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w Chapter B 1 Infroduction

B1.1 Library Elements

MARC contains an extensive element library. These elements provide coverage of plane stress
and plane strain structures, axisymmetric structures (shell type or solid body, or any
combination of the two), plate, beam and arbitrary shell structures, and full three-dimensional
solid structures. A short description of each element and a summary of the data necessary for
use of the elements is included in this section. The reader will note that many elements serve
the same purpose. Where possible, we have indicated the preferred element that should be used.
In general, we have found that the lower-order quadrilateral elements give significantly better
results than triangular elements in two dimensions. In problems involving thermal dependence
and/or nonlinear behavior, the higher-order isoparametric elements should be used. When
using the CONTACT capability, lower-order elements are advantageous. The CENTROID option
should only be used for linear analyses. Plate analysis can be performed by degenerating one
of the shell elements. The elements with midside nodes require a large bandwidth for the
solution of the master stiffness matrix. As a general comment, the user should be aware that the
sophisticated elements in MARC will enable problems to be solved with many fewer elements
when compared to solutions with conventional constant stress elements. This requires the user
to exercise his analytical skills and judgement. In return, the user will be rewarded by a more
accurate stress and displacement picture.

In this and subsequent sections, reference will be made to the first and second nodes, etc., of an
element in order to define either the direction or sequence of the nodes. This order of the nodes
is that which is defined by the connectivity matrix for the structure and is input by the
CONNECTIVITY model definition block of Volume C.

/ NOTES: For all elements right-handed coordinate systems are used. For all two-dimensional \
elements, right-handed rotation is counter-clockwise in the plane. In this chapter, nodes

are numbered in the order that they appear in the connectivity matrix. These numbers are,

of course, replaced by the appropriate node numbers for an actual structural model. For

all shell elements, stress and stiffness states are calculated at eleven representative
points through the thickness unless modified using the SHELL SECT parameter option

or through the COMPOSITE model definition option.

All shear strains are engineering values, not tensor values. j
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B1.2 Incompressible and Nearly Incompressible Elements
(Herrmann Formulation)

Certain elements in the program (Elements 32-35, 58-61, 63, 66, 74, 80-84, 118-120, and
128-130) allow the study of incompressible and nearly incompressible materials in plane strain,
axisymmetric, and three-dimensional cases through the use of an augmented variational
principle based on the Herrmann Formulation (see Volume A). The element is assumed to be
elastic (or viscoelastic). However, the implementation is general enough for large
displacements, creep and thermal strains to be taken into account. Note that although these
elements only allow elastic and viscoelastic behavior, they may be used in conjunction with
other elastic-plastic elements in the same mesh. It is also noted that these elements conform the
basis for fluid flow analysis (see Volume A). The elements may also be used to advantage for
compressible elastic materials, since their hybrid formulation usually gives more accurate
stress prediction.
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B1.3 Reduced Integration Elements

For a number of isoparametric elements in the program (Elements 22, 53-61, 69-71 , 73 and 74,
114-123), a reduced integration scheme is used to determine the stiffness matrix of the element.
In such a reduced scheme, the integration is not exact, the contribution of the highest order
terms in the deformation field is neglected. Reduced integration elements have specific
advantages and disadvantages. The most obvious advantage is the reduced cost for element
assembly. This is specifically significant for the three-dimensional elements (Elements 57, 61,
71, 117, 120, and 123). Another advantage is the improved accuracy which may be obtained
with reduced integration elements for higher-order elements. The increase in accuracy is due
to the fact that the higher-order deformation terms are coupled to the lower order terms. The
coupling is strong if the elements are distorted. The higher-order terms cause strain gradients
within the element which are not present in the exact solution. Hence, the stiffness is
overestimated. Since the reduced integration scheme does not take the higher-order terms into
account, this effect is not present in the reduced integration elements.

The same feature also forms the disadvantage of the element. Each of the reduced integration
clements has some specific higher-order deformation mode(s) which do not give any
contribution to the strain energy in the element. The planar elements have one such “breathing”
or “hourglass” mode, shown in Figure B 1.3-1. Whereas, the three-dimensional bricks have six
breathing modes. Breathing modes may become dominant in meshes with a single array
(8-node quads) or single stack (20-node bricks) of elements. In meshes using higher-order
elements of this type, sufficient boundary conditions should be prescribed to suppress the
breathing modes, or the exact integration element should be used. It may also be advantageous
to combine reduced integration elements with an element with exact integration in the same
mesh — this is always possible in MARC.

Figure B 1.3-1 “Breathing” or “Hourglass” Mode
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B1.4 Reduced Integration with Hourglass Control

The lower-order reduced integration elements, (114-123) are formulated with an additional
contribution to the stiffness matrix based upon a consistent Hu-Washizu variational principle
to eliminate the hourglass modes normally associated with reduced integration elements. These
elements use modified shape functions based upon the natural coordinates of the element,
similar to the assumed strain elements. They are very accurate for elastic bending problems.
One should note that as there is only one integration point for each element. Elastic-plastic
behavior is only evaluated at the centroid which may result in a loss in accuracy if only a single
element is used through the thickness. Additionally these elements do not lock when
incompressible or nearly incompressible behavior is present. Unlike the assumed strain
elements or the constant dilatation elements, no additional flags are required on the GEOMETRY
option.

B 1.4.1 Assumed Strain Elements

For a number of linear elements in the program (Elements 3, 7, 11), a modified interpolation
scheme may be used which improves the bending characteristics of the elements. This allows
the ability to capture pure bending using a single element through the thickness. It is activated
by setting the third field of the GEOMETRY option to one. This may substantially improve the
accuracy of the solution though the stiffness assembly computational costs will increase.

B 1.4.2 Constant Dilatational Elements

For a number of linear elements in the program (Elements 7, 10, 11, 19 and 20), an optional
integration scheme may be used which imposes a constant dilatational strain constraint on the
element. This is often useful for inelastic analysis where incompressible or nearly
incompressible behavior occurs. This option should always be used in metal forming analysis.
It is activated by setting the second field of the GEOMETRY option to one.
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B1.5 Updated Lagrange Procedure and Finite Strain Capability

The updated Lagrange procedure is available for a large number of elements in the MARC
Program. If this option is exercised, the stress output is in the global x-y-z directions for the
continuum elements, in a co-rotational system for beam and truss elements and in the usual
8, - 6, coordinate system for the doubly curved shells. If the finite strain capability is used, true
stresses will be obtained. The specific properties of each element in this respect are summarized
in the Quick Reference Tables.

Note that if the updated Lagrangian and/or finite strain feature is used, all element types in
MARC may be used. The updating procedure will only be used for those elements in the
analysis for which it is available; for the other elements, the total Lagrangian procedure will be
used. Hence, it is possible to use gaps, reinforcement elements and/or rubber elements in a
finite strain plasticity analysis.

For a large strain plasticity calculation, simple element types are to be recommended.
Higher-order elements may degenerate due to the large deformations, and the solution may
become poor. With the dominance of plasticity in the solution, the deformations become
(approximately) incompressible. It is, therefore, recommended that in plane strain,
axisymmetric or three-dimensional analysis, the element mesh is selected such that these
deformations are possible. Possibilities to do this are described in a paper by Nagtegaal et al.,
Volume, F, Reference XXV and include:

a. The “cross triangle” approach where four triangles form the edges and the
diagonals of a quadrilateral element;

b. The modified volume strain integration approach for the bilinear isoparametric
elements in MARC (see Volume F, Reference XXV). This approach is optionally
available for element types 7, 10, 11, 19 and 20.
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B 1.6 Shell Layer Convention

The shell elements in MARC are numerically integrated through the thickness. The number of
layers may be defined for homogeneous shells through the SHELL SECT parameter option. The
default is eleven layers. For problems involving homogeneous materials, Simpson's rule is used
to perform the integration. For inhomogeneous materials, the number of layers is defined
through the COMPOSITE model definition option. In such cases, the trapezoidal rule is used for
numerical integration through the thickness.

The layer number convention is such that layer one lies on the side of the positive normal to
the shell, and the last layer is on the side of the negative normal. The normal to the element is
based upon both the coordinates of the nodal positions and upon the connectivity of the
element. The definition of the normal direction can be defined for five different groups of
elements.

B 1.6.1 Beams in Plane - Elements 16 and 45

For element 16, the s-direction is defined in the coordinate block; for element 45, the
s-direction points from node 1 to node 3. The normal direction is obtained by a rotation of 90°
from the direction of increasing s in the x-y plane.

B 1.6.2 Axisymmetric Shells - Elements 1, 15, 87, 88, 89 and 90

For element 1 or 88, the s-direction points from node 1 to node 2. For element 15, the
s-direction is defined in the coordinate block. For elements 87, 89, and 90, the s-direction points
from node 1 to node 3. The normal direction is obtained by a rotation of 90° from the direction
of increasing s in the z-r plane.

B 1.6.3 Curvilinear Coordinate Shell Elements 4, 8 and 24

The normal to the surface n is a, x a,, where a, is a base vector tangent to the positive 0! line
and a, is a base vector tangent to the positive 6 line.

B 1.6.4 Triangular Shell Element 49

A set of base vectors tangent to the surface are created first. The first V, is in the plane of the

three corner nodes in the direction of the third node. The normal is then formed as
D=y xV,.
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B 1.6.5 Shell Elements 22, 72, 75, 85 and 86

A set of base vectors tangent to the surface are first created. The first ¢, is tangent to the first
isoparametric coordinate direction. The second t, is tangent to the second isoparametric
coordinate direction. In the simple case of a rectangular element, t; would be in the direction
from node 1 to node 2 and t, would be in the direction from node 2 to node 3. In the nontrivial
(nonrectangular) case, a new set of vectors V, and V, would be created which are an orthogonal
projection of ¢, and t,. The normal is then formed as n =V, x ¥,. Nocte that the vector n = t, x
t, would be in the same general direction as n. Thatis, n-n>0.

B 1.6.6 Shell Elements 50, 85, 86, 87, and 88

For heat transfer shell elements 50, 85, 86, 87, and 88, multiple degrees of freedom are used to
capture the temperature variation through the thickness directions. The first degree of freedom
is a temperature on the top surface; i.e., the positive normal side, while the second degree of
freedom is on the bottom surface; i.e., the negative normal side. If a quadratic variation is
selected, the third degree of freedom represents the temperature at the midsurface.
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B1.7 Transverse Shear for Thick Beams and Shells

In the K2 and earlier versions of MARC, the transverse shear distribution through the thickness
for thick beam 45, and thick shells Z2 and 75 was constant. In subsequent versions, a more
“parabolic” distribution of transverse shear may be used. It is based upon a strength of materials
beam equilibrium approach. For beam 45, the distribution is exact and the user no longer needs
to correct his Poisson's ratio for the shear factor. For thick shells 22 and 75, the new formulation
is approximate since it is derived by assuming that the stresses in two perpendicular directions
are uncoupled. To activate the parabolic shear distribution and calculation of interlaminar
shear, include the TSHEAR parameter option.
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B1.8 Beam Elements

When using beam elements, it is necessary to define four attributes of each element. The four
attributes are defined in the following sections and summarized in Table B 1.8-2 and
Table B 1.8-2.

Table B 1.8-1 2D Beams

Element Beam . . Cross-section
Type Length Orientation Cross-section Definition Orientation
5 |Xp = Xy 1to2 Rectangular via GEOMETRY Global z
16 |User Defineds | Increasings |Rectangular via GEOMETRY Global z
14 |X3 = x4 1t03 Rectangular via GEOMETRY Global z
Table B 1.8-2 3D Beams
Element Beam . I Cross-section
Type Length Orientation Cross-section Definition Orientation
13 |User Defined s | Increasings |Open section via BEAM SECT |via COORDINATES
allows twist
14 1 X, — X ll 1to2 Closed section circular default |GEOMETRY or
or BEAM SECT COORDINATES
25 |x 5= xll 1to2 Closed section circular default |GEOMETRY or
or BEAM SECT COORDINATES
31 Bending radius 1to2 Circular Pipe or BEAM SECT |GEOMETRY
or [X, = X{|
52 [xz - x1| 1to2 A, lyx, lyy on GEOMETRY or  |GEOMETRY or
BEAM SECT COORDINATES
76 |x3 —X 1| 1t03 Closed section circular default |GEOMETRY or
or BEAM SECT COORDINATES
77 ]x3 - x1| 1t03 Open section via BEAM SECT |GEOMETRY or
COORDINATEs
78 |x2 - Xll 1to2 Closed section circular default [GEOMETRY or
or BEAM SECT COORDINATES
79 |x2 - x1| 1to2 Open section via BEAM SECT [GEOMETRY or
COORDINATES
98 |x2 - XII 1to2 A, lyx, lyy on GEOMETRY or  |GEOMETRY or
BEAM SECT COORDINATES
Note: Elements 31, 52, and 98 are elastic elements.
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B 1.8.1 Length of Element

The length of a beam element is generally the distance between the last node and the first node
of the element. The exceptions are for the curved beams 13, 16, and 31. For element types 13
and 16, the user provides s as the length of the beam. If element 13 is used as a pipe bend, the
length will depend on the bending radius.

B 1.8.2 Orientation of Beam Length

The orientation of the beam (local z-axis) is generally from the first node to the last node. The
exceptions are for the curved beams 13 and 16. For these elements, the axis is in the direction
of increasing s (see Length of Element above).

B 1.8.3 Cross-section Properties

The cross-section properties fall into four different groups.

1. For two dimensional beams (elements 5, 16, and 95), only rectangular beams are
possible. The height and thickness are given through the GEOMETRY option. The stress
strain law is integrated through the height of the beam.

2. For elastic beam elements 52 or 98, the area and moment of inertias can be specified
directly through the GEOMETRY option. For the plastic pipe-bend element 31, the
radius and thickness are defined in the GEOMETRY option. The BEAM SECTION option
may also be used to define the properties for these elements.

3. For closed-section elements (14, 25, 76, and 78), the default cross section is a circular
cross section (see Figure B 1.8-1). When using the default circular section, 16 points
are used to integrate the material behavior through the cross section. General closed
section elements may be defined using the BEAM SECT option.

4. For open section beam elements (13, 77, and 79), the BEAM SECT must be used to
define the cross section.
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o =~ — 3¢

Thickness

Figure B 1.8-1 Default Cross Section

Definition of the Section

In any problem, any number of different beam sections may be included. Each section is
defined by data cards following the BEAM SECTION parameter option of the MARC input
given in Volume C. The sections will be numbered 1, 2, 3, etc. in the order they are input.
Then, a particular section is obtained for an element by setting EGEOM2 (GEOMETRY
option, Card 2, second field) to the floating point value of the section number; i.e., 1, 2, or
3. For elements 14, 25, 76, or 78 if EGEOM1 is nonzero, the default circular section is
assumed. The beam section must be defined for open section beams. The section is defined
using input data as shown in Figure B 1.8-2.
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Section 1 Section 2
I 10 | x¢ 8
]
C ) —r—
5 4 3 4
v/ S v¢ ©
3 | 1 2 )
C ] — C
2 I
8
i
Branch Divisions Thickness Branch Divisions Thickness
1-2 8 1.0 1-2 10 1.0 '
2-3 4 0.0 2-3 10 1.0
3-4 8 0.3 3-4 10 1.0
4-5 4 0.0
5-6 8 1.0
11 6 Section 3

Branch Divisions Thickness

= 1-2 8 0.5
T 2-3 8 0.5
3-4 4 0.5
4-5 4 0.5
5-6 4 0.5

Figure B 1.8-2 Section Definition Examples

The rules and conventions for defining a section are as follows:

a. The section is defined in an x! - y! coordinate system, with x! the first director
at a point of the beam (see Figure B 1.8-3).
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(x,y,2)
¢ / 1

xt
T Shear Center

L.

|_=—1]

Figure B 1.8-3 Beam Element Type 13 Including Twist, (x/, y’, z%)
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b.

Example

As an example of defining beam sections, the three sections shown in Figure B 1.8-2 may
be defined by the data shown in Table B 1.8-3. The corresponding output for the I-Section
is shown in Table B 1.8-4 and Table B 1.8-5. The program provides the user with the
location of each stress point on the section, the thickness at that point, the weighting
associated with each point (for numerical integration of section stiffness) and the warping
function (sectorial area) at each point. Notice the use of zero thickness branches in the traverse of

The section is input as a series of branches. Each branch may have a different
geometry, but the branches must form a complete transverse of the section in
the input sequence. Thus, the end point of a branch is always the start of the
next branch. It is legitimate (in fact, it is often necessary) for the traverse of the
section to double back on itself. This is achieved by specifying a branch with
zero thickness.

Each branch is divided (by the user) into segments. The stress points of the
section, that is, the points used for numerical integration of section stiffness and
also for output of stress, will be the segment division points. Then end points of
any branch will always be stress points, and there must always be an even
number of divisions (nonzero) in any branch. A maximum of 31 stress points
(30 divisions) may be used in a complete section, not counting branches of zero
thickness.

Within an branch, the thickness will vary linearly between the values given for
thickness at the end points of the branch. The thickness may be discontinuous
between branches. If the thickness at the end of the branch is given as an exact
zero, the branch is assumed to be of constant thickness, equal to the thickness
given at the beginning of the branch.

The shape of any branch will be interpolated as a cubic based on the values of
x! and y! and their directions with respect to distance along the branch, which
1 1
are input at the two ends of the branch. If both gd}s_ and % are given as exact
zeros at both ends of the branch, the branch is assumed to be straight as a
default condition. Notice that x! and y! for the beginning of the branch are
given only for the first branch of a section, since the beginning point of any
other branch must be the same as the end point of the previous branch. Notice

also that the section can have a discontinuous slope at the branch ends.

Any stress points separated by a distance less than t/10, where t is a thickness at
one of these points, will be merged into one point.

the I-Section.

Standard (Default) Circular Section

For elements 14, 25, 76, and 78, the default cross section is a circular pipe. The positions of
the 16 numerical integration points are shown in Figure B 1.8-1. The contributions of the 16
points to the section quantities are obtained by numerical integration using Simpson's rule.

B1.8-6
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12345678901234567890123456789012345678901234567890123456789012345678901234567890

Xb Yb dXb/ds dYb/ds Xe Ye dXe/ds dYe/ds
s tb te
beam sect
i-section
5 8 4 4
-10.0 -5.0 0.0 1.0 -10.0 5.0 0.0 1.0
10.0 1.0 1.0
0.0 -1.0 -10.0 0.0 0.0 -1.0
5.0 0.0 0.0
1.0 0.0 10.0 0.0 1.0 0.0
20.0 0.5
0.0 1.0 10.0 5.0 0.0 1.0
5.0 0.0 0.0
0.0 -1.0 10.0 -5.0 0.0 -1.0
10.0 1.0 1.0
last
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Table B 1.8-5 Beam Section Point Coordinates and Weights

Volume B: Element Library

Section 1 (Open)

Point Number | Coordinates in Section | Thickness | Warping Ftn. | Weight
1 -10.00000 -5.00000 1.00000 -50.00000 0.41667
2 -10.00000 -3.75000 1.00000 -37.50000 1.66667
3 -10.00000 -2.50000 1.00000 -25.00000 0.83333
4 -10.00000 -1.25000 1.00000 -12.50000 1.66667
5 -10.00000 0.00000 0.75000 0.00000 1.25000
6 -10.00000 1.25000 1.00000 12.50000 1.66667
7 -10.00000 2.50000 1.00000 25.00000 0.83333
8 -10.00000 3.75000 1.00000 37.50000 1.66667
9 -10.00000 5.00000 1.00000 50.00000 0.41667

10 -7.50000 0.00000 0.50000 0.00000 1.66667
1 -5.00000 0.00000 0.50000 0.00000 0.83333
12 -2.50000 0.00000 0.50000 0.00000 1.66667
13 0.00000 0.00000 0.50000 0.00000 0.83333
14 2.50000 0.00000 0.50000 0.00000 1.66667
15 5.00000 0.00000 0.50000 0.00000 0.83333
16 7.50000 0.00000 0.50000 0.00000 1.66667
17 10.00000 0.00000 0.75000 0.00000 1.25000
18 10.00000 5.00000 1.00000 -50.00000 0.41667
19 10.00000 3.75000 1.00000 -37.50000 1.66667
20 10.00000 2.50000 1.00000 -25.00000 0.83333
21 10.00000 1.25000 1.00000 -12.50000 1.66667
22 10.00000 -1.25000 1.00000 12.50000 1.66667
23 10.00000 -2.50000 1.00000 25.00000 0.83333
24 10.00000 -3.75000 1.00000 37.50000 1.66667
25 10.00000 -5.00000 1.00000 50.00000 0.41667
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B 1.8.4 Cross-section Orientation

The cross-section axis orientation is important both in defining the beam section and in
interpreting the results. The moments given in the output and the post tape are with respect to
the local axes defined here. The definition falls into the following three groups:

1. For two dimensional beam elements (5, 16, and 45), there is no choice. The local
X-axis is in the global z-direction.

2. For element type 13, the direction cosines of the local axis is given in the coordinates
block. Different values can be prescribed at both nodes of the beam. This allows the
user to prescribe a twist to the element.

3. For all other beam elements, the local axis may be given in either of two ways:

a. The coordinates of a point (point 3) is chosen to define the local x-z plane (see
Figure B 1.8-4).

b. The direction cosines of a vector in the x-y plane is defined. The local x-axis in
then the component of this vector which is perpendicular to the z-axis (see
Figure B 1.8-5).

Local x-z plane

Figure B 1.8-4 Local Axis Defined by Giving a Point
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Local x-z plane

Figure B 1.8-5 Local Axis Defined by Giving a Vector

B 1.8.5 Location of the Local Cross-section Axis

The origin of the local coordinate system is at the nodal point. The beam section is defined with
respect to this point. If the origin is the shear center of the cross section, the element will behave
in the classical manner, a bending moment parallel to a principle axis of the cross section will
cause no twisting.

In the output, the location of the integration points is given with respect to the shear center. See
Figure B 1.8-6

For the default circular cross section, the local origin is at the center of the pipe which is the
shear center.
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Figure B 1.8-6 Location of Local Axis
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B1.9 Element Characteristics

In Chapter 3, the element description appears in the sequence in which they are developed in
the program. However, it is easier to recognize the applicability of each element by grouping
it in its own structural class. This is shown in Table B 1.9-1. Table B 1.9-2 lists the element
library in the sequence that the elements were developed.

Each element type has unique characteristics governing its behavior. This includes the number
of nodes, the number of direct and shear stress components, the number of integration points
used for stiffness calculations, the number of degrees of freedom, and the number of
coordinates. This information is summarized in Table B 1.9-3. These values are also very
useful when writing user subroutines (see Volume D).

The availability of the updated Lagrange procedure for different element types is given in
Table B 1.9-3. If an element cannot support the updated Lagrange method, the total Lagrange
method is used for that element.

