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ABSTRACT

Nuclear power plant structures are typically analyzed for either static or dynamic loading conditions. However, for certain
accident scenariosthere are situationsinwhichit isnecessary to perform both static and transient analyses. One of these situations
arises when structures are under significant preload. The transient loading of mechanical components and structuresis usually
performed with the assumption that there are no prel oads applied to them since preloads are usually small and can be neglected.
However, for certain structures used in the nuclear power industry, the preloads are significant and must be considered in the
transient analysis. Two examplesof thesetypesof structuresare prestressed concrete contai nments and inter-compartment locks,
which respond with both geometric and material nonlinearities during transient loadings. In order to handle these conditions, an
efficient algorithm (computational engine) has been designed to first compute the response of astructure to static loading, which
preloads the structure, and then, within the same computational run, computes the structural response to transient loading. To
illustratethe benefits of the algorithm, aprel oaded platen, whichispart of aninter-compartment lock, issubjected to animpulsive
load. The resulting static and transient responses of the system is presented.

INTRODUCTION

Solution algorithms used to obtain the response of structures subjected to fast transient loading, e.g., impact loading, are
explicit integration schemes, such as the central difference algorithm. On the other hand, the response of structures to static
loading have, traditionally been obtained through the use of implicit algorithms. For most problems encountered in industry, the
choice of whichtype of codeto usewas straight forward and depended upon whether one was solving astatic equilibrium problem
or atransient dynamic problem. However, it is sometimes necessary to obtain the transient dynamic solution to structures that
have significant preloads within them. For example, prestressed concrete structures are prel oaded to stresslevels that cannot be
ignored in subsequent transient dynamic analysis. Another example, whichiscurrently our maininterest, isapreloaded inter-cell
lock that issubjected to adrop-load that |eadsto atransient dynamic response of several of itscomponents. Interestingly, the sheet
metal industry has the inverse situation. The transient analysis of the stamping process is performed first, and then a static
equilibrium analysisis performed to obtain the final shape of the stamping.

Oneapproach to solving thistype of problemisto first use acode designed for static equilibrium problems and obtain the static
equilibrium displacement, strain and stressfields and then use these asinitia statesin atransient dynamic code. Thismay prove
to be adifficult approach if the data structures of the two codes are different and impossibility if oneisusing commercial codes
and does not have access to the source code. This approach would still require the execution of two codes with an intermediate
data transfer step.

Here the goa was to develop a computational engine within a single application that would only require one execution and
no datatransfer. The NEPTUNE code[1] hasbeen under continuousdevel opment at ArgonneNational Laboratory sincethe mid-
seventies. The code has been developed in a finite element basis and designed to simulate the nonlinear, three-dimensional
response of, in particular, nuclear structures to either static or transient dynamic loads. The code uses the central difference
algorithm for transient analysis and the dynamic relaxation algorithm for static analysis.

This paper describes the seamless integration of the dynamic relaxation algorithm and the central difference algorithminto a
computational enginethat can simulatetheresponse of prel oaded structures subjected toimpact |oads. Initially the computational
engine uses a modified dynamic relaxation agorithm, with self-determined parameters, to compute the static response of the
structure due to the preload and, subsequently, invokesthe central difference integrator to solve the transient dynamic equations
of motion. The data structure for the dynamic relaxation and central difference integrators has been designed to be identical.



PRELOADING ANALYSIS
The robust dynamic relaxation algorithm [2,3,4,5] is used to find the preloaded configuration. The next subsection
presents the form of the dynamic relaxation algorithm that we adopted.

Dynamic Relaxation Algorithm.
With the dynamic relaxation algorithm, the static equilibrium configuration is obtained as the damped sol ution to the dynamic
equations of motion. The semidiscritized equations of motion are given by

m, o+ i = £ (no sum), (1)

where m, is adiagonal mass matrix, f™ andf ®* are the internal and external nodal forces, respectively, of node | in theith
direction, and the nodal displacement isu,. The superposed dots indicate temporal derivatives, and the tilde indicates a
pseudo mass. With the approach, the pseudo massis used to control damping.

A modified form of the central difference integrator is used to solve the equations of motion. The acceleration, velocity,
and displacement are updated according to
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where At is afictitious time increment and n is the step number. Two parameters, o, and ., appear in the update for the
velocity and they control the damping that is put into the system. The following forms are used to compute o, and o,
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where c is the damping and is determined from
¢ =20, 4
where w, is the lowest participating frequency [4] of the system. The lowest participating frequency is calculated from the
following approximate Rayleigh quotient
w02 = B m over i, 1), (5)
uﬂuﬁmﬂ
where k; is the approximate diagonal stiffness matrix computed from
i = [ g/ ]a g ®)

Since the DR agorithm is an iterative solution procedure, it is necessary to use a convergence criteria to determine when the
solution vector is close enough to the true solution. Euclidean norms for force balance and displacements are used to define
acceptable equilibrium configurations.

For each element type, formulas have been derived and programmed into the NEPTUNE code for calculating the pseudo
density that will yield optimum convergence of the algorithm.



