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ABSTRACT 
Many structural components designed to support static loads 

must also demonstrate the ability to withstand low probability 
events that can produce impact loading. For some constructs the 
structure is not only subjected to the initial impact, but is also 
subjected to rebound impacts as well. In some designs, support 
structures must be moved in and out of position as part of normal 
operations. These structures often employ revolute joints to allow 
the motions. In addition, functional requirements may require 
that a significant preload exist within the structure during normal 
operating conditions. 

This paper present the methodology needed for simulating the 
impact response of preloaded structures with revolute joints. A 
three-dimensional revolute joint is presented for use in explicit 
time integration analysis of problems with severe impacts. The 
computational engine used for the transient solution of preloaded 
structures is discussed. These developments are used in the 
analysis of a preloaded platen subjected to drop loads. The 
resulting transient response of the system is presented. 

INTRODUCTION 
Many structural components designed to support static loads 

must also demonstrate the ability to withstand low probability 
events that can produce impact loading. One type of impact 
loading encountered in industry arises from unexpected load 
drops. For some constructs the structure is not only subjected to 
the initial impact, but because of the way it is designed, rebound 
impacts occur. In certain cases the rebound impacts produce 
loads greater than the initial impact. The support structure 
considered here must be moved in and out of position as part of 

normal operations. The design uses revolute joints to allow for 
the motions. In addition, the functional requirements are such 
that a significant preload exist within the structure during normal 
operating conditions. 

This paper presents recent developments that are applicable to 
transient dynamic impact problems in which the target structure 
is preloaded and contains revolute joints. A penalty-type three- 
dimensional revolute joint for use with explicit time integration 
is developed herein. The element combines large displacement 
beams such that rotations are only allowed along one axis. Nodal 
orientation is described by a triad of vectors, and thus, arbitrarily 
large rotations can be handled. 

The second part of the paper describes the modifications made 
to the computational engine used to obtain the transient response 
of preloaded structures with revolute joints. To solve for the ,_ 

impact response of Structures with significant preload, it is first 
necessary to obtain the static solution due to the preloads and then 
obtain the transient response due to the impact loading. 

The strategy adopted here is an extension of the algorithm 
developed by Kulak and Pfeiffer (1996). The modified algorithm 
now can handle three-dimensional revolute joints. This strategy 
has been implemented into the NEPTUNE code (Kulak and Fiala, 
1988), which has been under continuous development at Argonne 
National Laboratory since the 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. 
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THREE-DIMENSIONAL REVOLUTE JOINT 
In some designs, support structures must be moved in and out 

of position as part of normal operations. To accomplish this 
quickly and without disassembly, revolute joints are often used 
to allow the motions. A revolute joint is one that only allows 
rotation about one axis from a triad of orthogonal axes. Thus, 
this joint can transmit forces in the three orthogonal directions 
and moments in only two directions. The remainder of this 
section discusses a simple three-dimensional revolute element 
developed to simulate a three-dimensional revolute joint for use 
in impact simulations. 

Revolute Element 
To represent the behavior of a revolute joint, the following 

penalty element was developed. A penalty formulation was 
adopted because it could be seamlessly implemented into the 
explicit integration scheme. The element applies penalty 
moments to restrict rotations about two of the three axes. 

The revolute element consists of a special configuration of two 
beam elements that overlay each other. The beam element chosen 
was developed by Belytschko, Schwer and Klein (1977). The 
element has a node at each end and can handle large 
displacements and small strains. Arbitrarily large rotations can 
be handled because the nodal orientations are defied by of a 
node-fixed triad of unit vectors (Figure 1). This node-fixed 
coordinate system is referred to as a body coordinate system. 
These ingredients are exactly what is needed for modeling a 
revolute joint in three-dimensional space. 

The beam element is shown in Figure 2, and each of its two 
nodes has six degrees-of-freedom: three translational and three 
rotational. A corotational coordinate syste? is attached to the 
element to handle large displacements. The ,x axis :ways joins 
the two nodes (Le., nodes I and J). The y and z axes then 
complete the orthogonal triad. A second orthogonal triad affixed 
to each node is used to handle the rotations. 