A summary of which elements are available for heat transfer, Joule Heating, Conrad-gap,
channels, electrostatics, and magnetostatics in summarized in Table B 1.9-4.
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Table B 1.9-1 Structural Classification of Elements

Element
Element Structural Type [ Number Function Remarks
Three-dimensional truss 9 |Linear 2-node straight
12 |Linear 4-node straight gap and friction
64  |Quadratic 3-node curved
97 |Linear 4-node straight double gap and friction
51 Analytic 2-node cable element
Two-dimensional beam 5 Linear/cubic 2-node straight
column 16  |Cubic 2-node curved
45  |Cubic 3-node curved Timoshenko theory
Three-dimensional beam 13 |Cubic 2-node curved open section
cotumn 14 Linear/cubic 2-node straight closed section
25 |Cubic 2-node straight closed section
31 Analytic 2-node elastic
52 |Linear/cubic 2-node straight elastic
76 |Linear/cubic 2 + 1-node straight closed section; use
with Element 72
77  |Linear/cubic 2 + 1-node straight open section; use
with Element 72
78 |Linear/cubic 2-node straight closed section; use
with Element 75
79 |Linear/cubic 2-node straight open section
98 |Linear 2-node straight Timoshenko theory
Axisymmetric shell 1 Linear/cubic 2-node straight
15 |Cubic 2-node curved
89 |Quadratic 3-node curved thick shell theory
90 |Quadratic 3-node curved with arbitrary loading;
thick shell theory
Plane stress 3 Linear 4-node quadrilateral
26  |Quadratic 8-node quadrilateral
53 [Quadratic 8-node reduced integration
quadrilateral
114  |Linear/Assumed strain |4-node quadrilateral, reduced
integration, with hourglass control
124  |Quadratic 6-node triangle

B19-2
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Table B 1.9-1 Structural Classification of Elements (Continued)

Element
Element Structural Type |Number Function Remarks
Plane strain 6 |Linear 3-node triangle
1 Linear 4-node quadrilateral
27  |Quadratic 8-node quadrilateral
54  |Quadratic 8-node reduced integration
quadrilateral
91 Linear/special 6-node semi-infinite
93  |Quadratic/ 9-node semi-infinite special
115  [Linear/Assumed strain |4-node quadrilateral, reduced
integration, with hourglass control
125 |Quadratic 6-node triangle
Generalized plane strain 19 Linear 4 + 2-node quadrilateral strain Node
5-6; transverse strain
29 Quadratic 8 + 2-node quadratic Node 9-10;
transverse strain
56 Quadratic 8 + 2-node quadrilateral reduced
integration
Axisymmetric solid 2 Linear 3-node triangle
10 Linear 4-node quadrilateral
28 |Quadratic 8-node quadrilateral
20 |Linear 4-node quadrilateral with twist
55 Quadratic 8-node quadrilateral reduced
integration
62 |Quadratic 8-node quadrilateral with arbitrary
loading
67 |Quadratic 8-node quadrilateral with twist
73  |Quadratic 8-node quadrilateral with reduced
integration and arbitrary loading
92 Linear/special 6-node semi-infinite
94  |Quadratic/ 9-node semi-infinite special
95 |Linear 4-node quadrilateral with bending
96 |Quadratic 8-node quadrilateral with bending
116 Linear/Assumed strain |4-node quadrilateral, reduced
integration, with hourglass control
126  |Quadratic 6-node triangle
Membrane 18 Linear 4-node quadrilateral
three-dimensional 30 |Quadratic 8-node quadrilateral
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Table B 1.9-1 Structural Classification of Elements (Continued)

Element
Element Structural Type |Number Function Remarks
Doubly-curved thin shell 4  |Cubic 4-node curved quadrilateral
8 |[Fractional cubic 3-node curved triangle
24  |Cubic patch 4 + 4-node curved quadrilateral
49 |Linear 3 + 3-node curved triangle
discrete Kirchhoff
72  |Linear 4 + 4-node twisted quadrilateral
discrete Kirchhoff
Doubly-curved thick shell 22  |Quadratic 8-node curved quadrilateral with
reduced integration
75 |Linear 4-node twisted quadrilateral
Three-dimensional solid 7 |Linear 8-node hexahedron
21 Quadratic 20-node hexahedron
57  |Quadratic 20-node hexahedron reduced
integration
107 Linear/special 12-node semi-infinite
108 |Quadratic 27-node semi-infinite special
117  |Linear/Assumed strain |8-node hexahedron, reduced
integration with hourglass control
127  |Quadratic 10-node tetrahedron
Incompressible plane strain 32  |Quadratic 8-node quadrilateral
58 |Quadratic 8-node quadrilateral with reduced
integration
80 |Linear 4 + 1-node quadrilateral with Node 5:
pressure
118 Linear/Assumed strain |4 + 1-node quadrilateral with Node 5:
pressure, reduced integration with
hourglass control
128  |Quadratic 6-node triangle
Incompressible generalized 34  |Quadratic 8- and 2-node; Node 9-10; transverse
plane strain strain
60 |Quadratic 8 + 2-node quadrilateral with reduced
integration
81 Linear 4 + 3-node quadrilateral; Node 5-6:

transverse strain; Node 7: pressure

B19-4
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Table B 1.9-1 Structural Classification of Elements (Continued)

Element
Element Structural Type |Number Function Remarks
Incompressible 33  |Quadratic 8-node quadrilateral
axisymmetric 59 |Quadratic 8-node quadrilateral with reduced
integration
63 |Quadratic 8-node quadrilateral with arbitrary
loading
66 |Quadratic 8-node quadrilateral with twist
74  |Quadratic 8-node quadrilateral with arbitrary
loading and reduced integration
82 |Linear 4 + 1-node quadrilateral Node 5:
pressure
83 Linear 4 + 1-node quadrilateral with twist
Node 5: pressure
119 Linear/Assumed strain |4 + 1-node quadrilateral. Node 5:
pressure. Reduced integration with
hourglass control
129  |Quadratic 6-node triangle
Incompressible 35 |Quadratic 20-node hexahedron
three-dimensional solid 61 Quadratic 20-node hexahedron with reduced
integration
84 |Linear 8 + 1-node hexahedron Node 9:
pressure

120 |Linear/Assumed strain |8 + 1-node hexahedron Node 9:
pressure. Reduced integration with
hourglass control

130 |Quadratic 10-node tetrahedron
Pipe bend 17  |Cubic 2-no_des in-section; 1-node out-of-
section
31 Special 2-node elastic
Rebar Elements 23  |Quadratic 20-node hexahedron
46  |Quadratic 8-node quadrilateral plane strain
47  |Quadratic 8 + 2-node quadrilateral generalized
plane strain
48 |Quadratic 8-node quadrilateral axisymmetric
Three-dimensional shear 68 |Linear 4-node quadrilateral
panel
Heat conduction 36 |Linear 2-node straight
three-dimensional link 65 |Quadratic 3-node curved
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Table B 1.9-1 Structural Classification of Elements (Continued)

Element
Element Structural Type [Number Function Remarks
Heat conduction planar 37 |Linear 3-node triangle
39 Linear 4-node quadrilateral
41 Quadratic 8-node quadrilateral
69 |Quadratic 8-node quadrilateral reduced
integration
101 Linear/special 6-node semi-infinite
103 Linear/special 9-node semi-infinite
121 Linear 4-node quadrilateral, reduced
integration, with hourglass control
131 Quadratic 6-node triangular
Heat conduction 38 Linear 3-node triangle
axisymmetric 40 Linear 4-node quadrilateral
42  |Quadratic 8-node quadrilateral
70 |Quadratic 8-node quadrilateral with reduced
integration
102 Linear/special 6-node semi-infinite
104 [|Linear/special 9-node semi-infinite
122 Linear 4-node quadrilateral, reduced
integration, with hourglass control
132  |Quadratic 6-node triangular
Heat conduction solids 43 |Linear 8-node hexahedron
44  |Quadratic 20-node hexahedron
71 Quadratic 20-node hexahedron with reduced
integration
105 Linear/special 12-node semi-infinite
106 Quadratic 27-node semi-infinite special
123 Linear 8-node hexahedron, reduced
integration, with hourglass control
133 Quadratic 10-node tetrahedron
Heat conduction shell 50 |Linear 3-node triangle ]
85 |Linear 4-node quadrilateral
86 Quadratic 8-node quadrilateral
Heat conduction 87  |Quadratic 3-node curved
axisymmetric shel 88 |Linear 2-node straight
Magnetostatic 109 |Linear 8-node hexahedron
three-dimensional solids 110  |Linear/special 12-node semi-infinite
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Table B 1.9-1 Structural Classification of Elements (Continued)

Element
Element Structural Type |Number Function Remarks
Electromagnetic Planar 111 Linear 4-node quadrilateral
Electromagnetic 112  |Linear 4-node quadrilateral
Axisymmetric
Electromagnetic Solid 113  |Linear 8-node hexahedron
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Table B 1.9-2 Element Library

Element Description Code
1 Two-node Axisymmetric Shell Element (1)
2 Axisymmetric Triangular Ring Element @)
3 Two-dimensional (Plane Stress) Four-node, Isoparametric Quadrilateral (3
4 Curved Quadrilateral Thin-shell Element (4)
5 Beam-column (5)
6 Two-dimensional Plane Strain, Constant Stress Triangle (6)
7 Eight-node Isoparametric Three-dimensional Hexahedron (7)
8 Three-node, Triangular Arbitrary Shell (8)
9 Three-dimensional Truss Element 9

10 Axisymmetric Quadrilateral Element (Isoparametric) (10)
11 Plane Strain Quadrilateral Element (Isoparametric) (11)
12 Friction and Gap Element (12)
13 Open-section Beam (13)
14 Closed-section Beam (14)
15 Isoparametric, Two-node Axisymmetric Shell (15)
16 Isoparametric, Two-node Curved Beam (16)
17 Pipe-bend Element 17)
18 Four-node, Isoparametric Membrane (18)
19 Generalized Plane Strain Quadrilateral (19)
20 Axisymmetric Torsional Quadrilateral (20)
21 Three-dimensional, 20-node brick (21)
22 Curved Quadrilateral Thick-shell Element (22)
23 Three-dimensional, 20-node Rebar Element (23)
24 Curved Quadrilateral Shell Element (24)
25 Closed-section Beam in Three Dimensions (25)
26 Plane Stress, Eight-node Distorted Quadrilateral (26)
27 Plane Strain, Eight-node Distorted Quadrilateral (27)
28 Axisymmetric, Eight-node Distorted Quadrilateral (28)
29 Generalized Plane Strain, Distorted Quadrilateral (29)
30 Membrane, Eight-node Distorted Quadrilateral (30)
31 Elastic Curved Pipe (Elbow)/Straight Beam Element (31)
32 Plane Strain, Eight-node Distorted Quadrilateral, Herrmann or Mooney Material (32)
Formulation
33 Axisymmetric, Eight-node Distorted Quadrilateral, Herrmann or Mooney Material (33)
Formulation
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Table B 1.9-2 Element Library (Continued)

Element Description Code
34 Generalized Plane Strain, Eight-node Distorted Quadrilateral, Herrmann or (34)
Mooney Material Formulation
35 Three-dimensional, 20-node Brick, Herrmann or Mooney Material Formulation (35)
36 Heat Transfer Element (three-dimensional link) (36)
37 Heat Transfer Element (arbitrary planar triangle) (37)
38 Heat Transfer Element (arbitrary axisymmetric triangle) (38)
39 Heat Transfer Element (planar bilinear quadrilateral) (39)
40 Heat Transfer Element (axisymmetric bilinear quadrilateral) (40)
4 Heat Transfer Element (eight-node planar biquadratic quadrilateral) (41)
42 Heat Transfer Element (eight-node axisymmetric biquadratic quadrilateral) (42)
43 Heat Transfer Element (three-dimensional eight-node brick) (43)
44 Heat Transfer Element (three-dimensional 20-node brick) (44)
45 Curved Timoshenko Beam Element in a Plane (45)
46 Plane Strain Rebar Element (46)
47 Generalized Plane Strain Rebar Element (47)
48 Axisymmetric Rebar Element (48)
49 Triangular Shell Element (49)
50 Triangular Heat Transfer Shell Element (50)
51 Cable Element, Two-Node (51)
52 Elastic Beam (52)
53 Plane Stress, Eight-node Quadrilateral with Reduced Integration (53)
54 Plane Strain, Eight-node Distorted Quadrilateral with Reduced Integration (54)
55 Axisymmetric, Eight-node Distorted Quadrilateral with Reduced Integration (55)
56 Generalized Plane Strain, Ten-node Distorted Quadrilateral with Reduced (56)
Integration
57 Three-dimensional, 20-node Brick with Reduced Integration (57)
58 Plane Strain, Eight-node Distorted Quadrilateral for Incompressible Behavior (58)
with Reduced Integration
59 Axisymmetric, Eight-node Distorted Quadrilateral for Incompressible Behavior (59)
with Reduced Integration
60 Generalized Plane Strain, Ten-node Distorted Quadrilateral for Incompressible (60)
Behavior with Reduced Integration
61 Three-dimensional, 20-node Brick for Incompressible Behavior with Reduced (61)
Integration
62 Axisymmetric, Elght-node Quadrilateral for Arbitrary Loading (62)
63 Axisymmetric, Eight-node Quadrilateral for Arbitrary Loading, Herrmann (63)
Formulation
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Table B 1.9-2 Element Library (Continued)

Element Description Code
64 Isoparametric, Three-node Truss Element (64)
65 Heat Transfer Element, Three-node Truss (65)
66 8-node Axisymmetric with Twist, Herrmann Formulation (66)
67 8-node Axisymmetric with Twist (67)
68 Elastic, Four-node Shear Panel (68)
69 Heat Transfer Element (Eight-node planar, biquadratic quadrilateral with (69)

Reduced Integration)
70 Heat Transfer Element (Eight-node, biquadratic quadrilateral with Reduced (70)
Integration)
71 Heat Transfer Element (three-dimensional 20-node brick with Reduced (71)
Integration)
72 Bilinear Constrained Shell (72)
73 Axisymmetric, Eight-node Quadrilateral for Arbitrary Loading, with Reduced (73)
Integration
74 Axisymmetric, Eight-node Quadrilateral for Arbitrary Loading, Herrmann (74)
Formulation, with Reduced Integration
75 Bilinear Thick Shell (75)
76 Thin-walled Beam in Three Dimensions Without Warping (76)
77 Thin-walled Beam in Three Dimensions Including Warping (77)
78 Thin-walled Beam in Three Dimensions Without Warping (78)
79 Thin-walled Beam in Three Dimensions Including Warping (79)
80 Incompressible Arbitrary Quadrilateral Plane Strain (80)
81 Incompressible Generalized Plane Strain Quadrilateral (81)
82 Incompressible Arbitrary Quadrilateral Axisymmetric Ring (82)
83 Incompressible Axisymmetric Torsional Quadrilateral (83)
84 Incompressible Three-dimensional Arbitrarily Distorted Cube (84)
85 Bilinear Heat Transfer Shell (85)
86 Curved Quadrilateral Heat Transfer Shell (86)
87 Curved Axisymmetric Heat Transfer Shell (87)
88 Linear Axisymmetric Heat Transfer Shell (88)
89 Thick Curved Axisymmetric Shell (89)
90 Thick Curved Axisymmetric Shell for Arbitrary Loading (90)
91 Linear Plane Strain Semi-infinite Element (91)
92 Linear Axisymmetric Semi-infinite Element (92)
93 Quadratic Plane Strain Semi-infinite Element (93)
94 Quadratic Axisymmetric Semi-infinite Element (94)
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Table B 1.9-2 Element Library (Continued)

Element Description Code
95 Axisymmetric Quadrilateral with Bending Element (95)
96 Axisymmetric Eight-node Distorted Quadrilateral with Bending (96)
97 Double Friction and Gap Element Used with 95 or 96 (97)
98 Elastic Beam with Transverse Shear (98)

101 Six-node Planar Semi-infinite Heat Transfer (101)

102 Six-node Axisymmetric Semi-infinite Heat Transfer (102)

103 Nine-node Planar Semi-infinite Heat Transfer (103)

104 Nine-node Axisymmetric Semi-infinite Heat Transfer (104)

105 Twelve-node Three-dimensional Semi-infinite Heat Transfer (105)

106 Seven-node Three-dimensional Semi-infinite Heat Transfer (106)

107 Twelve-node Three-dimensional Semi-infinite (107)

108 Twenty-node Three-dimensional Semi-infinite (108)

109 Eight-node Three-dimensional Magnetostatics (109)

110 Twelve-node Three-dimensional Semi-infinite Magnetostatics (110)

111 Four-node Quadrilateral Planar Electromagnetic (111)

112 Four-node Quadrilateral Axisymmetric Electromagnetic (112)

113 Eight-node Quadrilateral Three-Dimensional Electromagnetic (113)

114 Four-node Quadrilateral Plane Stressj Reduced Integration with Hourglass (114)
Control

115 Four-node Quadrilateral Plane Strain, Reduced Integration with Hourglass (115)
Control

116 Four-node Quadrilateral Axisymmetric, Reduced Integration with Hourglass (116)
Control

117 Eight-node Three-dimensional Brick, Reduced Integration with Hourglass (117)
Control

118 Incompressible 4+1-node, Quadrilateral, Plane Strain, Reduced Integration with |  (118)
Hourglass Control

119 Incompressible 4+1-node, Quadrilateral, Axisymmetric, Reduced Integration (119)
with Hourglass Control

120 Incompressible 8+1-node, Three-Dimensional Brick, Reduced Integration with (120)
Hourglass Control

121 Four-node, Heat Transfer Planar, Reduced Integration with Hourglass Control (121)

122 Four-node, Heat Transfer Axisymmetric, Reduced Integration with Hourglass (122)
Control

123 Eight-node, Heat Transfer Three-dimensional Brick, Reduced Integration with (123)
Hourglass Control

124 Six-Node, Plane Stress Triangle (124)

Rev. K.6 B1.9-11



Volume B: Element Library

Table B 1.9-2 Element Library (Continued)

Element Description Code
125 Six-Node, Plane Strain Triangle (125)
126 Six-Node, Axisymmetric Triangle (126)
127 Ten-Node, Tetrahedron (127)
128 Incompressible, Six-Node Triangle (128)
129 Incompressible, Six-Node Triangle (129)
130 Incompressible, Ten-Node Tetrahedral (130)
131 Six-Node, Heat Transfer Planar (131)
132 Six-Node, Heat Transfer Axisymmetric (132)
133 Ten-Node, Heat Transfer Tetrahedral (133)
134 Four-Node, Tetrahedral (134)
135 Four-Node, Heat Transfer Tetrahedral (135)
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Table B 1.9-3 Summary of Element Properties

Number
Number Number of

Number of of Numberof Degrees Updated

Element of Direct Shear Integration of Number of Lagrange

Type Nodes Stress Stress Points Freedom Coordinates Available
1 2 2 1 1 3 2 Yes
2 3 3 1 1 2 2 Yes
3 4 2 1 4 2 2 Yes
4 4 2 1 9 12 14 Yes
5 2 1 1 3 3 No
6 3 3 1 1 2 Yes
7 8 3 3 8 3 Yes
8 3 2 1 7 9 11 Yes
9 2 1 0 1 3 3 Yes
10 4 3 1 4 2 2 Yes
11 4 3 1 4 2/3 2/3 Yes
12 4 1 2 1 2 2 No
13 2 1 0 3 8 13 No
14 2 1 1 3 6 6 Yes
15 2 2 0 3 4 5 Yes
16 2 1 0 3 4 5 Yes
17 3 2 0 3 6 5 No
18 4 2 1 4 3 3 No
19 6 3 1 4 2 2 Yes
20 4 3 3 4 3 2 Yes
21 20 3 3 27 3 3 Yes
22 8 2 3 4 6 3 Yes
23 20 1 0 20 3 3 No
24 8 2 1 28 9 1 Yes
25 2 1 1 3 7 6 Yes
26 8 2 1 9 2 2 Yes
27 8 3 1 9 2 2 Yes
28 8 3 1 9 2 2 Yes
29 10 3 1 9 2 2 Yes
30 2 1 9 3 3 No
31 2 1 2 6 3 No
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Table B 1.9-3 Summary of Element Properties (Continued)

Number
Number Number of

Number of of Numberof Degrees Updated

Element of Direct Shear Integration of Number of Lagrange

Type Nodes Stress Stress Points Freedom Coordinates Available
32 8 3 1 9 3 2 No
33 8 3 1 9 3 2 No
34 10 3 1 9 3 2 No
35 20 3 3 27 4 3 No
36 2 1 0 1 1 3 No
37 3 2 0 1 1 2 No
38 3 2 0 1 1 2 No
39 4 2 0 4 1 2 No
40 4 2 0 4 1 2 No
41 8 2 0 9 1 2 No
42 8 2 0 9 1 2 No
43 8 3 0 8 1 3 No
44 20 3 0 27 1 3 No
45 1 1 2 3 2 Yes
46 1 0 10 2 2 No
47 10 1 0 10 2 2 No
48 8 1 0 10 2 2 No
49 6 2 1 1 3 3 Yes
50 3 3 0 1 2 3 No
51 2 1 0 1 3 3 No
52 2 1 0 3 6 6 Yes
53 8 2 1 4 2 2 Yes
54 8 3 1 4 2 2 Yes
55 8 3 1 4 2 2 Yes
56 10 3 1 4 2 2 Yes
57 20 3 3 8 3 3 Yes
58 8 3 1 4 3 2 No
59 8 3 1 4 3 2 No
60 10 3 1 4 3 2 No
61 20 3 3 8 4 3 No
62 8 3 3 9 3 2 No
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Volume B: Element Library

Number
Number Number of

Number of of  Numberof Degrees Updated

Element of Direct Shear Integration of Number of Lagrange

Type Nodes Stress Stress Points Freedom Coordinates Available
63 8 3 3 9 4 2 No
64 3 1 0 3 3 3 Yes
65 3 1 0 3 1 3 No
66 8 3 3 9 4 2 No
67 8 3 3 9 3 2 No
68 4 0 1 1 3 3 No
69 8 2 0 4 1 2 No
70 8 2 0 4 1 2 No
71 20 3 0 8 1 3 No
72 8 2 1 4 3 3 Yes
73 8 3 3 4 3 2 No
74 8 3 3 4 4 2 No
75 4 2 3 4 6 3 Yes
76 3 1 1 2 6 6 Yes
77 3 1 0 2 7 6 Yes
78 2 1 1 2 6 6 Yes
79 2 1 0 2 7 6 Yes
80 5 3 1 4 2 2 No
81 7 3 1 4 2 2 No
82 5 3 1 4 2 2 No
83 5 3 3 4 3 2 No
84 9 3 3 8 3 3 No
85 4 3 0 4 2 3 No
86 8 3 0 9 2 3 No
87 3 2 0 3 2 2 No
88 2 2 0 3 2 2 No
89 3 2 1 2 3 2 Yes
90 3 2 3 2 5 2 No
91 6 3 1 6 2 2 No
92 6 3 1 6 2 2 No
93 9 3 1 9 2 2 No
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Table B 1.9-3 Summary of Element Properties (Continued)

