can be seen a check on the correctness of the shape 

functions. 

3.3 Continuum mechanics 

Rigid body movements are undoubtedly very important in the finite element technique 

and a logical basis for the tests to start with, but of course the concept is especially 

developed to assess strains and stresses in structures exposed to external loadings. The 

method therefore can be seen as an instrument for analyzing structures with the use of 

theories derived from continuum mechanics. Continuum mechanics describes 

mechanical phenomena like deformation, stress state and relation between deformations 

and stresses for mathematical idealised material behaviour of continuous structures. 

An important part of continuum mechanics is concerned with the description of 

deformation and displacement of structures and is called kinematics. Kinematics 

describes deformation without paying attention to its origins. At any given moment some 

physical laws have to be served and this establishes relationships between forces and 

deformation. Quantities which describe the deformated state of a structure can be 

expressed by the constitutive relationships. 

The aim of all performed tests is to check whether MADYMO presents output that agrees 

with analytical results obtained with the laws of continuum mechanics. Behaviour of 

individual elements can be predicted analytically and this can serve as a reliable test for 

the output MADYMO generates. 
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- -  - -  
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- - -  
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For a general three-dimensional body there are six components of stress and strain, three 

two properties, Young's modulus E and Poisson's ratio v .  The full stress-strain law is: 

direct and three shear. For an isotropic material the constitutive relationship is defined by ___ 

o o o o 2(l+v) o 

(3.1) 

This gives the material flexibility matrix. For the displacement method the inverse of this 

is required: 

1-v v v O O O 
v 1-v v O O O 
v v 1-v o O O I 

(1 -2v) I o  a o -  - o 

O z l  

O 

which is the material stiffness matrix. In crash simulations deformations take place in a 

small time interval1 and thus the strain rates will be large. MADYMO uses a logarithmic 

strain definition to account for severe deformations. This strain is defined as the logarithm 

of the elongation factor, while the elongation factor can be defined as: 

(3 3) h = JTeF'Fe, ) 

where éi is one of the three unity vectors and F is a second order deformation tensor. 

Direct strain can thus be represented by: 

EN =/n(h) (3.4) 

The double subscript (ii) refers to the three spatial coordinates x, y and z. Shear stain is 

defined by: 
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The above laws can be checked for three dimensional elements only. MADYMO offers 

two of such element types, the SOLID1 and the SOLID8. Basically, two types of tests are __ 

performed; checking stresses as a result of prescribed deformation and the other way 

round; checking strains as a result of prescribed nodal forces. Both test types can be 

completely described by equations (3.1) and (3.2). 

3.4 Two dimensional membranes 

Two-dimensional ’thinwalled’ structures are very common. These structures are usually 

designed to be primarily loaded in their plane and to resist loads by membrane action 

rather than bending. MADYMO offers several two dimensional elements, like the MEM3, 

SHELL4, SHELL6 and FACET& Some of these elements can handle bending, but first only 

in-plane loading situations are considered. When looking at (3.1) and (3.2) we may 

conclude that fortwo-dimensional elements the out of plane shear terms E ~ ,  E,, 6, ando, 

are all zero. The third direct stress, oz. is assumed to be zero and this leads to the plane 

stress model. The material stiffness matrix can now be given by: 

with the subsidiary equation: 

V 
E, = --(om + oJ 

E 
(3.7) 

defining the through thickness strain. This assumption is valid for thin sheet materials. The 

flexibility matrix can be given by: 

Just like in the three dimensional case, two test types were performed: checking 

deformation as a result of external forces and checking stresses caused by  prescribed 

displacements. 

If thin flat plates are loaded normal to their plane, bending takes place. Provided that 

displacements are small compared with the plate thickness there will be no stretching. 

Thus membrane behaviour and bending are uncoupled. Unfortunately, this is not true in 

general. The SHELL4, SHELL6 and FACET6 elements in MADYMO can serve as plate 

bending elements. Since bending is described in higher order differential equations 
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verification with analytical results is only possible for very simple situations. Plate bending 

problems were analytically approximated by beam bending solutions for certain loading -- 

situations. 

3.5 Testing material models in MADYMO 

In MADYMO 7 material types are available since modelling vehicle parts and human 

body segments requires application of several material models. Material behaviour is 

expressed by constitutive relationships which depend on experimental evidence. These 

relationships are described in chapter 2. 

The kinematic correctness of the shape functions was checked by means of assumed 

isolinear behaviour. It checking the implementation of constitutive laws remains to be 

done for all other material models MADYMO offers. These models can be divided in three 

different groups for which appropriate test procedures were used. 

Isolinear material behaviour can be seen as a special case of the on'holinear and 

anisotropic material models. A logical start for testing the latter models is to simulate 

isolinear behaviour by manipulating parameters and check the results. The second stage 

is to vary the parameters slightly from isolinear values and check the results again. Finally 

parameters which have no connection with isolinear values can be used, but it is difficult 

to verify the output in this case. 

Testing the isoplastic material model requires a different approach. Here it is logical to 

start with ideal elasto-plastic material modelling. Sinse no hardening will occur the 

relationship between yield stresses and plastic strains can be checked. This material 

model can be used only for membrane elements and so merely all tests were concerned 

with in-plane stress situations, although bending was tested also. After these first tests a 

hardening curve, which relates yield stresses to strain values, was defined. This 

necessitates the use of prescribed displacements since only then plastic strains can be 

determined analytically. 

The hysteresis material model was originally tested using only the basic options such as 

straight loading and unloading curves and prescribed displacement in only one direction. 

After comparing the stress-strain relationships MADYMO delivered with analytical results 

the elastic limit and more complex loading and unloading curves were used. 

3.6 Using mixtures of element types 

If only one type of elements is used then there will be complete computability throughout 

the structure. MADYMO contains elements that are compatible with each other and 

elements within a compatible family can be mixed together freely. Several tests were 

carried out to check this computability, using the isolinear material model. All possible 
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two-element configurations within the MADYMO element family were exposed to loading 

situations, be it prescribed deformation or prescribed external forces. 
__. 

3.7 Problems detected 

The above-mentioned tests were performed for all element/material combinations. 

Several problems were detected and it is beyond the scope of this chapter to describe 

them, especially because they appeared incidentally and are solved at this moment. For 

the rest all tests are described in appendix D. 

This may be the place to mention that most of the problems encountered were solved 

directly, at least when the origins were detected. The outcome of the tests was used to 

improve the finite element module in detail. Therefore testing and development were 

parallel processes interacting with each other. 

Some problems, however, occured more frequent and they will be described in the next 

chapters. One of them, so-called hourglassing, is a problem that arises due to the use of 

reduced integration in certain elements. It cannot be seen as an implementation fault 

but since it was encountered several times it may be interesting to look at it in more 

detail. 
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4. HOURGLASS MODES 

4.1 Introduction 

Full Gaussian integration of element stresses is very expensive in transient analysis and 

therefore some elements in MADYMO like the SHELL4 and SOLID1 use reduced integration 

schemes. Reduced integration may, however, give rise to problems. Higher order strains 

can unfortunately be zero at the Gauss points in some modes and so the element 

simulates a lower order model but with the extra degrees of freedom. The stiffness matrix 

integral mentioned in equation (1.9) of chapter 1 receives its information solely from the 

Gauss points and this must reflect the true degrees of freedom of the element. 

In case of a single SOLID1-element with 6 strain components the work integral has 

6 x 1 = 6 contributions, whereas the element, regarding 6 rigid body movements has 

8 x 3 - 6 = 18 degrees of freedom. This exceeds 6 so there are 18 - 6 = 12 modes not 

accounted for in one-point integration of a SOLID 1-element. 

In a solution proces these hourglass modes quickly dominate and destroy the solution. 

Little thought was given in literature to the origin of these modes. An explanation can be 

that most finite element codes use implicit integration schemes. The nature of application 

of these codes involves reduced integration of elements to be less interesting. Belytschko 

and Flanagan (1980) presented a technique for precisely isolating the orthogonal 

hourglass mode shapes. A part of this technique will be illustrated applied to a SOLID1- 

element, in the remainder of this chapter. 

4.2 Shape functions 

In chapter 1 the fundamentals of the finite element technique were described. The basic 

idea was that the position of any point within the element can be described in terms of 

the elements nodal coordinates, using so-called shape functions. Isoparametric mapping 

carries this idea further and describes geometry and displacement field with the same 

shape functions. These shape functions transform a unit cube in (c,q,&J space to a 

general hexahedron in (x,y,z) space. The centre of this cube can be chosen at the origin 

in (c,q,CJ space so that the shape functions can be expressed in an orthogonal set of 

base vectors. 

Every node of an element has its own shape function: a polynomal with a number of 

coefficients that is identical to the number of nodes of that element. A SOLID1 has 8 

nodes and therefore there are 8 shapefunctions with 8 coefficients. These shape functions 

can be denoted as: 
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where u are the displacements of an arbitrary point within the element and d,, are the 

nodal displacements. The part of the continuum inside an element must be able to 

undergo a rigid translation, which means that for all points within the element the 

displacement components must have the same values. The shape functions therefore 

must contain a coefficient that is independent of the local coordinates 5 , q and < , so 

a,K~,q,Q is constant. Furthermore the part of the continuum inside an element must be 

able to undergo a rigid rotation. This can be achieved if the shapefunctions contain 

coefficients that are linear in 6 , q and 5, respectively a& , a3q and a4c. Now four of 

the eight required coefficients are adressed. The last four coefficients are logically chosen 

to be bilinear. After normalising this results in shape functions described in terms of an 
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orthogonal set of base vectors, given in table 1, as follows: 
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The above vectors represent the displacement modes of a unit cube. The Xp-column 

accounts for rigid body translations. The linear base vectors A, , A, and A3 define three 

normal strain modes, three shear strain modes and three rigid body rotations. They can 

be called volumetric base vectors since they are the only base vectors which appear in 

the element volume expression. The last four vectors give rise to strain modes that are 

neglected by one-point integration and can be called hourglass vectors. 

