SAND2004-4079
Printed August 2004

Salinas—Theory Manual

Garth Reese* Manoj K. Bhardwajf Timothy Walsh?

Sandia National Laboratories
Albuquerque, NM 87185-0847

August 16, 2004

*Phone: 845-8640
TPhone: 844-3041
tPhone: 284-5374



Revision: 1.7
Date: 2004/07/19 14:44:51

Latest Software Release: 1.3



Abstract

This manual describes the theory behind many of the constructs in Salinas.
For a more detailed description of how to use Salinas , we refer the reader to
Salinas, User’s Notes.

Many of the constructs in Salinas are pulled directly from published ma-
terial. Where possible, these materials are referenced herein. However, certain
functions in Salinas are specific to our implementation. We try to be far more
complete in those areas.

The theory manual was developed from several sources including general
notes, a programer_notes manual, the user’s notes and of course the material in
the open literature.
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1 Solutions

One thing which makes Salinas somewhat unique among the many mechanics codes
developed at Sandia National Labs is that Salinas combines a variety of different
solution procedures. These range from modal superposition based solutions to non-
linear transient. As described in the User’s Notes , these solutions can be combined
(or chained) in solution cases. This section of the manual describes the theory be-
hind these individual solutions. For details about particular finite elements, see
section 2

1.1 Time integration
1.2 Linear transient analysis

The equations of motion of the structure are

M [(1 — am)@n—‘,—l + Oéman] —+ é [(1 — af)vn+l + afvn} +
K[(1=ap)dpt1 +apdy) = (1—ap)F (ty1) + apFU ty,)
(1)

where F*! is the external load, a, a, are the integration parameters for the gen-
eralized o method, and C =C+aM+ BK. That is, the damping matrix is the
sum of the standard damping matrix C plus the proportional damping terms.

The time integration scheme is defined as follows

At?
dnJrl = dn + Atvn + 7 [(1 — 2,Bn)(ln + Qﬁnan+1]

Un4+1 = Up+ At [(1 - 'Yn)an + 7nan+1]

(2)

where ~,, 0, are the integration parameters for the Newmark method. In order to
have a displacement-based method, we solve these equations for the acceleration

! As specified in the user’s manual, oy and ., are specified by the parameter RHO in the time
integrator. Where,

ar = p/(L+p)
am = (2p—1)/(1+p)
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and velocity in terms of displacement, which yields

1 1-28,
ap+1 = m [dn+1 —d, — ’UnAt] — 25”

Up4+1 = Up+ At [(1 - ’Yn)an + ’Ynan+1]
= v, + At [(1 — Yn)ln

Qn

1_2ﬁn

[dnJrl —dy — vnAt] —Tn 23, Qp

Tn
T B.A
(3)

Substituting these equations into the equation of motion, and collecting terms,
we obtain

[M(lo‘m) +C(1 - af)ﬁznﬁt +K(1—ay)| dpy1 =

Fn+1+af - Kafdn

A 'n 'YnAt(l 2/8n)
C [afv + (1 —ay) |:U + A1 —yp)an + 3 t[ d tvy) 53, a
1—am 1-28,
—i—M[ Qmap, + A [dy, + v At] + (1 — i) 55, a]

There are three matrix-vector products on the right hand side of this equation, one
for each of the system matrices M, K, and C.

1.3 Nonlinear transient analysis

This section follows closely the nonlinear transient procedure given by Belytschko et
al X' with the modification of using the generalized alpha integrator rather than the
Newmark beta approach. In the case of a nonlinear transient analysis, the equation
of motion is

M[(1 = am)ant1 + aman] + Cl(1—ap)vppr + agpo,] +
(1 — Ozf)FTiLitl + afF;lnt = (1 — th)Fext(dn_;,_l) + OéfFext(dn)
(4)
where Ffl’}fl and F™ are the internal forces at the current and previous time steps,

respectively. Note that we have written the external loads as functions of displace-
ment, since in the most general case they could be follower loads.
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Before preceeding, we note that there are two possible approaches for imple-
menting the generalized alpha method, and in equation [f] we have taken one of
these approaches. The difference lies in the treatment of the internal and external
forces. The first approach is to evaluate them as follows

Fmt((l —of)dpy1 + apdy)
Fer'((1 - af)dnt1 + opdy)

and the second is to evaluate two separate terms

(1= ay)F™ (dpy1) + o F™ (dy)
(1= ap)F(dpy1) + ap F(dy,)
(6)

When both F¢** and F* are linear functions, the two approaches are identical. For
nonlinear problems, both F** and F™ could be nonlinear functions, and thus the
two procedures are different. In the limit of very small time steps, these nonlinear
functions effectively linearize and the two approaches again become the same. Thus
the limiting behaviour of the two approaches is the same.

We note that in most cases, the external load F®*! is treated as a piecewise
linear function of time, and in those cases the two approaches yield the same result
for the external load, though a couple of exceptions are worth mentioning. First,
if two consecutive time steps lie within two different linear segments, then the two
approaches above yield different loads. Second, although they are seldom used,
polynomial and loglog interpolation functions are available in Salinas in addition
to the commonly used linear interpolation, and in those cases different load vectors
result from the above procedures. For problems with very large time steps and
involving polynomial interpolation, different results are to be expected.

In Salinas we have chosen the second option, which evaluates both the internal
force and external force at both times of interest, and forms a linear combonation
of the two. Comparisons have shown little difference in the results on simple test
problems.

Using the tangent stiffness method, we replace F,’[fl as

Fint, = Fint 4 KiAd @
where K is the tangent stiffness matrix, defined as K; = 0Fjternai/Ou. Also, we
use equations |3 which are the same as in the linear case.
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First, we substitute equations [3] and [7] into equation This results in the
following equations, which are almost identical to the ones from the linear case

Uoam) | e —ay)

[M ﬁnAt + Ki(1 — ay) | dptr =

Frjiva; — ap 0 — (1= ap) [FM — Kydy|

N nA - n
-C [afvn + (1 —ay) [vn + At(1 — vy )an + ﬁZAt [—d,, — Atvy] — Wan”

" (dy + va A 4 (1 — i)

1-—
+M [—aman + —F

1- 2ﬁn
ﬁnAt2 i

20

Finally, we want the unknown to be Ad = d,, 1 —d, where d is the current iterate
of displacement. To accomplish this, we subtract the appropriate terms from both
sides, which yields, after collecting terms

[M(l_a’”)JrC*(l ay) + Ki(1—ayp)| Ad =

ﬁnAt
Fotira; — (L= ap) F™ —apFy™ — O[(1 - ayd + aguy]
M (1= am)a+ aman]  (8)

where again hats denote current iterates of acceleration, velocity, etc. Upon using
the Newmark beta time integrator (v, = %, Bn = i afF = amym = 0, equation
reduces to

4 .
MAt2+CA + K| Ad=F, 1 — F™ —Ct — Ma (9)
which is the same equation given by Belytschko et all

We note that equation [§ can be written as

AAd = res (10)

where A is the dynamic matrix, Ad is the change in displacement from the previous
Newton teration to the current Newton iteration, and res is the residual, i.e. the
amount by which the equations of motion (equation are not satisfied by the
current iterate.
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1.4 Time integration with viscoelastic materials

Here we describe the integration of viscoelastic structures using the generalized alpha
method. For the proper choice of the parameters of the generalized alpha method,
the results below reduce to those corresponding to the Newmark-beta method.

1.4.1 Equations of motion

The equations of motion of elastodynamics in three dimensions are given by

uy — Vo= f(z,t) Q (11)
u(z,t)=0 xz€lp (12)
o(x,t) =g(z,t) z€Tln (13)
(14)

where u = (ug, uy,u.) is the vector of displacements, o is the stress tensor, and
f(x,t) is the body force. The boundary of €2 is divided into Dirchlet I'p and Neu-
mann 'y subregions.

The Dirichlet conditions lead to the space of admissible functions

V =[ve H(Q),v(z) =0,z € Tp] (15)

The equation of motion, along with boundary conditions, is cast into the weak
form in the standard way

/utt-v—f—/o-vsvdx:/f(x,t)ovdx—k/ g(z,t)-vds YveV (16)
Q Q Q I'n

where an integration by parts has been carried out on the middle term, and Vg =
%(V + V7T) denotes the symmetric part of the gradient operator.

1.4.2 Constitutive equations

The representation of the time-dependent moduli for a viscoelastic material is com-
monly written in the form of a Prony series

G(t) = Gint + (Go — Gint)Ca (1) (17)
oty = ce (18)

i

where Gq is the glassy modulus, Gju¢ is the rubbery modulus, and ¢;, s; are coef-
ficients used to fit the Prony series representation to the experimentally measured
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relaxation curve. A similar expression holds for K(t), with different values for the
constants, and possibly a different number of terms in the series. Assuming an
isotropic viscoelastic constitutive law, we only need to consider two rate-dependent
material properties. In this presentation, we will work in terms of the bulk K and
shear G moduli, since experimental data is typically given in terms of these two
parameters.
The constitutive model for an elastic material can be written in terms of the
shear and bulk moduli
0 =De=(KDg+ GDg)e (19)
where Dy, Dg are given in equation 9.4.7 in? and K, G are the bulk and shear
moduli. This constitutive law can be generalized to a linear viscoelastic material as
follows
¢
o(x,t) = (Go — Ginf)DG/O Colm,t— 7)86(;7’ n)

t
(Ko — Kinf)DK/O Cr(w,t — T)ae(g; ")

The above expression is then used to represent the stress in the weak form of the
equations of motion,

Given a finite dimensional subspace V;, C V, we represent the approximate
solution in the standard way

up(e,t) =) di(x)mi(t) (21)
=1

dr + GingDge(x, t) + (20)

dr + KmeKG(.I‘, t)

where Vj, = span(¢;), and 7(t) represents the unknown time dependence. We also
denote ®(z) = [¢;(2)] as the matrix having ¢; as the i** column. Inserting this into
the equations of motion, and rearranging, we obtain

Miij(t) + (Go — Ginf) K1 /Ot Calt —T)n(t)dr +

(Ko — Kinf) K1 /0 Cr (t = T)n(t)dr + Kan(t) = f(t) (22)
where
M = /Qp(a:)Q)T(x)CI)(x)da; (23)

is the mass matrix,

K1 = (Go — Ging) / BT DgBdz + (Ky — Kiy) / BT Dy Bdzx (24)
Q Q

Ky = Gyt | B'DgBdx + Ky / BT D Bdx (25)
Q Q
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are the stiffness matrices, and

ft) = / f(x,t)m(:v)dx—i—/ g(x,t) - v(z)ds (26)
Q I'n

is the right hand side. The corresponding element matrices are defined simply by
breaking the integrals into elementwise contributions.

Equation [22|represents a system of Volterra integro-differential equations. With-
out the inertial term, represents a system of Volterra integral equations of the
first kind. We now consider implicit schemes for integrating these equations in time.
The goal is to reduce the system of equations [22] to a system in standard form

Mij(t) + Cit) + Kn(t) = f(t) (27)

where C' is a constant damping matrix, and f(¢) is a modified right hand side that
will include a portion of the viscoelastic convolution term. We demand that C be
independent of time, since this will eliminate the need for refactoring the left hand
side at each time step. The damping (integral) term in equationis certainly time-
dependent. However, we will show that it is possible to split this integral term into
a time-dependent and a time-independent part. The time-independent parts remain
on the left hand side and become the damping matrix, whereas the time-dependent
parts can be carried to the right hand side, since they are known quantities. Once
the equations [22| are reduced to the system the standard time integrators for
structural dynamics can be employed.

For simplicity, we consider the case of only a single Prony series term. The
results for more terms can be obtained by adding together the results for a single
term. The integral in equation can be split into two parts (considering only a
single Prony series term)

t ti o, to,
/ etZTﬁ(t)dT - / e’ f;(t)d7’+/ etTﬁ(t)dT (28)
0 0 t;

At ti ti— t—1

t
es esﬁ(t)dT—f—/ e s n(t)dr (29)
0 t;

where the first term is a loading history term that is known at time ¢;. Consequently,
it can be treated as an additional load and brought to the right hand side. The
remaining term can be split into two terms, one containing coefficients of 7, and the
other containing coefficients of 7j;. The former is unknown and thus becomes C7,
whereas the latter is known and thus also contributes to the right hand side.

In order to evaluate the term

/t | e s n(t)dr (30)
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we first need a representation for the velocity n(t) in the interval t € [t;,¢]. We
present two choices, both of which are second order accurate.

1.4.3 Linear Representation of Velocity

The first is consistent with the Newmark-beta method, which presumes a constant
acceleration within the time step. With this assumption, the velocity must vary
linearly within the time step. Thus,
- o i+ n(t)

n(t) = n(t:) + Tl(t —t;) (31)
where 7j is the (unknown) acceleration at current time ¢, and 7(t;) is the previous
acceleration. Although equation is the correct representation for velocity, it is
inconvenient in that it would lead to (after inserting into equation a contribution
to the mass matrix. This is undesrirable, since it would interfere with the use of a
lumped mass matrix. Thus, we re-write the velocity distribution in an equivalent
form )
: 10 —n(t:)
) =nt;) + ——~
() =)+ =
We note that equations [31] and [32] are equivalent representations of the velocity. By
inserting equation [32] into equation [30] we obtain

(t — 1) (32)

t o, 2/ m . —ar 82 —ar\ ] .
Léesnwm-F+At@S_1ﬂ”+{_“5 +At@—es)}m (33)

The first term involves a coefficient times the unknown 7), which is the unknown
velocity at the current time, and thus it must remain on the left hand side as a
damping term contribution. The damping matrix implied by this term is

2 —At —At

2
(7:cK@K4—%§cE?—1»BTDKB+1@@G+L%aec:—1»BTDGB (34)
The second term is known, and thus it can be added to the load vector.

1.4.4 Midpoint Representation of Velocity

A second implicit scheme can be derived simply by using the midpoint rule on
the velocity in the viscoelastic term. The only difference from the linear approach
described above is in equation

o) = 1 n(t:)

5 (35)
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This leads to

/t;etSTﬁ(t)dT: ; (1—e%>ﬁ—|—§ (1—@%> 1 (36)

In the same way as for the linear velocity approach, we use the term involving 7
to construct a damping matrix, and the remaining known terms are carried to the
right hand side.

It should be noted that the midpoint scheme is inconsistent in that a different
discretization scheme is used for the viscoelastic term than was used for the over-
all time integration. The linear represenation of velocity is a consistent scheme.
However, both approaches are second order accurate.

1.5 Random Vibration

Details of random vibration analysis are included in a number of papersﬂ These
few paragraphs document what was implemented.

1.5.1 algorithm

The first step in the calculation is computation of a modal spatial contribution, I'y4,
which is performed in ComputeGammaQQ. This is accomplished as follows.
Let the modal frequency response be defined as,

1
w? + 2jww;i;

a(f) = 2

; —

The modal force contribution from load a is,
Fu(f) = ) dunfisalf)
k

= Zésa(f)

where f? is the & component of the force vector associated with load a, and s4(f)
contains all of the frequency content of the force, but none of the spatial depen-
dence. We have defined Z¢ for each load that represents the sum of all the spatial
contributions for mode i. It represents the frequency independent component of the
force for load a.

Zi = fidm
K

Zgee for example, reference |3
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A transfer function to an output degree of freedom, k, from the input load a, may
be written as a modal sum.