Number
Number Number of
Number of of Numberof Degrees Updated
Element of Direct Shear Integration of Number of Lagrange
Type Nodes Stress Stress Points Freedom Coordinates Available

94 9 3 1 9 2 2 No

95 4 3 -3 4 5 2 No

96 8 3 3 9 5 2 No

97 4 2 2 1 4 2 No

98 2 1 2 1 6 6 No
101 6 2 0 6 1 2 No
102 6 2 0 6 1 2 No
103 9 2 0 9 1 2 No
104 9 2 0 9 1 2 No
105 12 3 0 12 1 3 No
106 27 3 0 27 1 3 No
107 12 3 3 12 3 3 No
108 27 3 3 27 3 3 No
109 8 3 0 8 3 3 No
110 12 3 0 12 3 3 No
11 4 2 0 4 4 2 No
112 4 2 0 4 4 2 No
113 8 3 0 8 4 3 No
114 4 2 1 1 2 2 Yes
115 4 3 1 1 2 2 Yes
116 4 3 1 1 2 2 Yes
117 8 3 3 1 3 3 Yes
118 5 3 1 1 2 2 No
119 5 3 1 1 2 2 No
120 9 3 3 1 3 3 No
121 4 2 0 1 1 2 No
122 4 2 0 1 1 2 No
123 8 3 0 1 1 3 No
124 6 2 1 3 2 2 Yes
125 6 3 1 3 2 2 Yes
126 6 3 1 3 2 2 Yes
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Table B 1.9-3 Summary of Element Properties (Continued)

Number
Number Number of
Number of of  Numberof Degrees Updated
Element of Direct Shear Integration of Number of Lagrange
Type Nodes Stress Stress Points Freedom Coordinates Available
127 10 3 3 4 3 3 Yes
128 3 1 3 3 2 No
129 3 1 3 3 2 No
130 10 3 3 4 4 3 No
131 2 0 3 1 2 No
132 2 0] 3 1 2 No
133 10 3 0 4 1 3 No
134 3 3 1 3 3 Yes
135 4 3 0 1 1 3 No
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Table B 1.9-4 Overview of MARC Heat Elements

ﬁl:nr?te,g: T r:§:: er HJe:ltjiI: 9 Gap Channel Electrostatic Magnetostatic \2:3;?3;
36 yes* yes no** no no no no
37 yes yes no no yes yes no
38 yes yes no no yes yes no
39 yes yes yes yes yes yes no
40 yes yes yes yes yes yes yes
41 yes yes yes yes yes yes no
42 yes yes yes yes yes yes yes
43 yes yes yes yes yes no no
44 yes yes yes yes yes no no
50 yes no no no yes no no
65 yes yes no no no no no
69 yes yes yes yes yes yes no
70 yes yes yes yes yes yes yes
71 yes yes yes yes yes no no
85 yes no no no yes no no
86 yes no no no yes no no
87 yes no no no yes no no
88 yes no no no yes no no

101 yes no no no yes yes no
102 yes no no no yes yes no
103 yes no no no yes yes no
104 yes no no no yes yes no
105 yes no no no yes no no
106 yes no no no yes no no
109 no no no no no yes no
110 no no no no no yes no
121 yes yes yes yes yes yes no
122 yes yes yes yes yes yes yes
123 yes yes yes yes yes no no
131 yes yes no no yes yes no
132 yes yes no no yes yes no
133 yes yes no no yes no no
135 yes yes no no yes no no

*yes — capabilities are available.

**no — capabilities are not available
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B 1.10 Follow Force Stiffness Contribution

When activating the FOLLOW FORCE option, the distributed loads are calculated based upon
the current deformed configuration. It is possible to activate an additional contribution which

goes into the stiffness matrix. This improves the convergence. This capability is available for
element types 3, 7, 10, 11, 18, 72, 75, 80, 81, 82, 83, 84, 114, 115, 116, 117, 118, and 119.
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B 1.11 Explicit Dynamics

The explicit dynamics formulation IDYN=5 model is restricted to the following elements:
2,3,5,6,7,9,11, 18, 19, 20, 52, 64, 75, 98, 114, 115, 116, 117, 118, 119, and 120.

When using this formulation, the mass matrix is defined semi-analytically; i.e., no numerical
integration is performed. In addition, a quick method is used to calculate the stability limit
associated with each element. For these reasons, this capability has been limited to the elements
mentioned above.
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B1.12 Adaptive Mesh Refinement

The MARC program has a capability to perform adaptive mesh refinement to improve the
accuracy of the solution. This capability is invoked by using the ADAPTIVE parameter and
model definition option. The adaptive meshing is available for the following 2D and 3D
elements:

2,3,6,7,10, 11, 18, 19, 20, 37, 38, 39,40 43,75, 80, 81, 82, 83, 84, 111, 112, 113, 114,
115, 116, 117, 118, 119, 120, 121, 122,123

The adaptive procedure works by subdividing the existing element, based upon the error
criteria specified. In two-dimensional, triangles are divided into four triangles; quadrilaterals
are divided into four quadrilaterals; while in three-dimensional analyses, tetrahedrals are
subdivided into nine tetrahedrals and hexahedrals are subdivided into eight hexahedrals.

Rev. K.6 B1.12-1



Volume B: Element Library

B1.12-2 Rev. K.6



w Chapter B2 MARC Element Classifications

MARC contains a large number of element types. Functionally, these are used to model trusses,
beams, plates, shells, plane stress, plane strain and general three-dimensional continua. Where
appropriate, there are corresponding heat transfer elements which are found in Table B 1.9-2.
In Chapter B 2, these elements are separated into classes based on their respective node
number, interpolation functions, and integration schemes. In Chapter B 3, these elements are
detailed in numerical order.
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B 2.1 Elements 1 and 5

This class consists of two-noded elements with linear interpolation along the length and cubic
interpolation normal to the length.

There is a local coordinate system X, which is in the direction from node 1 to node 2 as shown
below, associated with the element.

ol 82

The displacement assumptions are as follows:

uT=a1+a)‘(

N 3

_ . o2 .
u = a3+a4x+a5x +a6x

where u” and uN are displacements tangential and normal to & respectively.

There are three degrees of freedom associated with each of the nodes, two global displacements
and one rotation. The integration along the length of the element is performed with one or three
Gaussian integration points, whose spacing is shown below.

This element uses the same integration points along the length to form equivalent nodal loads
and the mass matrix.

The stress-strain relation is integrated through the thickness by Simpson's rule, using the
number of points defined in the shell section parameter card (11 by default). The first layer is

on the positive normal side which is obtained by rotating the % axis 90 degrees.

The elements in class 11 (elements 15 and 16) are preferable elements to use.
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B 2.2 Element 9 and 36

This class consists of two-noded elements with linear interpolation along the length as shown
below.

o'l

There is only stiffness associated along the length of the element. The interpolation function
can be expressed as follows:

v =y E+y,(1-8)

where yy, y, are the values of the function at the end nodes and & is the normalized coordinate
O<Eg<).

Element 9 has three degrees of freedom per node, and element 36 has one degree of freedom
per node. There is a single integration point at the centroid the element as shown below.
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B 2.3 Elements 2, 6, 37, 38, and 50

This class consists of three-noded triangular elements with linear interpolation functions as
shown below.

The node numbering must be counter-clockwise in the plane of the element. The function is
assumed to be expressed in the form

Y = a0+a]x+a2y

For elements 2 and 6, there are two degrees of freedom. For elements 37 and 38, there is one
degree of freedom. For heat transfer shell element 50, there are either two or three degrees of
freedom. There is a single integration point at the centroid of the element as shown below.
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For distributed surface pressures (flux), two integration points, as shown below, are used.

For volumetric forces (flux), four integration points, as shown below, are used.
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B 2.4 Elements 3, 10, 11, 18, 19, 20, 39, 40, 80, 81, 82, 83, 111, and 112

This class consists of four-noded isoparametric elements with bilinear interpolation. The
element node numbering must be given in counter-clockwise direction following the
right-hand rule as shown below.

The element is formed by mapping from the x-y (z-r) plane to the &, 1 plane.

Both the mapping and the function assumption take the form:

x = ay+a,§+a,m+a€n
¥ = by+b,E+bm+bsiEn
Either the coordinate or function can be expressed in terms of the nodal quantities by the

interpolation functions.

4
x=Y x0 where

i=1

9, = 3(1-8) (1-m)
0, = 3 (1+8) (1-m)
0y = 7 (1+8) (1+m)
0, = 3 (1-8) (1+m)
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There are three degrees of freedom associated with each node for elements 18 and 20. There
are two degrees of freedom per node for elements 3, 10, 11, and 19. There is one degree of
freedom for elements 39 and 40. These elements use four-point Gaussian integration as shown
below.

For distributed surface pressures, two-point Gaussian integration, as shown below, is used.

For elements 10, 11, 19, and 20, an optional integration scheme may be used which imposes a
constant dilatational strain on the element. This is equivalent to a selective integration where
the four Gaussian points are used for the deviatoric contribution of strain and the centroid for
the dilatation contribution. This is flagged using the second parameter of the GEOMETRY
option.

For elements 3 and 11, an optional assumed strain interpolation formulation is available. This
significantly improves the behavior of this element in bending. This is flagged using the third
parameter of the GEOMETRY option.

For elements 80, 81, 82, and 83, there is one extra node with a single degree of freedom
(pressure). These elements use a mixed formulation for incompressible analysis.
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B 2.5 Elements 7, 43, 84, and 113

This class consists of eight-noded, isoparametric, three-dimensional brick elements with
trilinear interpolation. The node numbering must follow the rules as shown and given below.

Nodes 1, 2, 3 and 4 are corners of one face, given in counter-clockwise order when viewed from
inside the element. Node 5 is on the same edge as node 1, node 6 as node 2, node 7 as node 3,
and node 8 as node 4. The element is based on the following type of displacement assumption
and mapping from the x-y-z space into a cube in the X, h, z space.

X = a,+a; E+a, n+a, E+a, & m+ag € &+ag EC+a; &M d
Y = by+b, E+b, n+bs E+b, EM+bs M C+bg & C+by En ¢

Either the coordinate or function can be expressed in terms of the nodal quantities by the
integration functions.

8
x= Y x0 where

i=1
0, = g(1-8) (1-1) (1-0) 05 = 5(1-8) (1=m) (1+8)
0, = 5 (1+8) (1-M) (1-0) 0 = g (1+8) (1-) (1+0)
0y = g (148) (1+M) (1-0) 0, = g (1+8) (1+7) (1+0)
9, = 3 (1=5) (1+m) (1-0) 0 = 3 (1-5) (1+1) (1+0)
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There are three degrees of freedom associated with each node for element 7 and one degree of
freedom for each node for element 43. These elements use eight-point Gaussian integration as
shown below.

For distributed pressure (flux) loads, four-point Gaussian integration, as shown below, is used.

L3 L4

An optional integration scheme may be used for element 7 which imposes a constant
dilatational strain on the element. This is equivalent to a selective integration where the eight
Gaussian points are used for the deviatoric contribution of strain and the centroid for the
dilatation contribution. This is flagged using the second parameter of the GEOMETRY option.
For element 7, an optional assumed strain interpolation formulation is available. This
significantly improves the behavior of this element in bending. This is flagged using the third
parameter of the GEOMETRY option.

For element 84, there is one extra node with a single degree of freedom (pressure). This element
uses a mixed formulation for incompressible analysis.
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B 2.6 Elements 64 and 65

This class consists of three-noded isoparametric link with quadratic interpolation along the
length as shown below.

y .

The node numbering is as shown. The interpolation function is such that each edge has
parabolic variation along itself. The element is based on the following displacement

assumption, and mapping from the x-y-z space into a straight line.
- 2
X =ap+a; {+a,

Either the coordinates or function can be expressed in terms of the nodal quantities by the
interpolation functions

3
x= > %, where
i=1
1
0, =58 (E-1)
0= 5 & (148
0, = (1-8) (1+8)

There are three degrees of freedom associated with each node for element 64. There is one
degree of freedom per node for element 65. These elements use three-point Gaussian

integration as shown below.
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B 2.7 Elements 26, 27, 28, 29, 30, 32, 33, 34, 41, 42, 47, 48, 62, 63, 66,
and 67

This class consists of eight-noded isoparametric distorted quadrilateral elements with
biquadratic interpolation and full integration. The node numbering must be counter-clockwise

in the plane as shown below.

4 a2 3
w8 46
L g g2

The four corner nodes come first and then the midside nodes with node 5 on the 1-2 edge, etc.
The interpolation function is such that each edge has parabolic variation along itself. The
element is based on the following displacement assumption, and mapping from the x-y space

to a square in the {, n space.
x = ag+a, E+a, n+ay E2+a, E N+agn+ag E2n+a, En?

Either the coordinates or function can be expressed in terms of the nodal quantities by the
interpolation functions.

8
X = 2 X;0, where
i=1

<
Il

La-pa-mei-g-m 6= 3-8 (1-m)
0, = LA+E (L-m) (1+E-1) g = ;(1+5) (1-n)

Lasg aem cregan 0= 5(1-8) Am)

<
w
]

= (-8 (1+m) (-1-E+M) 0y = 5 (1-8) (1-1%)

-©
N
|
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These elements use nine-point Gaussian integration as shown below for the calculation of the
stiffness and mass matrix and evaluation of equivalent volumetric loads.

For distributed surface pressures (flux), three-point integration is used as shown below.

a2 3
had o
08 p6
11 | 3 42

Elements 29 and 34 have two additional nodes which are used to formulate a generalized plane
strain condition. These additional nodes are shared between all the elements in the mesh.

Elements 62 and 63 have been modified to be used in conjunction with the Fourier option. This
allows nonaxisymmetric loads to be applied on an axisymmetric object. These elements can
only be used for linear elastic static behavior.

Elements 32, 33, 34 and 63 have been modified so that they may be used for problems
concerning incompressible or nearly incompressible materials. These elements use an
extension of the Herrmann variational principle. They have an additional degree of freedom at
the corner nodes, which represents the hydrostatic pressure. This function is interpolated
linearly through the element.
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B 2.8 Elements 53, 54, 55, 56, 58, 59, 60, 69, 70, 73, and 74

This class consists of eight-noded isoparametric distorted quadrilateral elements with
biquadratic interpolation and reduced integration (see illustration below).

LS

a3

These elements have the same node numbering and interpolation functions as the elements in
class 7. The only difference is that these elements use a reduced integration technique in
calculation of the stiffness matrix. The stiffness matrix is calculated using four-point Gaussian

integration as shown below.
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Using this method, quadratic functions as used in the interpolation functions are not integrated
exactly. The contributions of the higher order terms in the deformation field are neglected. This
results in singular modes; that is, deformations which do not contribute to the strain energy in
the element. These elements have one such mode, as shown below.

The integration of the mass matrix and the consistent volumetric loads is done using nine-point
Gaussian integration as shown below.

.7 .8 49
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The surface distributed loads is integrated using three-point Gaussian integration as shown below.

4 ) 3
u 8 p 6
1,1 @d 3 42

Elements 56 and 60 have two additional nodes which are used to formulate a generalized plane
strain condition. These additional nodes are shared between all the elements in the mesh.

Elements 73 and 74 have been modified to be used in conjunction with the Fourier option. This
allows nonaxisymmetric loads to be applied on an axisymmetric object. These elements can
only be used for linear elastic static behavior.

Elements 58, 59, 60, and 74 have been modified so that they may be used for problems
concerning incompressible or nearly incompressible materials. These elements use an
extension of the Herrmann principle. They have an additional degree of freedom at the corner
nodes which represents the hydrostatic pressure. This function is interpolated linearly through
the element.
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B 2.9 Elements 21, 35, and 44

This class consists of 20-node isoparametric distorted three-dimensional brick elements with
full integration. The convention for the node numbering is as follows:

Nodes 1, 2, 3, 4 are the corners of one face, given in counter-clockwise order when viewed
from inside the element. Nodes 5, 6, 7, 8 are corners of the opposite face; that is node 5
shares an edge with 1, node 6 with 2, etc. Nodes 9, 10, 11, 12 are the midside nodes of the
1, 2, 3, 4 face; node 9 between 1 and 2, node 10 between 2 and 3, etc. Similarly, nodes 13,
14, 15, 16 are midside nodes on the 5, 6, 7, 8 face; node 13 between 5 and 6, etc. Finally,
node 17 is the midpoint of the 1-5 edge, node 18 of the 2-6 edge, etc. This is shown below.
Each edge forms a parabola.

FB,/B—L:"_’ P
18

20 2

The element is based on the following displacement assumption, and mapping from the x-y-z
space to a cube in &, n, { space.

X = a,+a, E+a, n+a; (+ay §2+a5 En+ag 1‘|2+a7 ni+

ag (P+ag & (+ay (P n+ay, {n?+a, n? L+ayn 2+
a5y éz §+a15 3 C2+316 En €+317 &2 n €+a18 3 112 C+
alggn §2

The resulting interpolation function is triquadratic.
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These elements use 27-point Gaussian integration as shown below.

These integration points can be considered to be made up of three planes perpendicular to the
€ axis (i.e., parallel to the 1, 2, 3,4, 9, 10, 11, and 12 face such that integration points 1-9 are
closest to the 1, 2, 3, 4 face; integration points 19-27 are closest to the 5, 6, 7, 8 face; and
integration points 10-18 are in between). Integration point 14 is in the centroid of the element.
The calculation of the mass matrix of equivalent volumetric force uses the same integration
scheme. Surface pressures are integrated using a nine-point Gaussian integration as shown
below.

4 all 3
L7 .8 .9
h12 L4 L5 +6 410
L1 ) L3
1 =9 &H 2
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Element 35 has been modified so that it may be used for problems concerning incompressible
or nearly incompressible materials. This element uses an extension of the Herrmann variational
principle. It has an additional degree of freedom at the corner nodes which represents the
hydrostatic pressure. This function is interpolated linearly throughout the element.
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B2.10 Elements 57, 61, and 71

This class consists of 20-noded isoparametric, distorted, three-dimensional brick elements with
reduced integration using triquadratic interpolation functions.These elements have the same
node numbering and interpolation functions as the elements in Class 9. The element nodes are
shown below.

The only difference is that these elements use a reduced integration technique in calculation of
the stiffness matrix. The stiffness matrix is calculated using eight-point Gaussian integration as
shown below.
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Using reduced integration, quadratic functions as used in the interpolating functions are not
integrated exactly. The contribution of the higher order terms in the deformation field are
neglected. This results in singular modes; that is, deformations which do not contribute to the
strain energy in the element. These elements have six such modes. The integration of the mass
matrix and the consistent volumetric loads is done using 27-point Gaussian integration as
shown below.

The surface distributed loads are integrated using nine-point Gaussian integration as shown
below.

4 g 11 3
L7 +B +9
b12 L4 45 +6 410
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Element 61 has been modified so that it may be used for problems concerning incompressible
or nearly incompressible materials. This element uses an extension of the Herrmann variational
principle. It has an additional degree of freedom at the corner nodes which represents the
hydrostatic pressure. This function is interpolated linearly throughout the element.
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B2.11 Elements 15, 16, and 17

This class consists of two-noded axisymmetric curved shell, curved beam and pipe bend with
cubic interpolation functions. These elements are shown below.

They use a Hermite cubic interpolation function to express the nodal displacements. In this
case,

u (§) = Hy, (&) u,+H, &) u,+H,, (&)u'z

where u is the value of the function at the nodes and u' is its first derivative. The Hermite
polynomials are as follows:

Hy, (8) = (2+&) (1-§)%/4
Hy, (§) = (2-€) (1+§)%/4
H,, (§) = (1+&) (1-§)%/4
Hy, (&) =-(1-§) (1+§)%/4

These elements use three-point Gaussian integration as shown below.

The stress-strain law is integrated through the thickness using Simpson's rule. The elements
have two global displacement and two derivative degrees of freedom at each node.
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B2.12 Element45

This class contains a three-noded curved Timoshenko beam in a plane which allows transverse
shear as well as axial straining as shown below.

It uses quadratic interpolation for the beam axis, together with quadratic polynomial
interpolation for the cross-section rotation. The center node (node 2) has been added to allow
this quadratic representation of the cross-section rotation. Hence:

B ® = EE-D a1 U0 w4y § (14D b

RO —

and

0 (®) =18 &1 0,4 (1D (1+D) 6,45 & (1+9) 0,

The interpolation of u, v and ¢ are uncoupled. The calculation of the generalized strain terms
leads to coupling in the shear calculation. This element is integrated using two-point Gaussian
integration along the beam axis as shown below.

The stress-strain law is integrated through the thickness using Simpson's rule.
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B 2.14 Elements 124, 125, 126, 128, 129, 131, and 132

This class consists of six-noded triangular elements with quadratic interpolation functions as
shown below.

The node numbering must be counter-clockwise in the plane of the element. The functions are
expressed with respect to area coordinate systems. The stiffness matrix is under integrated
using three integration points as shown below.

A

.3

Rev. K.6 B2.14-1



Volume B: Element Library

The distributed loads are integrated using three point integration along the edge as shown
below.

When using the Herrmann formulation, elements 128 or 129, the corner points contain an
additional degree of freedom.
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B 2.15 Elements 127, 130, and 133

This class consists of ten-noded tetrahedral elements with quadratic interpolation functions as
shown below.

The interpolation functions are expressed with respect to area coordinate systems. The stiffness
matrix is under integrated using four integration points as shown below.
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The distributed loads on a face are integrated using three integration points as shown below.

When using the Herrmann formulation, element 130, the corner points contain an additional
degree of freedom.
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B2.16 Elements 114, 115, 116, 118, 119, 121, and 122

This class consists of four-noded isoparametric planar elements written with respect to the
natural coordinate system of the element. They are reduced integration point elements, but an
additional contribution has been made to the stiffness matrix to eliminate the problems
associated with hourglass modes. The node numbering must be counter-clockwise in the plane,
as shown below, with a single integration point for the stiffness matrix.

W1

The element uses conventional 2 x 2 integration for the mass matrix and two-point integration
for distributed loads.

For elements 118 and 119, there is one extra node with a single degree of freedom (pressure).
These elements use a mixed formulation for incompressible analysis.
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B2.17 Elements 117, 120, and 123

This class consists of eight-noded isoparametric elements written with respect to the natural
coordinate system of the element. They are reduced integration point elements, but an
additional contribution has been made to the stiffness matrix to eliminate the problem with
hourglass modes. Nodes 1, 2, 3, and 4 are corner nodes of one face given in counter-clockwise
order when viewed from inside the element. As shown below, node 5 is on the same edge as
node 1; node 6 as node 2; node 7 as node 3; and node 8 as node 4.

A single integration point is used for the stiffness matrix. The element uses conventional
2 x 2 x 2 integration for the mass matrix and 2 x 2 integration on a face for distributed loads.