IMPACT ANALYSIS

The impact aspect of the analysis is concerned with the short-duration transient response of the system. The centra
difference integrator has been proven to be one of the most efficient for these types of problems. The next subsection
describes the basics of the integrator.

Central Difference Algorithm
The semidiscretized equations of motion for the trandational degrees-of-freedom (dof) are given by

m, i+ £ = 57, (no sum) ©

1

where m, is adiagonal mass matrix, u, isthe nodal displacement of node | in theith direction, £ and £2** are the internal
and external nodal forces, respectively. Therotational dof’s, which originate from the structural elements and the revolute
element, take a dightly different form. The equations of motion are the Euler equations of rigid body dynamics:
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where &, and &, are the nodal angular acceleration and angular velocity in the body coordinate system; M™ and M™ are the
internal and external nodal moments, respectively; and I, 1,,, and I, are the principal moments of inertia. We note that for
explicit integration of the equations of motion, the mass matrix must be diagonal. Equation (7)and (8) represents a set of
uncoupled equations that are integrated on an individual basis.

The equations of motion are integrated using the central difference (CD) formulas. Since the equations are uncoupled, the
accelerations are obtained from Eq. (7) which gives

i, = (67 - £7@) /my@ , (nosum) 9

Note, al quantities on the right-hand side of Eq. (8) are known. The translational velocities and displacements are obtained
from

i (n+1/2) = 0, (n-1/2) + Atii () , (20)
u(n+1) = u (@) + At (n+1/2) . (11)

Therotational dof’s are integrated in adlightly different way. The approach developed by Belytschko and Schwer [6] was
used to integrate the rotational equations of motion. The central difference integrator is conditionally stable and appropriate
formulas have been programmed into the code to assure stable calculations.

SEAMLESSINTEGRATION

The dynamic relaxation and central difference algorithms have a high degree of similarity in algorithmic layout. Because of
this, the two algorithms have been seamlessly integrated into a new computational engine within the NEPTUNE finite element
code. Some of the differences are briefly described below.

The stability of the central difference algorithm is satisfied when the calculational time step for each element is less than or
equal tothecritical timestep. The counterpart for the dynamic relaxation algorithm, asformul ated here, isthat the pseudo density
of each element must be greater than or equal to the critical or minimum density.

The governing equations for both algorithms are the equations of motion. However, with DR , the density is not the physical
density. The updates for the velocity and displacement are nearly identical, the difference being that the velocity update for the
DR agorithm contains two constants, which depend on the current estimate of damping. Since the DR algorithm isiterative, it
requires convergence criteria, whereas the CD algorithm advances from step- to-step.

The arrays needed for variable storage are identical for both algorithms, which leadsto their seamlessintegration. At theend



of the static calculation (i.e., the DR algorithm) the switch to the transient analysisis made without any changesto arrays. Note,
the dynamic rel axation al gorithm uses the pseudo mass matrix and the central difference algorithm uses the normal mass matrix,
which is based on physical density. The flowchart for the computational engine is shown in Table 1 below.

Table 1. Flowchart for Computational Engine

1 Calculate dual nodal masses
2. Dynamic Relaxation
A. Loop over elements: e=1ton,
a Evaluate strains. €= Bu,,
b. Evaluate stress: 0 = S(€)
C. Assemblef;,
End loop over elements
B. Loop over nodes: | =1ton,
a Compute k;, and w,
b. Computec, o4, 0,
C. Compute i, u, u
d Check for step convergence:
If yes, t=0.0, N = N+1; go to next step
If no, t=t+ At; go to next iteration
e Check for last step:
If yes, goto 3
If no, go to 2A
3. Central Difference
A. Loop over elements: e=1ton,
a Evaluate strains: €= Bu,
b. Evaluate stress: 0 = S(€)
C. Assemblef;,
End loop over elements
B. Loop over nodes: | =1ton,
a Compute i, u, u
b. Check for last step:
If yes, goto 5
If no, t=t+ At; go to next step (4A)
4. STOP

APPLICATION

The above devel opments have been applied to the solution of a dynamic structural engineering problem. It is often necessary
to transfer equipment and materials between compartments positioned one over the other. Access between compartments for
equipment/material transfer is provided by an opened lock that allows a crane to place the equipment/material onto the platen.
A scenario considered in the design of these systemsis the capability of the supporting structure to handle drop loads.

System Description

The transfer lock consists of acylindrical penetration that is embedded in the concrete slab between the two compartments.
A lidislocated on top of the penetration and isnormally closed. A platen, whichis a multilayered shell structure, is positioned
at the bottom of the penetration and provides a seal to the underside of the penetration when the lid is open. An elastomer seal
is located around the periphery between the platen and cylindrical penetration. There are four guide brackets spaced ninety
degrees apart and attached to the concrete ceiling. Under normal operating conditions the brackets help guide the platen into
position. However under drop loading, the brackets provide lateral restraint to keep the platen from excessive lateral motion.
The platen is supported by a hydraulic ram and by a spring-loaded support frame. The support frame hasa pin



connection at its bottom so that it can rotate out from under the platen during transfers. Figure 1 shows some of the components
of the system.