___ 

Returning to the displacement field the time derivative of the basic equation (4.2) can 

be given by: 

U(S,Il,cj = dnN (4.5) 

Furthermore the following expression is valid: 

vu = V(dnN) = canr 

where: 

(4.6) 

V is the linear gradient operator. Of course equilibrium must be established between 

internal and external forces. In chapter 1 the principle of virtual work was used to 

achieve this. Another possibility is the principle of virtual power: 

V 

where qj is Cauchy's stress tensor. In one-point integration this expression is approximated 

by: 

qj represents the uniform stress field and depends only on mean strains since nonlinear 

displacements are neglected. The mean velocity gradient is defined by integrating over 

the element volume as follows: 

VU,,, = LSVudV V 

V 

(4.1 O) 
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The B-matrix, mentioned earlier in chapter 1, which relates nodal displacements to 

element strains, can be defined as: -. 

B = JCdV (4.1 1) 
V 

Combining the former equations the mean velocity gradient can be given by: 

1 ' 1  
Vumean = vBdn 

So the nodal forces can be expressed by: 

4ni = 6jm-n' 

(4.12) 

(4.13) 

Computing nodal forces requires evaluation of the B-matrix and the element volume V, 

which are related to each other. Isoparametric mapping describes geometry in exactly 

the same way as the displacement field and therefore it is true that: 

x = x,N (4.14) 

where: 

x, = 

Equations (4.7), (4.1 1) and (4.15) yield: 

xi a.. x, 

z1 *a- z, 

Bx,,' = VI 

where I is a (3x3) unity matrix. Now the B-matrix 

B = VX,,(X,'~J-' 

(4.15) 

(4.16) 

may be expressed as: 

(4.17) 

B is a matrix with the same dimensions as x,,, which are (3x8). This matrix serves a key 

function in the finite element technique because it is the actual operator which 

discretises continious quantities. 
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4.3 One-point integration of the element volume 

An expression for the element volume is needed to obtain the B-matrix. To integrate this 

volume the jacobian of the isoparametric transformation matrix is used: 

This transformation matrix looks like: 

(4.18) 

(4.19) 

With the use of equations (4.3) and (4.14) and with the use of table 1, this can be 

rewritten as: 

The three-by-three determinant of this transformation matrix may be written with the use 

of the permutation symbol efk which selects the necessary terms and affixes the proper 

sign to each term: 
r 1 

3 3 3  
/Ji i  J12 J13 I 

(4.2 1) 

Looking at the form of equation (4.20) it is evident that the determinant of the 

transformation matrix will contain polynomals that are at most bi-quadratic in the 

isoparametric coordinates. Since the determinant is integrated over a symmetric region 

any term that is linear in the isoparametric coordinates will vanish. The only terms which 

survive the integration will be the constant, square and double square terms. After 

integration the resulting expression for V is: 
8 8 8  

(4.22) 

where: 



MADYMO 5.1 FINITE ELEMENT MODULE 26 

3 3 3  
(4.22) 

._ 

So the element volume is, as can be logically expected, a function of the real nodal 

coordinates x, and the coefficients in the shapefunctions. Via equation (4.17) the 5- 

matrix can be computed. When evaluating this matrix it becomes apparent that the rows 

of B are orthogonal to the vectors Z and ra which are represented in table 1: 

B Z = O  (4.23) 

ma=O (4.24) 

Equations (4.23) and (4.24) imply that the B-matrix contains only components of the 

volumetric base vectors Ai. Therefore, by equations (1.6) and (1.7) only these vectors 

lead to stresses or nodal forces within the one-point integration approach. 

4.4 Hourglass control 

It has been made clear that, due to reduced integration, some deformation modes can 

be distinguished to which no constitutive laws are related. If these modes are excitated 

in a solution proces they will quickly destroy the solution. This problem can effectively be 

solved by awarding stiffness or damping to these modes. Therefore the hourglass modes 

need to be isolated so that they may be treated independently of the rigid body and 

uniform strain modes. 

The determination of the element strain rate considers only a fully linear velocity field. The 

remaining portion of the nodal velocity field is the hourglass field. This field is orthogonal 

to all base vectors in table 1 except the hourglass base vectors. The hourglass field can 

therefore be represented by a linear combination of the hourglass base vectors. 

Now there are two methods to control 'hourglassing'. Artificial damping can be applied 

to the hourglass modes to prevent violent oscillations. Since there is no stiffness this 

method cannot prevent mesh destortions. The other method uses an artificial stiffness 

aplied to the hourglass modes which effectively prevent severe distortions. Both methods 

can be combined but there is no evidence that additional damping provides any 

improvement. 

In MADYMO hourglass control is implemented by the so-called hourglass parameter 

which represents artificial stiffness attached to the hourglass modes. When not used this 

parameter has a default value. 

In the tests we performed on the SHELL4 and SOLID1 elements we have encountered 

hourglassing several times. Most of these tests were executed with single elements and 



MADYMO 5.1 FINITE ELEMENT MODULE 27 

it appeared to be very difficult to stabilize the solution by manipulating the hourglass 

parameter. In most applications, however, these elements will be embedded in a mesh - ._ 

and individual elements will in this way be supported by their neighbours. In this more 

friendly situation the hourglass control parameter is expected to prevent distortions 

effectively. Choosing the appropriate value for the hourglass parameter seems to be 

pragmatic and depends on the structure considered. We are not able to give 

recommendations about the use of this parameter. MADYMO users that encounter 

nourgiass prsbiems sbuid gain expeiience in iiiunipüluting the poiGmete; themselves, 

on the other hand the problems can easily be avoided by replacing reduced integration 

elements in critical zones by full integration elements. Unfortunately, this will result in higher 

CPU times, but stability will be quaranteed. 

Examples of hourglass modes for the SOLID8 and SHELL4 element types. 
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5. STRESS ANALYSIS USING MOHRS CIRCLE 

__ 

5.1 Introduction 

During the tests of MADYMO’s finite element module, some problems were discovered 

regarding the in-plane shear stress handling of the triangular elements. Because this 

proh!e% appeared several times, during the testing period, we will take a closer look at 

one particular case in the following paragraphs. 

5.2 Problem description 

We put the Mem3, Shell6 and Facet6 in the following situation (see figure 5.1). To get an 

better idea about where the element fails, a complete stress analysis of the element will 

be done. 

I I 

- = Element voor vervorming 

\ 
Figure 5.1 

First the coordinate systems have to be defined. There is a global coordinate system 

which has it’s origin at node 1, Besides that, the element has it’s own local coordinate 

system. The origin of the local system is node 1, The x-axis is defined from the first node 

in the direction of the second node. Initially the second node of the element lies on the 

global x-axis so the local and global axis coincide at f = O. The y-axis is perpendicular to 

the x-axis, in the plane of the element. The y-direction is chosen so, that the local y- 

coordinate of node three has a positive value. Orthogonality leaves only one alternative 

for the position of the z-axis. The direction of the z-coordinate is only of great importance 

when a surface load acts on the element, for example the pressure in an airbag 

simulation. The local coordinate system moves along with the element, so the x-axis stays 

always oriented from node 1 to node 2. 
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At t=O the external force F=O. Then F increases to 8O0flx1O6 N and after the system has 

become stationary the madymo results can be compared to theoretical results. It’s not 

hard to assume that the main stress directions are oriented in the directions of el and e2. 

- 

5.3 Examining the stresses in the element 

It is possible to calculate the stationary position that the element will reach after some 

time. 

The stress o, in e, direction equals: 

f o,=- *, 
Where: 

4 = b2h = (bGesi)h 

And from the constitutive relations we know: 

V 
El = --o2 

E 

If we combine these relations we get: 
F 

o2=- 20 

Rewriting and using the values of the variables yields: 

(5.1) 

(5.4) 

(5.5) 0.05 x ’/2 x c o 2  e--oz - 8x 1 08fi = O 

This equation can be numerically solved. This results in: o2 = 34. 150765x109N/m2. Onceo, 

OA 

and o2 have been determined, the main stresses can be deduced using the constitutive 

relations j E, = 

We now have to determine the final location of node 2, in order to know the direction 

of the local coordinate system of the tested element in its final stationary situation. The 

displacement of node 2 in el direction equals 

= 1.626227~10-’ and E’ = -:o2 = -6.504908~10-’. 

i, = J2(esl-ï> 

And in e, direction the displacement of node 2 is 

(5.6) 

(5.7) 

Using transformation matrix A, the displacement vector ( i , j )r  will be transformed to the 

displacement vector (u ,  v ) ~  in the global coordinate system: 

cosq sing 
-sinq cosq 

A = [  1 ; <p=-%n;  (5.8) 

So vector 
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r 1 

Now the coordinates of node 2 are determined: 

(5.1 O) 

(5.1 i )  

2.1 13614 (5.12) 

Finally, the angle between the global x-axis and the local x-axis can be derived: 

O = arctan(:) (5.13) 

Mohr’s circle can be used to calculate the stresses in the local coordinate system. In 

order to do this, we need to know the angle between the main stress coordinate system 

and the local coordinate system. This angle is: 

l $ = q + Q  

A Mohr circle can be drawn, using: o,, op and 41. (figure 5.2) 

I 
I 
Figure 5.2 

(5.14) 

The local stresses and main stresses must obey the following relations in this particular 

situation: 
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O, = Yz(1 -COS(2$>>O2 

By = 1/2( 1 +COS(2$>) o2 

T w = ow = -1/2sin(2$)o2 

(5.15) - 

is not surprising taking into account that the plane stress routines for the newly 

implemented facet6 & shell6 were copied from the Mem3 element. All three elements 

came up with the results such as printed under ‘Mem3 test8’ in table 5.1. Having noticed 

these poor results, the three elements were changed. In fact updating the coordinate 

system was improved, now that orientation of the local coordinate system was 

determined every half time step. This resulted in the results such as printed under ’Facet6 

& Shell6 test8’ in table 5.1. 