For element 120, there is an additional node with a single degree of freedom (pressure). This
element uses a mixed formulation for incompressible analysis.
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B2.18 Elements 134 and 135

This class consists of four-noded tetrahedral elements with linear interpolation functions as
shown below:

The interpolation functions are expressed with respect to the area coordinate system. The
stiffness matrix is integrated using a single integration point at the centroid. The distributed
load on a face is integrated using a single integration point at the centroid of the face.

Note that this element gives very poor behavior when used for incompressible or nearly
incompressible behavior, such as plasticity.
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w Chapter B3

Element Library

The remainder of this volume describes each element type. The geometric information that the
user is required to input is prescribed here. The output associated with each element type is also

discussed.
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B 3.1 Straight Axisymmetric Shell

This is a two-node, axisymmetric, thick-shell element with a linear displacement assumption
based on the global displacements and rotation. The strain-displacement relationships used are
suitable for large displacements and large membrane strains. One-point Gaussian integration is
used for the mass and pressure determination. All constitutive models may be used with this
element.

Element types 15 and 89 are more accurate elements.
Quick Reference

Type 1

Axisymmetric, straight, thick-shell element.

Connectivity

Two nodes per element (see Figure B 3.1-1).

Figure B 3.1-1 Beam-Column Element

Geometry

Constant thickness variation along length of the element. Thickness of the element is stored
in the first data field (EGEOMI).

Coordinates
1=z
2=r
Degrees of Freedom

1 = u = axial (parallel to symmetry axis)
2 = v = radial (normal to symmetry axis)
3 = ¢ = right hand rotation
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Tractions
Distributed loads. Selected with IBODY as follows:

Load Type Description
0 Uniform pressure.
1 Nonuniform pressure.
100 Centrifugal load; magnitude represents square angular velocity [rad/timel].

Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Pressure assumed positive in the direction opposite to the normal.

Output of Strains
Output of strains at the center line of the element is as follows:

1 = meridional membrane

2 = circumferential membrane
3 = transverse shear

4 = meridional curvature

5 = circumferential curvature

Output of Stresses

The stresses are given at the center line of the shell element and at the integration points
through the thickness as follows:

1 = meridional stress
2 = circumferential stress
3 = transverse shear

The integration point numbering sequence progresses in the positive local y directions.

Transformation
The displacement degrees of freedom may be transformed to local directions.

Tying
Standard type 23 with elements 2 and 10.

Output Points

Centroid of the element.
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Section Stress Integration

Simpson’s rule is used to integrate through the thickness. Use the SHELL SECT parameter
option to specify the number of layers.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain in meridional and circumferential
direction. Thickness will be updated.

< NOTE: Shell theory only applies if strain variation through the thickness is small. >

Note, however, that since the curvature calculation is linearized, the user has to select his
load steps such that the rotations remain small within a load step.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 88.
See B 3.88 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.2 Axisymmetric Triangular Ring

Element type 2 is a three-node, isoparametric, triangular element. It is written for axisymmetric
applications and uses bilinear interpolation functions. The strains are constant throughout the
element and this results in a poor representation of shear behavior.

In general, one needs more of these lower order elements than the higher order elements such
as type 124. Hence, use a fine mesh.

The stiffness of this element is formed using one-point integration at the centroid.

This element should not be used in cases where incompressible or nearly incompressible
behavior occurs because it will lock. This includes plasticity and creep. The cross-triangle
approach may be used to reduce the shortcomings of this element.

Quick Reference

Type 2

Axisymmetric triangular ring element.

Connectivity

Three nodes per element (see Figure B 3.2-1). Node numbering must follow right-hand

convention.
3
oL Y 2
Figure B 3.2-1 Linear Displacement Triangular Ring Element
Geometry

Not required for this element.
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Coordinates
Global displacement degrees of freedom:
1 = displacement in the direction of the axis of symmetry (z direction)
2 = displacement in the radial direction.
Degrees of Freedom

1 = u = axial (paralle]l to symmetry axis)
2 = v =radial (normal to symmetry axis)
3 = ¢ = right hand rotation

Tractions

Load types for distributed loads are as follows:

Load Type Description

0 Uniform pressure distributed on 1-2 face of the element.

1 Uniform body force per unit volume in first coordinate direction.

2 Uniform body force per unit volume in second coordinate direction.

3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.

4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.

5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.

6 Uniform pressure on 2-3 face of the element.

7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.

8 Uniform pressure on 3-1 face of the element.

9 Nonuniform pressure on 3-1 face of the element; magnitude supplied through

subroutine FORCEM.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads may be
applied at the nodes.

Concentrated loads applied at the nodes must be the value of the load integrated around the
circumference.
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Output of Strains

Output of strains at the centroid of the element is as follows:

l=¢,
2=¢,
3=€eg
4=¢,

Output of Stresses
Output of stresses is also at the centroid of the element and follows the same scheme as
Strains.

Transformation
Two global degrees of freedom may be transformed to local coordinates. In this case, the
corresponding applied nodal loads should also be in the local direction.

Tying
May be tied to axisymmetric shell type 1 by typing type 23.

Output Points

Output is only available at the centroid. Element must be small for accuracy.

Updated Lagrange Procedure and Finite Strain Plasticity
Capability is available. Output of stress and strain in global coordinate directions. “Crossed
triangle” approach recommended.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 38.
See B 3.38 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.3 Plain Stress Quadrilateral

Element 3 is a four-node, isoparametric, arbitrary quadrilateral written for plane stress
applications. As this element uses bilinear interpolation functions, the strains tend to be
constant throughout the element. This results in a poor representation of shear behavior. The
shear (or bending) characteristics may be improved by using alternative interpolation
functions. This assumed strain procedure is flagged through the GEOMETRY option.

In general, one needs more of these lower-order elements than the higher-order elements such
as 26 or 53. Hence, use a fine mesh.

This element is preferred over higher order elements when used in a contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.

All constitutive models may be used with this element.

NOTE: To improve the bending characteristics of the element, the interpolation functions
are modified for the assumed strain formulation.

Quick Reference

Type 3

Plain stress quadrilateral.

Connectivity

Node numbering must follow right-hand convention (see Figure B 3.3-1).

.3 L4

+1 42

Figure B 3.3-1 Plane Stress Quadrilateral
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Geometry
The thickness is stored in the first data field (EGEOM1). Default thickness is one.
The second field is not used.

In the third field, a one activates the assumed strain formulation.

Coordinates

Two global coordinates x and y.

Degrees of Freedom

1 = u (displacement in the global x direction)
2 = v (displacement in the global y direction)

Distributed Loads

Load types for distributed loads are defined as follows:

Load Type Description
0 Uniform pressure distributed on 1-2 face of the element.
1 Uniform body force per unit volume in first coordinate direction.
2 Uniform body force per unit volume in second coordinate direction.
3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.
4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.
5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.
6 Uniform pressure on 2-3 face of the element.
7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.
8 Uniform pressure on 3-1 face of the element.
9 Nonuniform pressure on 3-1 face of the element; magnitude supplied through
subroutine FORCEM.
10 Uniform pressure on 4-1 face of the element.
11 Nonuniform pressure on 4-1 face of the element; magnitude supplied through
subroutine FORCEM.
20 Uniform shear force on side 1-2 (positive from 1 to 2).
21 Nonuniform shear force on side 1-2; magnitude supplied through user subroutine
FORCEM.
22 Uniform shear force on side 2-3 (positive from 2 to 3).
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Load Type Description

23 Nonuniform shear force on side 2-3; magnitude supplied through user subroutine
FORCEM.

24 Uniform shear force on side 3-4 (positive from 3 to 4).

25 Nonuniform shear force on side 3-4; magnitude supplied through user subroutine
FORCEM.

26 Uniform shear force on side 4-1 (positive from 4 to 1).

27 Nonuniform shear force on side 4-1; magnitude supplied through user subroutine
FORCEM.

100 Centrifugal load; magnitude represents square of angular velocity [rad/time].

Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter two magnitudes: the first value is gravity
acceleration in x-direction; the second is gravity acceleration in the y-direction.

103 Coriolis and centrifugal loading; magnitude represents square of angular velocity
[rad/time]. Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads may be
applied at the nodes.

Output of Strains
Output of strains at the centroid of the element is as follows:

1 = global xx strain

2 = global yy strain

3 = global (engineering) Xy strain
Output of Stresses

Output of stresses is the same as for the Strains.

Transformation

Two global degrees of freedom may be transformed to local coordinates.
Tying
Use subroutine UFORMS.

Output Points

Output is available at the centroid or at the four numerical integration points shown in
Figure B 3.3-1.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available. Output of true stress and logarithmic strain in global coordinate
directions. Thickness will be updated if FINITE is specified.

Rev. K.6 B3.3-3



Element 3 Volume B: Element Library

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 39.
See B 3.39 for a description of the conventions used for entering the flux and film data for
this element. Volumetric flux due to dissipation of plastic work specified with type 101.

Assumed Strain

The assumed strain formulation is available to improve the in-plane bending behavior. This
increases the stiffness assembly costs per element and improves the accuracy.
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B 3.4 Curved Quadrilateral, Thin-Shell Element

This is an isoparametric, doubly-curved thin-shell element using bicubic interpolation
functions. The element is based in Koiter-Sanders shell theory, fulfilling continuity
requirements, and represents rigid body modes exactly when used as a rectangle in the mapped
surface coordinate plane. The element contains no patching functions, so that it is restricted to
quadriiateral meshes with a maximum of four elements sharing one common node. However,
the element is rapidly convergent in most problems which allow such a mesh. Note that any
suitable surface coordinate systems may be chosen, so that the mesh need not be rectangular
on the actual surface. This element cannot be used with CONTACT.

Geometry

The element is isoparametric, so that the actual surface in interpolated from modal coordinates.
The mesh is defined in the 8' — 62 plane of surface coordinates. Then, the actual surface is

approximated with a surface defined by cubic interpolation on the interior of each element
based on the following set of 14 nodal coordinates:

ol g2y 0% X Oy dy 0z on Ox Oy 9%
001" 002" 001002 00062 06062

281" 302" 30! 202’

In most practical cases, the surface is definable as follows:

x = x (81, 6%)
y = y(6', 6%
z =z (8!, 8%

Then, the usual procedure is to define the mesh in the 8! — 62 plane (as a rectangular mesh) by
supplying the first two coordinates (8', 62) at each node through the COORDINATE input option.

Then, the remaining 12 coordinates are defined at each node through the use of the FXORD
option (see Volume A) or the UFXORD user subroutine (see Volume D).

The element may have variable thickness since the program allows linear variation of the
thickness with respect to 8' and 6. Note, however, the user should ensure that the thickness is
continuous from one element to the next; otherwise, the tying option must be used to uncouple
the membrane strain. In a continuous mesh, continuity of all membrane strain components is
assumed.
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Displacement

The following 12 degrees of freedom at each node:

Ju Jdu v ov  dv w ow ow  d%u d%v 02w
ua ~ 1 <~ A~ Y T 10 — A Y T 1Y — A~ ) )
20617 962" " 90! 902 00! 962" 96106%° 960'00%2 90'062

where u, v, w are the Cartesian components of displacement.

Displacement is interpolated by complete bicubic functions on the interior of an element, so
that equality of the above nodal degrees of freedom at the coincident nodes of abutting
elements ensures the necessary continuity required for thin shell theory.

Note that fixed displacement boundary conditions should never be associated with all 12
degrees of freedom at each node, since three degrees of freedom must always determine middle
surface (membrane) strains at the node. Care must be exercised in the specification of
kinematic boundary conditions. They must be fully specified, but not over specified. The
application of moments and torsional springs must consider the dimensions of the generalized
coordinates so that the forces and conjugate displacements multiply together to yield
mechanical work.

Connectivity Specification and Numerical Integration

The nodal point numbers of the element must be given in counter-clockwise order on the 6! - 62
plane, starting with the point i (min 6! and 6?). Thus, in Figure B 3.4-1, the connectivity must
be given as 1, j, k, 1.

The element is integrated numerically using nine points (Gaussian quadrature). The first

integration point is always closest to the first node of the element; then, the integration points
are numbered as shown in Figure B 3.4-1.

Point 5 (centroid of the element in the 8! and 62 plane) is used for stress output if the CENTROID
option is not flagged. The CENTROID option should be used for any nonlinear analysis with this
element.
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Figure B 3.4-1
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Quick Reference

Type 4

Doubly curved quadrilateral thin-shell element.

Connectivity

Four nodes per element. The first node given in the connectivity list must have minimum 6!
and 2.

Geometry

Thickness at the element centroid is input in the first data field (EGEOM1).

ot
Rate of change of thickness with respect to 6 (ﬁ) is in the second data field (EGEOM?2)

ot
Rate of change of thickness with respect to 62 (é?) is in the third data field (EGEOMB3).

Note that the NODAL THICKNESS model definition option can also be used for the input of
element thickness.
Coordinates

The geometry is defined by 14 nodal coordinates. The surface must be rectangular in the 8,
and 6, plane. The required 14 nodal coordinates are as follows:

Ix 0Ox dy dy , dz dz 9% 9%y 0%z
" 3An ° An ° ya N ° Apn ° " 30 ° AN ° ’ ’
36,” 36," > 36,” 36," ~ 38, 36," 36,00, 30,96," 9630,

8,,0,, x
Usually, the FXORD option or user subroutine UFXORD can be used to minimize the
coordinate input.

Degrees of Freedom

There are 12 degrees of freedom per node as follows:

du du v ov N ow ow  d%u 0%y *w
u, —, —=, V, —5, —5 5 L 1% ~.A°? ) ’
06! 962" 96'962" 06'062" 96'962

001" 902" 7 90!’ 902’
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Tractions

Distributed loadings are as follows:

Load Type Description
1 Uniform self-weight per unit surface area in -z-direction.
2 Uniform pressure.
3 Nonuniform pressure; magnitude supplied by user subroutine FORCEM.
4 Nonuniform load per unit volume in arbitrary direction; magnitude and direction
supplied in user subroutine FORCEM.
11 Uniform load per unit length on the 1-2 edge in the x-direction.
12 Uniform load per unit length on the 1-2 edge in the y-direction.
13 Uniform load per unit length on the 1-2 edge in the z-direction.
21 Uniform load per unit length on the 2-3 edge in the x-direction.

22 Uniform load per unit length on the 2-3 edge in the y-direction.
23 Uniform load per unit length on the 2-3 edge in the z-direction.
31 Uniform load per unit length on the 3-4 edge in the x-direction.
32 Uniform load per unit length on the 3-4 edge in the y-direction.
33 Uniform load per unit length on the 3-4 edge in the z-direction.
41 Uniform load per unit length on the 4-1 edge in the x-direction.
42 Uniform load per unit length on the 4-1 edge in the y-direction.
43 Uniform load per unit length on the 4-1 edge in the z-direction.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains

Components of stretch and curvature in surface coordinate directions.

Output of Stresses

Stress output as physical components of 6'!, 6?2, ¢'? in surface coordinate system at points

equally spaced through the thickness with the first point on the surface in the direction of
the positive normal.
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Transformation

Cartesian displacement components and their derivatives may be transformed to a local
system. The surface coordinate system is not affected by this transformation.

Special Transformation

The shell transformation option type 4 may be used to permit easier application of point
loads, moments and/or boundary conditions on a node. For a description of this
transformation type, see Volume A. Note that if the FOLLOW FORCE option is invoked, the
transformations will be based on the updated configuration of the element.

Tying

Tying type 18 may be used for intersecting shells. Tying type 19 may be used for beam
stiffened shells using element 13 as a stiffener on this element.

Output Points

Centroid or nine Gaussian integration points, if the CENTROID or ALL POINTS parameter
option is used as shown in Figure B 3.4-1.

NOTE: Element is sensitive to boundary conditions. Ensure that every required boundary
condition is applied properly.

Section Stress Integration

Integration through the thickness is performed numerically using Simpson’s rule. Use the
SHELL SECT parameter option to define the number of integration points.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available. Output of stress and strain as for total Lagrangian approach.
Thickness will be updated.

( NOTE: Shell theory only applies if strain variation through the thickness is small. )

Large Deformation Analysis

The large deformation analysis allows either the Lagrangian or updated Lagrangian
description used in MARC. In the present version, however, only large deflection terms
corresponding to the stretching strains have been introduced. This approximation is usually
acceptable even for nonlinear buckling analysis.

Coupled Analysis
Not available for this element. Use either element type 22, 72, or 75.
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B 3.5 Beam Column

This element is a straight, two-node, rectangular-section, beam-column element using linear
interpolation parallel to its length, and cubic interpolation in the normal direction. (Element 16
is a full cubic beam that is more accurate for many applications.)

The degrees of freedom are the u and v displacements, and the right-handed rotation at the two
end points of the element. The strain-stress transformation is formed by a Simpson's rule
integration using the number of points defined in the SHELL SECTION parameter option through
the thickness of the element. The stiffness is formed by Gaussian integration along the length
of the element using three points. All constitutive relations may be used with this element type.

Quick Reference

Type 5

Two-dimensional, rectangular-section beam-column.

Connectivity

Two nodes per element (see Figure B 3.5-1).

Figure B 3.5-1 Beam-Column Element

Geometry

A rectangular section is assumed. The height is input in the first data field (EGEOM1). The
cross-sectional area is input in the second data field (EGEOM?2). The third data field is not
used.

Coordinates

Two coordinates in the global x and y directions.
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Degrees of Freedom

1 = u displacement
2 = v displacement
3 = right-handed rotation

Tractions

Distributed loads according to the value of IBODY are as follows:

Load Type Description
0 Uniform pressure
1 Nonuniform pressure

11 Fluid drag/buoyancy loading - fluid behavior specified in FLUID DRAG option.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

In the nonuniform case, the load magnitude must be specified by user subroutine FORCEM.

Output of Strains

Two generalized strains, membrane stretching and bending.

Output of Stresses

Stresses at each integration point or the centroid. Each of these points will have points
equally spaced through its thickness. The stress will be output at each representative point.

The first point is on the positive normal (positive local y) face. The last point is on the
negative face.

Transformation

Standard transformation will transform first two global degrees of freedom to local degrees
of freedom.

Tying
No standard tying available. Use subroutine UFORMS.

Output Points

Centroid or three Gaussian integration points.
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Section Stress Integration
Integration through the thickness is performed numerically using Simpson's rule. Use the
SHELL SECT parameter option to define the number of integration points.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is not available. Use element type 16 instead.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 36.
See B 3.36 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.6 Two-Dimensional Plane Strain Triangle

Element 6 is a three-node, isoparametric, triangular element written for plane strain
applications. This element uses bilinear interpolation functions. The strains are constant
throughout the element. This results in a poor representation of shear behavior.

In general, one needs more of these lower-order elements than the higher-order elements such
as element type 125. Hence, use a fine mesh.

The stiffness of this element is formed using one point integration at the centroid.

This element should not be used in cases where incompressible or nearly incompressible
behavior occurs because it will lock. This includes plasticity and creep. The cross triangle
approach may be used to reduce the short comings of this element.

Quick Reference

Type 6

Two-dimensional, plane strain, three-node triangle.

Connectivity

Node numbering must follow right-handed convention (see Figure B 3.6-1).

Figure B 3.6-1 Plain-Strain Triangle

Geometry

Thickness stored in first data field (EGOM1). Default thickness is unity. Other fields are not
used.

Coordinates

Two coordinates in the global x and y directions.
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Degrees of Freedom

1 = u displacement
2 = v displacement

Tractions

Load types for distributed loads are as follows:

Load Type Description

0 Uniform pressure distributed on 1-2 face of the element.

1 Uniform body force per unit volume in first coordinate direction.

2 Uniform body force per unit volume in second coordinate direction.

3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.

4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.

5 Nonuniform body force per unit volume in second coordinate direction: magnitude
supplied through subroutine FORCEM.

6 Uniform pressure on 2-3 face of the element.

7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.

8 Uniform pressure on 3-1 face of the element.

9 Nonuniform pressure on 3-1 face of the element; magnitude supplied through

subroutine FORCEM.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains

Output of strains at the centroid of the element is as follows:

1=£XX
2=¢,
3=¢,=0
4=¢,,

Output of Stresses

Same as Strains.
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Transformation

Nodal degrees of freedom may be transformed to local degrees of freedom. Corresponding
nodal loads must be applied in local direction.

Tying
Use subroutine UFORMS.

Output Points

Only available at the centroid. Element must be small for accuracy.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available. Output of stress and strain in global coordinate directions. “Crossed
triangle” approach recommended.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 37.
See B 3.37 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.7 Three-Dimensional Arbitrarily Distorted Cube

Element type 7 is a eight-node, isoparametric, arbitrary hexahedral. As this element uses
trilinear interpolation functions, the strains tend to be constant throughout the element. This
results in a poor representation of shear behavior. The shear (or bending) characteristics may
be improved by using alternative interpolation functions. This assumed strain procedure is
flagged through the GEOMETRY option.

In general, one needs more of these lower-order elements than the higher-order elements such
as types 21 or 57. Hence, use a fine mesh.

This element is preferred over higher-order elements when used in a contact analysis.
The stiffness of this element is formed using eight-point Gaussian integration.

For nearly incompressible behavior, including plasticity or creep, it is advantageous to use an
alternative integration procedure. This constant dilatation method which eliminates potential
element locking is flagged through the GEOMETRY option.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials use element type 84 instead. Element type
84 is also preferable for small strain incompressible elasticity.

NOTES: For the assumed strain formulation, the interpolation functions are modified to
improve the bending characteristics of the element.

As in all three-dimensional analyses, a large nodal bandwidth results in long
computing times. Optimize the nodal bandwidth.

Quick Reference

Type 7

Three-dimensional, eight-node, first-order, isoparametric element (arbitrarily distorted
cube).

Connectivity

Eight nodes per element. Node numbering must follow the scheme below (see Figure B 3.7-1):
Nodes 1, 2, 3, and 4 are corners of one face, given in counter-clockwise order when
viewed from inside the element. Node 5 has the same edge as node 1. Node 6 has the

same edge as node 2. Node 7 has the same edge as node 3. Node 8 has the same edge as
node 4
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()

Figure B 3.7-1 Arbitrarily Distorted Cube

Geometry

If the automatic brick to shell constraints are to be used, the first field must contain the
transition thickness (see Figure B 3.7-2).

Degenerated Six-Node

Shell Element Solid Element (Element 7)

(Element 75)

Figure B 3.7-2 Shell-to-Solid Automatic Constraint

If a nonzero value is entered in the second data field (EGEOM?2), the volumetric strain will
be constant throughout the element. This is particularly useful for analysis of approximately
incompressible materials, and for analysis of structures in the fully plastic range. It is also
recommended for creep problems in which it is attempted to obtain the steady state solution.

If a one is placed in the third field, the assumed strain formulation will be activated.

Coordinates

Three coordinates in the global x-, y-, and z-directions.
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Degrees of Freedom

Three global degrees of freedom u, v, and w per node.

