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ABSTRACT

It is shown when and how quasi-static limit load analyses can be performed by a tran-sient analysis using LS-
DYNA. Then we focus on the remaining benefits of implicit analysis and how a proper combination of
ANSYS and LS-DYNAcan be used to prepare the transient analysis by common preprocessing and static
analysis stepsAspects of discretization, solution control, consideration of imperfections and methods of
checking the results are outlined.
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ANSYS, LS-DYNA, CAD-FEM

The CAD-FEM GmbH is distributor of botiNSYS as well as LS-DYNATherefore, CAD-FEM was interested in an
interface between these two programs. For some Y&d&YS, Inc., developer of thANSYS code, is creating the
ANSYS/LS-DYNA product ofering the classicaANSYS users the benefits of explicit LS-DYNa&nalyses.Typical
applications are drop tests of consumer goods and B as described here P ultimate-load analysis

IMPLICIT ST ATIC LIMIT -LOAD ANALYSIS

Determining the limit load of a structure primarily is a static problem. It has to take into account at least geometric non-
linearities but often non-linear material and contact, too. Since no static equilibrium is possible after the ultimatesload som
steps are necessary to reach this point in a reliable way and to be sure that it was found.

In conjunction with limit-load analysis often buckling as a bifurcation phenomenon appears. Such a problem can be
analyzed by eigenvalue solution, but this requires a system matrix which is not available in an explicit analysis.

If imperfections are superimposed on a perfect structure, the bifurcation problem usually changes to a non-linear stress
problem or a snap-through problem depending on the post-critical bel&vwinving this behavior is essential for safety
considerations.

At least in the case of a force-type load path-following methods like arc-length algorithms are necessary to reach the
post-critical load-deflection path in an implicit static analysis.

Possible problems in implicit static limit-load analysis

Even when using arc-length methods achieving caerere close to the critical load is ofterfidiflt, in particular if
different non-linearities are active. Especially in conjunction with contact soffieultiés may appear since contact
elements change their status (from open to close or vice versa) which isferendifable for NewtorsOnethod. In such
cases a lot of &rt is needed to achieve proper solution control in order to determine the ultimate load witliciensuf
accuracy



PROPERTIES OF LS-DYNA CONCERNING QUASI-STATIC ANALYSIS

Advantages

The main advantage of LS-DYNf@r quasi-static problems is that B due to the explicit time integration scheme - n
iteration of nonlinear systems and no congesice control is require@herefore, no convgence problem can appear

A further advantage of transient analysis is that in the vicinity of a critical point the inertia forces stabi-lize the syst
motion even in the post-critical range where the load which the system can carry de-creases with increasing displacen
Thus, the character of the post-critical behavior can be studied.

Disadvantages of explicit transient solution in static limit-load analysis

The LS-DYNAsolution scheme is only applicable to general transient analysis. within the solution always inertia
forces, often also damping forces are includduis for static resp. quasi-static analyses velocities and accelerations hav
to be chosen in such a fashion that forces due to inertia and damping remain negligibly small.

In particular initial conditions must be chosen carefully to avoid oscillations; they should match a static solution ve
closely and should introduce any motion very smoothly into the system.

The mentioned advantage of not setting up and decomposing a system matrix is a disadvantage within a limit
analysis. Eigenvalue buckling computations or direct detec-tion of stability points cannotfteraet.

COMBINING ANSYS AND LS-DYNA

The combination of the general purpose FE-progk&t8YS (with implicit solution) and LS-DYNAs theANSYS/LS-
DYNA suite. It at least consists of the gen@fdB5YS pre- and postprocessor plus further extensions for specific LS-DYNA
features, and the LS-DYNgolver Besides nodes and elements e.g. the LS-D¥biftact definitions, properties for many
of the material models, load curve definitions for transient analysis and initial conditions can be prepared within the |
processarFor analysts with some experience WitiSYS there is only a small step towards LS-DYNA.

ANSYS/LS-DYNAIN limit load analyss

SinceANSYS and LS-DYNAhave elements of comparable theoretical background and thus comparatsessitfis
possible to take advantages of the two programs (includingNi$&'S solver) in a sequential fashion. Once a discretiza-
tion is modeled for the one type of analysis it is straightforward to switch to the éttetandard appli-cation is deep
drawing simulation in LS-DYNAnd springback or modal analysis with respect to residual stregdS ¥, or static pre-
stressing of a rotor bYNSYS and subsequent impact simulation by LS-DYNA. For such purposesAMB¥S elements
can handle stresses from the LS-DYNA as initial stresses, aAdNSYS can write the control cards for Olnitialization to
a prescribed geometryO and create the file (m=...) containing the deformation stateAN®YSrun.