Hka Z Fm d)zk

where ¢;;, is the eigenvector of mode i.

1.5.2 Power Spectral Density

The displacement power spectral output (at a single location) is a 3 x 3 matrix.

Gun(f) = Z «(f)
= ZZ ¢zm ja’ (f)QJ(f)¢Jn

%,J a,a’

= ZZ% lemqs]nZzSaa(f) (Jz/

%,J a,a’

Here S®% (f) is the complex cross-correlation matrix between loads a and a’, and the
superscript "*’ denotes complex conjugate. The subscripts m and n are applicable
to the 3 degrees of freedom at a single location.

By summing over the loads we may reduce the power spectral expression to a
sum on modal contributions.

Gmn(f) = Z ¢2m¢]nglj(f) (37)

.3

where

Gij(f) = a; (f ZZ’ZJ 54 (38)

Note that with the exception of the Z! (which may be computed only once and are
a fairly small matrix), all the terms in equation are completely known on each
subdomain.
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1.5.3 RMS Output

The RMS output for degree of freedom m is given by,

- \/ |32 6unbinGs (i
,J

1,
where I';; = [ G (f)df.

The parallel result can be arrived at by computing Z’ on each subdomain, and
then summing the contributions of each subdomain. Note that Z! contains the
spatial contribution of the input force. At boundaries that interface force must be
properly normalized just as an applied force is normalized for statics or transient
dynamics by dividing by the cardinality of the node. Once Z has been summed,
I';j may be computed redundantly on each subdomain. The only communication
required is the sum on Z (a matrix dimensioned at the number of loads by the
number of modes).

The acceleration power spectral density is just Gum(w)w*. Subsection
provides details about transforming power spectra to an output coordinate system.

1.5.4 RMS Stress

A description of the algorithm for computation of the von Mises RMS stress is in-
cluded in the reference at the beginning of this chapter. Two methods are available,
but both use the integrated modal contribution I';; as the basis for their computa-
tion. The more complete method relies on a singular value decomposition. Portions
of that method are touched on below

1.5.5 matrix properties for RMS stress

Since S(f) is Hermitian, it follows that 'y is also necessarily hermitian. It will
not in general be real. Therefore, the svd() must be computed using complex
arithmetic. We use the zgesvd routine from arpack. The results from the svd of
an hermitian matrix are real eigenvalues (stored in X'), and complex vectors, stored

in Q.
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At the element level another svd must be performed. In this case we are com-
puting the singular values of the matrix C.

C =XQ'BQX

where,
B =9TAV

Obviously, B is symmetric. It can be shown that QT BQ is hermitian. If we examine
a single element of C' we can see that it contains the sum over all the terms in an
hermitian matrix. That sum is necessarily real, since it can be computed by adding
the lower half with it’s transpose and then summing the diagonal. Let,

Aij = ZQinianan = Zaz’j
m,n

m,n

But,
A= 2 Q. « Brun@ii = D QniBronQini = 3 0]
m,n m,n m,n

We therefore only need use the real svd routines to compute the results at each
output location.

1.5.6 model truncation

The svd calculations provide the information needed for model truncation. In gen-
eral, if the size of the model grows, the number of modes required for an analysis also
grows. The relationship is very model dependent. However, the computational time
for calculating the svd varies as the cube of the dimension of the matrix. Since the
svd(I") is only computed once, it is not terribly important. However, the computa-
tion of each decomposition of C' occurs at each output location and can significantly
affect performance. In the model problem where the dimension of C' was allowed to
remain the same as the number of modes, increasing the number of modes from 20
to 100 changed the time for the analysis by factor of more than 100 (close to the
53 one might expect). Clearly, this is unacceptable especially as the desired models
may have many hundreds of modes.

The svd(I') provides important information about the number of independent
processes. Note that C' includes the svd values from this calculation. We truncate by
computing all the nmodes x nmodes terms in B, but only retaining Cdim columns of
@, where Cdim is chosen so the values of X are not too small. Thus, X[(Cdim)]/X[0] >
107, This restricts the dimension of C to a fairly small number, while retaining
all components that contribute significantly to its value. As a result, the entire
calculation appears to scale approximately linearly with the number of modes.
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1.6 Modal Frequency Response Methods

The Salinas implementation of the modal acceleration method is described in this
section. Separate cases are considered when the structure does and does not have
rigid body modes.

1.6.1 No Rigid Body Modes

We first consider the frequency domain version of the equations of motion.
(—w?M + jwC + K)iu = f (39)
Consider the modal approximation

N
=1

where N is the number of retained modes, ¢; is the i’th mode shape, and ¢; is the
i’th modal dof. For modal damping, one obtains the uncoupled equations

(—w?m; + jwe; + ki)g; = ¢F f (41)
fori=1,...,N where
mi = ¢ M¢; (42)
¢ = ¢/ Coi (43)
ki = ¢ Koi (44)
(45)

are the modal mass, modal damping, and modal stiffness of the i’th mode. Solving
equation [41] for ¢; leads to

i = (o] f)/(—w?m; + jwe; + ki) (46)

Replacing (—w?M + jwC)d in equation |39 with the modal approximation

N
(—w?M + jwC) Z Gigi (47)
i=1
leads to
) N
Ki= f+ (WM — jwC) ) g (48)
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Recall that the mode shapes satisfy the eigenproblem
Koi = wiM¢; (49)
where wj; is the circular frequency of the i’th mode. Provided w; # 0, one obtains
K 'M¢; = ¢i)w? (50)

In addition, see Eq. (18.14) of Craig, the damping matrix C' can be expressed as

N »
c=3 (22) o aren” 1)

where (; is the damping ratio of the i’th mode. Substituting equations [50] and
into equation 48| and solving for 4 leads to

N
=K 'f+ z:(wz/wi2 — 2Gijw/w;)Piq; (52)

=1

The acceleration frequency response, a, can be obtained by multiplying equation
by —w?.

1.6.2 Rigid Body Modes

The procedure outlined here describes how the modal acceleration method can be
used in the case when the structure has rigid body modes. The main difference
between the approach presented here and Craig’s method® (pp. 368-371) is in the
way that the flexible response is computed using the singular stiffness matrix. Craig
removes the rigid body modes from the stiffness matrix using constraints. In our
approach, we first orthogonalize the right hand side with respect to the rigid body
modes, and then use an iterative solver such as FETI to solve the singular system di-
rectly. Although the two methods are equivalent the latter is much more convenient
from the implementation point of view. Note, however, that the implementation is
likely to fail on a single processor since the direct solvers in Salinas are unable to
manage a singular stiffness matrix.
The equations of interest are the frequency domain equations of motion

—w?Mu + jwCu + Ku = f (53)

Since the stiffness matrix may be singular, we first split the solution into a rigid
body part and a flexible part.



1.6 Modal Frequency Response Methods 15

u(w) = up(w)+ug(w) (54)
= ®prgr(w) + Prgr(w) (55)

where the subscript R refers to rigid body mode contributions, and E refers to contri-
butions from flexible modes. We define NV as the total number of degrees of freedom,
Np as the number of rigid body modes and Ng the number of flexible modes, where
N = Ni + Ng. Then, &g is an NxNp matrix of rigid body eigenvectors, g is an
Nz Ng matrix of flexible eigenvectors, gg is a vector of dimension Ng, and gg is a
vector of dimension Ng. We assume mass normalized eigenvectors.

We now substitute equation [55|into equation and premultiply both sides by
CI% and @g. This yields two sets of equations, after using orthogonality and the fact
that K& = 0.

— w2qp + jwCrqr = PLf (56)
~w?qp + jwCrqp + Kpqe = OLf (57)

where Cr, Cp are diagonal matrices containing the modal damping contributions,
and Kpg is a diagonal matrix containing the eigenvalues. In particular, the ith
diagonal entry of Cg is 2w;(E,, and the ith diagonal entry of Cr is 2w;(r,. For most
applications, Cg is null. Solving these equations we obtain the component-wise
values of the coefficients

oL f
= — 58
8 —w? +ijRi ( )
oL f
qg, = & (59)

—w? + jwCE, + w%

Equation can be solved for gg, and substituting this into equation we
obtain

u = Prqr + CI)EKgl(I)gf + WQ(IDEKglqE — jw(I)EKglCEqE (60)

The first term in equation is known. The third and fourth terms of equation
can be computed by modal truncation, and in fact these are the same as the
second and third terms of equation The second term in equation [60]is the static
correction, and is not readily computable in the present form since all of the flexible
modes would have to be known to compute it.

In order to compute the second term in equation [60, we note that the matrix
ag = P EKgl@g is the inverse of the elastic stiffness matrix, that is, the stiffness
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matrix without the rigid body components. Craig gives a procedure of constraining
the rigid body modes in the stiffness matrix in order to compute the product ag f.
This procedure would require re-sizing the global stiffness matrix midway through
the modalfrf solution procedure, and this is tedius from the code development stand-
point.

A more convenient approach is to use FETI to solve the system Ku = fg, where
fE is obtained by orthogonalizing the right hand side f with respect to the rigid
body modes, via Gram Schmidt. We note that FETI can solve problems of the form
Ku = f even if K is singular, provided that the right hand side f is orthogonal to
the rigid body modes.

The procedure is to first apply Gram Schmidt orthogonalization to obtain fg.
Then, we use FETTI to solve the system Kug = fg, where K is singular. Finally,
to be sure ug is orthogonal to the rigid body modes, we apply Gram Schmidt
one more time to ug. Though in theory ugp is already orthogonal to the rigid
body modes after the FETI solve, numerical roundoff may result in a small loss
of orthogonality (especially if the solver tolerance is loose), and thus we apply this
final orthogonalization to ug to be on the safe side. The resulting solution we again
denote by ug. Then,

up = PpK, oL f (61)

and thus all of the terms in equation are known. Thus the modal frequency
response can be computed using equation

We note that the orthogonalizations refered to above involve only the standard
dot products. That is, in order to make f orthogonal to one rigid body mode ¢;,
the Gram Schmidt factor is

T
a= z%(;: (62)
and then
fE=f—a¢p (63)

The dot products appearing in these expressions do not involve the mass matrix.
They are the standard dot products.

1.6.3 Example

Finally, we present an example of the performance of this method as compared to
the stndard modal displacement method. The example is a beam composed of 320
hex8 elements. The beam is free-free, so that all rigid body modes are present. The
frequency response is computed up to 9000 Hz, and 15 modes are used in the modal
expansions. The 15th mode had a frequency of 11362 Hz. In Figure [1, the two
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methods are compared with the direct frequency response approach. It is seen that
the modal acceleration method gives a significantly improved performance over the
modal displacement method.

1.7 Complex Eigen Analysis - Modal Analysis of Damped Struc-
tures

1.7.1 Modal Analysis of Damped Structures

Salinas will solve the eigenvalue problems for structures with some types of damping.
The algorithms are designed for internally damped structures such as from viscoelas-
tic materials. The package is called Ceigen, and the parameters to be aware of are
eig tol, nmodes, and viscofreq. The first two parameters, eig_tol and nmodes
will be familiar to Salinas users that solve eigenvalue problem for undamped struc-
tures. eig tol is the convergence tolerance for the eigenvalues, and nmodes is the
number of requested eigenvalues. viscofreq approximates the first flexible mode
of the structure. The default value for eig tol is 1l.e — 8.
The complex eigen value problem which we solve is also known as the quadratic
eigenvalue equation.
[K+AD+XNM]¢=0 (64)

where,
= the stiffness matrix

the damping matrix

= the mass matrix

s 2O
I

= the complex frequency.

All of the matrices are independent of frequency. Note that we are solving for
A = iw + 7, not w?.

1.7.2 Input File Specification

The Salinas input file specification is similar to the specification for transient simula-
tions. To change a working Salinas input file for a transient problem into a Salinas
input file for Ceigen, change the Solution and Parameters blocks. The example
below illustrates how the Solution and Parameter blocks are modified for modal
analyses.

SOLUTION
case ceig
ceigen nmodes 20
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Figure 1: A comparison of the modal displacement, modal acceleration, and di-
rect frequency response approaches. The modal acceleration method gives a better
approximation to the direct approach than the modal displacement method.
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viscofreq=1.e+4
END

PARAMETERS
eig_tol 1.E-5
wtmass=0.00259
END

The parameter wtmass is an example of a parameter that was was needed for the
transient simulation, and is still needed for modal analyses.

1.7.3 Output File Format

The output is very similar to the output for the undamped eigenvalue problem. The
results file contains any requested data. Supplemental information is written to the
screen that is useful for algorithm development.

The Results file foo.rslt tabulates the values A\/(27) for ();) that solve equa-
tion . Pure real eigenvalues are not written to the Results ﬁleE] If A; has
been found with ¢ in the range, 1 < i < 24,27 <1 < 34, then the missing eigenval-
ues (Ai)2s<i<26 are real eigenvalues that are omitted. The number of eigenvalues
written in the Results file is less than or equal to nmodes.

As is the case with the undamped eigenvalue problem, Salinas will print a table
to the screen. The table is titled “Ritz values (Real, Imag) and direct residuals”,
and has four columns of real numbers. The number of eigenvalues that are actually
computed may be larger or smaller than the number requested. Some real eigen-
values may appear among the converged eigenvalues. The table will contain any
converged real eigenvalues (zero in column two). Columns three and four are two
different residual norms for each eigenvalue. Eigenvalues with large residual norms
are not converged. The residual norm in the third column is less sensitive to the
linear system relative residual norm bound than the residual norm in the fourth
column is After each implicit restart, all the approximate eigenvalues are printed to
the screen.

1.7.4 Some Back Ground
The eigenvalue problem for an undamped structure
K® = M®Q?, d"M® =1,

) = @,w;, has been discussed elsewhere in this document. Salinas returns the
frequencies w/(27). Ceigen solves a similar problem. Ceigen solves the quadratic

3Real modes correspond to an overdamped mode with no oscillatory component. These are
usually generated from numerical artifacts discussed below, and are seldom of practical value
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eigenvalue problem
MM 4+ DA+ Klu=0, ulu=1. (65)

In the undamped case, D = 0, A\ = iw.

A second order linear differential equation is the same as a first order system.
Similarly a quadratic eigenvalue problem is the same as a matrix eigenvalue problem
of twice the size.

Linear problems such as matrix eigenvalue problems are solvable in that it is
possible to find all of the solutions. For matrix eigenvalue problems the key idea
is deflation. Omne big subspace is used to compute all of the eigenvalues. Small
eigenvalues tend to be computed early and are deflated from the problem. The
reward for deflation is that the gravest remaining eigenvalues are much more likely
to be computed next. For general nonlinear eigenvalue problems on the other hand,
no robust algorithms are known to the author.

1.7.5 Viscoelasticity

The eigenvalue problem for viscoelastic problems® in the most simple case (one term
Prony series) has the form

[Ms? + D(s)s + K]u = 0. (66)
K = BE,, D(s)s = B(E, — Ex)f(s),

f(s) = s/(s+a) =1~ (sfa+1)".

Prony series damping in the time domain® creates a frequency domain problem

with real eigenvalues that are not physical® Some care is needed to avoid the real
eigenvalues in computations.

Here is a sketch of justification that the Prony series problem has real eigenvalues.
The eigenvalue problem has a closed form solution in terms of the eigenvalues of the
undamped problem. The one term Prony series damping increases the degree of the
characteristic equation from two to three, and the third root must be real.