Distributed Loads
Distributed loads chosen by value of IBODY are as follows:

Load Type Description
0 Uniform pressure on 1-2-3-4 face.
1 Nonuniform pressure on 1-2-3-4 face; magnitude supplied through user subroutine
FORCEM.
2 Uniform body force per unit volume in -z-direction.
3 Nonuniform body force per unit volume (e.g., centrifugal force); magnitude and

direction supplied through user subroutine FORCEM.
Uniform pressure on 6-5-8-7 face.

Nonuniform pressure on 6-5-8-7 face (FORCEM).
Uniform pressure on 2-1-5-6 face.

Nonuniform pressure on 2-1-5-6 face (FORCEM).
Uniform pressure on 3-2-6-7 face.

Nonuniform pressure on 3-2-6-7 face (FORCEM).

© o N O o »

10 Uniform pressure on 4-3-7-8 face.
11 Nonuniform pressure on 4-3-7-8 face (FORCEM).
12 Uniform pressure on 1-4-8-5 face.

13 Nonuniform pressure on 1-4-8-5 face (FORCEM).

20 Uniform pressure on 1-2-3-4 face.

21 Nonuniform load on 1-2-3-4 face; magnitude and direction supplied in user
subroutine FORCEM.

22 Uniform body force per unit volume in -z-direction.

23 Nonuniform body force per unit volume (e.g., centrifugal force); magnitude and

direction supplied through user subroutine FORCEM.
24 Uniform pressure on 6-5-8-7 face.
25 Nonuniform load on 6-5-8-7 face; magnitude and direction supplied in FORCEM.
26 Uniform pressure on 2-1-5-6 face.
27 Nonuniform load on 2-1-5-6 face; magnitude and direction supplied in FORCEM.
28 Uniform pressure on 3-2-6-7 face.
29 Nonuniform load on 3-2-6-7 face; magnitude and direction supplied in FORCEM.

30 Uniform pressure on 4-3-7-8 face.
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Load Type Description

31 Nonuniform load on 4-3-7-8 face; magnitude and direction supplied in FORCEM.
32 Uniform pressure on 1-4-8-5 face.

33 Nonuniform load on 1-4-8-5 face; magnitude and direction supplied in FORCEM.
40 Uniform shear 1-2-3-4 face in the 1-2 direction.

41 Nonuniform shear 1-2-3-4 face in the 1-2 direction.
42 Uniform shear 1-2-3-4 face in the 2-3 direction.

43 Nonuniform shear 1-2-3-4 face in the 2-3 direction.
48 Uniform shear 6-5-8-7 face in the 5-6 direction.

49 Nonuniform shear 6-5-8-7 face in the 5-6 direction.
50 Uniform shear 6-5-8-7 face in the 6-7 direction.

51 Nonuniform shear 6-5-8-7 face in the 6-7 direction.
52 Uniform shear 2-1-5-6 face in the 1-2 direction.

53 Nonuniform shear 2-1-5-6 face in the 1-2 direction.
54 Uniform shear 2-1-5-6 face in the 1-5 direction.

55 Nonuniform shear 2-1-5-6 face in the 1-5 direction.
56 Uniform shear 3-2-6-7 face in the 2-3 direction.

57 Nonuniform shear 3-2-6-7 face in the 2-3 direction.
58 Uniform shear 3-2-6-7 face in the 2-6 direction.

59 Nonuniform shear 2-3-6-7 face in the 2-6 direction.
60 Uniform shear 4-3-7-8 face in the 3-4 direction.

61 Nonuniform shear 4-3-7-8 face in the 3-4 direction.
62 Uniform shear 4-3-7-8 face in the 3-7 direction.

63 Nonuniform shear 4-3-7-8 face in the 3-7 direction.
64 Uniform shear 1-4-8-5 face in the 4-1 direction.

65 Nonuniform shear 1-4-8-5 face in the 4-1 direction.
66 Uniform shear 1-4-8-5 in the 1-5 direction.

67 Nonuniform shear 1-4-8-5 face in the 1-5 direction.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.
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Pressure forces are positive into element face.

Output of Strains

1 = global xx strain
2 = global yy strain
3 = global zz strain
4 = global engineering Xy strain
5 = global engineering yz strain
6 = global engineering xz strain

Output of Stresses

Output of stresses is the same as for Strains.

Transformation

Standard transformation of three global degrees of freedom to local degrees of freedom.

Tying

No special tying available. An automatic constraint is available for brick-to-shell transition
meshes (see Geometry).

Output Points

Centroid or the eight integration points as shown in Figure B 3.7-3.

Figure B 3.7-3 Eight-Point Gauss Integration Scheme for Element 7
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Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 43.
See B 3.43 for a description of the conventions used for entering the flux and film data for
this element. Volumetric flux generated by dissipated plastic energy is specified with type
101.

Assumed Strain

The assumed strain formulation is available to improve the bending behavior. This increases
the stiffness assembly costs per element, but it improves the accuracy.

NOTES: The element can be collapsed to a tetarhedron.

By collapsing one plane of the element to a line (see Figure B 3.7-2), a transition
element for connecting bricks with four-node shell element type 75 is generated.
Thickness of the shell must be specified in the geometry field of the brick
element.
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B 3.8 Curved Triangular Shell Element

This element is an isoparametric, curved, triangular, thin-shell element based on the
Koiter-Sanders shell theory, which fulfills continuity requirements and represents rigid-body
motions exactly. This element cannot be used with CONTACT.

Geometry

The middle surface of the shell is defined by the equations:

x = x (8!, 6%)
y = y(6', 6% (1)
z =1z(0', 8%

where

(x,y,z) are Cartesian coordinates.

(8", 62) denote Gaussian coordinates on the middle surface of the shell.

The domain of definition in the plane (8!, 62) is divided into a mesh of triangles which are
mapped onto curved elements on the middle surface X. The actual middle surface is

approximated by a smooth surface £ which has the same coordinates (x-y-z) and the same
tangent plane at each nodal point of the mesh. Practically, the mesh is defined by the Caussian

coordinates (Bil, (-)iz) of the nodal points, and the surface X is defined by the values of the

functions (1) and their first derivatives at these points. According to the terminology of MARC,
the coordinates are, therefore, the set:

6!, 82,x (p,). 0x (p;) /98", 9x (p;) /962
y (p,), 9y (p;) /08", 9y (p;) /96? ()
z(p;), 9z (p;) /08!, 9z (p,) /96?

where
x (p;) stand for x (Oil, 912) , (Gil, Biz) being the coordinates of the node p;.

In the general case, these 11 coordinates must be given. Particular shapes are available through
the FXORD option (described in Volume A). Often the user subroutine UFXORD may be used to
generate the coordinates from a reduced set (see Volume D). The thickness of the shell may
vary linearly in an element: the values at the three nodes are given in EGEOM1, EGEOM2,
EGEOM3. If EGEOM2 or EGEOM3 is given as zero, that thickness is set equal to EGEOMI1.
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There are nine degrees of freedom for each nodal point p;. These degrees of freedom are defined
in terms of the Cartesian components of displacement u, v, and w, and rates of change with
respect to the Gaussian coordinates:

u(p,), du(p;) /96", du (p,) /962
v(p,), dv (p;) 796", 9v (p,) /962
w (p,), ow (p;) /98!, aw (p,) /06

The displacements within an element are defined by interpolation functions. These
interpolation functions ¢ (8!, 82) are such that compatibility of displacements and their first

derivatives is insured between adjacent elements. Hence, for an element whose vertices are the
nodal points p;, P> and py, the components u, v, w are defined as:

u (6!, 6%)
v(8', 0%) = (V[, V[, V{), 0(6', 6%

1 k

(UL UL Up) - 08", 89

w(8', 6% = (W[, W, W), ¢(6', 6?)

Numerical Integration

For this element, seven integration points are used with an integration rule which is exact for
all polynomials up to the fifth order. See Figure B 3.8-1.
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Figure B 3.8-1 Uniform Loads On and Integration Points for Element 8

Quick Reference

Type 8
Arbitrary doubly curved triangular shell.

Connectivity

Three nodes per element. Numbering may be clockwise or counter-clockwise for this
element.
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Geometry

The element can have linear variation of thickness in the 8!, 82 plane. Thickness at node is

input at the first data field (EGEOMI1). Thickness at the second node in the second data field
(EGEOM2). In the third data field (EGEOM3), thickness is at the third node. If only the first
data field is used, the element defaults to a constant thickness.

Note that the NODAL THICKNESS model definition option can also be used for the input of
element thickness.

Coordinates

The coordinates are defined by Gaussian coordinates (8!, 2) on the middle surface of the
shell with 11 coordinates per node required in the general case:

0
1 =0 5= — 9 =z
002
oz
2 =6° 6 = 10 = =
’ 20’
0
3=x 7 = _y 11 = _a_z
08! 002
ox dy
= — 8§ = =
06! 002
Degrees of Freedom
Global displacement degrees of freedom:
1 = u displacement 4 = v displacement 7 = w displacement
du av ow
00! 06! 06!
3294 6= 9" 9= ¥
062 062 302
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Tractions

Distributed loading types are as follows:

Load Type Description
1 Uniform weight per surface area in the negative z-direction.
2 Uniform pressure; magnitude of pressure is positive when applied in negative
normal vector direction.
3 Nonuniform pressure; magnitude given by user subroutine FORCEM.
4 Nonuniform load per unit volume in arbitrary direction; magnitude and direction
supplied in user subroutine FORCEM.
11 Uniform load per unit length on the 1-2 edge in the x-direction.
12 Uniform load per unit length on the 1-2 edge in the y-direction.
13 Uniform load per unit length on the 1-2 edge in the z-direction.
21 Uniform load per unit length on the 2-3 edge in the x-direction.

22 Uniform load per unit length on the 2-3 edge in the y-direction.

23 Uniform load per unit length on the 2-3 edge in the z-direction.
31 Uniform load per unit length on the 3-1 edge in the x-direction.
32 Uniform load per unit length on the 3-1 edge in the y-direction.
33 Uniform load per unit length on the 3-1 edge in the z-direction.
100 Centrifugal load; magnitude represents square angular velocity [rad/time].

Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains

Components of stretch and curvature in surface coordinate directions.

Output of Stresses

Physical components in surface coordinate directions at the points through the thickness:
The first point on surface in the direction of positive normal; last point on surface in the

direction of negative normal. Stress components are physical components in the 0!, 62

directions:
1 =¢!
2 = ¢%
3 =¢l?
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Transformation
Cartesian displacement components and their derivatives may be transformed to a local
system. The surface coordinate system is not affected by this transformation.

Special Transformation

The shell transformation option type 2 may be used to permit easier application of point
loads, moments and/or boundary conditions of a node. For a description of the
transformation type, see Volume A. Note that if the FOLLOW FORCE option is invoked, the
transformation will be based on the updated configuration of the element.

Tying

Typing type 18 is used for shell intersection. Tying type 19, 20, and 21 are provided for tying
beam type 13 as a stiffener on this shell element.

Output Points

Centroid or seven integration points. These are located in the 8!, 62 plane as shown in
Figure B 3.8-1.

( NOTE: These results are sensitive to correct boundary condition specifications. )

Section Stress Integration
Use SHELL SECT parameter option to set number of points for Simpson rule integration
through the thickness.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain as for total Lagrangian approach.
Thickness will be updated.

Q NOTE: Shell theory only applies if strain variation through the thickness is small. )

Large Deformation Analysis

The large deformation analysis allows either the Lagrangian or updated Lagrangian
description used in MARC. In the present version, however, only large deflection terms
corresponding to the stretching strains have been introduced. This approximation is usually
acceptable even for nonlinear buckling analysis.
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B 3.9 Three-Dimensional Truss

Element type 9 is a simple linear straight truss with constant cross-section. The strain-
displacement relations are written for large strain, large displacement analysis. All constitutive
relations may be used with this element.

< NOTE: This element has no bending stiffness. )

Quick Reference

Type 9

Three-dimensional, two-node, straight truss.

Connectivity

Two nodes per element (see Figure B 3.9-1).

Figure B 3.9-1 Two-Noded Truss

Geometry
The cross-sectional area is input in the first data field (EGEOM1). The other two data fields
are not used. Default area is equal to 1.0.

Coordinates

Three coordinates per node in the global x-, y-, and z-direction.

Degrees of Freedom
Global displacement degrees of freedom:

1 = u displacement
2 = v displacement
3 = w displacement
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Tractions

Distributed loads according to the value of IBODY are as follows:

Load Type Description
0 Uniform load (force per unit length) in the direction of the global x-axis.
1 Uniform load (force per unit length) in the direction of the global y-axis.
2 Uniform load (force per unit length) in the direction of the global z-axis.

1 Fluid drag/buoyancy loading — fluid behavior specified in FLUID DRAG option.

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains

Uniaxial in the truss member.

Output of Stresses

Uniaxial in the truss member.

Transformation
The three global degrees of freedom for any node may be transformed to local degrees of
freedom.

Tying
Use subroutine UFORMS.

Output Points

Only one integration point available.

Updated Lagrange Procedure and Finite Strain Plasticity
Capability is available — stress and strain output as for total Lagrangian approach. Cross
section will be updated.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 36.
See B 3.36 for a description of the conventions used for entering the flux and film data for

this element.
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B 3.10 Arbitrary Quadrilateral Axisymmetric Ring

Element type 10 is a four-node, isoparametric, arbitrary quadrilateral written for axisymmetric
applications. As this element uses bilinear interpolation functions, the strains tend to be
constant throughout the element. This results in a poor representation of shear behavior.

In general, one needs more of these lower-order elements than the higher-order elements such
as types 28 or 55. Hence, use a fine mesh.

This element is preferred over higher-order elements when used in a contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.

For nearly incompressible behavior, including plasticity or creep, it is advantageous to use an
alternative integration procedure. This constant dilatation method which eliminates potential
element locking is flagged through the GEOMETRY option.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials use element type 82 instead. Element type
82 is also preferable for small strain incompressible elasticity.

Quick Reference

Type 10

Axisymmetric, arbitrary ring with a quadrilateral cross section.

Connectivity
Four nodes per element. Node numbering follows right-handed convention
(counter-clockwise).

Geometry

If a nonzero value is entered in the second data field (EGEOM2), the volume strain will be
constant throughout the element. This is particularly useful for analysis of approximately
incompressible materials, and for analysis of structures in the fully plastic range. It is also
recommended for creep problems in which it is attempted to obtain the steady-state solution.
For details, see Volume F, Reference XXV.

Coordinates

Two coordinates in the global z- and r-direction.

Degrees of Freedom

1 = u (displacement in the global z-direction)
2 = v (displacement in the global r-direction).
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Distributed Loads

Load types for distributed loads are as follows:

Load Type Description
0 Uniform pressure distributed on 1-2 face of the element.
1 Uniform body force per unit volume in first coordinate direction.
2 Uniform body force by unit volume in second coordinate direction.
3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.
4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.
5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.
6 Uniform pressure on 2-3 face of the element.
7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.
8 Uniform pressure on 3-4 face of the element.
9 Nonuniform pressure on 3-4 face of the element; magnitude supplied through
subroutine FORCEM.
10 Uniform pressure on 4-1 face of the element.
11 Nonuniform pressure on 4-1 face of the element; magnitude supplied through
subroutine FORCEM.
20 Uniform shear force on side 1-2 (positive from 1 to 2).
21 Nonuniform shear force on side 1-2; magnitude supplied through user subroutine
FORCEM.
22 Uniform shear force on side 2-3 (positive from 2 to 3).
23 Nonuniform shear force on side 2-3; magnitude supplied through user subroutine
FORCEM.
24 Uniform shear force on side 3-4 (positive from 3 to 4).
25 Nonuniform shear force on side 3-4; magnitude supplied through user subroutine
FORCEM.
26 Uniform shear force on side 4-1 (positive from 4 to 1).
27 Nonuniform shear force on side 4-1; magnitude supplied through user subroutine
FORCEM.
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Load Type Description

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time). Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads may be
applied at the nodes. The magnitude of point loads must correspond to the load integrated
around the circumference.

Output of Strains

Output of strains at the centroid of the element in global coordinates is:

l=¢,

2=¢,

3= €go

4=1,
Output of Stresses

Same as for Strains.

Transformation

Two global degrees of freedom may be transformed into local coordinates.

Tying
May be tied to axisymmetric shell type 1 using standard tying type 23.
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Output Points

Output is available at the centroid or at the four Gaussian points shown in Figure B 3.10-1.

+3 + 4

41 )

Figure B 3.10-1 Integration Points for Element 10

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinate directions. Reduced
volume strain integration recommended. (See Geometry.)

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 40.
See B 3.40 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.11  Arbitrary Quadrilateral Plane-Strain

Element type 11 is a four-node, isoparametric, arbitrary quadrilateral written for plane strain
applications. As this element uses bilinear interpolation functions, the strains tend to be
constant throughout the element. This results in a poor representation of shear behavior. The
shear (or bending) characteristics may be improved by using alternative interpolation
functions. This assumed strain procedure is flagged through the GEOMETRY option.

In general, one needs more of these lower-order elements than the higher-order elements such
as types 27 or 54. Hence, use a fine mesh.

This element is preferred over higher-order elements when used in a contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.

For nearly incompressible behavior, including plasticity or creep, it is advantageous to use an
alternative integration procedure. This constant dilatation method, which eliminates potential
element locking, is flagged through the GEOMETRY option.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 80 instead. Element type
80 is also preferable for small strain incompressible elasticity.

Quick Reference

Type 11

Plane-strain quadrilateral.

Connectivity
Four nodes per element. Node numbering follows right-handed convention
(counter-clockwise).

Geometry
The thickness is entered in the first data field (EGEOM1). Default to unit thickness.

If a nonzero value is entered in the second data field (EGEOM2), the volume strain will be
constant throughout the element. That is particularly useful for analysis of approximately
incompressible materials and for analysis of structures in the fully plastic range. It is also
recommended for creep problems in which it is attempted to obtain the steady solution.

If a “1” is entered in the third field, the assumed strain formulation will be used.

Coordinates

Two coordinates in the global x- and y-direction.
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Degrees of Freedom

1 = u displacement (x-direction)
2 = v displacement (y-direction)

Distributed Loads

Load types for distributed loads are as follows:

Load Type Description
0 Uniform pressure distributed on 1-2 face of the element.
1 Uniform body force per unit volume in first coordinate direction.
2 Uniform body force by unit volume in second coordinate direction.
3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.
4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.
5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.
6 Uniform pressure on 2-3 face of the element.
7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.
8 Uniform pressure on 3-4 face of the element.
9 Nonuniform pressure on 3-4 face of the element; magnitude supplied through
subroutine FORCEM.
10 Uniform pressure on 4-1 face of the element.
11 Nonuniform pressure on 4-1 face of the element; magnitude supplied through
subroutine FORCEM.
20 Uniform shear force on side 1-2 (positive from 1 to 2).
21 Nonuniform shear force on side 1-2; magnitude supplied through user subroutine
FORCEM.
22 Uniform shear force on side 2-3 (positive from 2 to 3).
23 Nonuniform shear force on side 2-3; magnitude supplied through user subroutine
FORCEM.
24 Uniform shear force on side 3-4 (positive from 3 to 4).
25 Nonuniform shear force on side 3-4; magnitude supplied through user subroutine
FORCEM.
26 Uniform shear force on side 4-1 (positive from 4 to 1).
27 Nonuniform shear force on side 4-1; magnitude supplied through user subroutine
FORCEM.
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Load Type Description

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads may be
applied at the nodes.

Output of Strains

Output of strains at the centroid of the element in global coordinates is:

1 =¢,
2=¢,
3=¢gy,
4=1,

Output of Stresses

Same as for Strains.

Transformation

Two global degrees of freedom may be transformed into local coordinates.

Tying
Use subroutine UFORMS.
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Output Points

Output is available at the centroid or at the four Gaussian points shown in Figure B 3.11-1.

+3 + 4

W1 42

Figure B 3.11-1 Gaussian Integration Points for Element Type 11

Updated Lagrange Procedure and Finite Strain Plasticity
Capability is available — stress and strain output in global coordinate directions. Reduced
volume strain integration recommended. (See Geometry.)

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 39.
See B 3.39 for a description of the conventions used for entering the flux and film data for
this element. Volumetric flux due to dissipation of plastic work specified with type 101.

Assumed Strain

The assumed strain formulation is available to improve the bending characteristics of this
element. Although this increases the stiffness assembly costs per element, it does improve
the accuracy.
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B 3.12 Friction And Gap Link Element

This element provides frictional and gapping connection between any two nodes of a structure.
Essentially, the element is based on imposition of a gap closure constraint and frictional stick
or slip via Lagrange multipliers.

The element may be used with any other elements in the program by invoking suitable tying
(user UFORMS), if necessary.

Three different options for the definition of the gap have been included. The default
formulation is a gap in a fixed direction. This option is useful for geometrically linear analysis
or geometrically nonlinear analysis if a body is not to penetrate a given flat surface.

The second formulation constrains the true distance between the two end-points of the gap to
be greater or less than a specified value. This option is useful for geometrically nonlinear
analysis or for analysis in which a body is not to penetrate a given circular (2D) or spherical
(3D) surface. This option is activated by specification of a “1” in the seventh data field of GAP
DATA model definition block.

The third formulation allows specification of closure distance and gap direction in the user
subroutine GAPU. The gap direction and distance can then be updated during analysis to model
sliding along a curved surface. The fixed direction gap option in GAP DATA block must be
activated if GAPU is used.

Fixed Direction Gap

Description of the Fixed Direction Gap for Two-Dimensional Problems

The element is implemented in the program as a four-node element (link). The first and
fourth nodes have (u, v) Cartesian displacements to couple to the rest of the structure.

Node 2 is the gap node.It has one degree of freedom, F,,, the force being carried across the
link. The coordinate data for this node is used to input (n,, n,), the direction of n, the gap

closure direction. If these data are not given (or are all zero), the program defines:

n= (,X4_.X])/I.X4_.X1

2

i.e., the gap closure direction is along the element in its original configuration. The user
should note that, in many cases, the gap is very small (or, indeed, may be of zero length if
the two surfaces are initially touching), so that inaccuracies may be introduced by taking a
small difference between two large values. This is the reason for allowing separate input of

(ny, ny).
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Node 3 is the friction node. It has degrees of freedom F; the frictional force being carried
across the link, and s, the net frictional slip. The coordinate data for this node may be given
as (ty, ty), the frictional direction. If the user does not input this data, t is defined by the

program as:
t =kxn
where n is the gap direction (see above) and k is the unit vector normal to the plane of
analysis.
Description of the Fixed Direction Gap for Three-Dimensional Problems

The first and fourth nodes have (u, v, w) Cartesian displacements to couple to the rest of the
structure.