Other tests, however, showed that the Mem3 element had become more instable after 

the latest changes, so at this moment the Mem3 element has been set back to its original 

state, where the local coordinate system is not determined at half time steps. The test 

results show a rather strange behaviour for the Mem3 element. It almost seems as if node 

2 of the element is supported in y-direction, because node 2 tends to follow the y-axis. 

Its deformation is totally a-symmetric, whereas the Facet6 & Shell6 elements show much 
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better results on the same test. The main stresses are calculated with great accuracy, 

while the local stresses show errors in the order of 4%. Let‘s analyse these values. The main 

stresses o, and o2 have obviously been calculated correctly. To determine angle 4 ,  we 

need angles <p and 13. The latter can be determined by using the coordinates of node 

2 in the MADYMO output. <~=-~hz,  presuming that the main stresses are oriented as 

expected. Substituting these values in Mohr’s circle (figure 5.2), yields the values as 

MADYMQ calculated for o,. cry and oxf. This also confirms that the assumption that the 

main stresses have been oriented correctly, is right. Furthermore, the relations between 

the local stresses and strains have been consistently followed. In the same way the 

relations between the strains and stresses have been consistently followed. 

To see whether the results could be improved for this test, the test was performed again 

but now with a different orientation of the element (see figure 5.3). 

Y I 

I 
Figure 5.3 

The direction from node 1 to node 2 is chosen in the main stress direction. The results of 

this test are printed in the last h o  columns of table 5.1 called test8a. The eiements show 

significant improvement. The deformation is now perfectly symmetric. Moreover Facet6 

& Shell6 have approached the solution with a deviation of less than 0.2%,. Mem3 shows 

poor results. 

5.4 Summary 

Summarising we can say that the error in the angle between the main stress coordinate 

system and the local coordinate system of the element causes the differences between 

MADYMO’s solution and the theoretical solution. The results of a simulation can be 

orientation dependent. 
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FEM MODEL OF A RIB CERTIFICATION TEST 

Introduction 

The TNO Crash-Safety Research Centre is responsible for the design of some types of 

crash dummies that are used to assess safety aspects of passenger cars. Recently a new 

dummy type: the EURQSID-1 has been developed as a result of a diverting emphasis of 

crash-safety research from frontal to side impacts. The EUROSID-1 has adapted injury 

assessment capabilities. Since its introduction in 1990 the EUROSID-1 has been used all 

over the world for vehicle development and optimization. 

The eurosid-1 rib module 

The rib module of a EUROSID-1 dummy is ideal for comparing modelling techniques with 

experimental data since well-defined component tests are available. A single rib consists 

of 3 different components: 

I 

- A thin steel strip, bent in the shape of a rib and covered with a layer of 

polyurethane foam which is held onto the rib by a cotton sleeve covered with a 
pvc-based clothing. The foam has visco-elastic properties, thus resembling human 

flesh behaviour.' 
- A piston/cylinder assembly which is connected to both sides of the rib and 

A spring/damper combination which is rigidly attached to the cylinder. 

guarantees uni-axial deformation. 
- 

certification tests 

The response of a rib module due to a side impact must satisfy some special require- 

ments. Certification is defined as the Tuning and checking of the components to ensure 

that their behaviour are within a predefined corridor. Lateral collision drop tests of the 

module are mainly of interest to test the stiffness and damping properties of the rib, the 

springs and the damper. 

Fem model of the rib module 

There are several MADYMO models that have been used for analyzing the rib in a 

certification test. Among them are a rigid body model, a flexible body model and a finite 

element model. The latter has been buiit up using plane stress elements. In this model 

only the steel drip is concerned. Ellipsoids are connected to the finite element structure 

for modelling the contact between the foam and the impactor. 
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The recent MADYMO-version offers more sophisticated modelling techniques since it is 

equiped with a more advanced finite element module. The focus of this brief report will 

be on the modelling of the foam with solid elements. The already existing mesh for the 

steel strip is used to generate a new 3D mesh for the foam. No thorough analysis is 

employed since the aim of this model adaptation is merely to construct a demo of 

MADYMO’s new finite element module. 

Material model for the hoop 

The thin steel strip, bent in the shape of a rib was specified with the following material 

properties: 

Young’s Modulus 2.05ell (N/m21 

Poisson’s Ratio 0.27 (-1 
Density 7850 (kg/m3) 

Thickness 2.5e-3 (ml 

Material model for the rib foam 

The foam has visco-elastic properties and a slow state of return from deflection which 

resembles human flesh behaviour. 

Since MADYMO offers no visco-elastic materialmodel yet, the HYSISO materialtype is used 

to model the behaviour of the foam in the rib. 

Density 102.4 íkg/m31 

Thickness 2.0e-2 íml 

The hysteresis curve is modelled with the following input data: 

Loading Function 

Elastic Slope 1.5e10 (N/m21 

Unloading Function 5e3 (N/m21 

Finite element model of the foam 

was generated using the already existing FACET6 mesh. A mesh 

refinement appeared to be necessary in the environment of the contact area on 

account of the extreme deformation in this region. 
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The first computation run crashed because of a so-called hourglass-mode-deformation 

of the SOLID1 elements in the contact zone. This is a result of the reduced integration 

method that is employed for these elements. 

The next logical step was to replace the SOLID1 elements in the contact zone by SOLID8 

elements. While all degrees of freedom for SOLID8 elements are related to a stiffness 

factor, 'hourglassing' cannot occur. A computation run confirmed the expectations. This 

time the computation was executed successfully. 

The final full FEM model included 80 FACET6 elements, 44 SOLID 1 elements and 16 SOLID8 

elements. 
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SIMULATION OF A MINOR SHIP COLLISION 

1 ntroduction 

The basic tests of the elements and material types available in MADYMO 5.1 have 

showed that the new finite element module operates with sufficient accuracy. These 

tests, however, concerned mostly individual elements, subjected to simple loading 

situations. MADYMO will generally be used for more complex structures and therefore it 

is necessary to perform physical realistic tests involving a bigger number of elements. An 

article, written by L. Zhu and D. Faulkner was found in the International Journal of Impact 

Engineering and it seemed to deliver an interesting test case for Madymo’s finite element 

module. The article concerned the study of a simplified ship collision which was analysed 

using the finite difference technique based on energy equations. In the remainder of this 

report a description of the problem will be given and the output Madymo delivered will 

be compared with the results given in the article. 

Description of experiments 

The collision of ships and offshore platforms has been studied extensively. To simulate the 

ship-ship collision proces a lot of work has been done in which the sidewall of the struck 

ship is subjected to impact from a rigid wedge representing the striking ship. An 

experimental programme on the collision of plates and small scale ship models was 

conducted in the Department of Naval Architecture and Ocean Engineering at the 

University of Glasgow. The experiment consisted of bringing a rigid striker into violent 

contact with a deformable ship model. As the permanent deformation caused by 

collision is highly localised, it is reasonable to use a simplified model which uses a fully 

clamped rectangular plate as shown in the figure. The striking ship is modelled as a rigid 

knife-edge indentor. Since no rupture occurs this collision can be classified as minor, 

Theoretical analysis 

Besides the experimental work a theoretical analysis of the collision is performed with the 

aim of identifying some important parameters involved in ship collisions. This theoretical 

analysis is restricted to energy equations. To predict the extend of damage of the struck 

ship plate it is necessary to study the collision dynamically. In modelling the impact force 

the following assumptions were made: 
- The striker hits the centre of the plate with the knife-edge perpendicular to the 

The striker keeps in contact with the plate during the collision. 

long edge of the plate, 
- 
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/ x ( u i  

t '  
Y ( V )  (€3) FuUy clamped ~tanguiax- plate 

The von Mises yield function is adopted and the hardening curve is chosen to be linear. 

In the numerical analysis the variational finite difference method was used. This method 

was developed by Ni and Lee (1973) and is based on a minimum principle in dynamic 

plasticity. The results obtained by this numerical approach were close to the experimental 

test data and quite a good correlation was achieved. 

Finite e lement model in MADYMO 

The paper presents sufficient parameters to perform a MADYMO computation. The 

problem seems to be suitable for MADYMO because of the typical dynamic aspects. 

Furthermore the line-impact loading situation is expected to be a very suitable test for the 

mesh continuity. The input data needed are listed below (See figure): L=150 mm, B=200 

mm, H=1.65 mm, po = 2700 kg/m3, v=O.33, E=51.5e9 N/m2, E+=310e6 N/m2, os=115e6 

N/m2, m,=23.3 kg, V0=2.313 m/s and L,=lOO mm. 

At first only the clamped plate was built up as a finite element model using SHELL4 

elements. The wedge was constructed with two rigid planes attached to a moving body. 

A mesh refinement was used in the contact area, so that the element edge size in that 

area was 3 times smaller than in the outer surface. Continuity could be achieved using 

collapsed elements in the transition zone. 
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Results I 
The deflection history at three plate points, strain-time histories for the corresponding 

elements and impact force histories for both sides of the wedge are given at the next 

pages. Among these points (indicated in the figure) point 4 has the largest maximum x- 

strain. The y-strain at this point is also significantly large and this point is thus in a state of 

bi-axial tension. The deflection-time histories show that point 1 which is positioned exactly 

in the centre of the plate, undergoes the largest deflection. The deflection of point 4 is 

considerably smaller which means that the assumption that the striker should be in full 

contact with the plate can only be met if the wedge undergoes a slight deformation. 