During normal equipment/material transfer, the support frameisrotated out from under the platen and the topsidelid is opened.
The equipment/material is placed on the platen that is then lowered to the floor level of the lower compartment. The equipment
is removed from the platen, which isthen raised up to the bottom of the penetration. The support frame is engaged and used to
provide the prel oad to the platen, which creates aleak-tight seal between the two compartments. Thelid inthe upper cell isthen
closed.

To designthe support frame properly, it isnecessary to consider a scenario in which thelid isopen and some drop-load i mpacts
the platen. The remainder of this section describes the finite element model used in the dynamic simulation and some results
obtained using the previously described computational engine.

Finite Element M odel

A finite element model (Fig. 2) was developed for the above system and contains representations for the platen, ram and
support frame. Thefull cylindrical shell of the penetration is not explicitly modeled. The bottom surface of the cylindrical shell
istreated asarigid boundary at which contact elements are located.

Theplaten, shownin Figure 2, isafabricated structure consisting of atop plate, amiddle annular-plate and abottom plate (i.e.,
the platen collar). A pipeislocated in the center of the platen between the top and bottom plates and forms the cavity in which
the hydraulic ramisinserted. The three plates and central pipe are tied together by vertical stiffeners, and, in addition, the top
and middle plates are tied together by an outer periphera stiffener-plate. The diameter of the platen is about 80 in. and weighs
approximately 4140 Ibs. A total of 720 quadrilateral plate elements are used to model the platen.

Twenty-four contact elements are located between the top plate of the platen and the bottom surface of the cylindrical shell.
Also, there are four platen guide-brackets mounted on the ceiling of the lower compartment, which are spaced 90 degrees apart,
to keep the platen from moving horizontally. The effectivelength of the guide bracketsisabout 5in. Contact elementsarelocated
between the periphera stiffener-plate and the guide brackets.

The support frame, shown in Figure 1, is fabricated from two long tubular struts, approximately 10 ft long, with an
interconnecting tubular brace, which is located near the top. A collar-plate is located at the top of the support frame, and a
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prel oading mechanism, which uses coil springs, islocated at the bottom. The collar plate of the support frame mates with the
collar of the platen. The tubular struts are pinned to the collar-plate at the top and the prel oading mechanism at the bottom. A
total of 20 three-dimensional beam elements are used to model the support frame and one spring element is used to model the cail
springs. Thirty contact elements are located between the platen collar and the support-frame collar. The complete finite element
model, which consists of the platen and the support frame, is shown in Figure 2.

Drop-Load Simulation

The model described above was subjected to a static preload of 31,000 Ibs as measured in the coil springs. Prescribed
displacementswereincrementally applied to the bottom of the coil springs until the 31,000 Ibswas achieved. The computational
engine used the dynamic relaxation algorithm for the static analysis. At the end of the preloading step, it isassumed that a 2,500
Ib massis dropped from a height of 9 ft. onto the platen at the edge furthest from the support frame. For thisinitial analyss, it
was assumed that the impact was plastic. Once the impact occurs, the computational engine switches to the central difference
algorithm to solve for the transient response of the system.

Figure 3 shows the displacement history of the left, center and right nodes, which are located on the top of the platen. Note,
the impact is assumed to occur at the left node. It is seen that the platen opens and closes several times before coming to rest
against the penetration cylinder. The largest displacement (
4.75in.) takes place at the |eft node, which remains open for
0.09 sec during the first open cycle.

The axia load in the coil springsisshownin Figure4. At
the beginning of thetransient analysis, the spring load is equal
to the preload value of 31,000 Ibs. During the transient, the
spring force reaches a maximum of 60,000 Ibs at 0.044 sec,
and at about 0.16 sec the spring force is essentialy constant
at its preload value.

Figure 1 shows that the preloaded support frameis at an
angleto the platen. After the impact from theload drop, the
platen startsto move downward and isforced laterally until it
impacts the lateral guide support structures. A series of
horizontal impacts occurs as the platen moves downward and
then back upward to its original position. Figure 5 showsthe
force history on the guide support.

Figure 3. Displacement Histories of Right, Center and L eft
Nodes on the Platen

Figure4 Axial ForceHistory in the Coil Figure5. Temporal Evolution of the Impact Force on
Springs the Support Guide



SUMMARY

The central difference algorithm and the dynamic rel axation algorithm have been seamlessly integrated into a computational
enginefor thetransient nonlinear response of preloaded structures. Thiswas accomplished through the use of dual mass matrices;
thefirst was the normal mass matrix that is based on the physical densities of the materials and the second mass matrix, a pseudo
mass matrix, is based on pseudo densities that are cal culated to produce a uniform convergence rate. The engine uses adynamic
relaxation algorithm for the solution of the prel oading phase and the central difference algorithmfor thetransient phase. Thedata
structure for both algorithms is identical and this leads to a seamless integration of the algorithms. The transient response of
prel oaded structures can, thus, be performed in asingle computer run. The new engine was applied to the problem of a prel oaded
platen subjected to a drop-load.
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