In case of limit load analysiBNSYS can be used for eigenvalue buckling analysis, for determining and applying
imperfections and calculating static initial conditions, whereas LS-Dufi4s the system to the ultimate load and behind.
Such a procedure is studied in detail in the following.

REAL-LIFE AND MODEL PROBLEM

Fig. 1: Simplified model of part of a telescope crane at the onset of buckling



One of the buckling B post-buckling problems solved with LS-DYNA, which was investigated in detail, was the
telescope arm of a mobile crane shown on the title psigde beginning it was not clear whether the results would be
available for publicationThus, a modified model problem was chosen in addition (Fi§g.Hi3. system was first analyzed
usingANSYS only [Bartel (1998)].

A look onto the load deflection curve of the industrial system (Fig. 2) shows nearly linear behavior up to the limit load
(a). This is typical for optimized design&.force-controlled analysis will end up in a non-comest solution there, thus
only the linear behavior would be visiblehe post-critical path (b) gives the most reliable criterion whether a physical or a
numerical instability has occurred.
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Fig. 2: Load-deflection diagram of the telescope arm of a craneeal system

PREPARING THE SIMULATION WITH ANSYS/LS-DYNA

At first anANSYS model for implicit analysis is created within BW8SYS preprocessolt contains shells, some solid
elements for the parts between outer and inner tube, some contact areas allowing the tubes to slide, and plastic material
behaviorAt first a static solution at a lower load level was calculated and a subsequent eigenvalue buckling analysis was
performed.The modes guided the application of imperfections (see below).

In the second stage of the analysis the elements were changed to the corresponding Ligpe¥,N#hd some specific
inputs were created, such as contact and the load-versus-time curves to specify smooth loading conditions as discussed
below

LOADING SPECIFICATION

The loading must be specified in such a way that the computation ficenefs possible; on the other hand the inertia
forces should remain negligibl€he first condition requires a high velocity within the process, the second condition requires
a small acceleration value. Bifent ways to overcome this prob-lem are considered.

In general a displacement control is preferable, because then the global motion of the structure can be well con-trolled.
However the loading consisted of a force F and a moment M at the tip of the part wetekfore, the LS-DYNAnodel
is extended by a beam of rigid material (Fig. 7) of the length 2e, where e = M/F , and then the dis-placement of the center
of gravity is controlled.

Constant acceleration

The most direct way of load application is to start with an initial velocity 0 and a constant acceleration, because this leads
to nearly constant inertia forces in the model. It is applied to rigid beam as a line-arly increasing velocity (because
acceleration boundary conditions are not allowed for rigid bodies, *BOUNDARRESCRIBED_MOTION_RIGID).
Whether this acceleration is too high or not can only be seen after the simulation when the ratio of the inertia forces to the
total forces has been checkddherefore, it is recommended to carry out the simulation for a short time only and then
consider a modification after checking the static equilibrium.



In the model problem an acceleration of about 28 g led to the result given in Biga 3irst look such a level of
acceleration seems to be far away from being static and absolutely too high. Hoiw+aust not be compared with the
weight of the system but with the limit load and the equilibrium situation there. Fig. 3 also contains a comparison of
results obtained with dérent element formula-tions yjpe 2, 10 and 16). Since no visiblefdiences can be observed the
computationally most &tient element (Belytschkoshy) can be chosen.
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Fig. 3: Load-deflection curve forthe telescope crane; model mblem; transient analysis

Unlike the real system the curve for the simplified model problem shows two significant points: the limit point and o
at 80 % of the ultimate load. It can be noted that buckling and reaching the plastic limit of the shell cross sections is
separated. In this case the plastic limit is well below the elastic limit Tdad the load-deflection curve of the simplifie
model problem can be idealized to be a piecewise linear curve; in the real telescope system which is more optir
concerning the plastification the behavior is nearly linear up to the ultimate limit load.

Only if a displacement control is not possible, e.g. in the case of distributed loads, force control is an alt@mentive.
the acceleration is determined by the amount of DF which is theeadite between the static reaction and the applied load.
This load increment should be constant. In the case of a linear pre-buckling behavior this can be achieved by a line
increasing force. It is advisable to reduce the loading velocity in the vicinity of the limit load according to the syste
response.