Since this wedge is modelled to be undeformable these results are not very accurate, 

The several histories MADYMO delivers have exactly the same form as those represented 

in the article by Zhu and Faulkner. Therefore, the results can be concluded to be 

qualitatively correct! Quantitatively, however, there is poor resemblance between the 

results presented in the article and the output MADYMO has generated. The deflection 

of point 4 is 8% larger than mentioned in the paper, whereas the strains in x-direction are 

about 65% smaller. On the other hand the contact forces seem to agree with those 

found in the article. 

Since MADYMO uses a logarithmic strain definition and the article presents no strain 

definition the detected differences cannot be criticized properly. The other results show 

a less severe deviation. Apart from modelling errors the MADYMO computation can be 

considered as being succesful. 

After this first test another computation was performed. In this second test both the plate 

and the wedge were constructed as finite element models. However, the computation 

crashed due to contact interaction problems. At the moment this test was performed 

these contact interactions between finite element models were not implemented 

properly. Since no results were obtained a further description of this test will not be given. 
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TESTING THE ELEMENTS IN PRACTICE 

Introduction 

After the testing of the single elements, we tested the elements in a bigger construction. 

This test was taken from an article by J.M. Kennedy (et al.). The construction is used in a 

nuclear reactor design, The cylindrical element is a part of the above-core structure and 

it's function is to support the upper internal structure-mass (figure 1). The mass of the 

upper internal structure (UIS) equals 40.000 (kg), and the bottom surface equals 6.818 

(m2). The bottom is loaded with the pressure as shown in table 1. Obviously the 

information about the time-pressure curve is not very detailed, but from the rest of the 

article can be deduced that the pressures involved are impulsively. The MADYMO input 

values about the pressure time curve we used are printed in table 2, madymo uses linear 

interpolation between two defined points. These values were obtained by trying to 

approach an impulsively pressure course and ffiing the MADYMO results to the results of 

the simulations in the article. 

DRIVES 

UPPER INTERNAL 

- 

STRUCTURE 

W C T O R  

- -  

figure 1 
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Four small-radius columns in nuclear rector design. 

In the first test four small-radius columns were used (instead of one large-radius cylinder 

as shown in figure l), to support the UIS-mass. The material plastic data of the columns 

is given in table 3. In order to trigger the buckling mode, a slight imperfection was added 

to the model. To the y-coordinates a term d = &in(%) I was added. To reduce the 

simulation time, only half a column was modeled, with the necessary bounaary 

conditions. Consequently the UIS mass and the bottom area were reduced with factor 

O. 125. In the article 2 different elements were used to model the pipe: 

- Quadrature shell elements, comparable to the MADYMO Shell4 element. 

- Triangular shell elements, with their rotational degrees of freedom in the corner 

Because of lack of detailed information in the used article, it is merely useful to look at 

the global behaviour of the construction in a MADYMO simulation. The half column was, 

with three different kinds of elements, tested in five different ways: 

- A column consisting of 6x40 = 240 square Shell4 elements. 

- A column consisting of 2 x 6 ~ 4 0  = 480 triangular Facet6 elements. 

- A column consisting of 2 x 6 ~ 4 0  = 480 triangular Shell6 elements. 

- A column consisting of 2 x 6 ~ 4 0  = 480 triangular Facet6 elements (fishbone 

nodes, comparable to collapsed Shell4 elements. I 

structure). 

- A column consisting of 2 x 6 ~ 4 0  = 480 triangular Shell6 elements (fishbone 

structure). 

The results were practically identical for the Shell4 element and Facet6 element, they also 

coincided also very well with the results in the article. The only difference between the 

Facet6 column and the Shell4 column is that the Facet6 column has sharper buckling 

edges, which could indicate stronger iocal plastic beiorrnuiion. The column S~ild of 
Shell6 elements behaved less Stiff than the column made of Shell4 or Facet6 elements. 

This does not unconditionally mean that the Shell6 element is worse, because the article 

is only based on computational simulations and not on real-life experiments. Although 

one needs to notice here, that the Shell6 element showed poor results in one of the basic 

tests performed earlier, (see appendix D 'single shelló; test1 .shelló/test 10') the Shell6 

element behaved worse than the Facet6 and Mem3. The fishbone structure did not 

make much difference in the final results. 

The Shell4 column in the article showed Hourglassing when no Hourglass suppressing 

parameter was defined. MADYMO performed somewhat better in this case, because 
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changing the Hourglass parameter to O, didn’t cause Hourglassing in this particular 

M ADY MO simulation. 

One large cylinder in nuclear reactor design. 

Now one large cylinder (shown in figure 1) will be simulated instead of four columns, 

Because only half a cylinder is modeled, the UiS-mass equals 20.000 (kg). And the area 

of the bottom surface was divided by 2. Now a surface pressure is added to the model 

~ 

because this large cylinder has a much smaller thickness/radius ratio, therefore the 

surface pressure cannot be neglected. Again an imperfection was added to the model, 

to initiate a realistic buckling mode. The term w = -5.08E-3 sin(:) cOS(68) was 

added to the radius of the modeled cylinder. The tests were performed using Shell4, 

Facet6, Shell6 and collapsed Shell4 elements. The deformation of the Shell4 cylinder, 

coincided with the deformation as described in the article. The other elements ail 

behaved differently. To detect where the difference comes from, the sume tests were 

performed only without bottom pressure. This resulted in exactly the same deformation 

for all elements, except for the collapsed Shell4 elements. The collapsed Shell4 elements 

failed because of a wrong description of the surface loads, which were used to model 

the pressure acting on the lateral surface. Because the Facetó, Shell6 and Shell4 all 

behaved simular in the last test, the difference comes from the axial load. The elements 

all have a different bending behaviour when an axial load buckles the element. This is 

an aspect of the elements which was not tested in the basic element tests. It might be 

interesting to perform these tests in the near future, because these kinds of loads are very 

common in crash simulations. 
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Table 1 

0.0 100.0 
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Table 2 
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389.6 
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0.02 
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Table 3 

0.08 

0.10 

(rMaterial plastic data 
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0.14 
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0.18 

0.38 
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pressure time 
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0.0 I 0.0 
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0.0 I 10.0 

0.0 I 17.5 
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0.0 I 27.0 

0.0 ~100.0 
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A triangular element which requires only one quadrature point per element is described along with its implementation in the 
nonlinear, explicit rime integration program SAFE/RAS. The impiementauon of an Ilyusiiin flow law which eiiminares the 
need for integration through the rhickness and simple formulas for stable time steps is also described. The performance of the 
triangular and quadrilateral elements is compared in large deflection, elastic-plastic problem. Appkations to the analysis of 
abo\*e-cc?e structures in breeder reactors are also described. 

Example 2: A C 3  suppori C O L U ~ N  tur.ue;n A). 
In the Clinch River breeder reactor design, four columns with dimensions and material properties @ven 

in table 3 were used to support the above core structures. The loading applied to the column in design 
studies is based on an SRI experiment and is shown in table 4. The finite element model of one of the 
columns is shown in fig. 3; the deformed configuration is also shown. In order to trigger the lateral 
buckling mode shown, it was necessary to add an imperfection to the model by displacing ail nodes 
laterally according to the following 

2 Ti d = a  sin- (22) I '  

where I is the leng& of the colurm mnd z is the coordinate along the column; the origin is at the bottom; 
5 = a/l  is 1.25 x for this simulation. Note that the column cross section buckles in at the nodes o€ 
the beam buckling mode. The column also exhibits slight buckles on the sides which are loaded 

Tabie 1 
Material properties and parameters for cylindrical panel (sample problem 1) 

Dcnsiry 

Poisson's ratio I = 0.33 
Yield stress oy=4.4x10' psi 

Iniriai velmty 

p = 2.5 X IO-' lb s'/m.' 
Young's modulus €=1.05x1O7psi 

Plastic modulus EP = o 
u,, = 5650 in./s 
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Table 2 
Cylindncal panel results 

Mesh Element Mass Quadrature Shear Maximum disp (in.) at Simulation CPU 
time y = 6.28 y = 9.42 Iime T-Tri factor points correction 

Q-Quad q . a 2  Along 2 ') (ms) (s) 

T - 1 0.917 0.401 1 .o 83 6 x 1 6  
6 x 1 6  
6 x 1 6  
6 x 1 6  
8 x 1 6  
8 x 1 6  
8 x 1 6  
8 x 1 6  
8 x 1 6  
8 x 1 6  

10 x 20 
1 0 x 2 0  
10 x 20 
12 X 24 
12 X 24 
12 x. 24 
16 X 32 
16x32 
16 X 32 

Q 
Q 
Q 
T 
T 
Q 
Q 
Q 
Q 
T 
T 
Q 
T 
Q 
Q 
T 
Q 
Q -  

5 
5 
5 
5 
1 
5 
5 
5 
1 
5 
1 
5 
1 

5 
1 
5 
5 

' 5  

0.926 
0.986 
1 .o01 
1.052 
1.037 
1 .O34 
1.108 
1.106 
1 .m 
1.092 
1.081 
1.126 
1.124 
1.137 
1.146 
1.183 
1.196 
1.194 

0.412 
0.480 
0.494 
0.479 
0.458 
0.469 
0.510 
0.526 
0.436 
0.502 
0.462 
0.527 
0.473 
0.573 
0.531 
0.530 . 
0.585 
0.585 

1 .o 85 
1.0 80 
1 .o 88 
1 .o 230 
1 .o 138 
1 .o 136 
1 .o 130 
1 .o 142 
1 .o 88 
0.6 243 
0.6 162 
0.6 171 
0.6 291 
0.6 291 
0.6 307 
0.6 670 
0.6 650 
0.6 674 

Noies: al = .4/8. al = (h' + A)/12. t, One quadraiure point indicates Ilyushin approach from Appendix A. 

compressively at the top and bottom of the columns. The shear reduction factor, eq. (21), was not used in 
these runs. 