1.7.6 Viscofreq

The eigenvalue problem in equation is not a quadratic eigenvalue problem
(M, D, K). The obvious approximation is to evaluate D(s) at some fixed s, near to
the wanted eigenvalues. The user parameter viscofreq= w is a real number such
that s, = iw. In a later release s, = r + iw for some internally computed value r.
Using a value of viscofreq that is much too small may degrade performance.
As viscofreq increases, the eigenvalues do change, and Salinas converges more
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quickly. The cluster of real eigenvalues moves left, away from zero, and it becomes
possible to compute more of the complex eigenvalues. Over-estimates of viscofreq
are safer than underestimates.

Suppose that s, = r + iw. A different quadratic eigenvalue problem is used.
Both D and K are modified. The approximation is more accurate for problems in
which 7 is much more accurate than w. Also (M, D, K) are all real matrices. The
eigenvalues and eigenvectors come in complex conjugate pairs.

Important to be aware that no constant damping matrix inherits the property
of D(s) that

lim D(s) = 0.

§—00

Physically, this means that the eigenvalues in equation that are far from
viscofreq are over-damped. If for a given mode shape, s, is closer to the real
eigenvalue of equation than either complex conjugate pair, then Ceigen may
return the real eigenvalue. For example equation has many real eigenvalues
clustered left of —a.

1.7.7 Trust Regions and Real Modes

The eigenvalue problem is solved using ARPACK. The convergence criteria in the
ARPACK package use a trust region. CKigen will compute the right-most eigen-
values of the eigenvalue problem in equation (qevp). If the k-th mode does not
satisfy the convergence tolerance, and k <nmodes, then ARPACK is not converged,
no matter how many other eigenvalues are converged.

The authors have gone to great lengths to filter out real eigenvalues. Nonetheless
in problems with a cluster of real eigenvalues among the right-most eigenvalues, it
is very difficult to compute eigenvalues high into the frequency range. If such a
problem arises, increase eig_tol (multiply by ten), increase nmodes (add ten), and
most importantly increase viscofreq (double).

1.7.8 ViscoFreq - Approximating the Response of Viscoelastics

The viscoelastic mass matrix can be considered to be independent of frequency.
However, the damping and stiffness matrices can be functions of frequency, depend-
ing on the formulation. There are two possible formulations. The first one results in
a complex, frequency dependent damping matrix, and a real-valued, frequency inde-
pendent stiffness matrix. The second results in a frequency- dependent, real-valued
damping matrix and a frequency-depenedent, real valued stiffness matrix. We chose
the second formulation since the complex-valued damping matrix is somewhat dif-
ficult to deal with in quadratic eigensolvers. The two formulations are the same up
to the order of the linearization error.
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Consider the simplest possible viscoelastic material, characterized by a single
term of the Prony series. The equation of motion for a 1D system with this material
is given below. The full 3D case is similar, except that it has separate terms for the
bulk and shear components.

(Koo + sD(s) — s> M| u = f(s) (67)

Here, s is the Laplace transform frequency, f(s) is the frequency dependent force,
and the damping matrix is now a function of frequency.

1

D(s) = (Eg — Eoo)mB

(68)
with Fo, the Young’s modulus for high frequencies, Eg the modulus for low (or
glassy) frequencies, 7 is the Prony series relaxation time, and Ko, = EB is the
stiffness at high frequencies.

We now return to equation and consider different ways of linearizing the

relation, since for the quadratic eigenvalue problem, we may only solve equations of
the form in equation i.e. quadratic in A or s.

User Specified frequency of linearization We define viscofreq, w and s, =
r + 1w, which is the complex number about which the linearization takes place. In
the current methodology, r is zero.

First, we split D(s,,) into its real and imaginary components by multiplying by
(r+1)—iwT

D(s) = (Fo=Fe) 70 (69)
= (Bo—Fx) B (70)
T((rr + 1) —iwT) (Eg — Ex)B (71)

(rr+1)%2 + w272
Then we also temporarily replace the s in front of sD(s) with s,. This gives,

sD(s) = (iw+7r)D(iw+r) (72)

7(iw + 1) + w272 + r272
- (r+1)2 + w?7r? (Eg = Eoc)B (73)

Finally, we replace iw + r with s to go back to the quadratic eigenvalue problem.
This results in a contribution to the the stiffness matrix, and a real damping matrix.
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2,2 2,2
KEOOJF(EG—Eoo) Iy >B+S< : )(EG—Eoo>B+82M 6=0

(r+1)2 + w?r? (r+1)2 + w?r2
(74)

Thus we see that the damping matrix is purely real, but the stiffness matrix gets
an additional (positive) real contribution.

Practically of course, the systems are far more complex. Typically there is more
than one material, and that material has a number of Prony terms. Equation [74]is
modified, but the overall effect is the same, i.e. the stiffness matrix is increased by
a viscoelastic term, and the damping term is also modified. Effectively we have the
following.

K(r+iw) =Y Keem(r + iw) (75)

elem

where -f{elem is the modified stiffness matrix.

Kelem(T + iw) = Kelem + imag(Delem(T + Zw))

Likewise,

Dejern (1 + iw) = real(D(r + iw)) (76)

We now solve the linearized eigenvalue equation for A,
[ (r +iw) +iAD(r + i) = XM | 6 =0 (77)

A Simple Error Estimate This question is now how well the eigenvalues com-
puted from equation [74] approximate the true eigenvalues of equation [67]

First, we define the distance from a given computed eigenvalue, s., to the point
of linearization, s, as J.

0=Sc— Sw (78)

Note that § is a complex-valued quantity.
Next, we define the residual as the vector resulting from inserting s. and the
corresponding computed eigenvalue, ¢, into equation [67]

(SEM + seD(sc) + K) ¢ = res (79)

The residual, as defined in equation [79 is a computable quantity. Obviously, if the
residual is large, then the error in the computed eigenvalue and eigenvector is large.
However, the more interesting question from the analyst’s perspective is how large
may d be for one to expect accurate eigenvalues.
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1.8 Component Mode Synthesis

Component mode synthesis in Salinas follows the Craig-Bampton method. In this
method the model is reduced using fixed interface modes and constraint modes.
The method is outlined in some detail in Craig’s book, (Chapter 19 of [4)). It is
summarized below. Note that in Salinas we do not permit any flexibility in the
interface boundary options. Only fixed interface modes are supported.

CMS is typically applied to eigenvalue analysis, but it may be used in other
solution methods as well. Here we describe only the eigen analysis application.
Within Salinas only a subset of the standard CMS method is available. Salinas may
reduce an entire model to a set of interface degrees of freedom with the corresponding
system matrices and transfer matrices. Salinas will also (eventually) be capable of
reading in a reduced system for solution within its framework.

CMS by these methods is always a linear model, with supports only linear elas-
ticity. The reduction is based on an eigen reduction and linear superposition.

1.8.1 Reduction of superelement matrices

The entire model of a structure may be reduced to the interface degrees of freedom
and generalized degrees of freedom associated with internal modes of vibration.
Consider the general eigenvalue problem, with the system matrices partitioned into
interface degrees of freedom, C, and the complement, V.

Ky Kye :| |: My, My :|> |: Uy :|
- A =0 80
([ Koo Ko Mo M |) | ue (80)
Within Salinas we consider only the cases where K, is nonsingular. For the Craig-
Bampton method this implies that clamping the interface degrees of freedom removes
all zero energy modes from the structure.

The Craig-Bampton method reduces the physical degrees of freedom, u, to gen-
eralized coordinates, p, using a set of preselected component modes, W.

u=Up (81)

The component modes are selected as follows. We let ¥ = [® )], where ® is a
set of eigen modes of the fixed interface, i.e.,

(Kyw — AMyp) ® =0

We retain only a subset of the modes in this system. In addition, we define the
constraint modes, 1, as the static condensation of the problem. Each column of
1 is the solution of the static problem where one interface degree of freedom has
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unit displacement, and all other interface degrees of freedom are fixed. As shown in
Craig,
V=K, 'K, (82)

Note that since we require that K,, be positive definite, all these solutions are
well defined. The matrix need be factored only once for all the modes.

Reduced System

As shown in Craig, the reduced system matrices can be written as follows.

Mk ke
o= [ fek Hee ] (83)
and,
P [ Kkk  Kke } (84)
Rek  Ree
where,
pre = Ik
e = iy = ¢ (Mot) + M) (85)
= 0" Myt + (Meyp)”
pee = T (Myth+ Mye) + Meyth + Mee
= T Myyth + (Meth)" + Movt) + Mo
and,
Kkk = Ak
Rke — KRek =0 (86)
Kee = Kee— KKy Ko

= ch + Kcvw

Note that the coupling between the modal and interface portion of the system matrix
occurs only in the mass matrix.

Parallelization Issues

The discussion above applies simply for direct solvers for which a system matrix
is generated. Parallelization issues are straightforward, and cover 3 main areas 1)
computaion of fixed interface modes, 2) computation of constraint modes, and 3)
matrix vector products.
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1. Fixed Interface Modes. Since the process of cmputation of the eigensystem

is independt of the particular solver, there are no parallelization issues with
respectt to the eigenvalue problem. It is easily shown that parallel solvers
result in the same eiben pairs as serial solvers. There is no reason to expect
that any finite precision issues would be more important here than in other
modal based solutions.

. Constraint Modes. The constraint modes are different, in that we do not

currently have a capability to compute enforced displacement in parallel. Re-
call that the constraint mode is the displacement on space “V” that is com-
puted when a unit displacement is applied to as single degree of freedom on
the interface. The serial equations are as follows.

FaraivEr S

Equation [82] uses the first of these only to solve for u, = 1. For a domain de-
composition problem, the system matrices are written differently. We examine
a two subdomain problem for clarity.

Klvv Klvc 0 0 C%; Uty
chv chc 0 0 Cch Ule

o oo o

0 0 Kovy Koye 027; U2y = (88)
0 0 Koy Koce C%:; U2c
Crv Cle Ca Coe 0 H
We extract only the first and third rows to arrive at,
T Ulv
Klvv 0 C%lj Uy — fl (89)
0 KQ’U’U 021} f2

7

Here f; = Kiycuie. This system is the standard system of equations that is
solved by the domain decomposition solver. The RHS is just the sum of the
individual subdomain terms.

. Matrix Vector Products. Clearly matrix vector and vector-vector products

must be computed differently in parallel. However, the code to do this is
already being used in the eigensolver.
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1.9 A posteriori error estimation for eigen analysis

The purpose of this section is to summarize two different approaches for a posteriori
error estimation of eigen analysis. The first is an explicit error estimator,%/? and the
second is a quantity of interest approach.® The explicit approaches are described
in chapter 2 of? and the quantity of interest approaches are described in chapter
8 of the same book. However, since we are interested in the eigenvalue problem,
the methodologies are somewhat different than the approaches described in,” though
there are many similarities. Both the explicit and the quantity of interest approaches
have the same goal - to use the computed solution to compute upper and lower
bounds on the discretization error for the eigenvalues and eigenvectors. A drawback
to the explicit approach is that unknown constants are present in the bounds, making
final determination of the error more difficult. Because of this, explicit estimators are
more frequently used as element indicators to drive adaptivity algorithms, rather
than as error estimators. The quantity of interest approach avoids the unknown
constants, but is more work in terms of implementation.

1.9.1 Preliminaries

We seek a posteriori bounds on the error of the finite element solution of the eigen-
value problem for elasticity

—pdu= A+ p)V(V-u)+pViu=V - o(u) (90)

or

Al(u) = —)\AQ(U) (91)

where where A;(u) and As(u) are the partial differential operators implied by equa-
tion 90} A and u are the unknown eigenvector and eigenvalue, and A and p are the
Lamé elasticity constants. We note that the right hand side of equation [90| can be
written either in terms of displacement, as in the first representation, or in terms of
stress, as in the second representation of the right hand side of the equation. The
weak formulation of equation is constructed by multiplying by a test function,
and integrating by parts, with homogeneous boundary conditions. This leads to the
weak formulation: Find (\,u) € V' x R such that

B(u,v) = AM (u,v) YveV (92)
where
Blu,v) = /Q o (w)e(v)dz (93)

and
M (u,v) :/puvdx (94)
Q
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After defining a finite element discretization, this reduces to: Find (up, Ap) such
that
Ku=AMu (95)

where (up, Ap) are the finite element approximations of the eigenvector and eigen-
value, and K, M, are the assembled stiffness and mass matrices.

1.9.2 Approach I - explicit error estimator

In Larsen® and RannacherC two independently derived error estimates are presented
for the Laplace equation. While the two estimates differ slightly, both incorporate
an unknown constant, C', an element diameter term, h., and an element residual
function, p. In what follows we extend these estimates to the elasticity problem.
The following two error estimates are given in® and” respectively. In what follows
we use Larsen’s results (equation exclusively. E|

Ne 2
A=Al < eACep (Z h5(un, )\h)2> (96)

e=1

Ne
A=Al < C2 > h2p(un, Ap)? (97)

e=1

where h. is the element diameter, and

plun, \n)? = / (| Avun + M Agun| + Rpe)? d2 (98)
The first term on the right hand side is the interior element residual, which is the
differential stiffness operator A;, defined in equation applied to the computed
element displacement combined with the computed eigenvalue times the differential
mass operator As, also defined in equation applied to the computed element dis-
placement. This term is computed by representing the eigenvector as a summation

N
up(z) = Z a; Ni(z) (99)
i=1
where a; is the i entry in the eigenvector, and N;(z) is the i** shape function, and
then simply applying the gradient and divergence operators from equation [90] to the
summation in equation [99

4Equation [96] applies to elements with linear shape functions. The more general expression may
be found in equation @ or the reference.
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We note that the quantity Ajup + ApAsuy is expressed in the strong form, and
thus is not the same as Kup — ApMuy, though both expressions are on the element
level. The difference can be seen by observing the first term Ajuyp

Arup, =V - o(up,) (100)

That is, Ajuy is the divergence of the stress (which is computed from the finite
element displacement uy). This is not the same as Kuy, since Kuy, is in the weak
form, and has been evaluated by integrating over the element against a test function.
For example, if we consider linear elements, we have Ajup = V - o(up) = 0, since
the stress is constant over the element. On the other hand, Kuy is not zero.

The second term is the boundary or flux residual.

Rifpue = (hevol(e)) ™/ [ / defe} v (101)

It has two different integrands depending on whether the face in question lies on a
part of the boundary where traction or pressure boundary conditions are applied,
or whether it is an interior face. When it lies on a boundary loaded face,

R= g — 0ijNy (102)

where g is the applied traction or pressure load. Note that g = 0 for eigen problems.
When the face is an interior face,

R = [a,-jnj] = afjnj — ai-’jnj (103)

where ¢® and ¢ are the stress tensors in the two adjacent elements, element ’a’
and element ’b’. Note that because the integrand is squared, computing the flux
residual in parallel requires parallel communication.

We note the intuitive nature of the upper bound in equation As the element
size he tends to zero, the right hand sides of the estimate goes to zero, due to the
multiplication by the element sizes h.. Keep in mind also that the p term includes
an integral over a volume and that -7, [|const|| is a constant.

There are two important issues in applying the results in Larsen’s reference to
general elasticity problems. The first of these is the the extension to elasticity. The
second is the extension to multiple materials. These are covered in the following
sections.