An advantage of constant acceleration loading is that it does not need any static pre-calculation if imperfections
handled otherwise.

Constant velocity

The major disadvantage of the constant acceleration type of loading is that ovgeratitae range only small
displacements are generated resulting in small forces. Howelven approaching the limit load, the most interesting point
of the analysis, the velocity reaches the maximum and the resolution concern-ing the states of the results the minimur

If a constant velocity is applied, the accelerations and the inertia forces result from nonteataroefly Thus, high
velocity and a linearly increasing displacement can be achieved from th&Bimtholds un-der the assumption that the
distribution of the initial velocities matches the static deformation as closely as possible. Such a field can easily & comg
if a small fraction of the load is applied to thRSYS model in a static run. If an initial velocity is chosen for the control

nodei the time incrementt is known and the vector for the velocity distributigrean be computed from the displacement
field u:

Uu.
At=— and v, =
Voi

1

LY
At

This method is automatically carried out if a static or statioAA8YS analysis is followed by a tran-sient ofee
necessary additional LS-DYNiaput (using *INITIAL_VELOCITY_NODE) is written using aANSYS macro command
sequence.
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Fig. 4: Load-versus-time curve forA) constant velocity and B) constant acceleration

The procedure described above leads to the better results, the closemtesstipresented by tANSYS FE model
matches that of the LS-DYNAiscretizationThe most recently develop@ddNSYS ele-ments can optionally be used in a
formulation being similar to those of LS-DYNA.

The lager is the diierence in the formulation, the greater is the danger of getting oscillations. Significant oscillations
represent too much deviation from the static solution and can lead to accumulating errors in particular in path dependent
problems such as in the case of plastic materials or in the case of fhi¢itioim. an initial phase oscillations can be daohpe
out, howeverthe damping can be (and should be) reduced to zero when approaching the ultimate load.

It is also obvious that the procedure with constant velocity is more sensitive to unprecise contact condi-tion i.e. if
contacts being necessary for the equilibrium are not initially closed in the LS-D¥iNAhen the contact closure may be
rather sudden and leads to a shock type loading which causes oscilla-tions.

In the model problem a velocity of 7 m/s of the rigid beam leads to the system response given ialthigugh the
computational cost is reduced by a factor of 1.7 compared with the run with constant acceleration, the result \&/itis good.
the latter procedure the calculated critical load is lpwerprobably closer to the static ultimate |oBlde reason is thahe
velocity at the time when buckling begins is higher for a = const. than for v = const. and the motion towards the buckles
requires lager changes in the velocities, i.e. accelerations, i.e. inertia forces.

Constant speed with initial displacement

Up to now it was assumed that the LS-DYRralysis is started with the initial displacement being zero. One additional
capability is the Alnitialization to a Prescribed GeometryO (*CONTROL_DYNAMIC_REIARN, IDRFLG=2), where
LS-DYNA expects a file (m=filename in the program call) containing displacements for all nodes. For preparing this file
from the results of aANSYS run (or a previous LS-DYNAun producing results for tleNSYS postprocessor) and acti-
vating this option al\NSYS/LS-DYNA function is available.

The initial displacement can be taken from a nonlinear SANIBYS analysis at higher load level but in the &well-
convegingO range. From this starting point with initial displacements it is easier to achieve the quasi-static list load.
before an initial velocity distribution is also required for this dis-placement state which is achieved as described above
except that the total displacement u is replaced by the displacement increment _u from the last tWhistst@ssecant
whereas a tangent is desir@tie latter can be best approximated if the last load increment is small, e.g. by applying a small
amount in a subsequent load step especially for that purpose.

For this method it is of increasing importance that the response froRIN®¥S analysis matches that from LS-DYNA.
The danger of obtaining oscillations is slightly higher than in the case of constant accel-eration where increasing velocities
make constant oscillations negligible after some time.

STATIC CHECK FOR TRANSIENT ANALYSES

Since a quasi-static solution should be obtained by the transient analysis executed it must be checked whether inertia and
damping forces do not exceed a tolerable IeMat comparison of internal and ki-netic eqeis the easiest way to achieve
this, but it can be erroneous, because the latter depends on the velocity which can be high even if no acceleration appears.