The displacements for the element are given by 

{a}' = {u,6 } 

in which 

and 

(3) 

where uil is the translational displacement of node I in t h ~  I-th 
direction as measured in the global coordinate system and 8 iI is 
the rotational displacement of node I aboq the 1-1 axis in the 
corotational coordinate system. Note q t  e,, and BxJ rRpre%ent 
torsiqnal rotations of the beam about the x axis and e,, e,, e,, 
and 8, represent bending rotations. 

The internal nodal forces are 

in which 

(4) 

where fi? are the nodal internal forces in the global coordinate 
system, and 

here &and *i are twisting moments (torques) and @;, 2it, &, and MZt are bending moments in the corotational coordinate 
system. 

The revolute element is formed by overlaying two of these 
beam elements to form a beam-pair, as shown in Figure 3. At 
each end of the beam-pair, a node from each beam overlays a 
corresponding node from the other beam to form a node-pair. 
The revolute element is formed by coupling the node-pairs in the 
translational degrees of freedom but not in the rotational degrees- 
of-freedom. Thus, each beam is free to rotate about the beam 
axis relative to the other beam. 

struts, are 
connected to the revolute element in the following manner. A 
structural element is connected to one node of a node-pair and 
another structural element is connected to the other node of the 
same node pair to form a revolute joint. Figure 3 shows this 
construction. It is seen that rotations of the struts about the 
revolute joint axis (beam axis) are not constrained, but bending 
motions of the struts in the plane of the revolute joint are resisted 
as are twisting motions of the struts. 

Deformable structural elements, for example 

MODIFIED COMPUTATIONAL ENGINE 
Kulak and Pfeiffer (1996) described an efficient computational 

algorithm for simulating the transient response of preloaded 
structures. The static equilibrium configuration is obtained with 
the dynamic relaxation algorithm with self determined parameters 
and the impact response is obtained with the central difference 
algorithm. The data structure required by these two algorithms 
is nearly identical, which leads to a seamless integration of the 
two algorithms within a single application, the NEPTUNE code. 

This section describes the two algorithms used in the 
computational engine and the modifications needed to handle the 
revolute joint. The first subsection describes the algorithm used 
to compute the static equilibrium configuration. The second 
subsection discusses the algorithm used for computing the 
transient response. The third subsection describes the 
modifications required to handle the revolute joint. The final 
subsection describes the seamless integration of the two 
algorithms into a new computational engine. 

Preloadina Analvsis 
The robust dynamic relaxation algorithm @ay,1965; Otter 

1965; Underwood, 1983; Kulak, Plaskacz and Pfeiffer, 1995) is 



used to find the preloaded configuration. The next subsection 
presents the form of the dynamic relaxation algorithm that we 
adopted. 

Dvnamic Relaxation Alaorithm. With the dynamic 
relaxation algorithm, the static equilibrium configuration is 
obtained as the damped solution to the dynamic equations of 
motion. 

The semidiscritized equations of motion are given by 

where 6% is a diagonal mass matrix, f" and f exf are the internal 
and external nodal forces, respectively, of node I in the ith 
direction, and the nodal displacement is uiI. The superposed dots 
indicate temporal derivatives, and the tilde indicates a pseudo 
mass. With the approach, the pseudo mass is 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 

n + l  n uiI = uiI + Atuiy+112, 

where At is a fictitious time increment and n is the step number. 
Two parameters, a1 and a2. 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 a, and a,, 

2 a, = - 
2+cAt '  2+cAt '  
2-cAt a, = - (9) 

where c is the damping and is determined from 

c = 20,  (10) 

where o, is the lowest participating frecpency (Underwood, 1983) 
of the system. The lowest participating frequency is calculated 
from the following approximate Rayleigh quotient 

where k, is the approximate diagonal stiffness matrix computed 
from 

4" I 1  = [ent," - fi~t,n-l]/[At~iy-llz]. (12) 

Since the DR algorithm 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 defie 
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. 
This procedure is described in detail by Kulak and Pfeiffer 
(1996). 