1.9.3 Extension of Estimators to Elasticity

This section was provided by Ulrich Hetmaniuk to help us with problems in scaling
the Laplace equation to the elasticity problem. It addresses issues of both mass



30 1 SOLUTIONS

and stiffness scaling. A similar development was provided by Clark Dohrman. The
development herein builds upon Larsen’s development 6, and uses quantities defined
there.

We consider the eigenvalue problem

—pAu— A+ p)V(V-u)=-V-o(u) = fpu inQ (104)
u =0 on 0f) (105)

where the Lamé constants A and p satisfy

A= vE B (106)
T a+n-20)  MTe2a+w)
We define also a weak formulation: find (u,0) € VxR
a(u,v) = 6b(u,v), VveVv (107)
b(u,u) = 1 (108)
where
a(u,v) = / o(u) - e(v)dx (109)
Q
and
b(u,v) = / pu - vdz (110)
Q

We follow the approach in the paper by M. Larson to derive a posteriori error
estimators. We use most of his notation.

Residual

The definition (3.7) for the residual becomes, on a triangle 7,

1

R(w,, 1), = ﬁw-a(uh)wwuhu\/@ Lo (n-[“;\‘;’;DQ (111)

Note that we have

R(uh,eh) = R(uh,ah,p, E, l/) (112)
and that R satisfies the following scaling properties

1
R(;%,i?,ozp,E,y) =~ R(up,0np, E,v) (113)
R(uhvaehapvaE’V) = aR(uhaehapaE7V) (114)
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Stability estimates

The equation (3.10) becomes

ID*v]| < Cos| b ((‘plv . 0>H8/2 ), (_1v . U) e (v)> (115)

p
Note that 5
I
TS =20 * A+g g (116)
Then, we get
p(1+s)/2
0675 = CW (117)
Note that we have
Ce,s = Ces(p, E,v) (118)
and that C, , satisfies the following scaling properties
Ces(ap, E,v) = a(Hs)/QC'e,s(p, E v) (119)
1
C@ﬁ(ﬂ, OzE, 7/) = WCE,S(p7 E, V) (120)

A posteriori estimates

We make also the assumption (2.6) : there are 0 < § < 1 and hg > 0 such that

max <5 . |lQew|* < (121)

9,20

0n, — 0
0; — 0

for all meshes such that maxh(z) < hg. Usingp =1, k =2, fp =0, and 31 = 1,
the final estimate on the eigenvalues becomes

0, — 0 c

g = mce,O\ﬁHhZR(uh,@h)H (122)

The estimates on the error in the discrete eigenvector are now

C 6 2
< = 7
b(e@7e@) = 1= 60670(1 + r@?gé( ‘01 — 6‘)\/ﬁ|’h R(uhaeh)H (123)

N 06}/
< R R 1 4
aleg,eq) < 1 6(Cc + Cep mei;%( 0 0|hma$)\|hR(uh,9h)H (124)
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where C, is related to the coercivity constant

[|Dv]| < Cer/a(v,v) (125)

In Ciarlet’s book (“The finite element method for elliptic problems”), the coercivity

constant is given
c

Vem

a(v,v) >2u||Dv|] = C.= (126)

1.9.4 Explicit Estimator - Multiple Materials

To date, we have not seen any publication which extends the explicit error estimator
to multiple materials. We don’t believe that there are signficant issues, and present
the approach used in Salinas here. There are two main constraints from the explicit
error estimator formulations that must be maintained.

1. The eigenvectors, uj must be unit normalized, i.e.||uy|| = 1. This is important
for mass scaling so that a change of units does not affect the fractional error in
the solution. It is an essential part of both Larsen’s development and Ulrich’s
extension to elasticity. See equation [10§

2. The extensions must maintain finite element consistency so that as h goes to
zero there is no inconsistency.

The second of these can be evaluated by examination of the residuals (as in
equation . Both the internal and the flux terms of the residuals are unaffected by
most scaling operations provided that materials remain constant within an element.
Note that the evaluation of the flux jump (equation is unaffected by multiple
materials since the normal component of stress discontinuity should go to zero even
for disparate materials.

Eigenvector normalization could be addressed in several ways. The eigenvectors
computed in Salinas are mass normalized, i.e. u’ Mu = I. We renormalize for error
estimation in the following manner.

1. A unitless mass matrix, M is computed using unit density material.

2. We compute a scale factor B
Me = ul Mu (127)

3. The eigenvectors are renormalized as u « u//mq.

In addition to eigenvector renormalization, we move the evaluation of the scaling
constant, Ce, s, from equation inside the summation of equation [06] This main-
tains the proper scaling with respect the element stiffness terms.
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A recent paper by Bernardi and Verfurth!” has shown that explicit estimators
can be used in the presence of multiple materials. For static Laplace equation, he
derived multiplicative constants for the interior and flux contributions that make the
multiplicative constant in front of the estimator independent of jumps in material
properties. In what follows we extend this approach to the eigenvalue problem, and
to elasticity problems. We will follow the same approach as in that paper, i.e. first
constructing the lower bound, and then the upper bound. The proper choices for
the coefficients will result from the upper and lower bound estimates.

First, we note a commonly used form for explicit estimators.

on(u
=l < 3 (bR 001z + VAT S )
K

N

(128)

where R;(up,0) = |V - o(uy) + Oppuy|, [0n(un)] is the jump in stress across the
element boundary 0K, and || - ||, is the energy norm. This estimator can be shown
to give both an upper and a lower bound on the error. As written, this estimator
does not fully account for discontinuous material properties, since the constant ¢ in
front of the estimator would depend on the jumps in material properties.

We note that the estimator, written in this form, is essentially the same as the
one proposed by Larson. For example, by writing the boundary term as an integral
of a constant function, scaled by the volume of the element, then we can write
equation [128]in the form

Vi o) n )
122 (x)

— < .
lun — ulla < c; <\|th(uh,eh) + VollE) 2

(129)

which is the same expression given by Larson in the case of linear elements. We
note that this estimator is in terms of the energy norm, whereas Larson gives his
results in terms of the L? norm. This results in the difference of one power of h in

equation [129]

The approach in Bernardi is to replace the estimator in equation by

2 2 [0 (un)] o ?
lun —ufla < e (MK 1R: (i, ) 172y + pell === 72 00)
K
(130)
where pux and pe are chosen in such a way that the resulting estimator is both an
upper and lower bound on the error, and the constant c is independent of the jumps
in material properties.
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Before beginning, we redefine the original PDE as follows

V.o
p

= 6u (131)
the corresponding bilinear forms as

1
a(u,v) = /Q ;a(u) - e(v)dx

b(u,v) = / u - vdx
Q
and the corresponding interior residual as

Ri(un, 0y) = ’L(uh)

+ Qhuh\ (132)
By dividing through by p, we include the density in the energy norm. This will be
important later on when the coefficients in equation [130] are selected.

As in Bernardi, we need the following identities, which follow from equation

a(u—up,v) = 6b(u,v)—a(up,v) (133)

0b(u,v) — a(up,v) = %: /K <9u + ;v - a(uh)> vdx —
z; / [;on(uh)] vdr (134)

where the summation ), is over all edges (in 2D) or over all faces (in 3D). We also
use equations 2.11 in Bernardi’s paper.

The lower bound will be considered first. We set wxg = Vi R;(up,0y), where
Vg comes from equation 2.11 in Bernardi’s paper. We will also make use of the
following inequality for the bilinear form

a(u,v)g < |uflafvia (135)
< aglhuliflvi: (136)
where ax = fﬁi , and C is the maximum eigenvalue of the material property

matrix, and pg is the density of the element.
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For the interior part of the residual, we have

1
IRiCuns 8 ey < F [ L;ng@m>+emm].dex
K
1
Z—ﬁ/WMmeﬁ+ﬁ/%%Mm
K P K

= ’y%a(u — Up, WK)K — ’y%@/

u-dex—i—'y%Gh/ up - Wkdx
K

K

IN

1
vﬂw—%mmw@%QW%%—wmmJ

x| Ri(uns On) L2 (i) (137)

where we note that, since Vg is a bubble function, the boundary terms vanish in
the integration by parts on the second line of the above equation.

This implies that

1
an@MmgSVQW—%Mmmﬁ&Hm%—mmm]

or, multiplying through by pg,
1
pic|Ri(un, 0oy < 3 [Hu — upla() r V2R 0 F + pc||Opun — U9HL2(K)}

Now is where a critical assumption comes into play. We assume here that the
computed eigenvalue 6, and eigenvector uy are closer to the exact solution € and
u than any other eigenvalue/eigenvector pair. This assumption is also made by
Larson, in equation 2.6. With this assumption, the term |[|fpun — uf|[2(x) is a
higher order term compared with [[u — uplo(k), and thus will decay to zero at a
faster rate. This was also shown in the paper by Duran ! 1Thus, we select px based
on the term [[u — up|| 2k only. If we select pj = hia,? then the right hand side
is independent of the jumps in material properties.

For the boundary term, we first choose w, = W, Ban(uh) , where again V¥,

comes from equation 2.11 in Bernardi. Then, using equation [[37] we have
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I aonton)| By < o3 [ [lamuh)} wedr
_ Z/ ( o(up +0huh) vgga(uuh,we)
+ m%;/l((eu—ehuh)-we

3 _1 1
C’732 <Z’Ysh§ ||Rz(uh,9h)||L2(K) + 2’74he ZOJIZ(HLI _ uh”a
K

K

IN

1
+ he Y |u¢9—uh9hl|L2(K> | [ Un(uh):| IL2(e)

K

IN

11 1
. lz he 2ol = wnlla + - b B~ euanm]
K

I Somtun)] s (138)

X

where in the above equation, ), denotes a summation over elements, but only
those elements that border the edge e. Also, in the previous estimate we collected
constants involving v and combine with the constant ¢, where possible.

This implies that

1 _1 1 1
W2 [panmh)] oz < crud [Z b Fadlu— unlla + 37 A Bun — ful 2
K K

We see that if we choose . = he max (ag1, « K2)_1, where subscripts 1 and 2 denotes
the two neighboring elements that contain the edge or face e, then the right hand
side (neglecting the higher order term) is independent of the jumps in material
properties.

Now we construct the upper bound. We start with a few identities that will be
needed along the way.

/Q (;V co(uy) + 9u> (W — W) = —a(up, w — wi) +
S [ica] v Lo

e

(139)
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This implies that

a(up, W — wp) = Y [;Un(uh)] (W —wn)

e

+/QGU‘(W_Wh)_/Q (;V-U(Uh)wpu) (W —wn) (140)

We will use the previous result in the upper bound on the energy norm of the error.
Let w = u — uy,. Then

[u—up|? = a(u—uy,w) =a(u—up, w— wy,) (141)

where the last equality follows from Galerkin orthogonality. Breaking the previous
expression into element-wise quantities, and using equation we obtain

Jlu—uul2 = Za(u—uh,w—wh) (142)
K
= Z a(u,w —wp) — Z [;gn(uh):l (W — wn)
K e

- Z/Hu W — W +Z/( o(up +9u>~(W—Wh)
3 () e ] e

e

IN

Z pi||V - ;U(uh) + 9‘1HL2(K)M1_<1”W - WhHL2(K)

1
; Zue u[ o uhﬂ oo W — whllz2ge

N

< ZuKuv o(un) + 6ullZs, )+Zue![ on<uh>] H%z@]

N[

_9 _
S i w4 3 o —whniz(e)]
L K e

We now use equation 2.16 in Bernardi’s paper, which shows that

N

< c||w|a (143)

D W = wnllTa ey + D s Iw = w72
K e
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With this result, we have

1
2

1 1
=l < ¢ | 07 Sotun) + Bpullag + 3 el |t H%%)] (144)
K e

which is the desired upper bound. We note that we would also obtain higher or-
der terms in the above expression by adding and subtracting terms of the kind
f K Onpundx, but the same argument could be made as before.

1.9.5 Explicit Estimator Summary

Summarizing, the implementation of the explicit error estimator involves the follow-
ing steps. These steps have to be carried out for each eigenvalue separately.

1. Renormalize the eigenvectors as in section equation

2. Loop through all elements in the mesh. Compute the surface flux residuals
for each face. Share that residual vector at each surface gauss point with
neighboring elements to determine the stress jump Integrate over all
faces (by summing at surface gauss points) to determine Ry, (eq .

3. Loop through all elements in the mesh. At each interior gauss point of each
element,

(a) Compute the interior residual,
a; = |A1(uh) + )\hAz(uhﬂ

(b) Compute the integrand,
(a1 + Rpuz)?

Note that Ry, is a constant over the element.

(c) Sum at gauss points to obtain the element contribution,

:52 = /(a1+Rflux)2dQe

Ngauss

Z wi(ar(z;) + Rpuz)?

%

%
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4. Compute the global contribution to the error. For elements with linear shape
functions, this may be written,

1
N, 2
A—2A -
Al (Z(Ce,thm?) . (145)
e=1
Where (as shown in section equation [117]),
2 P

oo™ Wy

and p, A and 4 are the material density and the Lamé constants respectively.
The more general expression for elements of order p is,

A=Al S o2 )
NS <c Z(Ce,pflhe P | - (146)
e=1

We note that although the constant, ¢, in equation [145] is not known com-
pletely, it is usually estimated to be of order 1. The constant depends on the
details of the mesh, and in particular on the minimum angle in the elements.

1.9.6 Approach II - quantity of interest estimator

In,% an error estimator is derived for the elasticity equation, using the eigenvalues
as the quantity of interest. The estimate is of the form

77l>(\)w = _ngpp (147)

77’1/>pp = _nl20w (148)
where nl)‘ow is a lower bound on A — Ay, and 771); is an upper bound on A — Ay. Note
that both quantities are necessarily negativeﬁu since the computed eigenvalues are
always larger than the exact ones.

The quantities 7y, and 74, are computed using the so-called element residual
method. This method involves solving a small linear system on each element to
obtain an error representation for that element, and then the element contributions
are accumulated to obtain the total errors. The element residual method involves
solving the following linear system on each element

—B(®x,v) = R(v,0) +/ gy, xkvds Vv e Wi (149)
oK

Sfor consistent mass only.
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or

Kya = f (150)

where a is the vector of coefficients that represent the function ® 5. In other words,
P = Ef\;slhap ubble o N;, where Nj is the i bubble shape function. The left hand
side K} is the element stiffness matrix, but evaluated using bubble functions rather
than the standard element shape functions. This is necessary since the standard
element stiffness matrix is singular and thus equation [150| would otherwise not be
solvable. The right hand side consists of two terms, an interior residual term for
the interior of the element, and a stress jump term on the element boundary. This
is similar to the interior and boundary residual terms that were encountered in the
explicit error estimator, though the exact formulas for these terms are somewhat
different. The first term is simply

R(v,0) = B(up,v) — ApM (up,v) (151)

Equation can be most efficiently evaluated using the following method X4 We
evaluate the first term first.

B(uh,v):/KBg;bblea(m)dx (152)

where Bg;bbl . is the standard ‘B’ matrix, or the matrix of derivatives of the element
shape functions, except that it is using the bubble shape functions rather than the
standard shape functions. Note that the result of equation [L52]is a vector of length
3x N shapepyppie, Where Nshapep,ppie is the number of bubble shape functions. We
note that the routine ForceFromStress in IsoSolid.C already performs the compu-
tation needed for equation [152] with the only change being the use of the matrix
B;;Fubbl . rather than the standard BT and thus this code could be re-used.
The second term can be evaluated in a similar way.