If possible the static equilibrium should be checKétk disequilibrium is due to transientesfts. In the examples shown
above the transverse force which can be determined by LS-DYNA defined cross sections
(*DATABASE_CROSS_SECTION, resulting in a SECFORC file) and the fixed end (SPC constraints to get SPCFORC
must be constant, whereas the moments should vary linkealyransient analysis time discrepancies in the response curve:
for the loaded end (resulting in reaction forces in file BNDOUT) and the fixed end might.dpde&ar 5 (left) it is shown
that the forces excellently match for the considered sections. In comparison, in Fig. 5 (right) it is shown that signific
oscillations in the loading phase may occur due to too fast load application. In Fig. 6 it is demonstrated that for the m
problem atv=const.=7 m/gip load and reaction at the fixed end are syn-chronous whereasdaim/sdifferences near the
first significant nonlinearity become clearly visible.
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Fig. 5: Telescope arm; eal system:
left: Static equilibrium check: force at fixed and fiee end, coss section foce in the middle
right: Oscillations before buckling due to overly high applied acceleration

Fig. 6: Force at fixed (B) and fee end (A), coss section foce in the middle (C)
for v=const.=7 m/4left) and v=14 m/s(right)

IMPERFECTIONS

Usually the analysis model of a system is taken with an ideal, perfect geonmsryncludes the danger that in a
numerical analysis bifurcation points may be missed. In a complex system, howesgerather unlikely that the
characteristic buckling mode never ap-pears but the critical load may be calculated significantly too high and by cha
Furthermore, in reality the limit load and the buckling type often depends on imperfections. If realistic imperfections
known they should be used direcibtherwise a conservative imperfection must be estimated.



Imperfections from eigenvalue buckling

Static limit load investigations, especially of thin-walled or slender structures, are usually started with a linear buckling
analysisThe results are buckling modes and load factors. Since one assumption is linear behavior until buckling load factors
are only estimates for an upper limit of the ultimate load; and buckling modes lehevthe structure will buckle if the
system is not significantly deformed beforehaAd. it is well known that the structures are most sensitive against
imperfections in the shape of the lower buckling modes, they also give an idea of avatimeamperfectionThat means
eigenvalue buckling analysis which needs a system matrix can be essential for a reliable final solution being obtained either
explicitly or implicitly.

The buckling mode, usually the first one, can be applied to the ideal model as geometric (stress-free) modifications. In
the case of thANSYS preprocessor this is a simple function.

For more complex pre-buckling behavior others than the first mode can become most iniplogtamides can remain
similar, but the eigenvalues change their order (so-called mode jumping), or the modes can become qualifateely dif
due to lage deformation or contact. In this case it may be necessary to repeat the eigenvalue analysis after applying parts
of the loadThis also requires a static implicit solution.

The importance of knowing the right imperfection in a transient dynamic analysis is discussed in detail below

For the considered system an eigenvalue buckling analysis was performed leading to the first buckling mode shown in
Fig. 7.The load factors for the dérent buckling modes were $igfently separated so that it appeared rea-sonable that only
the first mode was of interesthe latter was taken as the shape of a geometric imperfection. It must be noted that for
eigenvalue buckling the status of the contact elements is fréhénrequires that the contact is well established at the
considered load level.

For the scaling of the imperfections the maximum change in a nodal coordinate was chosen to 1/250 of the longer
diameter of the main buckle (from inflection point to inflection poifijis measure was also taken for the other types of
imperfections described belown the scaled buckling mode there was still space remaining such that no further contact
appears between the tubes.

Fig. 7: First buckling mode of telescope arm; simplified model

Arbitrarily distributed imperfection

If no eigenbuckling pre-analysis is desired or it seems too complicated to set up and solve the static problem, other kinds
of imperfections are possible. One type of imperfection is generated by the aid of a random distribution (Fig. 8). It can be
expected B as a result from many similar analyses - that the important buckling modes will be initiated by these
imperfections and that the mode belonging to the lowest buckling load will govern the loadnd#for process. For
practical purposes the shell normals are averaged at the nodes and the nodes are moved in this direction by the values of an
intrinsic random function using &NSYS/LS-DYNA macro command procedure. In order to avoid excessive warping due
to lamge diferences from one node to the other some smoothing may be necessary



Contact zones should be excluded from adding imperfections to avoid initial penetrations.

Sinusoidal imperfection

Since known analytical solutions often lead to sinusoidal buckling modes, an imperfection of this kind (Fig. 8) can
appropriate provided that the system geometry is redilarmain advantage is that no further smoothing is nece$sary
number of half-waves per direction should be set in such a way that the resolution of the sinusoidal shape by the FE
is just high enough, i.e. that the discretization of the waves is coarse.

