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Abstraot

Thie paper oontains a summary deasoription of the advanced computational prooedures
of automatioc incremental solution for nonlinear structural dynamic analysis using the
finite element program ABAQUS. After a brief introduotion dedicated to nonlinear capa-
bilities and tolerance parameters to be defined for the dynamio procedures available
in the code, the concepts of self-adaptive time stepping with conventional implioit
dynamic algorithms are presented.

Applioations to structural integrity analysis assooiated with nuclear power plants
and related to extreme acoident events will demonstrate the efficiency of the automatic
oapabilities of the computer program in handling severe nonlinear situations.

I. Introduotion

The actual development effort in general purpose structural analysis systems is to
provide a large range of engineering modeling nonlinear ocapabilities that very often
are implemented first for nuclear safety studies. But, as these large-scale ocomputer
programs are also of interest in a production environment, essential requirements of
usability, flexibility, efficienoy, reliability and economy have to be achieved for
general nonlinear solutions in struoctural mechanios.

ABAQUS, a modern struotural and heat transfer enalysis system developed by Hibbitt,
Karlsson & Sorensen, Ino, /I,2/, satisfies these industry needs and possesses powerful
material, geometry and boundary nonlinear options.

In nonlinear analysis, the solution must be developed by a series of small incre-
ments inside an analysis step because any nonlinear behaviour is usually hietory de-
pendent. Within any increment, various iterations are performed as necessary to achieve
convergence of the solution. In those prooedures that have no physical time soale ( sta-
tio, geostatic, steady state heat transfer, etc.), the increment size choice is based
on the rate of convergence of the nonlinear equation solution. In the other procedures
where a physical time socale exists ( dynamics, oonsolidation, creep and swelling, tran-
sient heat transfer, eto.), the increments are based on integration aoccuracy tolerances.

In ABAQUS, for dynamic stress/displaoement analysis using direct time integration,
the analyst has the choice of solving hie problem by direotly specifying the inoremen—
tal process to be followed, or by allowing the program choose its own adaptive inore-
mental scheme. In this case, additional tolerances parameters that permit to control
solution error from equilibrium residuals are defined like:

. PP'OL :basic tolerance measure. All forces at all finite element nodes must fall below
this tolerance otherwize the program continues to iterate the increment;
« HAFPOL:half-step residual tolerance to be used for automatio time inorement algorithm

An aoourate solution will be obtained if these tolerance and residual parameters are
relatively small cempared to any significant foroes in the solution.
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8. Nonlinear Dynamic Analysis

The program ABAQUS is essentially designed to compute overall dynamic responses of
structural oomponents that frejusnily fall into Belytschko®s ovlass of “inertial-type®
because their response time usually is longer compare to the time required for waves
to transverse the structure. Time integration operators are broadly characterized as im-
plicit or explicit in the literature. Explioit schemes ocompute directly the nodal
acoslerationy, velooities and displacements from the basic equations of motion without
any assemblage and inversion of large mass and stiffness matrices/3,4/. As a consesquence,
explicit schemes obtain values for dynamic equations at time (t+Dt) based entirely of a-
vailable values at time t. This places an upper bound on the time increment eize Dt in
order to maintain numerical stability. Their use is of interest for fast (wave—propaga—
tion-type) transient dynamic analysis/},S/. Implioit sohemes remove the upper bound on
time inorement by eolving the equations at time (t+Dt) based not only on values at time
ty but also on the same quantities at time (t+Dt). In structural problems, impliocit in-
tegration algorithms give acoeptable results with time mteps Dt equal or larger of one
to two order of magnitude than the stability limit of simple explicit schemes, but they
need oconvergence iterations within s time inorement for nonlinear response.

The impliocit operator implemented in ABAQUS ias the Hilber-Hughes-Taylor opcratot/I/,
defined also as a single parameter operator (ALFA parameter) for oontrollable numerical
damping. This numerioal damping is most valuable in the automatic time stepping scheme
because the sligh high frequency numerioal noice inevitably introduced when time incre-
ment is changed ocan be rapidly removed by a small amount of numerical damping.