lm Dact Analvsis 
The impact aspect of the analysis is concerned with the short- 

duration transient response of the system. The central 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 Alaorithm. The semidiscretized 
equations of motion for the translational degrees-of-freedom (do0 
are given by 

miIiii, + <tt = <yt , (no sum) (13) 

where m, is a diagonal mass maFix, I+, is the nodal displacement 
of node I in the ith direction, <pt and <y' are the internal and 
external nodal forces, respectively. The rotational dof s, which 
originate from the structural elements and the revolute element, 
take a slightly different form. The equations of motion are the 
Euler equations of rigid body dynamics: 

(no sum on I) 

where E iI and 0 iI are the nodal angular acceleration and angular 
velocity in the body coordinate system (Figure 1); Wt and Mm 
are the internal and external nodal moments, respectively; and 
L, &I and are the principal moments of inertia. We note that 
for explicit integration of the equations of motion, the mass 
matrix must be diagonal. Equation (13)and (14) 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 Eiq. (13) which gives 

iiiI(n) = (fi;xt(n) - f,,nt(n))/mi1(n) , (no sum) (15) 

Note, all quantities on the right-hand side of Eq. (8) are known. 
The translational velocities and displacements are obtained from 
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41(n+1/2) = 1i~~(n-1/2) + AtuiI(n) , 

u i I (n+ l )  = uiI(n) + AtuiI(n+l/2) . 
(16) 

(17) 

The rotational dof's are integrated in a slightly different way. 
The approach developed by Belytschko, Schwer and Klein (1977) 
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. 

Modification for Revolute Element The solution of the 
equations of motion must be modified for the nodes connected to 
the proposed revolute element. Recall that the node-pairs of the 
revolute element have their translational motions coupled while 
the rotational motions are uncoupled. This is handled by 
modifying the computation for the acceleration of node-pairs I-K 
and J-L. The acceleration of node I of node-pair I-K is computed 
from 

U n )  = (q&)(4 - G&)tn))/mio+K)on) 7 (no sum) (18) 

where the notation (I+K) indicates that both nodes I and K 
contribute to the term. The acceleration of node K is then set 
equal to the acceleration of node I, thus, 

UiK = UiI , (19) 

It should be noted that the main integration loop is not modified 
to do these calculations, but an auxiliary loop, located after the 
main loop, executes equations (13) and (14) only for the I and K 
nodes of the revolute elements. 

Alaorithmic Imdementation 
The revolute joint modification has been implemented into both 

the dynamic relaxation algorithm and the central difference 
algorithm. The modification was the addition of a loop to 
recompute the translation degrees-of-freedom for the nodes 
associated with the revolute elements. The flowchart for the 
modified computational engine is shown in Table 1 below. 

A P P L I CAT1 0 N 
To illustrate the use of the above methodology, an application 

of current interest is presented here. It is often necessary to 
transfer equipment and materials between compartments 
positioned one over the other. Access between compartments for 
equipment or 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 systems is the 
capability of the supporting structure to handle drop loads. 

Table 1. Flowchart for Computational Engine 

1. Calculate nodal masses from pseudo densities 
2. Dynamic Relaxation 

A. Loop over elements: e = 1 to n, 
a. Evaluate strains: E= Bu, 
b. Evaluate stress: o = S(E) 
c. Assemble f i t  
Loop over nodes: I = 1 to n,, 
a. Compute k ,  and o1 
b. Compute c, a,, a, 
c. Compute ii, u, u 
Loop over revolute nodes: I = 1 to n, 
a. Recompute ii, u , u ( translational dof's) 

B. 

C. 

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 

If yes, go to 3 
If no, go to 2A 

3. Calculate nodal masses from physical densities 
4. Central Difference 

A. 

E. Check for last step: 

Loop over elements: e = 1 to n, 
a. Evaluate strains: E= Bu, 
b. Evaluate stress: o = S(e) 
c. Assemble fint 
Loop over nodes: I = 1 to n, 
a. Compute ii, 8 ,  u 
Loop over revolute nodes: I = 1 to n, 
a. Recompute ii , u , u ( translational dof's) 

B. 

C. 

D. Check for last step: 
If yes, go to 5 
If no, t = t + At; go to next step (4A) 

5.  STOP 

Svstem Descrbtion 
The transfer lock consists of a cylindrical penetration that is 

embedded in the concrete slab between the two compartments. A 
lid is located on top of the penetration and is normally closed. A 
platen, which is 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. The platen is supported by a hydraulic ram and by 
a spring loaded support frame. The support frame (platen safety 
restraint) has a pin connection (revolute joint) at its bottom so that 
it can rotate out from under the platen during transfers. Figure 
4 shows some of the components of the system, and Figure 5 
shows a closeup of the revolute joint (i.e, shear pin connection). 