An interesting aspect of this problem is that when the shear reduction factor was activated without 

Table 3 
Dimensions and properties of above-core structures 

Design A - Column supporr 
Wall thickness. cm 2.540 Wail thickness, cm 1.651 
Column diameier. cm 33.02 Cylinder diameter. cm 203.2 
Cross-secuonal area. cm2 263.5 cross-sectional area. cm2 1054.0 

Design B - Cylindncal support 

Column length. cm 406.4 Cylinder length. cm 406.4 
Added node mass. kg 3.28 

Material properties Material plastic data 

Young's moàulus 1.93 x 10' MPa EP WPa) up (MPa) 
Density 8888 kg/=' 
Poisson's ratio 0.25 
Yield stress 241.3 MPa 

4596 317.5 
3103 389.6 
2758 444.7 
1896 
1724 

482.6 
517.1 

UIS mass 1551 548.1 
Diamc:er 294.64 cm 1379 575.7 
Height 281.94 cm 1207 599.8 
Young's mcdulus 7.17~10' MPa I034 620.5 

792.9 Mass 40.000 kg 862 - 
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Table 4 
Surface Dressure iime histones 

hourglass control. a w-hourglass mode appeared. as shown in fig. 4. This hourglass mode does not occur in 
the absence of the shear factor because of the constraints of the support conditions. Note that the 
hourglass mode is a very low-frequency mode with a period of about 25 m. 

Fig. 5 shows rhe same simulation with the triangular elements. The overall response of the columns is 
quite similar but locally the triangles appear to be somewhat stiffer. Note that at the nodes, the cross 
setion does not buckle in as far and that at the top and bottom of the columns the compression buckles 
are very slight. 

Remark. In these problems the Ilqushin results obtained with the matenal law differ substantially from 
the Von Mises -(irifegrated through the thickness). It predicts much stiffer behavior: this may be due to 

0.0 ms 12.0 ms 

! 

L J  

36.0 rns 

I 
I 

1 ,  

L . - 1 ‘  

48.0 ms 60.0 rns 

Fie. 3. undefomed and deformed meshes for axially loaded hollow coiumn modeled wiih quadrilateral elements. 
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TIME 

0.0 ms 

0.0 ms 

I. - / 

36.0 ms 

l i  

I 
l.__ j 

52.0  ms 60.0 rns 

Fig. 4. Hourglass mode Occurrence for axidly loaded hollow column. 

I 
I 

48.0 ms 60.0 ms 

Fig. 5. Undeformed and deformed meshes for axially loaded hollow column modeled uiih triangular elements. 
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CONTROL DRIVES 

UPPER INTERNAL STRUCTURE 

W C T O R  

- -  

Fig. 6. LMR design uith cylindrical ACS. 

UNDEFORMED 

Fig. 7. Finite element model of cylindrical ACS. 

i 
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errors in tracking shell behavior when one side unloads elastically while the other side continuously loads 

Example 3: Thin shell ACS support strucmre (design B). 
A new concept in the LMR design for the ACS is to use a single, large radius cylinder, as  shown in fig. 

6, where it is identified as the upper internal structure. The dimensions, material properties, and other 
aspects of the finite element model are given in table 3. The finite element model is shown in fig. 7. Note 
that although this is not shown in fig. 7, the bottom row of nodes are all rigidly interconnected to a single 
node and a mass of 40000 kg is added to this node. To reflect the mass of the surrounding fluid, a mass of 
3.2g kg ~ ' û 5  added te e2ch she!! node. Waif of the cylinder is modeled, and a plane of symmetry is 
assumed. The same force was applied to the bottom of the model as for design A (although multiplied by 4 
because this shell replaces four columns). In addition, a pressure load, with time history shown in table 4, 
was applied to the entire side of the cylinder; this load was not applied to design A €or in View of the much 
greater thickness/radius ratio, it was not significant in the response of the columns. 

As in the previous case, the initiation of a realistic buckling mode requires the introduction of an 
imperfection in the model. Three imperfections were tested: 

plastically. 

T.? (a) w =  - E  sin-sin 1 2 6 ,  

(b) w =  - E  sin-sin 68, 

(c) 

lTL 

1 

I 
c- I' L 

-w = - E  sin--Isin 26 I, 

with E = 5.08 x lo-' cm (2  x 
Imperfection (a) did not exhibit any lobe patterns in its buckling, whereas for imperfections (b) and (c), 

six and eight lobes, respectively, appeared in the post-buckled shape of the cylinder. Several deformed 

in.). 

0.009 s 0.018 0.024 s 

_ _ _ _ - - - - -  
, _____- - - - -  fd 

- - _ _ _ _ - - -  - _  
Fig. 8. Deformed configurations of cylindrical ACS with w = - E sin(?rr//) sin 60 imperfection. 
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0009 s 0.018 5 0.024 s 

- - -  _ _ _ _ _ _ -  - -  - -  
Fig. 9, Deformed configurations of cyïmdricaf ACS uith H’ = - E sin( K /  ‘i ) I sin 28 1 imperfection. 

meshes for imperfections (b) and (c) are shown in figs. 8 and 9. respectively. As can be seen, the overall 
pattern of deformation for the two imperfections is quite similar except for the difference in the number of 
lobes. 

Fig. 10 compares the time history of the vertical deflection of the rigid mass at the bottom of the 
cylinder. The response for the Ccolumn support is also shown. n e  important result is that the response is 
independent of the number of lobes in the post-buckling pattern. Thus, although the character of the 

75 

60 

15 

O 
6 12 18 24 30 36 O 

TIME. rns 

Fig. 10. Vertical deflection of the npjd mass ar the bottom of the cylinder. 
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MADYMO 
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Cylinder 

2 

MADYMO 
Shell4 
Column 
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BETA-SITE TESTS OF MADYMO’S FINITE ELEMENT MODULE 



TEST-AM 

Rigid body-movement 

Mass computation 

external force beamlength 3e-2 

Pointload on all nodes in x-dir. 

PARAMETERS LOADS & DISPLACEMENTS & DIR. 

Large rotation aboud z-axis 

as a result of a E=2.le8, 
beamlength 5e-2 x- & y-dir. 

Prescribed DOF for 1 nodes in 
prescribed displacement I 

SUPPORTS I PROBILEMC 

None 

? 1 node, in x-dir. 

I 1 nodes, in x-dir. 

~- ~ 

TESTNAME 

Truss2/ test1 

Truss2 /test4 ii 
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Rigid body-movement 

1 Rigid body-movement 

Deformation as a result of an I external force 

beformation i a Lesuit of a 
prescribed torque 

PARAMETERS 

E=2.lell 
area = 0.05 

E=2.lel1 
area = 0.05 

LOADS & DISPLACEMENTS & DIR. 

Pointload on both nodes 

Pointload on 1 node 

Pointload on 1 node 

SUPPORTS 

None 

PROBLEMS 

~~~ 

E=2.lell 
~ 

Pointload on 1 node in R1 direction 

~~ ~ -~ -~ ~ 

Prescribed force in z-direction on last 
node 

Prescribed rotation on last node, in R1 
direction 

~~ 

First node 

First node 

SINGLE BEAM2 
MATERIALTYPE ISOLIN 

TEST-AIM TESTNAME 

Test.beam2/testl 

Test.bearn2/ tes t3 1 node, supported 
in X, Y & Z- 
direction 

/I Tes t.beam2/ test2 1 node 

II Test.beam2/test5 1 node 

MULTIPLE BEAM2 ELEMENTS 
MATERHALTYPE ISOLIN 

TEST-AIM PARAMETERS LOADS & DISPLACEMENTS & DIR. I SUPPORTS I PROBLEMS TESTNAME 

Tes t.beam2/ test4 

Test.beam2/ test6 

1 Test.beam2/ test7 

I 

~~~ ~ ~ - 

Bending of Beam2 elements 
combined in a beam, by 
prescribed force 

Deformation of Beam2 
elements combined in a 
beam, by prescribed rota tion 

E=2.lel1, 
beam dimensions = 
0.6 * 0.1 * 10 

E=2.lell, 
beam dimensions = 
0.6 * 0.1 * 10 

Deformation of Beam2 
elements combined in a 
beam, by prescribed rotation 
+ prescribed force 

E=2.lell, 
beam dimensions = 
0.6 * 0.1 * 10 

Prescribed force in z-direction on last 
node & prescribed rotation on last node, 
in R1 direction 

First node Instable 
solutionproces 

I I 
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SINGLE MEM3 
MATERIALTYPE ISOLIN 

TEST- AIM PARAMETERS 

Rigid body-movement 
- 

Rigid body-movement E=2.lell, Nu=O.4 
thickness = 0.05 

~~ ~ ~ 

Rigid body-movement 

Mass computation 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Shear-stress as a result 
of an external force 
Poissons ratio = 0.4 

E=2.1ellr Nu=0.4 
thickness = 0.05 

E=2.1el11 Nu=0.4 
thickness = 0.05 

E=2.lell, Nu=O.4 
thickness = 0.05 

E=2.lell, Nu=0.4 
thickness = 0.05 

E=2.lell, Nu=0.4 
thickness = 0.05 

Deformation as a result 
of a prescribed displacement 

Deformation as a result 
of a prescribed displacement 

Deformation as a result 
of a prescibcd displacement 
Poissons ratio = 0.4 

E=2.lell, Nu=O.O 
thickness = 0.05 

E=2.îell ,  Nu=O.O 
thickness = 0.05 

E=2.lell, Nu=0.4 
thickness = 0.05 

LOADS & DISPLACEMENTS & DIR. SUPPORTS PROBLEM 

Rotation, around z-axis, prescribed by 
moving null system ted by a moving stresses in the 

Rotation, around z-axis, due to 
prescribed force 

2 nodes,l suppor- 

null system material 

1 node 

There appear some 

Rotation, around y-axis, due to 
prescribed force 

2 nodes are 
supported 

The element is not 
able to handle large 
rotations 

on another in y-direction 

and on another in direction(1,-1) 

Pointload on 1 node in y-dir. 