Node 2 is the gap node. It has one degree of freedom, F,; the normal force being carried
across the link. The coordinate data for this node is used to input (n,, n,, n,), the direction of
1, the gap closure direction. If these data are not given (or are all zero), the program defines:

n = (,X4—.X1)/'X4_~X1

.
ki

Le., the gap closure direction is along the element in its original configuration. The user
should note that in many cases, the gap is very small (or, indeed, may be of zero length if
the two surfaces are initially touching), so that inaccuracies may be introduced by taking a
small difference between two large values. This is the reason for allowing separate input of

(ny, ny, n,).

Node 3 is the friction node. It has degrees of freedom (F,, F,); the frictional forces being
carried cross the link and s, the net frictional slip.

The coordinate data for this note may be given as (t)l(, t}l,, t;), the first frictional direction.

If the user does not input these data, t' is defined by the program as:

t' =ixnp

where p is the gap direction (see above) and | is the unit vector in the global x-direction .
If n is parallel to i, the first friction direction is defined as:

2

t° = pxgl

where j is the global y-direction. The second friction direction 22 is calculated by the
program as:

> = nxt!
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Note on the Fixed Directional Gap

The gap is closed when (u, —u,) o n = u,,and this relative displacement in direction n

cannot be exceeded. The closure distance ug, is given in the first data field of the GAP DATA

option. A negative number insures that a closed gap condition is prescribed during
increment zero. Note that no nonlinearity is accounted for in increment zero; i.e., the gap
should be either open or closed as defined by the user. The closure distance can be updated
by the user through user subroutine GAPU.

The second data field of the GAP DATA option is used to input the coefficient of friction, W.
If the coefficient of friction is set to zero, the friction calculations are skipped and the
element acts as a gap only.

True Distance Gap

Description of the True Distance Gap

In this formulation, the nodes have the same meaning as in the fixed direction formulation.
Nodes 1 and 4 have (u, v) Cartesian displacements to couple to the rest of the structure. For
three-dimensional problems, nodes 1 and 4 have (u, v, w) Cartesian displacements. Node 2
has one degree of freedom, the gap force F,. In contrast to the fixed direction gap, the

constraint enforced by this true distance gap is as follows:
|X4— Xy 2d, ifd>0

or
|Xg— %y =—d ifd<0

where |d| is the minimum or maximum distance between the end-points defined in the first

data field of the GAP DATA option. Note that this distance must always be positive. From the
above equation follows that the gap closure direction is defined as follows:

n= i(§4_?§1)/[§4_§1

b

i.e., the gap closure direction is along the element in its current configuration. The user
cannot specify any different direction.

General Comments

Since it is very important that the degrees of freedom of the gap element are eliminated in an
appropriate order, automatic internal renumbering of the nodes connected to the gap is carried
out prior to the analysis (but after eventual optimization). The user cannot influence this
procedure. In problems with large numbers of gaps and/or high friction coefficients, the
convergence of the gap and friction algorithm is sometimes rather slow. Very often, this is due
to iterations of elements in areas on the borderline of opening-closing and/or slipping-sticking.
This is a local effect that shows itself in the often good convergence of other measures, such as
the displacements. Hence, even if gap convergence is not reached completely in the specified
number of cycles, the solution may still be sufficiently accurate for all practical purposes. In
that case, the program will continue with the analysis after issuing a warning message. If no
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convergence problems occur in subsequent increments, such a nonconvergence usually has no
significant effect in the subsequent results. To obtain information regarding gap convergence,
use the PRINT,5 option.

Quick Reference

Type 12
Four-node friction/gap element. May be used with any other element types, if necessary
through appropriate tying.

Connectivity

Four nodes per element. Nodes 1 and 4 are the ends of the link to connect to the rest of the
structure, node 2 is the gap node and node 3 is the friction node.

The program automatically renumbers the internal node numbers to avoid equation solver
problems. This occurs after optimization and may lead to a non-optimal bandwidth.

Coordinates

Nodes 1 and 4 - Cartesian coordinates (x, y) for two-dimensional problems, otherwise (x, y,
zZ).
Node 2 and 3 - (fixed direction gap only):

Node 2 - gap direction cosines (n,, ny) or (ny, ny, n,) for 3D problems

Node 3 - friction direction cosines (t,, ty) or (t,, ty, t,) for 3D problems

Gap Data

First Data Field

For the fixed direction gap, this field is used to define u,,, the closure distance.

For the true distance gap, this field is used to define d, the minimum distance between the
end-points. If d > 0, the two end-points will be at least a distance d apart. If d < 0, the two
end-points will not move further apart than a distance -d.

Second Data Field

This data field is used to define the coefficient of friction.

Third Data Field

The data field is used to define the elastic stiffness (spring stiffness) of the closed gap in
the gap direction. If the field is left blank, the gap is assumed to be rigid when closed.

Fourth Data Field

This data field is used to define the elastic stiffness (spring stiffness) of the closed gap in
friction direction. If the field is left blank, the nonslipping gap is rigid in the slip direction.
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Fifth Data Field

User supplied momentum ratio for the first gap node.

Sixth Data Field

User supplied momentum ratio for the fourth gap node.

Seventh Data Field

User enters a “1” for true distance gap; a “0” for fixed direction gap.

Eighth Data Field

User enters a “1” for the condition that the gap is closed during increment 0; a “0” for the
condition that the gap is open during increment 0.

Degrees Of Freedom

Nodes 1 and 4 (u, v) Cartesian components of displacement in two-imensional problems, (u,
v, w) Cartesian components of displacement in three-dimensional problems.

Node 2 - F,, force in the gap direction.

Node 3 - F,, frictional force and, s, net frictional slip in two-dimensional problems, or Fy, F,,
frictional forces and s, net frictional slip in three-dimensional problems.

s is the accumulated total slip under nonzero frictional forces.

Special Considerations

The TRANSFORMATION option should not be invoked at nodes 2 and 3 of this element.

Updated Lagrange And Finite Strain Plasticity

Use true distance gap or subroutines GAPU if necessary — large strain option not relevant.

Rev. K.6 B3.12-5



Element 12 Volume B: Element Library

B3.12-6 Rev. K.6



| Element 13

B 3.13 Open Section Thin-Walled Beam

This element is an open-section, curved, thin-walled beam of arbitrary section. The geometry
is interpolated cubically from coordinate and direction information at two nodes. The element
is illustrated in Figure B 3.13-1. The following pages describe how the user may set up the
cross section and the orientation of the beam and its section in space, and define the degrees of
freedom, strains and distributed loads associated with the element. The element is based on
classical theory of thin-walled beams with nondeforming sections.

Primary warping effects are included, but twisting is always assumed to be elastic as follows:

d¢
M; = Gl

d
where G = shear modulus and (—E = rate of twist per unit length along the beam axis.

Thus, the shear stress is assumed small compared to the axial stress and is neglected in the
formation of elastic-plastic and creep relations. The twisting stiffness is formed directly by
numerical integration:

] = J’z% (t (6))? do

where o is the distance along the section, 0<o<Z, and t(c) is the wall thickness.

The axial force, bending moments and bimoment are formed by numerical integration of the
direct stress, which is obtained via one-dimensional elastic-plastic creep constitutive theory.

The cross section is assumed to remain undeformed during loading of the beam. Large
displacement effects are included in the direct strain only.
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Figure B 3.13-1  Typical Beam Element, (x’, y’, z{)
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Definition of Open Section Beam Geometry

Axis System

The convention adopted in Element 13 for the director set at a point of the beam is as
follows:

The first and second directions (local x and y) at a point are normal to the beam axis

The third director (local z) is tangent to the beam axis and is in the direction of increasing
distance s along the beam

The director set must form a right-handed system.

Orientation of the Section in Space

The beam axis in an element is interpolated by a cubic from the first six coordinates at the
two nodes of an element. The coordinates are as follows:

dx dy dz
XY % 45> ds’ ds
where s is the continuous distance along the beam and is given as the thirteenth coordinate
at each node. The orientation of the beam section in an element is defined by the direction
of the first director at a point (local x), and this direction is interpolated by a cubic from the
seventh through the twelfth coordinates at the two nodes of an element. The coordinates are
as follows:

da, da; da,
dqi,dn, d3, 7T, 7,
P22 73 ds’ ds’ ds
where a,, a,, a3, are the components in the global directions of the first director at the node.

Since the interpolated director a, will not, in general, be orthogonal to the interpolated beam
axis tangent a,, an internal correction is applied at each numerical integration point of the

element according to the formula:

1 —
bS = (b,b} - by ) by)

Lo '————'—1—(1—)11)3)2 L

Where b, b,, are the unit vectors along a,, a,, and b? is the corrected unit vector along

the first director. The second director is then obtained from the cross product l_)3 Xb,.
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Displacements

There are eight degrees of freedom at each node. These are as follows:

uduvdedwq)d(l)
aa;’ ,Ed_s, ’d*S’ 985

where u, v, w, are the components of displacement in the global directions and ¢ is the rotation
. d . _ . .
about the beam axis. Here, Is represents differentiation with respect to distance along the

beam.

Strains

Five generalized strains are associated with each integration point along the beam axis. These
are oriented with respect to the interpolated director set (1, 2, 3) at the integration point are
defined as follows:

1 = Direct strain on the beam axis (along third director).

2 = Curvature about the first director.

3 = Curvature about the second director.
2

4= — Where ¢ is rotation about the third direction; i.e., warping of the section.
S

5 = twist of the section.

~ ds
Distributed Loads

Distributed loads are available as uniform load per unit length in the global (x, y, z) directions.
The type of load is given as 1(x), 2(y), or 3(z) and the magnitude is given as the load per unit
length along the beam.

Quick Reference

Type 13

Open-section, thin-walled beam of arbitrary section, including twist and warping.

Connectivity

Two nodes per element.

Geometry

Section is defined by the user in an additional set of data cards. The section number is given
for an element by input in the second data field (EGEOM2). The other data fields are not

used.
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Coordinates

Beam axis and cross-section orientation interpolated cubically from 13 coordinates per
node:

dx dy dz da; da, da,

X, 725—7_—,_a’a’a’—a_,'—7s
Yo% g ds’ ds’ 12 %% 4g ds ds

where (a,, a,, a;) is a vector defining the direction of the first local axis of the cross-section.

Degrees of Freedom

. ~du _ dv dw  do . .
Eight degrees of freedom per node: u, v’ v, IS w, e o, s where s is the distance

along the beam.

Tractions

Distributed loads are per unit length of beam in the three global directions.

Load Type Description

1 x-direction
2 y-direction
3 z-direction

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains
Five generalized strains are: stretch along the beam axis, two curvatures about local x- and
y-axis, warp and twist per unit length.
Output of Stresses
The program provides the user with the location of each stress point on the section. The
stress output is axial stress at each stress point of the sections. (Maximum of 31 points.)
Transformation

The displacement vectors may be transformed into local degrees of freedom.

Tying

Use tying type 13 to join two elements under an arbitrary angle. May be used as a stiffener
on the arbitrary curved shell element (element type 8) by tying types 19, 20, 21.
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Output Points

Centroid or three Gaussian integration points along the beam. First point is closest to the first
node of the beam.

For all beam elements, the default printout gives section forces and moments, plus stress at
any layer with plastic, creep strain or nonzero temperature. This default printout may be
changed via the PRINT CHOICE option.

Beam Sect

BEAM SECT parameter option is required.

Updated Lagrange Procedure and Finite Strain Plasticity

Updated Lagrange capability is not available. Use element type 77 or 79.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is 36. See
B 3.36 for a description of the conventions used for entering the flux and film data for this

element.
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B 3.14 Thin-Walled Beam In Three Dimensions Without Warping

This is a simple, straight beam element with no warping of the section, but including twist. The
default cross section is a thin-walled circular closed-section beam. The user may specify
alternative cross sections through the BEAM SECT parameter option.

The degrees of freedom associated with each node are three global displacements and three
global rotations; all defined in a right-handed convention. The generalized strains are stretch,
two curvatures, and twist per unit length. Stresses are direct (axial) and shear given at each
point of the cross section. The local coordinate system which establishes the positions of those
points on the section is defined in Geometry fields 4, 5 and 6. Using the GEOMETRY option, a
vector in the plane of the local x-axis and the beam axis must be specified. If no vector is
defined here, the local coordinate system may alternatively be defined by the fourth, fifth, and
sixth coordinates at each node, which give the (x,y,z) global Cartesian coordinates of a point in
space which locates the local x-axis of the cross section. This axis lies in the plane defined by
the beam nodes and this point, pointing from the beam toward this point. The local Z-axis is
along the beam from the first to the second node and the local y-axis forms a right-handed set
with the local x and local z.

For other than the default (circular) section, the stress points are defined by the user in the local
x-y set through the BEAM SECT parameter set. For the circular hollow section, EGEOM1 is the
wall thickness, EGEOM2 is the radius. Otherwise, EGEOM?2 gives the section choice from the
BEAM SECT input. Section propertics arc obtained by numerical integration over the stress
points of the section.

All constitutive models may be used with this element.
Standard (Default) Circular Section

The positions of the 16 numerical integration points are shown in Figure B 3.14-1. The
contributions of the 16 points to the section quantities are obtained by numerical integration
using Simpson's rule.

NOTE: For noncircular sections, the BEAM SECT parameter option must be used to
describe the section.
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X
!
.

Radius

Thickness

Figure B 3.14-1 Default Cross Section

Special Considerations

Note that element 25 is the same as this element, but with axial strain as an additional degree
of freedom at each node. This yields superior results for large displacement problem or
problems involving axial temperature gradients. Elements of types 14, 25, 52, 76, 77, 78, 79,
and 98 may be used together directly.

For all beam elements, the default printout gives section forces and moments plus stress at any
layer with plastic, creep strain or nonzero temperature. This default printout may be changed
via the PRINT ELEMENT option.

Quick Reference

Type 14

Closed section beam, Euler-Bernoulli theory.

Connectivity

Two nodes per element (see Figure B 3.14-2).
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Figure B 3.14-2  Closed-section Beam

Geometry

In the default section of a hollow, circular cylinder, the first data field is for the thickness
(EGEOM1). For noncircular section, set EGEOM1 to 0. For circular section, set EGEOM?2
to radius. For noncircular section, set EGEOM2 to the section number needed. (Sections are
defined using the BEAM SECTION parameter option.) EGEOM4-EGEOM6: Components of
a vector in the plane of the local x-axis and the beam axis. The local x-axis will lie on the
same side as the specified vector.

Coordinates

Six coordinates per node. The first three are global (x,y,z). The fourth, fifth, and sixth are the
global x,y,z, coordinates of a point in space which locates the local x-axis of the cross
section. The local x axis is a vector normal to the beam axis through the point described by
the fourth, fifth and sixth coordinates. The local x axis is positive progressing from the beam
to the point. The fourth, fifth, and sixth coordinates will only be used if the local x-axis
direction is not specified in the GEOMETRY block.

Degrees of Freedom

l=u 4 =0,

2=V 5=86,

3=w 6=6,
Tractions

Distributed load types are as follows:

Load Type Description
1 Uniform load per unit length in the global x-direction.
2 Uniform load per unit length in the global y-direction.
3 Uniform load per unit length in the global z-direction.
4 Nonuniform load per unit length; magnitude and direction supplied via user

subroutine FORCEM.
11 Fluid drag/buoyancy loading — fluid behavior specified in FLUID DRAG option.
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Load Type Description

100 Centrifugal load; magnitude represents square angular velocity [rad/time).
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Point loads and moments may be applied at the nodes.

Output of Strains

1 =¢, axial stretch

« = curvature about local x-axis of cross-section.
yy = curvature about local y-axis of cross-section.
=¢ =twist per unit length.

Output of Stresses

Stresses, 1 = axial stress; 2 = twisting shear

Transformation

Displacement and rotations at the nodes may be transformed to a local coordinate reference.

Tying

Special tying types exist for use of this element with element 17 to form complete pipelines
for nonlinear piping system analysis. See element 17 description. Use tying type 100 for
fully moment-carrying joints and tying type 52 for pinned joints.

Output Points

Centroid or three Gaussian integration points. The first point is near the first node in the
CONNECTIVITY description of the element. The second point is at the midspan location of
the beam. The third point is near the second node in the CONNECTIVITY description of the
element.

Updated Lagrange Procedure and Finite Strain Plasticity
Updated Lagrange procedure is available for this element. This element does not have a
finite strain capability.

Coupled Analysis

In a coupled thermal-mechanical, analysis the associated heat transfer element is type 36.
See B 3.36 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.15 Axisymmetric Shell, Isoparametric Formulation

Element type 15 is a two-node, axisymmetric, thin-shell element, with a cubic displacement
assumption based on the global displacements and their derivatives with respect to distance
along the shell. The strain-displacement relationships used are suitable for large displacements
with small strains. The stress-strain relationship is integrated through the thickness using
Simpson's rule, the first and last points being on the surfaces. Three-point Gaussian integration
is used along the element. All constitutive relations may be used with this element.

Quick Reference

Type 15

Axisymmetric, curved, thin-shell element.

Connectivity

Two nodes per element (see Figure B 3.15-1).

Figure B 3.15-1 Axisymmetric, Curved Thin-Shell Element

Geometry

Linear thickness variation along length of the element. Thickness at first node of the element
store in the first data field (EGEOMI).

Thickness at second node store in the third data field (EGEOM3).

If EGEOM3=0, constant thickness is assumed. Notice that the linear thickness variation is
only taken into account if the ALL POINTS option is used since, in the other case, section
properties formed at the centroid of the element are used for all integration points.

The second data field is not used (EGEOM?2).

Note that the NODAL THICKNESS model definition option can also be used for the input of
element thickness.
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Coordinates

1=z
2=r

dz
37 4

dr
4= 5
5=s

NOTE: The redundancy in the coordinate specification is retained for simplicity of use
with generators.

Degrees of Freedom

1 = u = axial (parallel to symmetry axis)
2 = v = radial (normal to symmetry axis)

du

3% s
dv
4=——

ds
Tractions

Distributed loads selected with IBODY are as follows:

ng%g‘c;e Description
0 Uniform pressure.
1 Uniform load in 1 direction (force per unit area).
2 Uniform load in 2 direction (force per unit area).
3 Nonuniform load in 1 direction (force per unit area).
4 Nonuniform load in 2 direction (force per unit area).
5 Nonuniform pressure

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Pressure assumed positive in direction opposite of the normal obtained by rotation of 90°
from direction of increasing s (see Figure B 3.15-1).
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In the nonuniform cases IBODY = 3, 4, or 5), the load magnitude must be supplied by user
subroutine FORCEM.

Concentrated loads applied at the nodes must be integrated around the circumference.

Output of Strains
Generalized strains are as follows:

1 = meridional membrane (stretch)
2 = circumferential membrane (stretch)
3 = meridional curvature
4 = circumferential curvature
Output of Stresses

Stresses are output at the integration points through the thickness of the shell. The first point
is on the surface of the positive normal.

1 = meridional stress
2 = circumferential stress

Transformation

The degrees of freedom may be transformed to local directions.

Special Transformation

The shell transformation option type 1 may be used to permit easier application of moments
and/or boundary conditions on a node. For a description of this transformation type, see
Volume A. Note that if the FOLLOW FORCE option is invoked, the transformations will be
based on the updated configuration of the element.

Output Points

Centroid or three Gaussian integration points. The first Gaussian integration point is closest
to the first node as defined in the CONNECTIVITY data. The second integration point is at the
mid-space location. The third integration point is at the second node as defined in the
CONNECTIVITY data.

Section Stress Integration

Simpson's rule is used to integrate through the thickness. Use the SHELL SECT parameter
option to specify the number of integration points.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain in meridional and circumferential
direction. Thickness will be updated.

( NOTE: Shell theory only applies if strain variation through the thickness is small. >
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Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is element

type 88. See B 3.88 for a description of the conventions used for entering the flux and film
data for this element.
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B 3.16 Curved Beam in Two-Dimensions, Isoparametric Formulation

Element type 16 is a two-node curved beam, with displacements interpolated cubically from
the global displacements and their derivatives with respect to distance along the beam at the
two end nodes. The strain-displacement relations used are suitable for large displacements with
small strains. The stress-strain relationship is integrated through the thickness by a Simpson
rule; the first and last points being on the two surfaces. Three-point Gaussian integration is used
along the element. The default section is a solid rectangle. All constitutive relations may be
used with this element.

Quick Reference

Type 16

Two-node curved beam element.

Connectivity

Two nodes per element (see Figure B 3.16-1).

Figure B 3.16-1 Two-Node Curved Beam Element

Geometry

Linear thickness variation along the element. Thickness at the first node of the element is
stored in the first data field (EGEOM1). Thickness at second node is stored in the third data
field (EGEOM3). If EGEOM3=0, constant thickness assumed.

Notice that the linear thickness variation is only taken into account if the ALL POINTS option
is used; since in the other case, section properties formed at the centroid of the element are
used for all integration points.

The beam width is in the second data field (EGEOM2). The default width is unity.

Note that the NODAL THICKNESS model definition option can also be used for the input of
element thickness.
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Coordinates

Volume B: Element Library

Nodal coordinates in right-hand set (x,y)

1=x
2=y
_dx
T ds
_dy
T ds
5:

where s is the distance along the beam measured continuously starting from one end of the

beam.

Degrees of Freedom

Degrees of freedom in right-hand set (u,v,):

l=u
2=v
_du
~ ds

dv
4= s

where s = distance along the beam.

Tractions

Distributed loads selected with IBODY are as follows:

Load Type
(IBODY)

Description

0
1

a A W N

11

B3.16-2

Uniform pressure,

Uniform load (force per unit length) in 1 direction.
Uniform load (force per unit length in 2 direction.
Nonuniform load (force per unit length) in 1 direction.
Nonuniform load (force per unit length) in 2 direction.

Nonuniform pressure.

Fluid drag/buoyancy loading — fluid behavior specified in FLUID DRAG option.
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Load Type N
(IBODY) Description
100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.
102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.
103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/

time]. Rotation axis is specified in ROTATION AXIS option.

Pressure assumed positive in direction opposite of the normal obtained by rotation of 90°
from direction of increasing s (see Figure B 3.16-1).

In the nonuniform cases (IBODY = 3, 4, or 5), the load magnitude must be supplied by user
subroutine FORCEM.
Output of Strains
Generalized strains:
1 = membrane (stretch)
2 = curvature
Output of Stresses
Output of axial stress at points through thickness (first and last points are on surfaces). First
point is on surface up positive normal. Points proceed down normal at equal intervals.
Transformation

All degrees of freedom can be transformed to local directions.

Special Transformation

The shell transformation option type 1 may be used to permit easier application of moments
and/or boundary conditions on a node. For a description of this transformation type, see
Volume A, section 2. Note that if the FOLLOW FORCE option is invoked, the transformations
will be based on the updated configuration of the element.

Tying

Requires user subroutine UFORMS.

Output Points

The first Gaussian integration point is closest to the first node defining the element in the
CONNECTIVITY data. The second point is at the midspan beam location. The third point is
closest to the second node describing the element in the CONNECTIVITY data.