M(uh,v):/Kuh(x)v(x)dx (153)

Note that up(x) is a known function. This term is also a vector of length 3x N shapep,ppie -
The three entries corresponding to the i** bubble shape function are as follows

/ win(@)¢i(w)dz (154)

K

/ uap () di(x)dx (155)
K

/ usp(x) i (x)dx (156)
K
(157)
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where w1y, usp, and ug, are the x, y, and z components of uy, and ¢; is the it"
bubble shape function.

The boundary term consists of the following. g, x is simply the traction on the
element boundary, or

/g%des = / [oijnj] vds (158)
oK oK

where [o;;n;] denotes the averaged stress on the element faces. For two adjacent
elements, element ’a’ and element ’b’, it is the average of their stress traction vectors.

1
[O'Z'jnj] = 5 (ijnj + U?jnj) (159)

Again, the test (shape) function in this case, 'v’ is the bubble function rather than
the standard element shape function. We note that the boundary integral term in
equation [I49] and equation [I58]is over all faces of the element in question. Thus, if
the implementation of this term proceeds one face at a time, then there will be a
nodal summation step to get the complete right hand side vector corresponding to
the boundary integral term. We could also write this term as

Nfaces

/ Gy, KVdS = Z/ Gy, K UdS (160)
oK — Jok,

where 0K is the it face of element 'K’. Note that the test functions, v become the
element shape functions when restricted to an element. Thus, for a given element
bubble shape function ¢puppie, and a given face, we can write the previous equation
as

/8 9v,K Poubbleds (161)

7

Note that g, i is a 3-vector, and so for a given bubble shape function, and a given
face, f orc; 97, K Pvubbleds is also a 3-vector. We then take this 3-vector and project
it into the element right hand side. After looping through all faces and all bubble
shape functions, we end up with a vector that is of length 3 x N shapep,ppie-

Once the linear systems are solved on each element, the upper bound, 7,
from equation [148| can be computed as follows

Tupp = \/Z B(®gk, ®k) (162)
K
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This equation can also be written as follows. If we represent the function ®x as a
summation of coefficients multiplied by the bubble shape functions,

N shapepybble
o= >l (163)
=1

Nupp = \/Z B(®r, Px) = \/% (164)
K K

Finally, using equation [148] we have an upper bound on the error in the eigenvalue.
A lower bound on the error in the eigenvalue can also be computed. This is
described in detail in,® and we summarize here.
First, we define a function x € V', which we will define shortly. Once the function
x is defined, the lower bound can be computed as follows

MNow = M (165)
B(x;x)
The quantities in both the numerator and denominator can be computed by loop-
ing through all elements and computing the corresponding element-wise quantities
(using equation [I51]), and then summing globally.
Summarizing, in order to implement the quantity of interest approach for eigen-
value error estimation, we have the following steps. These must be carried out for
each eigenvalue.

then

1. Loop over all elements. Construct the bubble stiffness matrix, K} in equation
150} in the same way that standard element stiffness matrix is constructed,
but using the bubble shape functions.

2. Loop over all elements. Construct the right hand side of equation [I50} This
consists of the interior part, equation and the boundary part, equation
153

3. Loop over all elements and solve the linear systems to obtain the error
functions ®g.

4. Compute the upper bound on the error in the eigenvalue using equation

5. Compute the lower bound on the error in the eigenvalue using equation [L65
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2 Elements

Structural dynamics is a rich and extensive field. Finite element tools such as
Salinas have been used for decades to describe and analyze a variety of structures.
The same tools are applied to large civil structures (such as bridges and towers), to
machines, and to micron sized structures. This has necessarily led to a wealth of
different element libraries. Details of these element libraries are presented in this
section. For information on the solution procedures that tie these elements together,
please refer to section

2.1 Isoparametric Solid Elements. Selective Integration

The following applies to any solid isoparametric element, but is implemented in
the code on elements with linear shape functions (such as hex8 or wedge6). This
discussion addresses calculation of relevant operators on the shape functions and
eventual integration into the stiffness matrices. E]

2.1.1 Derivation

We begin with the separation of the strain into deviatoric and dillitational parts so
that their contributions to the stiffness matrix can be computed separately. This is
part of the strategy for avoiding overstiffness with respect to bending.

The strain energy density in the case of an isotropic, linearly elastic material is:

p= %(QGG + AMr(e)l) ee (166)

with some re-arrangement, this can be shown to be:
o 1 2
p=Géeé+ §ﬂ(tr(e)) (167)

where é = e — $tr(e)l.

Having separated the part of the strain energy density due to deviatoric part of
the strain from the part of the strain energy density due to the dillitational part
of the strain, we shall integrate them separtely. First, we must determine how to
express the strains in terms of nodal degrees of freedom.

We know that the deformation field is linear in the nodal degrees of freedom and
that the displacement gradient is also, so we should be able to expand each of those
quantities as follows.

5This development is based on work by Dan Segalman.
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Let P; be the node associated with the jthe degree of freedom and let s; be the
direction associated with that degree of freedom. The displacement field is:

i(z) = N (x)ug €s, (168)

where summation takes place over the degree of freedom j.
Similarly, the displacment gradient is:

- 0

Vii(z) = (%)NPJ' (@)us! &, (169)

J

We now define the shape deformation tensor W7 corresponding to the j th nodal
degee of freedom:

. o -
W (r) = (— ) V() (170)
Ous;
which, with Equation yields:
- 0 P/ o
W (z) = (a—mk)N 7 ()€, €k (171)
The symmetric part of this tensor is:
‘ 1. .
() = 5 (W) + W(a)") (172)
and the strain tensor is A
e(z) = 57 (x)us’ (173)

From the above, we construct the dillatational and deviatoric portions of the
strain in terms of the nodal displacement components:

tr(e(x)) = b (z)us’ (174)
where
Y (z) = tr(S9(z)) (175)
Similarly,
é(z) = B (x)us (176)
where N ' w
Bl(x) = 8 (a) — 3V (a)] (177)

The stiffness matrix is evaluated using the consitutive equation (Equation [167)
and the following definition:

32

Kmn = ~ p_~ P
’ oulmoulr

/ l p(z)dV (x) (178)
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This plus our expressions for strain in terms of the nodal degrees of freedom yield
us the following expression for element stiffness:

Kpn=G (B™(2))T o B™(x)dV (x)

volume

+5 b ()b (x)dV (z) (179)

volume

2.2 Implementation

From the above it is seen that once the shape deformation tensor W7 is found, the
rest of the calculation follows naturally. The calculation of the components of that
tensor is presented here. The components of W7 are

Wi, = &, Wi-e, (180)
O | <p
= 6m,5j(67%)N 7 (z) (181)

The partial derivative (%)N Fi(x) is calculated from

(GNP @(€) = (G IN(E)T: (152)
where
0
Iy = pe-an(6) (153)
and
N(§) = N(2(9)) (184)

The issue of selective integration in the elements is discussed in Appendix
The formulation discussed there applies to all the isoparametric solid elements.

2.3 Quadratic Isoparametric Solid Elements

Quadratic elements (elements with bilinear or higher order shape functions) such as
the Hex20 and Tet10 are naturally soft and do not need to be softened by positive
values of G and (3 (see section and Appendix [B| for definitions of G and f.)
Therefore, G=0 and f=0 are good values for such elements.
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2.4 Wedge elements
2.4.1 Shape Functions

The shape functions are given explictly in Hughes, (ref. |13]). These are provided as
bi-linear polynomials in r, s, ¢, and £, where r and s are independent coordinates
of the triangular cross-subsections, ¢t = 1 — r — s, and £ is the coordinate in the
third direction. For our purposes, it is necessary to expand the shape functions as
polynomials in r, s, and &:

Ny = AF + Abr + Als + Abe 4 Abre + Alse (185)

The shape functions and the coefficients are given in the following table:
Shape Function | Ag | Ay | Ay | As | A4 | As
N =11-¢9r 7 -3
Ny =

—
|
in
»
!
|
N[

—_
i
~+
o1
1
|
1
o |
1
N[
N[ =0
o1

!

z
D[N | O | o | = =
— —
722" )
~ =
N+
1
] NI
1
b
N+
1
N
1
o | =1

2.4.2 Quadrature

Three reasonable quadratures for wedges that come to mind are indicated in the
following table:
No. Points T S &

1 1/3]1/3 0

2 1/3]1/3]-1/V3
1/311/3| 1/V3
6 1/6 | 1/6 | -1//3
1/3]11/6 | -1/V3
1/6 [ 1/3 | -1/V3
1/6 [ 1/6 | 1/V/3
1/3]1/6 | 1/V3
1/6 [ 1/3 | 1/V/3

2.5 Tetl0 elements

The 4-point integration is given in Hughes (see 14), and the 16-point integration is
given in Jinyun. It is believed that a higher order integration is needed for the mass
matrix than the stiffness matrix and that the reason is that the mass matrix involves



2.6 Notes on calculating shape functions and their gradients for the Hex20 element47

higher degree polynomials. (Using 4-point integration to try to estimate the mass
matrix of a natural element resulted in a 30 by 30 mass matrix with several zero
eigenvalues.)

2.6 Notes on calculating shape functions and their gradients for
the Hex20 element

Using a 3D Pascal’s triangle, we can construct 20 polynomials of the form,
pi = elieyiey
where the r;, s; and ¢; (i = 1,...,20) are integers satisfying,
b s 4 t2<T
These terms may be constructed with the following loopE]

count=0
for T =0to 7
for J=0to 7
for K=0 to 7
if I"2 + J72 + K72 <=7
count = count + 1

r(count) = I
s(count) = 7J
t(count) = K
endif
endfor
endfor
endfor

We require 20 shape functions N;, with ¢ = 1,...,20, that satisfy the conditions
that N; =1 at node ¢ and N; = 0 at every other node. This results in 20 equations
at each node. Expressing the N; as linear combinations of the p;, we can write,

N = Ap (186)

where A is a 20x20 matrix. We want to find the 400 term A—matrix values. For
each node, we have 20 equations and there are 20 nodes; so, there are 400 equations
for the 400 unknowns. Let &; denote the natural coordinate value at the ith node.
We have Ap(&1) = &1 = (1,0,0, ...,0)”, and, in general, Ap(&;) = €;. So,

[€1,83, ..., &%] = [A][p(&1), p(&2), ..., D(E)]

7 This is how the rst matrix in Hex20.C was created.
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or,

I=AP

or,

A=p!

This matrix A is the matrix “hc20” in Hex20.C.
Not only can the shape functions be expressed as a linear combination of the p;,

but so can the derivatives, %, (j = 1,2,3). Differentiating equation |186, we have
J

ON Op

ON _ , 0p

Oe 7 Oe 7
but the Jp/0e; may be written as a linear combination of the p; via the following
trhee equations.

Ipi i—1 s .t
881 = 1]’ eyey (187)
Ipi i8i—1 t;
65; sieyes’ ey (188)
i S
88; tiel'esiey (189)

while noting that equations [I87], [I88] and [I89] are zero if 7;, s;, or t; is zero, respec-
tively. We would like to find the matrix B; with j = 1,2, 3 such that,

ON
— = B,p.
38]' ip
Evaluating ON /Oej and p'at all 20 nodes, we have,

ON ON _ ON

afc:j(gl)v @(62)7 ""87@(520) = B; [p(1),P(€2), - .., P(€2)] (190)

Matrix equation [T90] can be inverted to solve for B; with j = 1,2,3. In Hex20.C,
AB1 is By , AB2 is By, and AB3 is Bs.

2.7 Anisotropic Elasticity

Anisotripic elasticity requires special care in the rotation of the matrix of matrerial
parameters when those parameters are given in some coordinate system other that in
which the element matrices are calculated. A derivation of the formulae for rotating
those matrices is given in [A]
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2.8 Triangular Shell Element

The triangular shell element (TriaShell) is derived as follows. The bending d.o.f.
(w,05,0,) and the membrane d.o.f. (u,v,0,) are decoupled. The idea is to obtain
the membrane response using Allman’s triangle and the bending response using the
discrete Kirchoff triangular (DKT) element.

2.8.1 Allman’s Triangular Element
Using the formulation given in Ref. |15/ and replacing cos(7;j) = Z—J; and sin(vy;;) =

—zj;
I, we get

1 1 1
u = u1t +u2¢2+u3¢3+5921(WQ—W1)1/11¢2+§y32(W3—w2)¢2¢3+§y13(m —ws3)Y31y
(191)

v =011 +02¢2+03¢3+%x21(w2—w1)1/11¢2—%$32(W3—w2)¢2¢3—%$13(m—wg)wrﬂh

(192)

The stiffness and mass matrices ([K]ar, [M]ar) are found using general finite

element procedures. Unfortunately, a mechanism exists for this element if the de-

formations are all zero and the rotations are all the same value. Cook et al? have

a “fix” for this which has been implemented to avoid undesirable low energy modes
produced by this mechanism.

2.8.2 Discrete Kirchoff Element

As for the DKT1Y element, things are not so simple. The nine d.o.f. element is
obtained by transforming a twelve d.o.f. element with mid-side nodes to a triangle
with the nodes at the vertices only. This is obtained as follows. Using Kirchoff
theory, the transverse shear is set to zero at the nodes. And the rotation about
the normal to the edge is imposed to be linear. Using these constraints, a nine
d.o.f. bending element is derived (DKT) using the shape functions for the six-node
triangle. Unfortunately, the variation of w over the element cannot be explicitly
written. Therefore, the w variation over the element needs to be calculated before
the mass matrix can be obtained.

As stated, the equation for w is not explicitly stated over the element in the
derivation by Batoz at al.. Using a nine d.o.f. element, a complete cubic cannot
be written, since 10 quantities would be needed to get a unique polynomial. The
strategy taken here is that the stiffness matrix produced using for the DK'T element



50 2 ELEMENTS

provides reasonable results, and the derivation of the mass matrix is not as critical.
So, the equation for w is taken from Ref. |17, as

w = a1y +aghs+ags+asibe +asabs +assibt +arh *e +asta? s +ags iy
(193)

For the AT and DKT elements, the stiffness and mass matrices are derived
with the help of Maple. The consistent mass matrix is derived using “normal”
finite element procedures. If a lumped mass matrix is requested then the mass
matrix terms associated with the translation d.o.f. are found in the “normal” sense.
However, mass matrix terms for the rotational d.o.f. are set to 515 of the translation
terms.

In summary, the code has been written which uses the AT and DKT element
use in combination as a shell element. The stiffness matrices are calculated without
complication. The mass matrix for the AT element is also derived without com-
plication. The mass matrix for the DKT element is derived using an incomplete
polynomial, but the results obtained should not be effected very much.

2.8.3 Verification and Validation

The AT element is verified by comparing calculated results with the results published
by Allman in Ref. |15l The square plate in pure bending and a cantilvered beam
with a parabolic tip load are used as verification examples. The mass matrix is not
verified except to note that the mass is conserved in the u, v directions.

The DKT element is validated by using the experimental data published by Batoz
et al. in Ref. [16| for a triangular fin. The first 10 eigenvalues for the triangular fin
(cantilever) match very well. In addition, the DKT element is verified by using a
cantilevered beam and matching deflection results at the tip. If v = 0, then results
should match very closely with Euler-Beam theory results, and they did.

Finally, the AT/DKT element is verified by comparing with published results
from Ref. [18. Tables|l] and [2| show that our elements match exactly with ABAQUS
to the number of digits shown. The first column is the result produced by Ertas et
al., the second column is the result produced by ABAQUS, and the third column is
the result produced by SALINAS using this DKT/AT element.