The aotual equilibrium eocuations are defined by

o) {5 + {I?S -{p} =0 (1)

S {[ﬁr}ﬂ ave oonsistent mass matrix

where Dﬂ

{r}

{P% X[N!r{t‘sds + Sl_)ﬂ?f}d? external force veotor

" B]s) av internal foroe veotor

In ABAQUS, the operator replaces eq. (I) with a balance of d'Alembert forces at the
end of the time inorement and a weighted average of statioc forces at the beginning and
the end of the time inocrement:

[M_]{ii}“m + (L+x)( {1} - {P} o= x( {1}- {P} ), = © (2)

Newmark formulae complete the displacement and velocity integration.

As impliolt operators require the complete resolution of the equations of motion at
each inorement, the definition of a correct time increment will be closely bounded with
essential requirements of accuraoy and cost. In ABAQUS, a computationally cheap algorithm
is included to automatically choose the time step Dt and is based on the concept of half-
step residual, Having equilibrium ensured at the beginning and at the end of each time
step, the idea of the half-step residualiR]is to estimate the quality of the solution
and to caloulate the equilibrium residual error at some intermadiate time point, the
half-atep point, for economy and semplioity. So, the evaluation of residual |R|is identi-
fied as the magnitude of the largest entry in the following veotor:

R| = max l {n}t - [n]{u}; {1}{- {P}Z| (2= t+Dt/2) (3)

The measure of |R| is essential for the acouracy estimation and for the oconcept of
adaptive time integration scheme in the program. If |R] is small and less than the user
gpecified tolerance (HAFTOL parameter), it indicates that precision of the solution ie
high and the time step may be increased. If ]RI is greater than the user tolerance value,
1% shows that the solution is too coarse; the time step is too big and should be reduced.

The algorithm implemented in the program permita to evaluate the solution accuraocy
and to modify +the time increment magnitude in order to automatically reduce speed or
acoelerate the convergent solution. The following conditions need to be fulfilled:
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« 1f |Rl >> HAFTOL, reset Dt to one half of its ourrent value and begin again from time tj

. if HAFTOL>[R|>HAFTOL/2, update the state to (t+Dt) and continue the analysis using the
same time increment Dt

- if|R|>»HAFTOL/2 for two oonsecutive inorements, next inorement Dt is inoreased by a
Quarter.

The advantages of this adaptive time stepping soheme will clearly be illustrated for
real oases presented in the next paragraphs.

Moreover, an energy ocontent output is available in the program and parmits to moni-
tor the automatioc nonlinear eolution thanks to the overall energy balance ocheck during
the dynamioc response.

Dynamic analysis often involves impact or intermittent contact. The program inoludes
an algorithm for cases of disorete and severe struotural impaots such as pipe whip or
crash events. In ABAQUS, the impact concept adopted is that of a perfeot vlastic impacts
at the impact time t , the two impacting surfaces instantaneously acquire the same velo-
olty in the direction of the impact. It is also assumed that ,at impaoct, energy is dis-
sipated by some mcchanism which is not a part of the discrete finite element model be-
cause the plastic impact event is loocal with infiniteeimal spatial and temporal scale
compared to the disoreste numerical model ( see /I/ for complete theoretical explaination)

In any- real problem, impaoct will occur at some intermediate point in a time step.

Thus, the program will acourately define the impact time and the jump in veloocities
and accelerations in order to maintain the energy balance in term of energy mechaniems
for the disorete model. The time increment used in the solution will drastically be re-
duoed to obtain the convergent solution. After that, as the high frequency nolse genera-
ted by impact dissipates through plastioity and artifiocial damping, the next time incre-
ments will grow up again aocording to the automatic time stepping algorithm.