Rev. K.6 B3.16-3



Element 16 Volume B: Element Library

Section Stress Integration

Integration through-the-thickness is performed numerically using Simpson's rule. The
number of integration points is specified with the SHELL SECT parameter option. This
number must be odd.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain in beam direction. Thickness will be
updated, but beam width is assumed to be constant.

< NOTE: Beam theory only applies if strain variation over the thickness is small. )

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is element
type 36. See B 3.36 for a description of the conventions used for entering the flux and film
data for this element.
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B 3.17 Constant Bending, Three-Node Elbow Element

This element modifies Element type 15 into a pipe-bend approximation. The main purpose of
the element is to provide nonlinear analysis of complete piping loops at realistic cost: The
straight pipe sections are modeled by Element type 14, and the bends are built up by using
several sections of these modified axisymmetric elements. Each such section has a beam mode,
with constant stretch and curvatures, superposed on the axisymmetric shell modes so that
ovalization of the cross section is admitted. The element has no flexibility in torsion so that the
twisting of a pipe-bend section is ignored, and the rotations along the section secant are made
equal by tying. Pipe-bend sections are coupled together and into straight beam elements by
extensive use of special default tying types and are described later in this section. Thus, a
complete pipe-bend might consist of several sections of elements tied together with each
section being build up from several elements and all sharing a common “elbow” node and
having the usual two nodes on the shell surface. All constitutive relations may be used with this
element. This element cannot be used with CONTACT.

A pipe-bend section is shown in Figure B 3.17-1. In the plane of the section (the z-r plane),
there are several elements. At the first two nodes of each element of the section are the shell
degrees of freedom associated with Element type 15:

where u and v are displacements in the z and r directions in the plane of the section. The
third node is the same at all elements of the section and with this node are associated the
beam modes:

Au - normal motion of one end plane with the other end plane fixed.

A¢ - in-plane rotation of one end plane with the other end plane fixed, that is, rotation
about the z-axis in Figure B 3.17-1 (¢ positive closes elbow).

Ay - out-of-plane rotation of one end plane with the other end plane fixed (y positive
gives tension in z>0 in Figure B 3.17-1).

It is assumed that these motions create a stress state in the section independent of position
around the bend.

The geometry of the elbow is defined in two ways: in the section and in space. In the section,
the geometry is input by placing the pipe surface nodes around the pipe in a z-r section, so that
the axis of the pipe-bend torus is on r = 0, and the pipe center line is on z = 0.

Rev. K.6 B3.17-1



Element 17 Volume B: Element Library

—» 0

2
Positive Pressure Direction

Section

Figure B 3.17-1 Typical Pipe-Bend Section

At each pipe surface node, the coordinates are those for Element type 15:

dz dr
ds’ ds’

zZ, 1,

where s is the distance around the pipe surface. Notice that since the section is close, there is
discontinuity in s (s = 0 is the same point as s = 2ra). Two nodes must be placed at this point
and constrained to the same displacement by tying. Notice also that it is permissible to have
unequal sized elements in this plane.
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The geometry of the section in space is defined by the GEOMETRY option as follows. For each
element on the section:

EGEOM1 = pipe thickness

EGEOM?2 = angle ¢ (Figure B 3.17-1) in degrees; i.e., angular extent of pipe-bend section
around the pipe-bend torus.

EGEOMS3 = torus radius; i.e., radius to center of pipe in r-z plane.
There are no coordinates associated with the “elbow” (shared) node of the section.

The section is oriented in space and linked to other such sections or straight pipes by the
introduction of additional nodes placed at the actual location in space of the center point of the
ends of the section. These nodes are not associated with any element, but serve to connect the
complete pipeline through the special default tying types developed for this element and
described below. Each of these nodes has six coordinates. The first three are its (x,y,z) position
in space and the second three are the (X,y,z) position of the center of the pipe-bend torus with
which the node is associated.

Tying of the Pipe-Bend Section

Two tying types are required to complete a pipe-bend section. A further tying is required to link
the section to the two nodes introduced at the ends of the section. This latter is not necessary if
the pipe-bend section is used alone; e.g., to study nonlinear behavior of an individual
component under in-plane loadings (see Volume A). The data required for each of the above
tying types are described below:

a. The pipe must be closed around the discontinuity in s (in the z-r section) by tying
all degrees of freedom at the last shell node of the section to the corresponding
degrees of freedom at the first shell node of the section. This can be achieved by
specifying tying type 100, with one retained node. The last node on the section
(s = 2ma) is given as tied node, and the first node on the section (s = 0) is given as

the retained node.

b. The rigid body modes in the r-z section must be eliminated. This is achieved by
the special default tying type 16, which ensures that the integrated u- and
v-displacements around the section are zero, based on the cubic displacement
assumption in this plane within each element. This tying drops u and v at the first
node of the section in terms of the four shell degrees of freedom at all other nodes

of the section and %, 3—: at the first node, according to:
_ 1 1 du,
u=o0= =1 {u, +u2+...+un_1+ﬁ(sz—sl—sn+sn_1)qé—+
du, du, _,
(SI—ZS2+S3)E+"'+ (Sy_9—2s,_;+s,) q }}

c. with n = number of nodes on the section. Notice that this tying specifies v = 0. Net
radial motion of the torus section is accounted for by the first degree of freedom at
the elbow (shared) node of the section. This means that load coupling between
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these nodes must be created externally by the user: for example, with pressure in
the pipe, the net out-of-balance force on the section must be appropriately applied
at the first degree of freedom of the “elbow” node of the section.

The data defining this tying type are: tying type 16, with the number of retained
nodes equal to the number of shell nodes in the z-r plane of the section (counting
the two coincident end nodes separately). The tied node is the first shell node of
the section (at s = 0) and the list of retained nodes gives all other shell nodes of
the section in order of increasing s (including the end node at s = 2ra); then,

lastly, the first shell node of the section again.

d. For out-of-plane bending, the low stiffness mode associated with the section
rotating about the beam axis should be removed. This is done by dropping the u,

degree of freedom at the second node on the section according to:

n
2 uf=0
n, =1

e. where u'is the displacement tangent to the pipe wall in the section,
t _ .
u = u,cos¢+ugpsind

f. The data for this tying type are: tying type 15, number of retained nodes equal to
one less than that used for tying type 16. The tied node is the second shell node of
the section and the retained nodes are the first, third, fourth, etc., up to the next to
the last node of the section; then, lastly, repeat the tied node.

g. If the section is being tied to the two external nodes introduced at the center
points of its end planes, tying type 17 must be used with two retained nodes and
one of the external nodes as tied node, and the other external node, then, the
“elbow” node of the section as retained nodes. This tying removes all degrees of
freedom at the external node given as tied node. Care must be taken with
multiple-section bends to ensure these nodes are removed in an appropriate order.

Basis of the Element

The element is based on a superposition of purely axisymmetric strains generated by the shell
modes, and the beam bending strains introduced through the degrees of freedom at the “elbow”
node. Defining the latter as Au, Ay and Qy for stretch, relative in-plane and out-of-plane
rotations, respectively. An additional strain is superposed on the circumferential strain of the
axisymmetric shell:

2 _ Au _I_' Z 1
€ —[T+A¢(1 ;)+;A‘I’L—b

where 1, z, and ¢ are defined in Figure B 3.17-1.
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. Au . . . .
Since — causes the same strain as a mean radial motion of the torus in the (z-r) plane, the

I 1 . . . - 1 . .
constraint v = E‘IZR vdO = 0 is applied. Similarly, u = ~2—1—t;|;21t udf = 0 is applied to

remove this rigid body mode.

The pipe-bend section is linked externally by coupling relative motions of the external nodes
introduced at the centers of the end planes to the relative displacements used as degrees of
freedom at the “elbow” node of the section. Referring to Figure B 3.17-2, in terms of the local
set:

(llx, uy7 u,, q)xv q)y’ q)z)

introduced in the local coordinates (x!, y!, z') at the two external nodes A and B and A¢, A9, Ay
at the “elbow” node, these couplings are:

u? = uf cos¢ = uf sing - 02 £ (1 - coso) +Au+q£)(1—sin¢)A¢

u? = uxA sin¢+u§‘ cos¢+9£‘ sin¢—q£)(1 — cosd) Ao
u? = u?—GxA r(l—cosd) —6;\ r sind—r ¢ Ay

B _ pA

Oy = 6y+A\y

6% = 62 -A¢

Additionally, in order to provide some coupling of the 6, rotations, the rotation along the secant
is made the same at each end:

B ¢ B .0 _ qA ? A0
OX cos§+9y sm§ = Ox cos2 Gy smi

These constraints are transformed internally to corresponding constraints in terms of the six
degrees of freedom at A and B in the global coordinate system.
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Figure B3.17-2  Pipe-Bend Section, Relative Motion Couplings

Quick Reference

Type 17

Constant bending, three-node elbow element.

Connectivity

Three nodes per element. Last node is a common point for the bend.

Geometry
For each element section, the geometry is defined as follows:
The pipe thickness is input in the first data field (EGEOM1).

The angular extent of the pipe-bend section around the pipe-bend truss is input in the
second data field (EGEOM?2), in degrees.

The radius to the center of the pipe in the r-z plane is input in the third data field
(EGEOM3).

No coordinates associated with the common node.
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Coordinates

At each pipe surface node, the coordinates are those for Element 15:

o 82
> ds’ ds’

where s is the distance around the pipe surface.

Degrees of Freedom

The degrees of freedom for the first two nodes are:
du dv
ds’ ds

u, v,

For the common third node, they are in-plane stretch and out-of-plane curvature of the
section.

Tractions

Distributed load selected with IBODY are as follows:

L(c;gc(:l)gge Description
o] Uniform pressure.
1 Uniform load in 1 direction.
2 Nonuniform load in 1 direction.
3 Uniform load in 2 direction.
4 Nonuniform load in 2 direction.
5 Nonuniform pressure.
100 Centrifugal load; magnitude represents square angular velocity [rad/time].

Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Pressure assumed positive in the direction of normal obtained by rotation of -90° from
direction of increasing s (see Figure B 3.17-1).

In the nonuniform cases (IBODY-3, 4, or 5), the load magnitude must be supplied by user
subroutine FORCEM.
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Output of Strains
Output of strain on the center line of the element is:

1 = meridional membrane

2 = circumferential membrane

3 = meridional curvature

4 = circumferential curvature
Output of Stresses

Output of stress is at points through the thickness. The stresses are given in pairs as:

1 = meridional stress
2 = circumferential stress

proceeding from the top surface (up the positive local normal, see Figure B 3.17-1) to the
bottom surface in equal divisions.
Transformation

All degrees of freedom will be transformed to local directions.

Sheil Transformation

The shell transformation option type 1 may be used for the pipe surface nodes. It permits an
easier application of symmetry conditions in case the user wants to use a half section only.
For a description of this transformation type, see Volume A. Note that if the FOLLOW FORCE
option is invoked, the transformations will be based on the updated configuration of the
element.

Tying

Special tying to form complete pipeline available with Element type 14.

Output Points

Centroid or three Gaussian integration points. The first Gaussian point is closest to first node
of the element. The second Gaussian point is at the centroidal section. The third Gaussian
point is closest to the second node.
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Plotting

This element may be plotted, undeformed or deformed circumference. The tying data must
be included with the connectivity and coordinate data.

/ NOTES: For dynamics, the element mass matrix is only associated with the ovalization \
degree of freedom in the (r-z) plane. An equivalent straight beam (element type

14) should be used across the elbow segment, with zero stiffness (set Young's

modulus to zero) and the same density to obtain the mass terms associated with

the beam modes of elbow movement. With this approach, the element provides

satisfactory modeling for dynamic as well as static response.

Adjacent elbow segments should have the same curvature and lies in the same
plane. A short straight segment (element 14) may be used as a link in situations
where this is not the case.

As to torus radius increases, the element exhibits less satisfactory behavior; the
extreme case of modeling a straight pipe with this element should, therefore, be

avoided.
\_ J

Section Stress Integration

Use SHELL SECT parameter option to set number of points for Simpson rule integration
through the thickness. Three points are enough for linear material response. Seven points
are enough for simple plasticity or creep analysis. Eleven points are enough for complex
plasticity or creep (e.g., dynamic plasticity). The default is 11 points.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is not available.
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B 3.18 Four-Node, Isoparametric Membrane

Element 18 is a four-node, isoparametric, arbitrary quadrilateral written for membrane
applications. As a membrane has no bending stiffness, the element is very unstable.

As this element uses bilinear interpolation functions, the strains tend to be constant throughout
the element.

In general, one needs more of these lower-order elements than the higher-order elements such
as 30. Hence, use a fine mesh.

This element is preferred over higher-order elements when used in a contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.
All constitutive models may be used with this element.

This element is usually used with the LARGE DISPLACEMENT option, in which case the (tensile)
initial stress stiffness increase the rigidity of the element.

Geometric Basis

The element is defined geometrically by the (x,y,z) coordinates of the four corner nodes. Due
to the bilinear interpolation, the surface will form a hyperbolic paraboloid which is allowed to
degenerate to a plate. The element thickness is specified in the GEOMETRY option.

The stress output is given in local orthogonal surface directions, V,, V,, and V3, which for the
centroid are defined in the following way: (see Figure B 3.18-1).

At the centroid the vectors tangent to the curves with constant isoparametric coordinates are

normalized.
ax ax ax ax
t, = ==/ s = —/|_=
I o8 on N’ |9n

Now a new basis is being defined as:
After normalizing these vectors by:
s =s/21ss d=4d/,2/d

The local orthogonal directions are then obtained as:

v =5+d

vZ=5-d
and

v3 = vixv?
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—Y

Figure B 3.18-1 Form of Element 75

ox d
In this way, the vectors 3 £ and V!, V2 have the same bisecting plane.

The local directions at the Gaussian integration points are found by projection of the centroid
directions. Hence, if the element is flat, the directions at the Gauss points are identical to those
at the centroid.
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Quick Reference

Type 18

Four-node membrane element (straight edge) in three-dimensional space.

Connectivity

Four nodes per element (see Figure B 3.18-1).

Geometry

The thickness is input in the first data field (EGEOM1). The other two data fields are not
used.

Coordinates

Three global Cartesian coordinates X, y, z.

Degrees of Freedom

Three global degrees of freedom u, v, and w.

Tractions

Four distributed load types are available, depending on the load type definition:

Load Type Description
1 Gravity load, proportional to surface area, in negative global z direction.
2 Pressure (load per unit area) positive when in direction of normal V3.
3 Nonuniform gravity load, proportional to surface area, in negative global z direction

(use FORCEM).

4 Nonuniform pressure, proportional to surface area, positive when in direction of
normal V 3 (use FORCEM).

100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains and Stresses

Output of stress and strain is in the local (V! V') directions defined above.

Transformation

Nodal degrees of freedom may be transformed to local degrees of freedom.
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Output Points

Centroid or four Gaussian integration points (see Figure B 3.18-2).

/ NOTES: Sensitive to excessive distortions, use essentially a rectangular mesh. \

An eight-node membrane distorted quadrilateral (Element 30) is available and
is the preferred element.

Membrane analysis is extremely difficult due to rigid body modes. For example,
a circular cylinder shape is particularly numerically sensitive.

K This element has no bending stiffness. j
el 3
+3 + 4
+1 +2
1 52

Figure B 3.18-2  Gaussian Integration Points for Element 18

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is not available.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 39.
See B 3.39 for a description of the conventions used for entering the flux and film data for

this element.
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B 3.19 Generalized Plane Strain Quadrilateral

This element is an extension of the plane strain isoparametric quadrilateral (element type 11)
to the generalized plane strain case. As this element uses bilinear interpolation functions, the
strains tend to be constant throughout the element. This results in a poor representation of shear
behavior. The generalized plane strain condition is obtained by allowing two extra nodes in
each element. One of these nodes has the single degree of freedom of change of distance
between the top and bottom of the structure at one point (i.e., change in thickness at that point)
while the other additional node contains the relative rotations 6,, and 6,, of the to p surface with
respect to the bottom surface about the same point. The generalized plane strain condition is
attained by allowing these two nodes to be shared by all elements forming the structure. Note
that this is an extension of the usual generalized plane strain condition which is obtained by
setting the relative rotations to zero (by kinematic boundary conditions) and from there the
element could become a plane strain element if the relative displacement is also made zero.
Note that the sharing of the two extra nodes by all elements implies two full nodal rows in the
generated plane strain part of the assembled stiffness matrix considerable computational
savings are achieved if these two nodes are given the highest node numbers in that part of the
structure.

In general, one needs more of these lower-order elements than the higher-order elements such
as types 29 or 56. Hence, use a fine mesh.

This element is preferred over higher-order elements when used in a contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.

For nearly incompressible behavior, including plasticity or creep, it is advantageous to use an
alternative integration procedure. This constant dilatation method, which eliminates potential
element locking, is flagged through the GEOMETRY option.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 81 instead. Element type
81 is also preferable for small strain incompressible elasticity.

These elements cannot be used with the element-by-element iterative solver.
Quick Reference

Type 19

Generalized plane strain quadrilateral.
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Connectivity
Node Numbering:

First four nodes are the corners of the element in the x-y plane, and must proceed
counter-clockwise around the element when the x-y plane is viewed from the positive z
side.

Fifth and sixth nodes are shared by all generalized plane strain elements in this part of
the structure. These two nodes should have the highest node numbers in the generalized
plane strain part of the structure, to reduce matrix solution time (see Figure B 3.19-1).

Shared Node

e N

Figure B 3.19-1 Generalized Plane Strain Element
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Geometry
The thickness is entered in the first data field (EGEOM1). Default is unit thickness.

If a nonzero value is entered in the second data field (EGEOM2), the volumetric strain will
be constant throughout the element. This is particularly useful for analysis of approximately
incompressible materials, and for analysis of structures in the fully plastic range. It is also
recommended for creep problems in which it is attempted to obtain the steady state solution.
For details see Volume F.

Coordinates

Coordinates are X and Y at all nodes. Note the position of the first shared node (node 5 of
each element) determines the point where the thickness change will be measured. The user
chooses the location of nodes 5 and 6. These nodes should be at the same location in space.
The thickness is defined by the geometry block.

Degrees of Freedom
Global displacement degrees of freedom:

1 = u displacement (parallel to x-axis)
2 = v displacement (parallel to y-axis)

at all nodes except the two shared nodes (nodes 5 and 6 of each element).
For the first shared node (node 5 of each element):

1 = Aw = thickness change at that point
2 —is not used

For the second shared node (node 6 of each element):

1 = A8, = relative rotation of top surface of generalized plane strain section of structure,
with respect to its bottom surface, about the x-axis.

2 = A®,, = relative rotation of the top surface with respect to the bottom surface about the
y-axis.
Distributed Loads
Load types for distributed loads as follows:

Load Type Description
0 Uniform pressure distributed on 1-2 face of the element.
1 Uniform body force per unit volume in first coordinate direction.
2 Uniform body force per unit volume in second coordinate direction.
3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.
4 Nonuniform body force per unit volume in first coordinate direction; magnitude

supplied through subroutine FORCEM.
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Load Type Description
5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.
6 Uniform pressure on 2-3 face of the element.
7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.
8 Uniform pressure on 3-4 face of the element.
9 Nonuniform pressure on 3-4 face of the element; magnitude supplied through
subroutine FORCEM.
10 Uniform pressure on 4-1 face of the element.
11 Nonuniform pressure on 4-1 face of the element; magnitude supplied through
subroutine FORCEM.
20 Uniform shear force on side 1 - 2 (positive from 1 to 2).
21 Nonuniform shear force on side 1 - 2; magnitude supplied through user subroutine
FORCEM.
22 Uniform shear force on side 2 - 3 (positive from 2 to 3).
23 Nonuniform shear force on side 2 - 3; magnitude supplied through user subroutine
FORCEM.
24 Uniform shear force on side 3 - 4 (positive from 3 to 4).
25 Nonuniform shear force on side 3 - 4; magnitude supplied through user subroutine
FORCEM.
26 Uniform shear force on side 4 - 1 (positive from 4 to 1).
27 Nonuniform shear force on side 4 - 1; magnitude supplied through user subroutine
FORCEM.
100 Centrifugal load; magnitude represents square angular velocity [rad/time].
Rotation axis is specified in ROTATION AXIS option.
102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.
103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/

time]. Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads may be
applied at the nodes.

B3.19-4
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Output of Strains and Stresses

Output of strain and stress:

1 = EXX (GXX)
2=¢, (o)
3 = SZZ (GZZ)
4 =g,y (Oyy)

Transformation

Only in the x-y plane.

Tying
Use subroutine UFORMS.

Output Points

Centroid or four Gaussian integration points.

Updated Lagrange Procedure And Finite Strain Plasticity

Capability is available — stress and strain output in global coordinate directions. Thickness
will be updated. Reduced volume strain integration is recommended — see Geometry.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 39.
See B 3.39 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.20 Axisymmetric Torsional Quadrilateral

Element type 20 is a four-node, isoparametric, arbitrary quadrilateral written for axisymmetric
applications including torsional strains. It is assumed that there are no variations in behavior in
the circumferential direction.

As this element uses bilinear interpolation functions, the strains tend to be constant throughout
the element. This results in a poor representation of shear behavior.

In general, one needs more of these lower order elements than the higher order elements such
as types 67 or 73. Hence, use a fine mesh.

This element is preferred over higher order elements when used in a contact analysis. Note, in
a contact analysis, there is no friction associated with the torsion.

The stiffness of this element is formed using four-point Gaussian integration.

For nearly incompressible behavior, including plasticity or creep, it is advantageous to use an
alternative integration procedure. This constant dilatation method, which eliminates potential
element locking, is flagged through the GEOMETRY option.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 83 instead. Element type
83 is also preferable for small strain incompressible elasticity.

Notice that there is no friction contribution in the torsional direction when the CONTACT option
is used.

Quick Reference

Type 20

Axisymmetric, arbitrary, ring with a quadrilateral cross section.

Connectivity

Four nodes per element. Numbering in a right-handed manner (counter-clockwise).

Geometry

If a nonzero value is entered in the second data field (EGEOM?2), the volume strain will be
constant throughout the element. This is particularly useful for analysis of approximately
incompressible materials, and for analysis of structures in the fully plastic range. It is also
recommended for creep problems in which it is attempted to obtain the steady state solution.
For details, see Volume F, Reference XXV.