2.9 Triangular Shell - Tria3

The triangular shell used most in Salinas is the Tria3 element developed by Carlos
Felippa of the University of Colorado in Boulder. This element is very similar to the
TriaShell element presented in section Full details of the theory behind the
element is out of the scope of this document, but details may be found in references
19, 20 and 21k
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| DOF | AT/DKT | ABAQUS | AT/DKT!
T 0.000 0.000 0.000
y 0.000 0.000 0.000
z | -1.405 x 1072 | -1.398 x 1072 | -1.398 x 102
0, | 3.337 x 1072 | 3.337 x 1072 | 3.337 x 1072
0, | 3.106 x 1072 | 3.089 x 1072 | 3.089 x 102
0, 0.000 0.000 0.000

Table 1: Comparison of deflections at Node 2

| DOF | AT/DKT | ABAQUS | AT/DKT!
x 0.000 0.000 0.000
y 0.000 0.000 0.000
2 1.949 x 1072 | 1.955 x 1072 | 1.955 x 102
0, | 3.363 x 1072 | 3.363 x 1072 | 3.363 x 102
0, |-2.686 x 1072 |-2.702 x 1072 | -2.702 x 102
0, 0.000 0.000 0.000

Table 2: Comparison of deflections at Node 3
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2.10 Two Node Beam

This is the definition for a Beam element based on Cook’s development (see pp
113-115 of reference 2).

The beam uses underintegrated cubic shape functions. Only isotropic material
models are supported. Torsional affects are accounted for in the axis of the beam.
The beam is uniform in area and bending moments, i.e. they are not a function of
position in the beam.

The following parameters are read from the exodus file.

1. The cross subsectional area of the beam (Attribute 1)

2. The orientation of the beam (Attributes 2, 3 and 4)

The orientation should not be aligned with the beam axis. In the event of an
inproperly specified orientation, a warning will be written, and a new orienta-
tion selected. The orientation is an x,y,z triplet specifying a direction. It does
not need to be completely perpendicular to the beam axis, nor is it required
to be normalized. The orientation vector, and the beam axis define the plane
for the first bending direction.

3. The first bending moment, I1. (Attribute 5).
4. The second bending moment. 12. (Attribute 6).

5. The torsional moment, J. (Attribute 7).

2.11 Truss

This is the definition for a Truss element based on pages 214-216 of Cook (ref |2).
The truss uses linear shape functions. Unlike the truss elements used by Nastran,
there is no torsional stiffness. The truss is uniform in area, i.e. the area is not a
function of position in the truss.
The following parameters are read from the exodus file.

1. The cross subsectional area of the truss (Attribute 1)

2.12 Springs

The Spring element is the simplest one dimensional element. It has no mass. Entries
in the stiffness matrix are added by hand. Note the following.

e The force generated in a Spring element should be colinear with the the nodes.
Typically spring elements connect coincident nodes so that no torques are
generated.
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e Springs attach 3 degrees of freedom. In the event that some of the spring
constants are zero, there is no effective stiffness for that associated degree of
freedom. However, the degree of freedom will remain in the A-set matrices.
This will be a problem if the other degrees of freedom are not attached to other
elements which provide stiffness entries connecting them to the remainder of
the model. For an understanding of the various solution spaces (such as the

A-set), see section

The data for spring elements is entered in the input file. Three values are given,
Kz, Ky, and Kz. This results in a 6x6 element stiffness matrix,

K, 0 0 -K, O 0

o K, 0 0 -K, 0
w_| o o K 0 0 -K
K, 0 0 K, 0 0
o -K, 0 0 K, 0
o 0 -K. 0 0 K,

Notice that K’ is blocked. It could be written more simply,

Ki{, Kj
K = < 11 2 >
Ky Ky

The rotation matrix for the two endpoints is block diagonal. As a result, the
stiffness matrix in the basic coordinate system can be written,

K1 Ky )
K —
< Ko Kn

Kij = R"K[;R
and R is the 3x3 rotation matrix of subsection B.171

where,

2.13 Multi-Point Constraints, MPCs

A description of MPCs is contained in the users manual. This subsection discusses
the coordinate system dependencies.

MPC(Cs may be defined in any coordinate system. However, all nodes in the MPCs
are defined in the same system. This is done for convenience in parsing, and not
for any fundamental reason. Consider a constraint equation where each entry in the
equation could be specified in a different coordinate system.

Z Czugkz) =0
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where C} is a real coeffient, and ugki) represents the displacement of degree of freedom

1 in degree of coordinate system k;. We can transform to the basic coordinate system
using uk) = > i Ry;i)u(.o), where R4 is the rotation matrix for coordinate system

i J
k;. Then we may write,
k) (0
> iR u =0
i7j

or,

T C® = o

where C’Z.(ki) => y Rg?i)Cj. Note however, that in this analysis, we have assumed
that the dimension of C is 3. Thus, rotation into the basic frame will likely increase
the number of coefficients.

Salinas is designed to support constraints through at least two methods. These
include a constraint transform method and Lagrange multipliers. Lagrange multi-
pliers have not been implemented at this time.

2.13.1 Constraint Transforms

Constraints may be eliminated using the constraint transform method. This is
described in detail in Cook, chapter 9 (ref [2)). In this method, the analysis set is
partitioned into constrained degrees of freedom and retained degrees of freedom.
The constrained dofs are eliminated.

Unlike many Finite Element programs, Salinas does not support user specifi-
cation of constraint and residual degrees of freedom. The partition of constrained
and retained degrees of freedom is performed simultaneously in the “gauss()” rou-
tine. This routine performs full pivoting so the constrained degrees of freedom are
guaranteed to be independent. Redundant specification of constraint equations is
handled by elimination of the redundant equations and issue of a warning. User
selection of constrained dofs in Nastran has led to serious difficulty to insure that
the constrained dofs are independent and never specified more than once.

For constraint elimination we have a constraint matrix C = C.C,., where C. is a
square, nonsingular matrix and C} is the solution. We wish to solve for,

Crc = - [Cc] -1 Cr

This is equivalent to the Gauss-Jordan elimination probrlem for Kz = b if we
let C. =b, C. = K and x = —C}.. There is one additonal wrinkle: we have mixed
the rows of C so C, is intermingled with C,.. However, we only require that C¢o be
non-singular. Therefore if we do a gauss elimination with full pivoting we should
simultaneously obtain an acceptable reordering of C', and botain Ci..
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In practice, it is not even necessary that C. be non-singular. It is not uncommon
for two identical constraints to be specified. The program issues a warning and
continues.

Constraint transform methods do not currently support recovery of MPC forces.

The Gaussian elimination is presently being performed with a sparse package
called ”SuperLU,” instead of a dense gaussian elimination, to speed up the time to
create Cy.. On some platforms, e.g., sgi and dec, the blas routine dmyblas2.c in the
CBLAS directory of of the SuperLU directory (need superlu-underscore-salinas.tar
to create this) should be the one and only routine whose object file is placed into
the SuperLU-blas library (presently called libblas-underscore-super.a) to be linked
in to create the salinas executable. Failure to include this routine will cause failures
of the type "Illegal value in call to DSTRV” on the above platforms, and including
more than just dmyblas2.c can cause slow performance on many platforms as the
SuperLU-CBLAS could override the built-in blas routines. (The built-in routines
are almost always faster.)

2.14 Rigid Elements

Salinas supports standard pseudoelements for rigid bodies. These include,

e RRODs - a rigid truss like element, infinitely stiff in extension, but with no
coupling to bending degrees of freedom.

e RBARS - a rigid beam, 6 degrees of freedom deleted

e RBE2 - a rigid solid. 6(n — 1) degrees of freedom deleted, where n is the
number of nodes

e RBE3 - an averaging type solid. This connects to many nodes, but removes
only 6 dofs.

All of the rigid elements are stored and applied internally as MPC equations.
The RBE2 is a special case of RBAR (actually just multiple instances). Note,
that unlike MPC equations, these rigid elements do activate (or touch) degrees of
freedom. In general, an MPC equation will not activate a degree of freedom. In the
case of a rigid element however, it is necessary to activate the degrees of freedom
before constraining them. Otherwise the rigid elements do not act like real elements.

Rigid elements are input into Salinas using exodus beam elements. A block entry
is then provided in the input file indicating what type of rigid element is required.
There is no stiffness or mass matrix entry for any type of rigid elements (only the
MPC entries described above).
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2.14.1 RROD

An RROD is a pseudoelement which is infinitely stiff in the extension direction. The
constraints for an RROD may be conveniently stated that the dot product of the
translation and the beam axial direction for a RROD is zero. There is one constraint
equation per RROD.

2.14.2 RBAR

An RBAR is a pseudoelement which is infinitely stiff in all the directions. The
constraints for an RBAR may be summarized as follows.

1. the rotations at either end of the RBAR are identical,
2. there is no extension of the bar, and
3. translations at one end of the bar are consistent with rotations.

It is apparent that the last two of these constraints may be specified mathemat-
ically by requiring that the translation be the cross product of the rotation vector
and the bar direction.

T=RxL
where T is the translation difference of the bar (defined as Us — U),

R is the rotation vector, and

L is the vector from the first grid to the second.

The three constraints in the cross product, together with the three constraints
requiring identical rotations at both ends of the bar form the six required constraint
equations.

2.14.3 RBE3

The RBES3 elements behavior is taken from Nastran’s element of the same name.
Note however, that the precise mathematical framework of the Nastran RBE3 ele-
ment is not specified in the open literature. This element should act like an RBE3
for most applications. The element is used to apply distributed forces to many nodes
while not stiffening the structure as an RBE2 or RBAR would. The RBE3 uses the
concept of a slave node. Constraints are specified as follows.

1. The translation of the slave node is the sum of translations of all the other
nodes in the element.

2. The rotation of the slave node is the weighted average rotation of all the other
nodes about it.
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While the first of these constraints is easy enough to apply using multi-point
constrairits, thg secgnd is a little more difficult. We seek a least squares type solution.

Eet DZ_,: Ul_._ Uslavev

L; = X; — Xstave

The L represent a vector from the “origin” to the point ¢, while the D; represent
the differential displacement of the same points. Note that the origin is at the
location of the slave node, and will not in general be at the centroid of the structure.

We will use least squares to compute the rotational vector of the slave node.
This is equivalent to computing a rotational inertial term and requiring a similar
net rotation for the centroid.

The displacement at the centroid should be given by,

Di=Rx L
or, in the least squares sense we seek to minimize F.
E=> (D;— RxL;)-(D; — R x L;)
i
Take the derivative of E with respect to a component of R, 7.

- — —

dE L
——=0=2) (& x L) (R x L;) = Di - (&, x Ly)

Now, let R =", 7mém. We substitute for R in the previous equation to obtain,
SN rmlée x Li) - (ém x Li) = Dy - (é x L;) =0
m. 4

Now, if we write L; as a column vector then the expression (éj X I_:Z) (X Ez)
can be written as L?Li -1 — L,-LiT. If the sum on ¢ is performed for the first term,

we may write,

m %

This provides three equations (one for each k) in the 3 unknowns, 7,.

The solution is found by looping once through all ¢ to fill in the A matrix,
and simultaneously to fill out the coefficients for the three equations involving D;.
Once the loop has been completed, the coefficients of R are known, and the three
components of 7, can be added for each of the three equations. Each equation has
3 components of R, 2n components of U; and 2 components of Ugqe for a total of
2n + 5 equations.
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2.15 Shell Offset

Consider a shell offset, with an offset vector, . Notice that ¥ could be defined at
each nodal location in what follows, but for this development, we assume a single
offset ¢ which applies to all nodes. Define a coordinate system at the node, with
variables u. On the offset beam the coordinate system is .

Now, u is related simply to @. The constraint of a constant offset may be stated
that the displacement difference of the two systems must be orthogonal to ¥, i.e.
(u —u) = ¥ x R, where R is the rotation at the nodes. Notice that the rotation is

the same at both nodes.
U U
<K>_[L]<K> (194)

Thus we can write,
where L is a constant matrix which depends only on the geometry. We can use this
transformation matrix to eliminate the degrees of freedom associated with 4. The
energy of the shell can be written,

Estrain :0.5{ Z }T [K} { : } (195)

But with this substitution,

Estrain :o.5{ ’ }T [LTKL] { p } (196)

If we let K = LTKL, then,

Eutrain =o.5{ ; }T[K]{ . } (197)

Thus, @ has been eliminated, and the equations may be rather simply put in
terms of the output variables.
2.16 Notes on Consistent Loads Calculations

Starting with equation 4.1-6 from Concepts and Applications of Finite Element
Analysis by Cook et al.,

{re} = / El{eo}dV — / (BI {o0}dV + / IN]T{F}dV + / IN]T {@}ds
’ (198)
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where each of these terms are defined in Subsection 4.1 of the above mentioned
reference. The load vector, {r.}, is composed of four parts in Eqn. In this
document, only the last part, which is the contribution of the surface tractions to
the load vector, will be considered. Rewritting,

{re} = /S IN|T{®}ds (199)

Here, the integral is calculated over the surface of the element on which the surface
traction, {®}, is applied. Therefore,

{cI)} = [‘pﬂﬁ@y@z}T (200)

and [N] is the shape function matrix of the element on which the surface tractions,
{®}, are applied. In Salinas, {®} can be applied within PATRAN by applying a
spatial field to a specified side set. As a result, when calculating the load vector,
this field must be accounted for. In Salinas however, this spatial field values will be
available only at the nodes of the element. Using the nodal values of this surface
traction, the value inside must be defined using an interpolation function over the
surface or side of the element. Since only one value per node may be specified on
the side set in Salinas, a surface traction may be applied only in one direction at a
time. Therefore, {®} will be defined as

@y ={ n, Sy 2 (201)

2.16.1 Salinas Element Types
The following 3-D and 2-D elements have consistent loads implemented:
e Hex8
e Hex20
e Wedgeb6
o Tetd
e Tetl0
o Tria3

e TriaShell
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e Tria6 (four Tria3s)
e QuadT (two Tria3s)
e Quad8T (1 QuadT and 4 Tria3s)

2.16.2 Pressure Loading

Here, we will consider only pressure loads on 3-D elements, such that

@y =4 ny $o(ry.2) (202)

where [ng, ny, n.]T is the normal to the element face. Hence, the consistent loads
can be calculated as,

(re} = / INJT{®}dS = / INJ"®(z, y, 2)(@ x B)dS. (203)
Se Se
Here,
o0 By Ox
a = [@r’ 07“’ 67"] (204)
> Ox Oy Oz,
b_ [887 88’ 88] (205)

where ® is the pressure load, and (z,y,z) are the physical coordinate directions,
and (r, s) are the local element directions for the face of the element. Notice, taking
the cross-product of @ and b, the normal is obtained.

2.16.3 Shape Functions for Calculating Consistent Loads

For 3-D elements, all the faces are either quadrilateral or triangular shaped. Hence,
shape functions for quads and triangles could be used to evaluate the consistent
loads. If the shape functions for the 3-D elements are used, it will reduce code and
“fit” better into the current finite element class structure. This is what is currently
implemented. This requires a “mapping” of the 3-D elements’ faces to a 2-D plane.
The additional overhead for using the 3-D elements is that each face of the element
must have this “mapping” which states how the elements’ 3-D shape functions will
map to a 2-D element. For example, for a Hex20, the element coordiantes (11, 72, 13)
are defined in a particular way. For each face of the Hex20, defined by a side id,
the face will have a local coordinate system (r,s). The “mapping” will define how
(r,s) are related to (etas,etas,etas). This will also help defined what how 2-D
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Gauss points are mapped to the 3-D face. These mappings are done for all the 3-D
elements.