Pointload on 1 node in x-dir. 

TESTNAME 

Testl .mem3/ testl 7 

Testl .mem3 / testl 1 

Testl .mem3/test20 

Testl.mem3 / test18 

Testl .mem3/test5 

Testl .mem3/ test6 

Tes t l  .mem3 / tes t8 

Testl .mem3/testl 

Tes t i  .mem3/ test2 



SINGLE MEM3 
MATERIALTYPE ISOLIN 

SUPPORTS PROBLEMS 

2 nodes 

TEST-AIM TESTNAME 

Testl .mem3 /test4 Deformation as a result of 
a prescibed displacement 
Poissons ratio = 0.4 

Displacements by prescr. DOF. 
1 node in direction (-1,l) another in 
direction (1,-1) 

2 nodes connected to a moving null 
system 

Equal to test10 only a factor 1000 smaller 

Shear-stress as a result of 
a prescribed displacement 

1 node The shear-stresses Testl .mem3/test9 
aren't calculated 
correctly 

1 node to inertial The shear-stresses Testl .mem3/testlO 
space aren't calculated 

correctly 

None (of course the Testl,mem3/testl9 
shear-stresses are 
still wrong) 

Shear-stress as a result of a 
prescribed displacement out 
of the x-y plane 

Stability for small elements 

SUPPORTS PROBLEMS 

1 node in all dir. 
and 1 only in x-dir. 

The stresses are 
significantly larger 
then theoretically 
expected 

The element 
coordinate-system 
introduces fictive 
stresses 

1 node in all dir. 
and 3 only in zdir. 

PARAMETERS 

TESTNAME 

Mem3 / t6 

Mem3 / t7 

E=2.lell, Nu=0.4 
thickness =0.05 

TEST-AIM I PARAMETER5 

E=2.lell, Nu=O.Q 
thickness = 0.05 

LOADS & DISPLACEMENTS & DIR. 

E=2.lell, Nu=O.O 
thickness = 0.05 

I I 

Size = 2mm * 2mm 
thickness = 0.05mm 

~ = 2 . 1 ~ 9 ,  =250e6 
Eo,* =0.11905 

SINGLE MEM3 
MATERIALTYPE ISOPLA 

Prescribed DOF for 3 nodes in x- & y- 
dir. 

LOADS & DISPLACEMENTS & DIR. 

Pointload on 1 node in ydir. 

Plastic strain and yield stress I ~ 9 . 1 ~ 9 ,  =25&.6 I Prescribed DOF for 2 nodes in x-dir. 
in 1 -dimensional 
deformation 

' V.' 

E, ,~ =0.11905 The 
hardening curve 
contains 2 s lo~es  

Elastoplastic material- 
behaviour in shear 
deformations 
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SINGLE MEM3 
MATERIALTYPE ANICO 

TEST-AIM 

Deformation as a result of a 
prescribed displacement 

TEST-AIM 

PARAMETERS LOADS & DISPLACEMENTS & DIR. SUPPORTS PROBLEMS TEST N A M E 

E=2.le9, Nu=0.3 Prescribed DOF for 2 nodes in x-dir. 1 node in all dir. This materialtype Mem3/t8 
edgesize 3e-2 and 1 only in y-dir. does not work well 

Validation of materialtype by 
modelling isolinear 
materialbehaviour 

Validation of materialtype by 
modelling isolinear 
materialbehaviour 

Deformation as a result of a 
prescribed displacement 

Deformation as a result of a 
prescribed displacement 

PARAMETERS 

Ell=E22=2.le9, 
Nu=O.O 
E33=0.5*E=l.O5e9 
edgesize 3e-2 

El l=E22=2.3e9, 
Nu=0.3 
E33=1.6e9 
edgesize 3e-2 

LOADS & DISPLACEMENTS & DIR. 

Prescribed DOF for 2 nodes in xdir. 

~ ~~ ~~~ ~ 

Prescribed DOF for 2 nodes in xdir. 

Prescribed DOF for 2 nodes in xdir. 

, Prescribed DOF for 2 nodes in xdir. 

Shear deformation as a result 
of a prescribed displacement. E33=1.6e9, E12=0.69e9 x- & y-dir. 

Ell=2.3e9, E22=2.31e9 Prescribed DOF for 2 nodes in both 

SINGLE MEM3 
MATERIALTYPE ISOTEN 

SUPPORTS I PROBLEMS I TESTNAME 

I None 

1 node in all dir. 
and 1 only in x-dir. 

Mem3/tl 

1 node in all dir. 
and 1 only in x-dir. 

None Mem3 / t2 

1 node in all dir. 
and 1 only in x-dir. 

Mem3/t4 

2 nodes in all dir. 
and 2 nodes only in 
v-dir . 

None Mem3 / t5 

2 nodes in all dir. The element- Mem3 / t3 
coordinate-system 
introduces 
deviations 
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MEM3 ELEMENTS 
MATERIALTYPE HYSISO 

prescribed displacements 

Deformation as a result of 
prescribed displacements 
(more complex loading & 
unloading function) 

Deformation as a result of 
prescribed displacements 

Deformation as a result of 
prescribed displacements 

Shear-deformation as a 
result of prescribed forces 

Elas. limit = 0.004 

LOADS & DISPLACEMENTS & 
DIR. 

displacement in x-direction 

displacement in x-direction 

displacement in x-direction, 2 tests [> 
el.lim1 & [c el.lim1 

displacement in x-direction, pos. displ. 
followed by neg. displ. 

Forces on 4 nodes in x & y direction 

SUPPORTS 

2 nodes 

2 nodes 

2 nodes 

2 nodes 

2 nodes 

PROBLEMS 

Elastic slope not 
printedi in reprint 

Elastic slope not 
printed in reprint 

Elastic slope & 
elastic limit not 
printed in reprint 

Elastic slope not 
printed in reprint 

Elastic slope not 
printed in reprint. 
The slopes of the 
shear-stresses are 
the same as those of 
the main stresses. 
This is wrong. 

- 

TESTNAME 

Materials/hys/ 
mem3/testl 

Matejals/hys/ 
mem3/testl/ 
templ& 2& 3& 4 

Materials/hys/ 
mem3/test2 & 2a 

Materials / hys / 
mem3 / test3 

Materials/hys/ 
mem3/test4 & 4a 

Hysteresis material behaviour is not accuratly modelled. It will be completely revised in future versions of madymo. 

Note. For these tests 2 MEM3 elements are combined in a square. 



SINGLE SHELL6 
MATERIALTYPE ISOLIN 

~~ 

SUPPORTS TESTNAME TEST- AIM PARAMETERS PROBLEMS LOADS & DISPLACEMENTS & DIR. 

Rigid body-movement Rotation, around z-axis, prescribed by 
moving null system 

There appear some 
stresses in the 
material 

Test1 .shelib/ test17 2 nodes,l suppor- 
ted by a moving 
null system 

1 node Testl ,shellló/ test1 1 Rotation, around z-axis, due to 
prescribed force 

Rotation, around y-axis, due to 
prescribed force 

Rigid bod y-movement E=2.lell, Nu=0.4 

Rigid body-movement E=2.lell, Nu=0.4 

thickness = 0.05 

thickness = 0.05 
2 nodes are 
supported 

Testl .shellb/test20 The element is not 
able to handle large 
rotations 

Pointload on all nodes in 3 dir. None Mass computation 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

E=2.lell, Nu=0.4 
thickness = 0.05 

Pointload on 1 node in x-dir. 1 node Testl .shelló/ test5 

Testl .shellb/testó Pointload on 1 node in ydir. 1 node E=2.lell, Nu=0.4 
thickness = 0.05 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

E=2.lell, Nu=0.4 
thickness = 0.05 

Pointload on 1 node in x-direction and 
on another in y-direction 

1 node Testl .shelló/test7 

Chear-stress as a result 
of an external force 
Poissons ratio = 0.4 

E=2.1el11 Nu=0.4 
thickness = 0.05 

Pointload on 1 node in direction(-1,l) 
and on another in direction(1,-1) 

1 node Testl .shell6/testB 

Deformation as a result 
of a prescribed displacement 

E=2.lell, Nu=O.O 
thickness = 0.05 

Testl .shelló/ tes t l  Pointload on 1 node in x-dir. 2 nodes 

Deforma tion as a result 
of a prescribed displacement 

E=2.1el11 Nu=O.O 
thickness = 0.05 

Testl .shellb/test3 Pointload on 1 node in y-dir. 2 nodes 

Deformation as a result 
of a prescibed displacement 
Poissons ratio = 0.4 

E=2.lel1, Nu=0.4 
thickness = 0.05 

Testl .sliell6/ test2 Pointload on 1 node in x-dir. 2 nodes 



SINGLE SHELL6 
MATERIALTYPE ISOLIN 

PROBLEMS 

The shear-stresses 
aren’t calculated 
correctly 

The shear-stresses 
aren’t calculated 
correctly 

None (of course the 
shear-stresses are 
still wrong) 