Although no pre-solving is necessary it should be noted that the preprocessing tool must be able to support such funt
controlled modifications to the nodal coordinates including the determination of the shell normals.

Fig. 8: Random and sinusoidal distribution of imperfections

The results in Fig. 9 indicate that only in the case of the random distribution the limit load is lower than in the ott
analysesThis seems to be an artificiaffeét due to the warping introduced by this imperfec-tion.

In total the type of imperfection has little influence on the computed limit load, especially for the model problem. F
the real system an increase of the maximum imperfection to twice the value led to a reduc-tion of the ultimate load b
%. This appears to be due to the fact that the real system is optimized and therefore more sensitive against imperfecti

Fig. 9: System esponse fodiffer ent types of imperfections:
A) buckling mode, B) random distribution

Dynamic Imperfections

It should be first noted that the transient solution introduces oscillations per se which is also a type of imperfection it
In Fig. 10 and Fig. L two buckling states of the real problem are depicted; the second one is obtained after a sli
modification of the wall thicknesseShe same changes in the behavior were observed in experimenstiioagh the
imperfection was chosen on the basis of the buckling mode shown in Fig. 10 the buckling modeloApjpgats, i.e. the
awrongO imperfection has no fatal influ-ence on the result.

If necessary a further excitation in addition to the static load could be agpisdvould be advisable, if the behavior
of the structure is not known at all.



Fig. 10: Buckling state with the original thickness distribution; real structure; transient analysis

Fig. 11: Buckling state with a slightly modified thickness distribution; real structure; transient analysis

DAMPING

In a quasi-static solution damping should be avoided, as this could lead to overly high estimates for the buckling load.
In particular mass proportional damping which decelerates the global motion should not be applied. For monotonous
proportional loadings usually no damping is required, maybe in the case of con-stant velocity some damping for the starting
phase may be advantageous.

POST-CRITICAL BEHA VIOR

The post-critical behavior after reaching the limit load is usually highly dynamic (see oscillations in Fig. 6). However
this is closer to reality than any static post-critical equilibrium path because buckling and failure processes usually happen
suddenly

FURTHER APPLICA TIONS

Limit-load analysis

Further examples of quasi-static ultimate-load analysis with LS-D¥bifsidered under dédrent points of view are
described in [Schweizerhdiyalz et al. (1999)] and [Schweizerhof, MYnz et al. (2000)].

Other quasi static analysis
LS-DYNA has been used for quasi-static analyses tdrdifit kinds than described here.

Of particular interest are processes consisting of a sequencefesémifloadings resp. motion§hen damping is
required to achieve a static solution at the end of a phase before the next load can belbppietamping periods can
increase the computational time significantNevertheless the quasi-static LS-DYN#alysis can be advantageous if
highly nonlinear phenomena lead to comesrce problems in an implicit analysis which can only be overcome by time-
consuming experiments concerning solution control.



In this paper only laye deformations and elasticity with some plasticity were considé&retprob-lems of implicit
solvers and thus the advantage of LS-DYiNéreases significantly if material failure is taken into account because sudder
loss of stifness is crucial for implicit methods but is a dstandardO op-tion for LS-DivaNérials.

REMARKS AND CONCLUSIONS

Although standardNSYS has a lot of advanced nonlinear features, solution meth-ods andgesroeetools, a quasi-
static LS-DYNAanalysis can be an advantageous alternative in the case of systems containing multiple highly nonlir
effects. Limit load analyses are typical examples of this kind but other applications can be solved in this way being at |
less work consuming.

ANSYS/LS-DYNA for preprocessing and standakBiSYS for preparing the following transient analyses by static
solutions are appropriate tools to gain the maximum advantage of explicit transient analysis. Especially the calculatio
initial velocities and initial static displacement distributions can help consid-erably to reduce computational cos
Eigenvalue buckling analysis is the appropriate tool to determine geometric imperfections. Randomly distribu
imperfections should be handled with care.

An implicit solver within LS-DYNAis under development and will be able to partially repheld8YS pre-calculations.
The obvious advantage is the common definition of specific features for implicit and explicit analysis. Haokever
sporadic user taking LS-DYN#&to account for very special problems only will be glad if he can do most of the work in
the environment he is used to.
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