During normal equipmedmaterial transfer, the support frame 
is rotated out from under the platen and the topside lid 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 is then raised up to 
the bottom of the penetration. The support frame is engaged and 
used to provide the preload to the platen which creates a leak- 
tight seal between the two compartments. The lid in the upper 
cell is then closed. 

To design the support frame properly, it is necessary to 
consider a scenario in which the lid is open and some drop-load 
impacts 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 Model 
A finite element model was developed for the above system 

and contains representations for the platen, ram and support 
frame. The full cylindrical shell of the penetration is not 
explicitly modeled. The bottom surface of the cylindrical shell is 
treated as a rigid boundary at which contact elements are located. 

The platen, shown in Figure 4, is a fabricated structure 
consisting of a top plate, a middle annular-plate and a bottom 
plate (i.e., the platen collar). A pipe is located in the center of 
the platen between the top and bottom plates and forms the 
cavity in which the hydraulic ram is inserted. 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 
peripheral stiffener-plate. The diameter of the platen is about 80 
in. and weighs approximately 4140 lbs. 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 effective length 
of the guide brackets is about 5 in. Contact elements are located 
between the peripheral stiffener-plate and the guide brackets. 

The support frame, shown in Figure 4, 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 
preloading mechanism, which uses coil springs, is located 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 preloading 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 coil 
springs. Thirty contact elements are located between the platen 
collar and the support-frame collar. 

The above components are not rigidly attached to each other. 
In the preloaded condition, all component interfaces are in contact 
with their mating components. However, during the transient 
these components can separate from each other. The complete 
finite element model, which consists of the platen and the support 
frame, is shown in Figure 6. 

DroD-Load Simulation 
The model described above was subjected to a static preload 

of 31,000 lbs as measured in the coil springs. Prescribed 
displacements were incrementally applied to the bottom of the coil 
springs until the 31,000 lbs was achieved. The computational 
engine used the dynamic relaxation algorithm for the static 
analysis. At the end of the preloading step, it is assumed that a 
2,500 lb mass is dropped from a height of 9 ft. onto the platen at 
the edge furthest from the support frame. For this initial 
analysis, 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 7 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 ( 4.75 
in.) takes place at the left node, which remains open for 0.09 sec 
during the first open cycle. 

The axial load in the coil springs is shown in Figure 8. At the 
beginning of the transient 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,oOO Ibs at 0.044 sec, and at about 
0.16 sec the spring force is essentially constant at its preload 
value. 

Figure 4 shows that the preloaded support frame is at an angle 
to the platen. After the impact from the load drop, the platen 
starts to move downward and is forced 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 9 shows the force history 
on the guide support. 

CONCLUSIONS 
A three-dimensional revolute joint for use with explicit time 

integration was developed. The revolute joint is constructed from 
two three-dimensional beam elements that are combined to act as 
penalty elements to restrain rotations between two structural 
members, except the rotation about the revolute axis. A 
computational engine for the transient nonlinear response of 
preloaded structures has been modified to account for revolute 
joints. The engine uses a dynamic relaxation algorithm for the 
solution of the preIoading phase and the central difference 
algorithm for the transient phase. The data structure for both 
algorithms is identical and this leads to a seamless integration of 
the algorithms. The transient response of preloaded structures 
can, thus, be done in a single computer run. The modified engine 
was applied to the problem of a preloaded platen subjected to a 
drop-load. 
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Figure 1. Node-Fixed Triad of Unit Vectors 

Figure 2. Three-Dimensional Beam Element 
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Figure 3. Three-Dimensional Revolute 
Element Constructed From Two Penalty 
Beams 
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Figure 5. View of Lower Pin Joint Connection 
(Revolute Joint) 
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Figure 6. Finite Element Model of Pre- 
Loaded Platen Support System 
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Fiaure 7. Disdacement Historv of Points on Platen 
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Figure 9. Support Guide Force History 