TESTNAME 

Testl.shellb/ test4 

Test1 .shell6/test9 

Testl.shellb/testlO 

Testl.~hell6/testl9 

TEST-AIM 

Deformation as a result of 
a prescibed displacement 
Poissons ratio = 0.4 

PARAMETERC LOADS & DISPLACEMENTS & DIR. SUPPORTS 

E=2.lell, Nu=0.4 Pointload on 1 node in ydir. 2 nodes 
thickness =0.05 

Shear-stress as a result of 
a prescribed displacement 

SINGLE SHELL6 

E=2.lell, Nu=O.O Displacements by prescr. DOF. 1 node 
thickness = 0.05 1 node in direction (-1,l) another in 

direction (lil) 

MATERIALTYPE ISOPLA 

Shear-stress as a result of a 
prescribed displacement out 
of the x-y plane 

Stability for small elements 

TEST-AIM PARAMETERS I LOADS & DISPLACEMENTS & DIR. I SUPPORTS I PROBLEMS I TESTNAME II 

E=2.lell, Nu=O.O 
thickness = 0.05 system space 

Size = 2mm * 2mm 
thickness = 0.05mm 

2 nodes connected to a moving null 1 node to inertial 

Equal to test10 only a factor 1000 smaller 

Elastoplastic material 
behaviour when a hardening 
function is defined 

Elastoplastic material 
behaviour in shear 
deformations 
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~ ~ 2 . 1 ~ 9 ,  =25Qe6 Prescribed DOF for 2 nodes in x-dir. 1 node in all dir. No convergence to Shellb/tl 
edgesize 3e-2 and 1 only in x-dir. yield surface 
thickness 5e-3 

~ ~ 2 . 1 ~ 9 ,  oo,2 =250e6 Prescribed DOF for 3 nodes in 1 node in all dir. The element She116/ t2 
edgesize 3e-2 x- & y-dir. 
thickness 5e-3 

and 3 only in z-dir. coordinate system 
introduces fictive 

, 



MULTIPLE SHELL6 
MATERIALTYPE ISOLIN 

TEST-AIM 

Bending of shell6 elements 
combined in a beam, by 
predescribed force 

- - PARAMETERS 

E=2.lell, Nu=O.O 
thickness=l 

E=2.lell, Nu=O.O 
thickness=0.01 

LOADS & DISPLACEMENTS & DIR. 

Force in negative z-direction at the end 
of the beam 

Force in negative z-direction at the end 
of the beam 

Torque about y-axis of the last element 

Force in z-direction at the end of the 
beam 

Force in y-direction at the end of the 
beam 

1 rotational node prescibed rotation. 

SUPPORTS 

2 transl. nodes and 
1 rot. node are 
supported 

2 transl. nodes and 
1 rot. node are 
supported 

2 transl. nodes and 
1 rot. node are 
supported 

~ 

2 transl. nodes are 
supported 

1 transl. node is 
supported 

2 transl. nodes 
supported by 
rotating and transl. 
null system 

PROBILEMC 

Fault =: 1% 

Fault z- 5% 

Fault = 1% 

TESTNAME 
~ 

Tes t.shell6 / strip1 

Tes t.shell6 / strip2 

Tes t.shellb/strip4 
Tes t.shell6 / strip5 

Tes t.shell6/strip7 
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SINGLE FACET6 
MATERIALTYPE ISOLIN 

LOADS & DISPLACEMENTS & DIR. 

Rotation, around z-axis, prescribed by 
moving null system 

TEST-AIM SUPPORTS PROBLEMS TESTNAME 

2 nodes,l suppor- There appear some Testl.facet6/ test17 
ted by a moving 
null system material 

stresses in the 

I PARAMETERS 

Rigid body-movement 

Rigid body-movement 

E=2.lell, Nu=0.4 
thickness = 0.05 

Rotation, around z-axis, due to 
prescribed force 

Rotation, around y-axis, due to 
prescribed force 

Pointload on all nodes in 3 dir. 

Rigid body-movement 

1 node Testl .facet6/testll 

2 nodes are The element is not Testl.facetG/tesBO 
supported able to handle large 

None Testl.facet6/testl8 

rotations 

E=2.1ellt Nu=O.4 
thickness = 0.05 

Pointload on 1 node in x-dir. 

Pointload on 1 node in ydir. 

Pointload on 1 node in x-direction and 
on another in y-direction 

Pointload on 1 node in direction(-1,l) 
and on another in direction(l/-l) 

Pointload on 1 node in x-dir. 

Mass computation 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

Deformation as a result 
of an external force 
Poissons ratio = 0.4 

1 node Testl .facetb/ test5 

1 node Testl .facet6/ tes t6 

Testl .facet6/ test7 1 node 

1 node Testl .facetb/ tes t8 

E=2.lell, Nu=O.4 
thickness = 0.05 

Deformation as a result 
of a prescribed displacement 

E=2.lell, Nu=0.4 
thickness = 0.05 

E=2.lell, Nu=O.O 
thickness = 0.05 

E=2.1ellt Nu=0.4 
thickness = 0.05 

Deformation as a result 
of a prescribed displacement 

Shear-stress as a result 
of an external force 
Poissons ratio = 0.4 

E=2.lell, Nu=O.O 
thickness = 0.05 

E=2.lell, Nu=0.4 
thickness = 0.05 

Deformation as a result 
of a prescibed displacement 
Poissons ratio = 0.4 

E=2.lell, Nu=0.4 
thickness = 0.05 

Pointload on 1 node in x-dir. 2 nodes Testl .facet6/ test2 

Pointload on 1 node in y-dir. I 2 nodes I I Testl .facetb/ test3 



LOADS & DISPLACEMENTS & DIR. 

Pointload on 1 node in ydir. 

Displacements by prescr. DOF. 
1 node in direction (-l/l) another in 
direction (l/-l) 

2 nodes connected to a moving null 
system 

Equal to test10 only a factor 1000 smaller 

SUPPORTS 

2 nodes 

1 node 

1 nodeto inertial 
space 

~ ~ 

The shear-stresses 
aren’t calculated 
correctly 

The shear-stresses 
aren’t calculated 
correctly 

None (of course the 
shear-stresses are 
still wrong) 