2.16.4 Shell Elements - consistent loads

All the 2-D elements (shell elements) are based on the Tria3. The consistent loads
calculations for the Tria3d can be “copied” to the TriaShell. This way all the shell
elements will use the same consistent loads implementation. Since Carlos Felippa
designed the Tria3, his consistent loads implementation is used. The portion for
linearly varying pressure loads is shown here. If the loads are aligned along an edge,
{q}, they need to be decomposed into (gs,gn,qt). Where (s,n,t) are coordinate
directions along the element edge. Coordinate s varies along the element edge
tangentially, n is normal to the element edge, and ¢ is tangent to the element edge
in the transverse direction, i.e., in the direction of the thickness. Once, the edge
load is decomposed, the equations for consistent loads are

1

1
fs= 2*0(7(151 + 3¢s2) L21 fre = 2*0(3(151 + Tqs2) Lo (206)
1 1
o= %(7%1 + 3qn2) L21 = %(3%1 + Tan2) La1 (207)
1 1
fh= %(7%1 + 3qs2) Lot f= %(3%1 + Tqr2) Lo (208)
mls = mzs =0 (209)
T 2015) 2 2 _ L 3q0) L? 210
mo, = 60(%1-1- qr2) L7 21 mn—GO(Qt1+ q2)L721 (210)
1 1
m'y = —4*0(3%1 + 2¢n2) L?91 m? = 4*0(2%1 + 3an2) L*21 (211)

where g5 is the value of g in the s direction at node 1 of the edge, L15 is the length of
the edge. The superscipts 1,2 are the node numbers of the edge. Note, it is assumed
here that the load ¢ is per unit length, but this is not assumed when creating the
sideset in PATRAN for example. Therefore, this distributed load is multiplied, in
Salinas, by the thickness of the triangle.

Now if the pressure load is on the face of the Tria3, the equations become,
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a=fly=mh=f, =y =m"=[,=f,=m’ =0 (212)
= (4851)1 + %pg + %pg)A (213)

f2.= (9701?1 + 4%192 + %pg)A (214)

/= (970191 + 970p2 + ;%p:»,)A (215)

e = 3:510 [7(y31 + y21)p1 + (3ys1 + 5y21)p2 + (5ys1 + 3y21)ps] (216)
m', = %[7(9013 + z12)p1 + (3213 4 Bx12)p2 + (513 + 3712)ps) (217)
e = 3?0 [(5y12 + 3ysz)p1 + 7(y12 + ys2)p2 + (3y12 + 5y32)p3] (218)
my = 360 e [(5T21 + 3x23)p1 + T(221 + 23)p2 + (3x21 + H223)P3] (219)
e = 3?0 [(By2s + 5y13)p1 + (5923 + 3y13)p2 + 7(y23 + Y13)p3] (220)
e = 3601 (3%s2 + 5x31)p1 + (532 + 3w31)p2 + T(w32 + 231)p3] (221)

where y;; = y; —y; and x;; = x; — x5, A is the area of the triangle, p; is the value of
the pressure load at node i, and (z;,y;) are coordinates of the triangle in 2-D space.
Finally, the “pseudo” elements (QuadT, Quad8T, Tria6) created by using Tria3s
require a little extra overhead. For example, the Quad8T is composed of 1 QuadT
and 4 Triads. However, since it is defined as a Quad8T, it will have distribution
factors at its 8 nodes, and these distribution factors have to be mapped to the 1
QuadT and the 4 Triads. The number of distribution factors will be 3 however,
if the load is applied to its edge. Therefore, this extra coding can be seen in the
ElemLoad method of the shells’ classes.

2.17 Coordinate Systems

Coordinate systems are provided for a number of applications including:
1. specification of boundary constraints (SPCs)
2. specification of multi-point constraints (MPCs)
3. specification of material property rotations for anisotropic materials.

4. specification of spring directions (see subsection [2.12)).
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Y’ X'

Y

Figure 2: Original, and rotated coordinate frames

5. specification of output coordinate systems (in history files only).

There are some applications for coordinate systems which we do NOT intend to
support. These include,

1. specification of nodal locations,
2. specification of new coordinate systems in any but the basic system.

Coordinate systems for cartesian, cylindrical and spherical coordinates may be
defined. In the case of noncartesian systems, the X Z plane is used for defining the
origin of the 6 direction only.

Each coordinate system carries with it a rotation matrix. It is important to
clarify the meaning of that matrix. Specifically,

X' = RX

Where X’ is the new system of coordinates, R is the rotation matrix and X is the
basic coordinate system. For cartesian systems, the rotation matrix is static. Curvi-
linear systems will require computation of a new rotation matrix at each location
in space.

The usual identity on rotation matrices applies, namely:

X =R'X (222)

and
RTR=RRT =1

As an example, consider a cartesian system as shown in Figure
The new system (marked by primes) is rotated 6 from the old system with the
new X’ axis in the first quadrant of the old system. The rotation matrix is,
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cos(f) —sin(f) 0
R=| sin(#) cos(d) O
0 0 1

2.18 Constraint Transformations in General Coordinate Systems

In general, constraint equations can be applied in any coordinate system. We here

describe the transformation equations and implications for general constraints in

any coordinate system. The implications of this use in Salinas are also outlined.
Consider a constraint equation,

C'' = Q (223)

where the primes indicate a generalized coordinate frame. The frame may be
transformed to the basic coordinate system using equation and

u' = Ru (224)

We can now rewrite equation [223]
g (225)

where C' = C'R.

Thus a general system of constraint equations may be easily transformed to the
basic system. Further, the rotational matrix is a 3x3 matrix which may be applied
to each node’s degrees of freedom separately.

2.18.1 Decoupling Constraint Equations

We still have a coupled system of equations. We partition the space into constrained
and retained degrees of freedom, and describe the constrained dofs in terms of its
Schurr complement.

u= [ tr } (226)

Ue

The whole constraint equation may be similarly partitioned.

Uy
Ue

[ Cr Ce ] [ ] =[Q] (227)

Note that C, is an cxr matrix, C,. is cxc, and @ is a vector of length ¢. Under most
conditions @) is null.
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This may be solved for u,,
Ue = Cng - Cglcrur (228)

We must be concerned with cases where C, may be either singular or over con-
strained. The former case occurs if we try to eliminate ¢ equations, but the rank
of C' is less than c¢. This could occur if the equations are redundant. We can over
constrain the system only if @) is nonzero. Both these situations need attention, but
both can be dealt with.

We may also write the solution using a transformation matrix, 7.

] =+ (220)
where . [ Cl ] -
Cre = —C1C, (231)

and
o-[etal-12]

2.18.2 Transformation of Stiffness Matrix

We assume a similar partition of the stiffness matrix. The equations for statics are

then,
] L= .

o (K] [T] uy + [K] [Q} =R (234)
and T KTu, =17 {R - KQ} = R (235)

We can define the reduced equations,
K =T"KT = K,y + K;Cre + CLK + CLK..Cye (236)

and,

_ K..Q
R =TTR-TT7 "
|: chQ :|
= Rrr + CZ;RC - Krc@ - OZ;KCCQU

(237)
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The solution in the retained system is
Ku, =R (238)

The system may now be solved using the reduced equations, and the constrained
degrees of freedom may be solved using equation Much of this is detailed in
Cook, but without the constrained right hand side.

For eigen analysis the mass matrix may be transformed exactly as the stiffness
matrix in equation 236} There is no force vector.

For transient dynamics the mass and stiffness matrix transform the same. The
force vector and force vector corrections may be time dependent. There is currently
no structure to store these time dependent terms in Salinas.

2.18.3 Application to single point constraints

Our initial efforts at applying single point constraints (SPC) has been limited to the
basic coordinate system. In that system the equations decouple, C. is unity and C,..
is zero. Then equations 230] and [237] reduce to elimination of rows and columns.

To properly account for the coupling that occurs when the constraints are not
applied in the basic coordinate system, we must generate all the constraint equation
on the node. This may be up to a 6x6 system. I believe that there is no real conflict
in first applying constraints in the basic system, then adding additional constraints
in other systems.

The process for applying constraints can be summarized as follows.

1. Generate the constraint equation in the generalized coordinate system (equa-

tion [223]).

2. Transform the constraint equation to the basic coordinate system (equation
224)).

3. Determine the constraint degrees of freedom. It may need to be done in concert
with the next step to keep from degrading the matrix condition.

4. Compute the two transformation matrices C; ! and C,. from equations W

and 2311

5. Compute the corrections to the force vector from equation We currently
do not have a structure to store these corrections, except for the case of statics.

6. Compute the reduced mass and stiffness matrices from equation [236

7. Eliminate the constraint degrees of freedom from the mass and stiffness matrix.

In addition, for post processing,
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8. store the terms of the equations necessary to recover the constraint degrees of
freedom (equation [228)).

A few words about post processing could also prove useful. In the first imple-
mentation of Salinas, constraints were applied only in the basic coordinate system.
The degree of freedom to eliminate was obvious from the exodus file, and it’s value
was a constant (usually zero). In this later version, a more general approach must
be used. We use the following strategy.

1. degrees of freedom directly constrained to zero are handled implicitly. This is
done by setting the G-set vector to zero before merging in the A-set results.
There is no storage cost for this.

2. Other degrees of freedom are managed using an spc_info object. An array
of these objects will be stored globally. Each object contains the degree of
freedom to fill, an integer indicating the number of other terms, a list of
dofs/coefficients, and a constant. This facilitates solutions of the form,

retained dofs
ugpc = constant + Z u; C; (239)

i
2.18.4 Multi Point Constraints

The application to multipoint constraints is very straight forward. The only dif-
ference is that the whole system of equations must be considered together. This
changes the linear algebra significantly because the matrices must now be stored in
sparse format. However, the steps that are applicable for single point constraints
apply here as well. Subsection deals more explicitly with MPCs.

2.18.5 Transformation of Power Spectral Densities

Note: The following is taken almost verbatim from Paez’s book [22]. We identify
how to transform output PDS.

Let H(f) denote a frequency response function vector for a given input (in the
global system) expressed as,

H(f) = Hi(f)e1 + Ha(f)ea + Hz(f)es

where e; represents the unit vectors of this space. Note that H(f) is an output vector
at a single location in the model. H(f) can also be expressed using an alternate set
of unit vectors, €;.

H(f) = Hi(f)é1 + Ha(f)é2 + Hs(f)és
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Taking the dot product of these two equations and equating the results, we have,

3

Hi(f) =) cuiHi(f) (240)

k=1
where

Chi = €k - €;

The spectral density function G;;(f) (for a given input and at a single output loca-
tion) can be expressed as,

Gij(f) = oH; (f)H;(f) (241)

where « is a constant and superscript * denotes complex conjugate. Similarly for
the alternative coordinate frame,

Gij(f) = oLf (f)H;(f)

We may use equation to express G in terms of the H;. We may then use
the spectral definition in equation to provide the transformation of spectral
densities.

3 3
Gi(f) = «a (Z%ﬂ;ﬁ(f)) (Z ijHm(f)>
k=1 m=1
3
= S kG (242)
k=1m=1

This can be expressed in matrix notation as G = CTGC.

2.19 HexShells

Hexshells are provided to give the analyst an element with performance similar to
a standard shell, but with the mesh topography of a brick. Thus, thin regions of
the model can be meshed with hexshells, without concern for the bad aspect ratio
of the elements, and with topography consistent with a solid mesh.

The element is documented extensively in the description by Carlos Felippa (see
reference 23)). The paragraphs in this document summarize the limitations of the
shells and the possible usage.

Because hexshells have an inherent thickness direction, it is important to be able
to identify that direction. There are (at least) four methods to accomplish this.
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natural The natural ordering of the nodes in the element can determine the thick-
ness direction. This is the method used by Carlos in developing the element.
I believe that the connectivity for the element will indeed have to be modified
to properly interface to his software.

sideset The placement of a sideset on one (or both) thickness faces of the elements
uniquely identifies the thickness direction.

topology Usually the topology can be used to identify the thickness direction.
The hexshell should be used in a sheet. If the hexshells are considered alone,
only the free surfaces of the sheet are candidates for the thickness direction.
Further, once the thickness direction is established for one element, it must
propagate to the neighbors. (Note that this implies that we can’t have a self
intersecting sheet).

projection The thickness direction could be determined by the closest projection
to a coordinate direction.

We will try to support all of the above methods. The topology method puts the
least burden on the analyst. It is the least explicit however, and the most work
to implement (especially in parallel). The next simplest (for the analyst) is the
projection method. Sideset methods are burdensome for both the analyst and the
code development team. The natural method is the easiest to implement, but can
be next to impossible for the analyst to use.

Input will be structured as follows. Keywords are associated with each method.
Only one of the four keywords above can be entered. If no keyword is entered, then
topology is assumed.

Block 9
HexShell
orientation sideset=’1,2’
material=9

end

or,

Block 10
HexShell
orientation topology
material=9

end
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3 Linear Algebra Issues

3.1 Solution Spaces

There are a number of different dimensions in Salinas. These will be summarized
here with a focus on using the data within the matlab framework. Examples of how
to convert data from one dimensionality to another will be given.

The subject of matrix dimensions is an important one. Salinas has a fairly simple
set of dimensions compared to more complex systems like Nastran. However, it is
critical that these be well understood if we wish to manipulate the data.

As an example, I consider an eigen analysis of a structure with 9938 nodes. This
structure is made of shells and solids. There are no boundary conditions, but there
are 9 mpcs applied. I look at only the serial file sizes.

To get the required maps and other m-files, we must select 'mfiles’ in the output
section. To get the eigenvector data, we must also write the exodus file with ’disp’
selected in the output section.

For this model, we have the following important dimensions.

1. #nodes=9938
2. external set= #nodes * 6 dofs/node = 59628
G-set = # active dofs before boundary conditions = 42708

A-set = analysis set = # equations to be solved = 42699

A S

reduced external set = #nodes * 3 = 29814

There are 3 dofs/node for solid elements, but shells and beams have 6. In aggregate,
the total dofs is 42708 before boundary conditions and mpcs are applied. There are
no BCs in the model, but there are 9 MPC equations, each of which eliminates 1
dof, so the Aset is reduced to 42699.

Unfortunately, the eigen disp*.m files are written in the reduced external set
since this is what the analysts typically want. The bad news is that these m-files
are useless to us. The good news is that all the data is available in either m-files
or in the exodus output.

The matrices Mssr and Kssr contain the mass and stiffness matrices in the A-set.
They are symmetric matrices and only one half of the off diagonal is stored. To get
the complete matrix within matlab,

>>> K = Kssr + Kssr’ - speye(size(Kssr)).*Kssr;

The full eigenvectors (in the external set) are available in the output exodus file. To
get them use the seacas command exo2mat.
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> exo2mat example-out.exo
Within matlab, the data can be converted to a properly shaped matrix.