3. Bxplosion / Structure Interaction

The advanced computer program ABAQUS permits to illustrate some extreme dynamioc loa-
ding condition aoting on thin metal struotures. In Fig. I, a cylindrical panel is sub-
mitted to impulsive loading ( initial velocity) which is supplied by an exploeive sheet
in contact with the metal. High membrane and bending wave propagation effects ooour in
the oylinder together with rapid plastioity extension, as observed in Fig. 2 for a rela-
tive coarse finite element mesh. In Fig. 3, the elasto-plastioc large-displacement res-
ponse for the same ABAQUS mesh is sucoessfully compared with experimental data from JRC
Ispra /4/ and with published numeriocal results obtained by the computer program EURDYN
/4/ and SLOOFSAN /5/. If these last two nonlinear finite element codes are based on the
use of explioit direot time integration techniques, ABAQUS clearly demonstirates the in-
terest of its self-adaptive implicit time stepping algorithm for this situation of ini-
tially excited structure with high and extensive plasticity dissipation. Fig. 4 illustra
tes , for two implicit runs with different initial time steps, how the time inorement
quiockly expands as the solution progresses and as the high frequency response is dissi-
pated in the shell structure.

4. Pipe Impact Event

Impact problems are encountered im pipe whip studies where the fluid escaping from
a ruptured pipe ocauses large pipe motions and possible impaoct with restrainte along the
pipe. Pig., 5 shows the dynamic effeots of a variable blowdown foroce acting at the free
end of acantilever pipe in presence of a ductile restraint with an initial gap. The pre-
diotion of the pipe-section beam behavior is in excellent agreement with limited experi-
mental data obtained by Detroit Edison Company /2/ that permit to ocompare the initial
variation of the force transmitted from the pipe to the restraint. The same figure plots
the time inorement adaptation during the nonlinear response by the automatic time atep-
ping scheme.

In Fig. 6, an energy balance calculation for a rather coarse mesh of a similar struo-
ture impaocting more than one duotile restraint permits to understand the extend of ener-
gy dissipated by plastioilty and the loss of kinetic energy by suocoessive energy jumps
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due to disorete perfectly plastio impacts. In the program, the adaptive time stepping
algorithm is partioularly powerful for these intermittent contact and impaot problems.

5. Soft-Missile / Struoture Interaotion

This applioation illustrates ABAQUS oapabilities in the field of anti-missile design

The simulation of a soft-missile (aircraft) impact on a conorete nuclear containment
building emphasizes the practicability of the numerical methods available and demonstra-—
tes their use for studies of partial disintegration of reinforced ooncrete components
/I,2/. For the complete 3D problem of the reactor building leaded laterally, the values
for the horizontal displacement at node 1 ( see Fig. 7) obtained for linear and nonlin-
ear computations are very close to the response values published like those given by
SLOOFSAN /5/ for a conorete tensile strength of 5.6 MPa and for a similar shell model:

ANALYSTS SLOOFS AN [ ABAQUS
Linear 4.03 om 3.82 om
Nonlinear 4.47 em 4.62 om

In Fig. 8, the loading funotion (civil airoraft) is presented with the variation of
the horizontal defleotion at node 4 and with the time inorsment adaptation for both the
linear and nonlinear analyses. ABAQUS analysis determines the overall knowledge for
stresses and strains in both the conorete and the steel reinforoement. For the present
caloulation, only multiaxial oracking appears in the impacted reglon without important
ooncrete orushing nor steel ylelding. More experimental research into strain-rate ef-
feots on constitutive relations for reinforced conorete is still needed in order to
apply the results of computer programs to anti-missile design purpose with confidence.

6. Conclusions

Some capabilities of the ABAQUS program for the automatio solution of highly nonlin-
sar structural problems have been briefly discussed and a few real cases in the nonlin-
ear dynamic field have been presented.

Together with Computer—Aided-Design (CAD) tools for sutomatic geometrio modelling
and finite element mesh generation and with the extensive aid of post-processors for
numerical results visualization, the improvement of computer programs with self-adaptive
algorithms for the generalized resolution of nonlinear problems gives new and powerful
opportunities to the analysts faced to more and more complex and advanoced engineering
applications.
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