Testl.facetó/ test9 

Test1 .facetb/testlO 

Testl.facetb/test19 

SINGLE FACET6 
MATERIALTYPE ISOLIN 

PARAMETERS PROBLEMS TESTNAME 

Tes t l  .facet6 / test4 I 
TEST-AIM 

Deformation as a result of 
a prescibed displacement 
Poissons ratio = 0.4 

E=2.lell, Nu=O.4 
thickness =0.05 

E=2.1ellt Nu=O.O 
thickness = 0.05 

Shear-stress as a result of 
a prescribed displacement 

E=2.lell, Nu=O.O 
thickness = 0.05 

Shear-stress as a result of a 
prescribed displacement out 
of the x-y plane 

Stability for small elements Size = 2mm * 2mm 
thickness = 0.05mm 

SINGLE FACET6 
MATERIALTYPE ISOPLA 

~~ ~ 

SUPPORTS 
~~~ 

PROBLEMS TESTNAME TEST-AIM LOADS & DISPLACEMENTS & DIR. PARAMETERS 

Plastic strain and yield stress 
in 1-dimensional 
deformation 

E=2.le9, rso,2 =250e6 
=0.11905 The 

hardening curve 
contains 2 slopes 

Prescribed DOF for 2 nodes in x-dir. 1 node in all dir. 
and 1 only in x-dir. 

Facet6jtl The stresses are 
significantly larger 
then theoretically 
expected 

The element 
coordina te-sys tem 
introduces fictive 
stresses 

E=2.le9, rso,2 =250e6 
E,,  =0.11905 

Prescribed DOF for 3 nodes in x- Cyr y- 
dir. 

FacetG/t2 1 node in all dir. 
and 3 only in z-dir. 

Elastoplastic material- 
behaviour in shear 
deformations 

I’ 



MULTIPLE FACET6 
MATERIALTYPE ISOLIN 

TEST-AIM 

Bending of facet6 elements 
combined in a beam, by 
predescribed force 

Bending of small facet6 
elements combined in a 
beam, by predescibed force 

Bending of facet6 elements 
combined in a beam, by 
predescribed torque 

Stretching and rotation out 
of the xy-plane of facet6 
elements combined in a 
beam, by predescribed force 

Stretching and rotation in the 
xy-plane of facet6 elements 
combined in a beam, by 
predescribed force 

3 dimensional rotation and 
translation of facet6 elements 
combined in a beam, by 
prescribed DOF 

PARAMETEB 

E=2.lell, Nu=O.O 
thickness=l of the beam 

LOADS & DISPLACEMENTS & DIR. 

Force in negative z-direction at the end 

E=2.lell, Nu=O.O 
thickness=0.01 of the beam 

Force in negative z-direction at the end 

E=2.lell, Nu=O.O 
thickness=l 

Torque about y-axis of the last element 

E=2.lell 
thickness=l 

I Force in z-direction at the end of the 
beam 

E=2.lel1 I Force in y-direction at the end of the 

I beam 

I 1 rotational node prescibed rotation. 

SUPPORTS PROBLEMS 

1 rot. node are 
supported 

2 transl. nodes and 
1 rot. node are 
supported 

2 transl. nodes and 
1 rot. node are 
supported 

2 transl. nodes are 
supported 

1 transl. node is 
supported 

Fault z-. 5% 

2 transl. nodes 
supported by 
rotating and transl. 
null system 

Fault -- 1% 

TESTNAME 

Test.facetG/stripl 

Test.facetG/stripG 

Test. face t6/ strip2 

Test.facetb/strip’/ 
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PROBLEMS TESTNAME 

Shell4/testl 

The element is not 
able to handle large 
rotations 

Shell4/testl4 

- 

- 

Poissons ratio is not 
determined in the 
output 

She114/ test13 

Shell4 / test2 

Shell4/test5 

She114/ test7 

Shell4 / test3 

Slie114/ test4 

I Deformation as a result of a 
transversal external force 
(Bending-problem) 

~ 2iodes in all 
directions 

~ 2 nodes in all dir. 

l 1 node in all dir. 
~ and 1 only in x-dir. 

I 1 node in all dir. 

7 2 nodes in all dir. 

Stresses as a result 
of the element- 
coordinate system 

Shell4/test6 

SINGLE SHELL4 
MATERIALTYPE ISOLIN 

TEST-AIM SUPPORTS PARAMETERS LOADS & DISPLACEMENTS & DIR. 

Prescribed DOF for all nodes in x-dir. Rigid body-movement None 

I Rigid body-movement I Prescribed rotation around x-, y- & z-axis 
~~ 

1 node is supported 
~~ 

Hourglass-mode I She114/test15 

Rotatation and stretching Point load on 2 nodes 2 nodes are 
supported 

Mass Computation Edgesize 2 
thickness 5e-2 
Rh0=7800 

Prescribed load, acceleration-type on 4 
nodes in x-, y- & z-dir. 

None 

Deformation as a result of an 
external force 

E=2.le8, Nu=O.O 
edgesize 3e-3 
thickness 5e-5 

Pointload on 2 nodes in x-dir. 2 nodes, in x-dir. 

Deformation as a result of an 
external force 
Poissons ratio 0.3 

E=2.le8, Nu=0.3 
edgesize 9.46e-3 
thickness 5e-4 

~ 

Pointload on 2 nodes in xdir. 1 node in all dir. 
and 1 only in x-dir. 

E=2.le8, Nu=O.O 
edgesize le-1 
thickness 2e-3 

Distributed force (Stepfunction in time) 
Strip of 5 elements 

~ 

E=2.le8, Nu=O.O 
edgesize 9.46e-3 
thickness 5e-4 

E=2.le8, Nu=0.3 
edgesize 9.46e-3 
thickness 5e-4 

E=2.le8, Nu=O.O 
edgesize le-2 
thickness 5e-4 

E=2.le8, Nu=O.O 
edgesize le-2 
thickness 2e-3 

Prescribed DOF for 2 nodes in xdir. Deformation as a result of a 
prescribed displacement 

Deformation as a result of a 
prescribed displacement 
Poissons ratio = 0.3 

Shear-deformation as a result 
of prescribed displacements 

Prescribed DOF for 2 nodes in x-dir. 

Prescribed DOF for 3 nodes in 
x- & y-dir. 

Deformation as a result of 
prescribed transversal 
displacements (Bending) 

Prescribed DOF for 2 nodes in z-dir. 
Strip of 5 elements 

Hourglass-mode 





SINGLE SOLIDî 
MATERIALTYPE ISOLIN 

Shear-deformation as a result 
i of a prescribed displacement 

TEST- AIM PARAMETERS LOADS & DISPLACEMENTS & DIR. SUPPORTS 

Rigid body-movement Prescribed DOF for all nodes None 

E=2.le8, Nu=O.O 
edgesize 3e-2 x- & y-dir. 

Prescribed DOF for 4 nodes in 4 nodes in all dir. 

Rigid body-movement Large rotation around x-axis 2 nodes are 
supported 

I 
Mass computation Pointload on all nodes in 3 dir. None 

Deformation as a result of an E=2.le8, Nu=O.O 
external force edgesize 1.32e-2 

t 
Pointload on 4 nodes in xdir. 4 nodes, ail in x-dir. 

Prescribed DOF for 4 nodes in xdir. 4 nodes, all in x-dir. 

prescribed displacement edgesize 1.63e-2 1 in all dir. 
Poissons ratio = 0.3 

Deformation as a result of a E=2.le8, Nu=0.3 1 prescribed displacement edgesize 1.63e-1 
1 Poissons ratio = 0.3 

Prescribed DOF for 4 nodes in z-dir. 3 nodes in xdir. 
and 1 in all dir. 

' Deformation as a result of a E=2.le8, Nu=0.3 
prescribed displacement edgesize 1.63e-2 
Poissons ratio = 0.3 

Prescribed DOF for 4 nodes in z-dir. 3 nodes in xdir. 
and 1 in all dir. 

PROBLEMS 

The element is not 
able to handle large 
rotations 

TESTNAME 

Solidl /test1 

Solidl /test6 

~ Solidl /test7 

Solidl /test2 

I Solidl/test3 

Instable solution- Solidl /test4 
process 

Instable solution- Solidl / test5 
process 

I Solidl /test8 

Solidl /test9 

Main problem in testing single Colidl-elements is to avoid the so-called hourglass-modes. Supports can be helpful to effort this but may introduce some deviations between 
theoretical and numerical results. The Solidl-element appeared to be not well functioning in some trivial loadingcases. Until these problems are solved no further tests will be 
performed. 

All the tests mentioned in the table have been carried out with the ISOLIN-materialtype. We have also tried to test hysteresis for single Solidl-elements with the 
HYSISO-materialtype. This materialtype appeared to be not well modelled for Solidl-elements and therefore these tests are not inserted here. The HYSISO-materialtype will be 
revised. 

Note. Tests 6 & 7 are not inserted here. These tests are respectively described in test18 & test19 in the Solid8-chapter. 



TEST-AIM 

Rigid body-movement 

Rigid body-movement 

PARAMETERS - 
- 

SINGLE SOLID8 
MATERIALTYPE ISOLIN 

LOADS & DISPLACEMENTS & DIR. 

Prescribed DOF in xdir. 

SUPPORTS PROBLEMS 

----I-- 
TESTNAME 

Solid8 / testl 

i ~~ 

Solid8 / test16 Gravitation, z-dir. 

SolidS/testl7 Rotation, around z-axis 

Large rotation around x-axis 
- 

Solids/ test18 
supported able to handle large 

rotations 

Mass computation 

Deformation as a result k- edgesize 1.32e-2 of an external force 
E=2.le8, Nu=O.O 

Pointload on all nodes in 3 dir. Solid8 / testl 9 None 

4 nodes Instable solution- 
process 

Pointload on 4 nodes in xdir. Solid8/ test2 

Pointload on 4 nodes in y-dir. Solid8 / test4 Deformation as a result 
of an external force 

Deformation as a result 
of an external force 
Poissons ratio = 0.3 

E=2.le8, Nu=O.O 
edgesize 1.52e-2 

E=2.le8, Nu=0.3 
edgesize 1.63e-1 

- 
4 nodes 

Pointload on 4 nodes in z-dir. SolidS/test8 4 nodes, only 1 
in all dir. 

Pointload on 4 nodes in x- and y-dir. Solid8 /test12 Shear-deformation as a 
result of an external force 

Deformation as a result 
of a prescribed displacement 

Deformation as a result 
of a prescribed displacement 
Poissons ratio = 0.3 

Deformation as a result 
of a prescribed displacement 
Poissons ratio = 0.3 

E=2.le8, Nu=O.O 
edgesize 3e-2 

E=2.le8, Nu=O.O 
edgesize 1.52e-2 

E=2.le8, Nu=0.3 
edgesize 1.63e-2 

- 

4 nodes in all dir. 

Prescribed DOF for 4 nodes in x-dir. Solid8 /test3 4 nodes 

4 nodes, only 1 
in all dir. process 

4 nodes, only 1 
in all dir. 

Imtable solutioIl- Prescribed DOF for 4 nodes in z-dir. Solid8 / test6 

E=2.le8, Nu=0.3 
edgesize 1.63e-1 

Prescribed DOF for 4 nodes in z-dir. Solid8/ test7 
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SINGLE SOLID8 
MATERIALTYPE ISOLIN 

TEST-AIM 

Shear-deformation as a result 
of a prescribed displacement 

Shear-deformation as a result 
of a large prescribed 
displacement 

Shear-deformation as a result 
of a prescribed displacement 
for a longdrawn element 

II 
Shear deformation as a 
result of a prescribed 
displacement for a 
longdrawn element 

PARAMETERS 

E=2.le8, Nu=O.O 
edgesize 3e-2 

E=2.le8, Nu=O.O 
edgesize 3e-2 

- 

- 
E=2.1&, Nu=O.O 
edgesize x: 9e-2 

y: 2e-2 
z: le-2 

E=2.le8, Nu=O.O 
edgesize x: Se-2 

y: 2e-2 
z: le-2 

LOADS & DISPLACEMENTS & DIR. I CUPPORTS 

Prescribed DOF for 4 nodes in 
x- & y-dir. 

Prescribed DOF for 4 nodes in 
x- & y-dir. 

Prescribed DOF for 4 nodes in 
zdir. 

4 nodes in all dir. 

4 nodes in all dir. 

4 nodes in all dir. 

Prescribed DOF for 4 nodes in z-dir. 4 nodes in all dir. 

PROBLEMS 

Unsatisfactory 
accuracy 

Unsatisfactory 
accuracy 

Unsatisfactory 
accuracy 

TESTNAME 

%lid8/ test11 

Solid8 /test13 

Solid8 / test14 

All the tests mentioned in the table have been carried out with the ISOLIN-materialtype. We have also tried to test hysteresis for single Solid8-elementsr with the 
HYSISO-materialtype. This materialtype appeared to be not well modelled for Colid8-elements and therefore these tests are not inserted. The HYSISO-materialtype will 
be revised. 
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