>>> load example-out

>>> phi = zeros(nnodes*6,nsteps);
>>> tmp = (0:nnodes-1)*6;

>>> phi(tmp+1, :)=nvar01;

>>> phi(tmp+2, :)=nvar02;

>>> phi (tmp+3, :)=nvar03;

>>> phi(tmp+4, :)=nvar04;

>>> phi (tmp+5, : )=nvar05;

>>> phi(tmp+6, :)=nvar06;

We now have phi as a matrix with each column corresponding to an eigenvector.
However, phi is dimensioned at 59628 x 10 for this example. We clearly can’t
multiply phi by K for example - the dimensions don’t match. To do this we need a
map.

We have two maps in our directory. FetiMap_a.m is the map from the external set
to the A set. Thus we can reduce phi to the A-set by combining it with Fetimap_a.
If the G-set is desired instead of the A-set, replace FetiMap_a with FetiMap.

>>> p2=zeros(max(max(FetiMap_a)) ,nsteps);
>>> for j=1:nnodes*6

>>> i=FetiMap_a(j);

>>> if (1 >0 )

>>> p2(i,:)=phi(j,:);

>>> end

>>> end

This is slow. A faster, but less straightforward method is shown here.

>>> mappl=FetiMap_a+1l;

>>> tmp=zeros (max (max (mappl)) ,nsteps);
>>> tmp(mappl, :)=phi;

>>> p2=tmp(2:max (max(mappl)),:);

Now we can do all the neat things like p2’*K+*p2.
To get back to the external set, we again use this map. For example, if we have
a vector of dimension 42699,
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>>> x=1:426997;

>>> XX = zeros(59628,1);
>>> for i=1:59628

>>> if ( FetiMap_a(i)>0 )

>>> XX(i)=x(FetiMap_a(i));
>>> end
>>> end

Obviously, similar shortcuts can be made to make this more efficient. One that
appears to work is shown here.

>>> xtmp=[ 0 x’];
>>> X2=xtmp (mappl) ;
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A Anisotropic Materials

Here we discuss how anisotropic elasticity is implemented in Salinasﬁ The approach
is reasonably standard, but a documentation here is necessary to specify which of
the many conventions of material parameter numbering is used in Salinas. Further,
it is useful to present the theoretical development for those who may do maintenance
on this part of the code.

A.1 Linear Anisotropic Elasticity

Linear elasticity asserts that the stress is a linear function of the strain:
Tij = C;ijlﬁkl (243)

Where C’?jkl are the Cartesian components of the fourth order constitutive tensor
and the Einstein convention of summation on repeated indices is used.

A.2 Stress Vectors

By definition, the strain is symmetric. Further, we make the usual constitutive
assumption that the stress is symmetric. This permits the representation of the 3x3
stress matrix and the 3x3 strain matrix each by a column vector having six rows.

011
022
s=4 738 (244)
023
013
g12 )

and,

€11
€22
€33
2623
2€13

2€12 )

This is the Voigt notation. Note that this mapping from ¢ to s and from € to e is not

universal. This is the numbering used in Malvern and seems to be popular in the
materials science world, but it differs from the numbering used in NASTRAN and

8 This is a transcription of Dan Segalman’s framemaker document, “aniosConst.frm”.
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from the numbering in ABAQUS. Further, note that though the above are usually
referred to as “stress vectors” and “strain vectors”, they are not vectors in the sense
that they map from one coordinate system to another as true vectors do. How that

mapping is done is discussed in a later section.
We use the above to map the fourth-order tensor C;ljkl into a 6x6 matrix of
material parameters. This is done with the aid of the matrices that formally map

o to s and from € to e.

€n = Em’jqj (245)
and
€ij = entFhij (246)
where
1 0 0] [0 0 0] 0 0 0]
Ei=|10 00 E;=(0 10 Es=|0 00
| 0 0 0 | | 0 0 0 | 0 0 1]
[0 0 0] [0 0 17 0 1 0]
Es=]10 0 1 Es=(0 00 Es=|0 0 0 (247)
| 0 1 0 | | 1 0 0 | 01 0|
and
1 0 0] 0 00 0 00
=000 =010 F3=10 00
0 0 0| 0 00 0 01
0 0 0 ] 0 0 1/2 0 1/2 0
F,=10 0 1/2 F5 = 0 0 0 Fs 0 0 0] (248)
0 1/2 0 1/2 0 0 0 1/2 0
We note that the stress mappings are also achieved with the above third order
quantities:
Sn = Fnijoij (249)
and
O‘ij = SnEm'j (250)
From Equations and or Equations and we see that,
Emianij = 5mn (251)

Substituting Equations and into Equation and simplifying with

Equation we find

Sm = Cmnen

(252)
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where
Crnn = FnijClipg Fu (253)

Though above shows how to find the 6x6 matrix Cj; in terms of the fourth order
tensor components ijklv the material description is usually provided directly in
terms of the components of Cj;.

A.3 Strain Energy and Orientation

We now address the situation where the matrix of material parameters of are provide
in a Cartesian coordinate system different from the coordinate system (usually the
global system) in which strains are calculated. Because stress and strain are tensors,
they transfer from one coordinate system to another by:

0ij = RuiGap Ry, (254)

and
€ij = Rai€ap Rp; (255)

where o;; and €;; are the stress and strain components calculated in some other
(global) Cartesian system and R,; are the components of the rotation matrix that
rotates the basis vectors in that global system to that with respect to which the
material properties are defined. A basis vector by in the local, material frame is
expressed in terms of the basis vectors of the global system by:

ba = Raibi (256)

where b1, bo, and b3 are the basis vectors of the global frame.

From Equations [249] 250], and [253] we find following

Sm = (FmijEnavRaiRyj)5n. (257)

From Equations [245] [246], and [255] we find the more useful relationship

Em = (EmianabRainj)én- (258)
The above two transformations are simplified:
s=T"3 (259)

and
e="Te¢ (260)
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where the 6x6 transformation matrix, T, is defined

Tnk = EniijabRainj =tr (E;{RFkRT) (261)
Noting that A
s = Ce, (262)
and substituting Equations and into Equation 262} we further find
s=TTCTe. (263)

Comparing the above with Equation we finally find that
C=T1TCT (264)

which was the main point of this exercise.

Note also that the components of arrays E, and F,, are mostly zero, with the
rest either 1 or 1/2. After using Maple to simplify the product matrix,we find that
T has a fairly simple form.

| T The

where
R}, R, Ris
Tn = R§1 R%2 R%z& ) (266)
Ry R3, Ri
Ri3R12 RizRi1 RizRi
Tia = | RogRao RazRo1 RazRar |, (267)
R33R32 R33R31 R33Rap

2Ro1R31 RooR32 RozR3s
To1 = | 2R11R31 Ri2R3» RizRs3 |, (268)
2R11R21 RiaRa2 RizRos

and
Ro3R3o + RooR33  RogzR31 + Ro1R33 RooR3p + Ro1R32

Tys = | RizR32 + Ri2R33 Ri3R31 + Ri1R33 RioR31 + Ri1R32 | . (269)
Ri3Roo + Ri19Ro3 Ri3Ro1 + Ri1Ro3 RiaRo1 + R11R22

Note that T defined above is the transformation matrix N in of Equatoin 3.34
in Auld’s “Acoustic Waves in Solids, Volume 1” (reference [24), which is used in the
same way.

The Maple code to perform the above calculations follows.
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with(linalg);

E[1] := matrix(3,3,[ [1,0,0],[0,0,0]1,[0,0,011);
E[2] := matrix(3,3,[ [0,0,0],[0,1,0]1,[0,0,011);
E[3] := matrix(3,3,[ [0,0,0],[0,0,0],[0,0,111);
E[4] := matrix(3,3,[ [0,0,0],[0,0,1]1,[0,1,011);
E[5] := matrix(3,3,[ [0,0,1],[0,0,0],[1,0,0]11);
E[6] := matrix(3,3,[ [0,1,0],[1,0,0]1,[0,0,011);

F[1] := E[1];
F[2] := E[2];
F[3] := E[3];

F[4] := (1/2)*E[4];
F[5] := (1/2)*E[5];
F[6] := (1/2)*E[6];
R := matrix(3,3);

for k from 1 to 6 do

FRR[k] := matrix(3,3);

FRR[k] := evalm ( R &* F[k] &xtranspose(R));
od;

T := matrix(6,6);

for k from 1 to 6 do

for n from 1 to 6 do

T[n,k] := 0;

for i from 1 to 3 do

for j from 1 to 3 do

Tln,k] := T[n,k] +evalm(FRR[k][i,j])*E[n][i,j];
od; od;

od; od;

readlib(C);
C(T);

read("/home/djsegal/Maple/tools/maple2mif .mpl");
M := maple2mif();

fprintf("/home/djsegal/MPP/notes/temp.mif",’%s’ ,M(eval(T))) ;

79
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B Integration of Isoparametric Solids

We show below how one achieves effective selective integration of isoparametric
solids in a manner that satisfies the standard conditions (such as the patch test)
and also accommodates anisotropic materials ]

We begin with the definition of the strain vector. For computational convenience
defines the stress and strain vectors:

011
722
s=¢ 73 (270)
023
013
g12 )

and,

€11

€22
€33

v= 9ers (- (271)

2¢13

2612

These are related through the matrix of elastic constants.
s=Cv (272)

We now take a look at virtual work, since it is from virtual work that the stiffness
matrix is derived.

oW = / sTovdV = / v CovdV (273)
Vv \%

If we select the above volume to be that of an element and use the strain-displacement
matrices associated with each nodal degree of freedom,

v(z) = Z Bj(z)u, (274)

where u; is the 4t nodal degree of freedom, the virtual work becomes

SW = ujduy, / B;(x)T OBy (z)dv (275)
14

9 This is a transcription of Dan Segalman’s framemaker document, “Isolnt.frm”.
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Since the element stiffness matrix is defined by
oW = u]‘(SKij (276)
we conclude that
Kij = / B;(x)T OBy (z)dV (277)
\%4
The next step is to decompose the strain-displacement vectors into deviatoric and
dilatational components.
Bj(z) = BY () + B} (x) (278)

where,

(279)

1
1
1
0
0
0

and 3d;(x) is the sum of the first three rows of Bj(x). BjD(CL') is defined by Equation
Substitution of Equation [278]into Equation yields:

K;; = /VB]D(SC)TC'B;?(x)dVJr /VBJV(JU)TC’B}C/(;L«)dV+ .

+ /V BY (z)"CB (x)dV + /V BP (x)"CBY (x)dV (280)
For isotropic materials, the deviatoric and dilatational portions of the strain are or-
thogonal with respect to the matrix of material constants, so the last two integrals in
the above equation are zero. It is sometimes common to integrate the contributions
of each to the stiffness matrix using separate strategies. Such approaches can pro-
duce elements with slightly less susceptibility to parasitic shear. Such an approach
does not work for elements of anisotropic material, so the following approach has
been developed.

B.1 Uniform Strain-Displacement Matrices

At this point it is useful to define the element averaged strain displacement matrices.

By = é/‘/Bk(a:)dV (281)
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For hex elements, these are the strain-displacement matrices of the Flanagan and
Belytschko, and are known as “uniform strain” elements. Elements formed by the
above strain/displacement matrices are very “soft”, having properties similar to
elements formed by single point integration. Hex elements of this sort display ex-
traneous zero-energy modes. In what follows, we consider linear combinations of this
strain-displacement matrix formulation with the consistent formulation presented in
Equation [274]

The uniform strain matrices are also separable into dilatational and deviatoric

parts.
B, =B} +Bp (282)

B.2 Mixed Integration

The approach presented here builds on one presented by Hughes!¥ We can achieve
the effect of softening elements by forming the strain displacement matrices from
combinations of the consistent strain-displacement and the uniform strain displace-
ment matrices.

Bi(z) = aBy + (1 - a)By (x) + BB + (1 - B)BY (x) (283)

(14) Note that for all values of a and [, the above correctly captures uniform
strains. It is in how the non-uniform strains contribute to the stiffness matrix that
the particular values of @ and # make a difference. By setting values of a and (3
according to the following table, we recover the standard integration forms:

alp Integration

1 | 1 | Flanagan and Belytschko
0]0 Full Integration
110 Selective Integration

We note that setting @ = 1 and using an intermediate value of 3, we can achieve
performance almost as good as that of the Flanagan and Belytschko element but
without admitting hour-glass modes.



Index

abstract,
Allman, 49

Citations,

CMS, 29

Component Mode Synthesis,
Craig-Bampton, [24]

element residual method,
error estimation, [27]
error estimator

explicit,
quantity of interest, [39]
Error Estimators
explicit
elasticity,

Felippa, Carlos,
foreward, [3]

generalized alpha,

Hex20, [45]
Hex8,

isoparametric solids,
linear algebra, [70]

matrix dimensions,
Modal Acceleration Method,

Newmark-Beta,
offset shells,

References, [73]
rho,

selective integration,

83

Shell

Triangle,
shell offsets,
solid elements, [43]
solution spaces, [70]
superelement, [24]

Tet10, [45]

time integration, [T}, [5]
Tria3, [50]

Tria6, 49

Triangular Shell,
Triangular shell, [49]

viscoelastic materials,
viscoelastics,
viscofreq,



	Solutions
	Time integration
	Linear transient analysis
	Nonlinear transient analysis
	Time integration with viscoelastic materials
	Equations of motion
	Constitutive equations
	Linear Representation of Velocity
	Midpoint Representation of Velocity

	Random Vibration
	algorithm
	Power Spectral Density
	RMS Output
	RMS Stress
	matrix properties for RMS stress
	model truncation

	Modal Frequency Response Methods
	No Rigid Body Modes
	Rigid Body Modes
	Example

	Complex Eigen Analysis - Modal Analysis of Damped Structures
	Modal Analysis of Damped Structures
	Input File Specification
	Output File Format
	Some Back Ground
	Viscoelasticity
	Viscofreq
	Trust Regions and Real Modes
	ViscoFreq - Approximating the Response of Viscoelastics

	Component Mode Synthesis
	Reduction of superelement matrices

	A posteriori error estimation for eigen analysis
	Preliminaries
	Approach I - explicit error estimator
	Extension of Estimators to Elasticity
	Explicit Estimator - Multiple Materials
	Explicit Estimator Summary
	Approach II - quantity of interest estimator


	Elements
	Isoparametric Solid Elements. Selective Integration
	Derivation

	Implementation
	Quadratic Isoparametric Solid Elements
	Wedge elements
	Shape Functions
	Quadrature

	Tet10 elements
	Notes on calculating shape functions and their gradients for the Hex20 element
	Anisotropic Elasticity
	Triangular Shell Element
	Allman's Triangular Element
	Discrete Kirchoff Element
	Verification and Validation

	Triangular Shell - Tria3
	Two Node Beam
	Truss
	Springs
	Multi-Point Constraints, MPCs
	Constraint Transforms

	Rigid Elements
	RROD
	RBAR
	RBE3

	Shell Offset
	Notes on Consistent Loads Calculations
	Salinas Element Types
	Pressure Loading
	Shape Functions for Calculating Consistent Loads
	Shell Elements - consistent loads

	Coordinate Systems
	Constraint Transformations in General Coordinate Systems
	Decoupling Constraint Equations
	Transformation of Stiffness Matrix
	Application to single point constraints
	Multi Point Constraints
	Transformation of Power Spectral Densities

	HexShells

	Linear Algebra Issues
	Solution Spaces

	References
	Anisotropic Materials
	Linear Anisotropic Elasticity
	Stress Vectors
	Strain Energy and Orientation

	Integration of Isoparametric Solids
	Uniform Strain-Displacement Matrices
	Mixed Integration

	Index