Coordinates

Two coordinates in the global z- and r-directions respectively.
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Degrees of Freedom
Global displacement degrees of freedom:

1 = u displacement (along symmetric axis)
2 = radial displacement
3 = angular displacement about symmetric axis (measured in radians)

Distributed Loads

Load types for distributed loads as follows:

Load Type Description
0 Uniform pressure distributed on 1-2 face of the element.
1 Uniform body force per unit volume in first coordinate direction.
2 Uniform body force per unit volume in second coordinate direction.
3 Nonuniform pressure on 1-2 face of the element; magnitude supplied through
subroutine FORCEM.
4 Nonuniform body force per unit volume in first coordinate direction; magnitude
supplied through subroutine FORCEM.
5 Nonuniform body force per unit volume in second coordinate direction; magnitude
supplied through subroutine FORCEM.
6 Uniform pressure on 2-3 face of the element.
7 Nonuniform pressure on 2-3 face of the element; magnitude supplied through
subroutine FORCEM.
8 Uniform pressure on 3-4 face of the element.
9 Nonuniform pressure on 3-4 face of the element; magnitude supplied through
subroutine FORCEM.
10 Uniform pressure on 4-1 face of the element.
11 Nonuniform pressure on 4-1 face of the element; magnitude supplied through
subroutine FORCEM.
20 Uniform shear force on side 1 - 2 (positive from 1 to 2).
21 Nonuniform shear force on side 1 - 2; magnitude supplied through user subroutine
FORCEM.
22 Uniform shear force on side 2 - 3 (positive from 2 to 3).
23 Nonuniform shear force on side 2 - 3; magnitude supplied through user subroutine
FORCEM.
24 Uniform shear force on side 3 - 4 (positive from 3 to 4).
25 Nonuniform shear force on side 3 - 4; magnitude supplied through user subroutine
FORCEM.
26 Uniform shear force on side 4 - 1 (positive from 4 to 1).
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Load Type Description
27 Nonuniform shear force on side 4 - 1; magnitude supplied through user subroutine
FORCEM.
100 Centrifugal load; magnitude represents square angular velocity [rad/time].

Rotation axis is specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in the x-, y-, and z-direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

All pressures are positive when directed into the element. In addition, point loads and
torques may be applied at the nodes. The magnitude of concentrated loads must correspond
to the load integrated around the circumference.

Output of Strains

Output of strains at the centroid of the element in global coordinates:

l=¢g,
2=¢,
3=¢gg

4 =1, (=2 ¢, for large strains)
5 =y, (= 2 g4 for large strains)
6 = Yo, (= 2 &g, for large strains)

Output of Stresses

Output for stress is the same direction as for Strains.

Transformation

First two degrees of freedom may be transformed to local degrees of freedom.

Tying
Use subroutine UFORMS.
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Output Points

Centroid or four Gaussian integration points (see Figure B 3.20-1).

+3 + 4

Figure B 3.20-1 Integration Points

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinate directions. Reduced
volume strain integration is recommended — see Geometry.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 40.
See B 3.40 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.21 Three-Dimensional 20-Node Brick

Element type 21 is a 20-node, isoparametric, arbitrary hexahedral. This element uses
triquadratic interpolation functions to represent the coordinates and displacements; hence, the
strains have a linear variation. This allows for an accurate representation of the strain fields in
elastic analyses.

Lower -order elements, such as type 7, are preferred in contact analyses.
The stiffness of this element is formed using 27-point Gaussian integration.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials use element type 35 instead. Element type
35 is also preferable for small strain incompressible elasticity.

NOTES: Reduction to Wedge or Tetrahedron — By simply repeating node numbers on the
same spatial position, the element may be reduced as far as a tetrahedron.
Element type 127 is preferred for tetrahedrals.

QUICK REFERENCE

Type 21

Twenty-nodes, isoparametric, arbitrary, distorted cube.

Connectivity

Twenty nodes numbered as described in the connectivity write-up for this element and as
shown in Figure B 3.21-1.

Geometry

In general, not required. The first field contains the transition thickness when the automatic
brick to shell transition constraints are used (see Figure B 3.21-2).

Coordinates

Three global coordinates in the x-, y-, and z-directions.

Degrees of Freedom

Three global degrees of freedom, u, v and w.
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Figure B 3.21-1 Form of Element 21

Degenerated 15-Node

Shell Element Solid Element (Element 21)

(Element 22)

Figure B 3.21-2  Shell-to-Solid Automatic Constraint

Distributed Loads
Distributed loads chosen by value of IBODY are as follows:

Load Type Description
0 Uniform pressure on 1-2-3-4 face.
1 Nonuniform pressure on 1-2-3-4 face; magnitude supplied through user subroutine
FORCEM.
2 Uniform body force per unit volume in -z-direction.
3 Nonuniform body force per unit volume (e.g., centrifugal force); magnitude and

direction supplied through user subroutine FORCEM.

4 Uniform pressure on 6-5-8-7 face.

B3.21-2 Rev. K.6



Volume B: Element Library Element 21

Load Type Description
5 Nonuniform pressure on 6-5-8-7 face.
6 Uniform pressure on 2-1-5-6 face.
7 Nonuniform pressure on 2-1-5-6 face.
8 Uniform pressure on 3-2-6-7 face.
9 Nonuniform pressure on 3-2-6-7 face.
10 Uniform pressure on 4-3-7-8 face.
11 Nonuniform pressure on 4-3-7-8 face.
12 Uniform pressure on 1-4-8-5 face.
13 Nonuniform pressure on 1-4-8-5 face.
20 Uniform pressure on 1-2-3-4 face.
21 Nonuniform load on 1-2-3-4 face; magnitude and direction supplied in user
subroutine FORCEM.
22 Uniform body force per unit volume in -z-direction.
23 Nonuniform body force per unit volume (e.g., centrifugal force; magnitude supplied
through user subroutine FORCEM)
24 Uniform pressure on 6-5-8-7 face.
25 Nonuniform load on 6-5-8-7 face; magnitude and direction supplied in FORCEM.
26 Uniform pressure on 2-1-5-6 face.
27 Nonuniform load on 2-1-5-6 face; magnitude and direction supplied in FORCEM.
28 Uniform pressure on 3-2-6-7 face.
29 Nonuniform load on 3-2-6-7 face; magnitude and direction supplied in FORCEM.
30 Uniform pressure on 4-3-7-8 face.
31 Nonuniform load on 4-3-7-8 face; magnitude and direction supplied in FORCEM.
32 Uniform pressure on 1-4-8-5 face.
33 Nonuniform load on 1-4-8-5 face; magnitude and direction supplied in FORCEM.
40 Uniform shear 1-2-3-4 face in 12 direction.
41 Nonuniform shear 1-2-3-4 face in 12 direction.
42 Uniform shear 1-2-3-4 face in 23 direction.
43 Nonuniform shear 1-2-3-4 face in 23 direction.
48 Uniform shear 6-5-8-7 face in 56 direction.
49 Nonuniform shear 6-5-8-7 face in 56 direction.
50 Uniform shear 6-5-8-7 face in 67 direction.
51 Nonuniform shear 6-5-8-7 face in 67 direction.
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Load Type

Description

Volume B: Element Library

52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
100

102

103

Uniform shear 2-1-5-6 face in 12 direction.
Nonuniform shear 2-1-5-6 face in 12 direction.
Uniform shear 2-1-5-6 face in 15 direction.
Nonuniform shear 2-1-5-6 face in 15 direction.
Uniform shear 3-2-6-7 face in 23 direction.
Nonuniform shear 3-2-6-7 face in 23 direction.
Uniform shear 3-2-6-7 face in 26 direction.
Nonuniform shear 2-3-6-7 face in 26 direction.
Uniform shear 4-3-7-8 face in 34 direction.
Nonuniform shear 4-3-7-8 face in 34 direction.
Uniform shear 4-3-7-8 face in 37 direction.
Nonuniform shear 4-3-7-8 face in 37 direction.
Uniform shear 1-4-8-5 face in 41 direction.
Nonuniform shear 1-4-8-5 face in 41 direction.
Uniform shear 1-4-8-5 face in 15 direction.

Nonuniform shear 1-4-8-5 face in 15 direction.

Centrifugal load, magnitude represents square of angular velocity [rad/time].

Rotation axis specified on ROTATION AXIS option.

Gravity loading in global direction. Enter three magnitudes of gravity acceleration

in respectively global x, y, z direction.

Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/

time]. Rotation axis is specified in ROTATION AXIS option.

The subroutine FORCEM will be called once per integration point when flagged. The
magnitude of load defined by DIST LOADS will be ignored and the FORCEM value will be
used instead.

For nonuniform body force, force values must be provided for the twenty-seven integration

points.

For nonuniform surface pressure, force values need only be supplied for the nine integration
points on the face of application. Nodal (concentrated) loads may also be supplied.

Output of Strains

1 global xx component
2 global yy component
3 global zz component
4 global engineering Xy component
5 global engineering xz component

B3.21-4
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Output of Stresses

Same as for Strains.
Transformation

Three global degrees of freedom may be transformed to local degrees of freedom.

Tying

Use subroutine UFORMS. An automatic constraint is available for brick-to-shell transition
meshes. (See Geometry.)

NOTES: There is an automatic constraint option for transitions between bricks and shells
in element type 22. By collapsing a one-sided plane to a line as shown in

Figure B 3.21-2, this transition is created. Thickness of the shell must be
specified in the GEOMETRY field of the brick element.

Output Points

Centroid or 27 Gaussian integration points (see Figure B 3.21-3).

NOTE: A large bandwidth results in a lengthy central processing time.

The user should invoke the appropriate OPTIMIZE option in order to minimize the
matrix solution time.

L7 N +9

W1 ) 43

Figure B 3.21-3  Element 21 Integration Plane
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Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinate directions.

NOTE: Distortion of element during analysis may cause bad solution. Element type 7 is
preferred.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 44.
See B 3.44 for a description of the conventions used for entering the flux and film data for
this element. Volumetric flux due to dissipation of plastic work specified with type 101.

B3.21-6 Rev. K.6



| Element 22

B 3.22 Quadratic Thick Shell Element

Element type 22 is an eight-node thick shell element with global displacements and rotations
as degrees of freedom. Second-order interpolation is used for coordinates, displacements and
rotations. The membrane strains are obtained from the displacement field; the curvatures from
the rotation field. The transverse shear strains are calculated at ten special points and
interpolated to the integration points. In this way, this element behaves correctly in the limiting
case of thin shells. The element can be degenerated to a triangle by collapsing one of the sides.
Tying type 22, which connects shell and solid, is available for this element.

Lower-order elements, such as type 75, are preferred in contact analysis.
The stiffness of this element is formed using four-point Gaussian integration.

All constitutive relations may be used with this element.
Geometric Basis

The element is defined geometrically by the (x, y, z) coordinates of the four corner nodes and
four midside nodes. The element thickness is specified in the GEOMETRY option. The stress

output is given with respect to local orthogonal surface directions, V!, V2, and V3 for which
each integration point is defined in the following way (see Figure B 3.22-1).

At each of the integration points, the vectors tangent to the curves with constant isoparametric
coordinates are normalized:

_0X , |9x
b= s |5

Now, a new basis is being defined as follows:

_ox

ox
=g/

on

After normalizing these vectors by s = s/ J2 s, d = d/ J2 ||, the local orthogonal
directions are then obtained as follows:

vl =5+d

v2=5-d
and

V3 = vixv?

ox d
In this way, the vectors a—z , (.% and V!, V2 have the same bisecting plane.
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w
0z
v
-
by
e y
X
Figure B 3.22-1 Form of Element 22
Displacements
The six nodal displacement variables are as follows:
u, v, w Displacement components defined in global Cartesian x,y,z coordinate system.

x> 0y, 9,  Rotation components about global x-, y-, and z-axis, respectively.
Quick Reference

Type 22

Bilinear, eight-node shell element including transverse shear effects.
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Connectivity

Eight nodes per element. The element may be collapsed to a triangle.

Geometry

Bilinear thickness variation is allowed in the plane of the element. Thicknesses at first,
second, third and fourth nodes of the element are stored for each element in the first
(EGEOM1), second (EGEOM2), third (EGEOM3) and fourth (EGEOM4), geometry data
fields, respectively. If EGEOM2 = EGEOM3 = EGEOM4 =0, then a constant thickness

(EGEOM1) is assumed for the element.

Note that the NODAL THICKNESS model definition option can also be used for the input of

element thickness.

Coordinates

Three coordinates per node in the global x-, y-, and z-direction.

Degrees of Freedom

Six degrees of freedom per node:

1 = u = global (Cartesian) x-displacement
2 = v = global (Cartesian) y-displacement
3 = w= global (Cartesian) z-displacement
4 = ¢,= rotation about global x-axis
5 = ¢,=rotation about global y-axis
6 = ¢,= rotation about global z-axis

Distributed Loads

Distributed load types follow below:

Load Type Description
1 Uniform gravity load per surface area in -z-direction.
2 Uniform pressure with positive magnitude in -V-direction.
3 Nonuniform gravity load per surface area in -z-direction.
4 Nonuniform pressure with positive magnitude in -V-direction.
5 Nonuniform load per surface area in arbitrary direction.
11 Uniform edge load in the plane of the surface on the 1-2 edge and perpendicular to
this edge.
12 Nonuniform edge load; magnitude given in FORCEM in the plane of the surface on
the 1-2 edge.
13 Nonuniform edge load; magnitude and direction given in FORCEM on 1-2 edge.
21 Uniform edge load in the plane of the surface on the 2-3 edge and perpendicular to
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Load Type Description

22 Nonuniform edge load; magnitude given in FORCEM in the plane of the surface on
2-3 edge.

23 Nonuniform edge load; magnitude and direction given in FORCEM on 2-3 edge.

31 Uniform edge load in the plane of the surface on the 3-4 edge and perpendicular to
this edge.

32 Nonuniform edge load; magnitude given in FORCEM in the plane of the surface on
3-4 edge.

33 Nonuniform edge load; magnitude and direction given in FORCEM on 3-4 edge.

41 Uniform edge load in the plane of the surface on the 4-1 edge and perpendicular to
this edge.

42 Nonuniform edge load; magnitude given in FORCEM in the plane of the surface on
4-1 edge.

43 Nonuniform edge load; magnitude and direction given in FORCEM on 4-1 edge.

100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified on ROTATION AXIS option.

102 Gravity loading in global direction. Enter 3 magnitudes of gravity acceleration in
respectively global x, y, z direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Point loads and moments may also be applied at the nodes.

Output of Strains
Generalized strain components are as follows:

Middle surface stretches: €;,€5,€,
Middle surface curvatures:x; KK,
Transverse shear strains: y,37s;

in local (V!, V2, V3) system

Output of Stresses

G11» G2, G2, Oy, O in local (V!, V2, V?3) system given at equally spaced layers though
thickness.

Transformation

Displacement and rotation at each node may be transformed to local direction.

Tying
Use subroutine UFORMS.
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Updated Lagrange Procedure and Finite Strain Plasticity

Updated Lagrange capability is available. Note, however, that since the curvature
calculation is linearized, the user has to select his loadsteps such that the rotation remains
small within a load step. Thickness will only be updated if FINITE is specified.

Section Stress - Integration

Integration through the shell thickness is performed numerically using Simpson's rule. Use
the SHELL SECT parameter option to specify the number of integration points. This number

must be odd.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 86.
See B 3.86 for a description of the conventions used for entering the flux and film data for
this element. Volumetric flux due to dissipation of plastic work specified with type 101.
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B 3.23 Three-Dimensional 20-Node Rebar Element

This element is an isoparametric, three-dimensional, empty block which contains reinforcing
bars running in certain patterns. The rebars have axial stiffness and are represented as layers
with equivalent thicknesses through the height of the element. The element is meant to be used
in conjunction with the 20-node brick element (element 21, 35, 57, or 61) which represents the
concrete in this case. The combination of these two elements will approximate the reinforced
concrete behavior.

Geometry And Connectivity

The geometry and the connectivity follows the scheme identical to that described for the
20-node brick element (elements 21 or 57). That is, the geometry of the element is interpolated
from the Cartesian coordinates of 20 nodes. Each edge forms a parabola so that 8 nodes define
the corners of the element and further 12 nodes define the position of the midpoint of each edge.

Integration

The element is integrated using a numerical scheme based on Gauss quadrature. Each layer
contains four integration points. The number of layers is defined by the user and is stored in
EGEOM2. A maximum number of five layers can be used for an element. The first layer of
integration points 1 through 4 is closest to the 1, 2, 3, 4 face of the element with the first point
closest to the first node of the element. The other layers with integration points 5 through 8, 9
through 12, etc., follow moving toward the 5, 6, 7, and 8 face (see Figure B 3.23-1 and
Figure B 3.23-2). At each such integration point on each layer, the user must input via
subroutine REBAR the position, equivalent thickness, and orientation of the bars or cords. See
Volume D for a description of the user subroutine REBAR.

Figure B 3.23-1 Twenty-Node Rebar Element
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+3 + 4

W1 L2

Figure B 3.23-2  Integration Points

Orientation of Reinforcing Bars
The axial orientation of reinforcing bars is input at each integration point by giving the
direction cosines of the tangent vector at that point. Since the program internally performs the
normalization, the definition of tangent vector components in the global system is sufficient.

Loads

Since the element is to be used with the 20-node brick element, the loads are defined on the
brick elements (element 21, 35, 57, or 61) only, as described in that write-up.

Quick Reference

Type 23

Twenty-node, isoparametric rebar element to be used with 20-node brick element.

Connectivity

Twenty nodes per element. Element numbering is same as that for element 21, 35, 51, or 61.

Geometry
The number of rebar layers is input in the second data field (EGEOM?2). Maximum is five.
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Coordinates

Three global coordinates in the x-, y-, and z-directions.

Degrees of Freedom

Displacement output in global components is as follows:

l1-u

2-v

3—-w
Tractions

No tractions available. Applied only to corresponding element types 21, 35, 57, or 61.

Output Of Strains and Stresses

Strains and stresses output along rebar axis.

Transformation

Any local set (u,v,w) may be used at any node.

Tying
No special tying. Use subroutine UFORMS.

Output Points

Centroid or four Gaussian integration points per layer (see Figure B 3.23-2).

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is not available.
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B 3.24 Curved Quadrilateral Shell Element

This is an arbitrary, double-curved, isoparametric, quadrilateral shell element, based on
De Veubeke interpolation function (Volume A). The element is based on Koiter-Saunder's shell
theory. It is a fully compatible, complete thin-shell element. Because of its isoparametric form,
it represents rigid body modes exactly, and is well suited to shell analysis. The element may
have any (straight-sided) quadrilateral shape in the mapped surface coordinate (8' — %) plane
with the restriction that the quadrilateral must not be re-entrant. Any surface coordinate system
may be used. The element is extremely rapidly convergent. Note that the generation of the large
displacement stiffness terms requires a lot of computing. For this reason, the element is not
recommended for use in large displacement problems. This element cannot be used with
CONTACT.

Geometry

The element is isoparametric, so the surface used for analysis is interpolated from nodal
coordinates. The mesh is defined in the 8! — 62 plane of surface coordinates. Then the surface
in (x, y, z) space is interpolated from the following coordinate set:

ox dx dy 9y dz 0Jz

61, 929 X, —=> T 5> -1 T 1° — .~
96! 96° 06! 962

b k]

s A Z
00! 096°

at all nodes, where (x, y, z) are rectangular, Cartesian coordinates and (0!, 8%) are surface
coordinates.

Usually, the mesh is first defined in the (8", 8?) plane, using, say, the MESH2D option. Then a
suitable mapping generates the remaining coordinates, either using the FXORD option for
default surface types (Volume A), or through the user subroutine UFXORD.

The thickness of the element is given in EGEOMI. Note that tying must be used when shells
of different thickness come together.

Displacements

The following set forms the nodal displacement unknowns:

Ju Jdu v 9V ow ow

U, —, —=,V, =5, =35> W, T3> T (9 degrees of freedom
207 967 967 962 001 207 :

Corner Nodes:

ou ov Jdw

Midside Nodes: 3’ 9n° 9n (3 degrees of freedom)

where (u, v, w) are the Cartesian components of displacement and n is normal distance in the
9! — 62 plane; n has positive projection on the 8' axis (n'>0) or, if n! =0, n>>0.
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The De Veubeke interpolation function ensures continuity of all displacement components and

du. Jdu,
their first derivatives a—e; ﬁébetween elements when the above sets of nodal degrees of
freedom take identical values at shared nodes on element edges.

Care should be taken with the application of kinematic boundary conditions since they must be
fully, but not over-fully, specified and in the application of edge moments, so that they are
conjugate to the appropriate degrees of freedom and so generate a mechanical work rate.

Connectivity

The node numbering order is given in Figure B 3.24-1. Corners should be numbered first, in
counter-clockwise order in the 6! — 62 plane, then midside nodes, the fifth node being between
the first and second, etc.

02

Figure B 3.24-1 Definitions of the Positive Midside Normal Direction
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Numerical Integration

The element uses a 28-point integration scheme, based on a 7-point, fifth order scheme in each
of the contributing triangles. The locations of the points are shown in Figure B 3.24-2. The

distance ratios are (1 + JE )/7 and (1 - JE ) /7of the distance from the centroid to a vertex
in each triangle.

Note that the density of integration points takes full advantage of the high order of the element.

Figure B 3.24-2  Integration Points for Element 24 (not to scale)

Quick Reference

Type 24
Arbitrary, doubly-curved, quadrilateral shell element

Connectivity

Eight nodes per element. Four corner nodes and four midside nodes numbered as shown in
Figure B 3.24-1.
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Geometry

The element thickness is input in the first data field (EGEOM1). The other two data fields
are not used.

Coordinates

Eleven coordinates for node

1 =0l 2 =62
d
3 =x; 4 = —X—; = ix_
06! 062
dy dy
6=y = a1’ 2
20 20
26! 062
This coordinate set is input at all nodes.
Degrees of Freedom
Nine degrees of freedom for the corner nodes:
0
1 = u; = _u_, 3 = _a_u
06! 002
d 0
4 =v; SRR 6= —
0! 06°
0 d
7T =w; = —“;; 9= —“;
06 20
Three degrees of freedom for the midside nodes
du v dw )
b= ST =

n = normal to side in 8' — 62 plane, directed such that the projection of n on the 8! axis is
positive, or, if the side is parallel to the 6'-axis, n is in the direction of increasing 6.

Tractions

Point loads on nodes (care should be used with moments, since derivative degrees of
freedom may not measure rotation in radians).
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Distributed Loads

Type 1

Uniform self-weight (magnitude = load per unit surface area) in negative z direction.

Type 2

Uniform pressure in negative surface normal direction (surface normal a; = a; X a,,

where a, and a, are base vectors along 8' and 02 surface coordinate lines).

Type 3
Nonuniform pressure in negative surface normal direction; magnitude specified by user
subroutine FORCEM.

Type 4

Nonuniform load unit volume in arbitrary direction; magnitude and direction defined by
user subroutine FORCEM.

This subroutine will be called once per integration point for all elements of type 24 listed
with load type 4. For these elements the magnitude supplied in the TRACTIONS option
(associated with load type 4) will be overwritten by the value defined in the subroutine.

Types 11-43

These loads represent edge loads per unit length, applied in any of the global (x, y, z)
directions on any of the four edges of thc clement. The first digit of the load type chooses
the edge, the second chooses the global force directions as follows:

Load Type Description

11 Uniform load per unit length on the 1-2 edge in the x-direction.
12 Uniform load per unit length on the 1-2 edge in the y-direction.
13 Uniform load per unit length on the 1-2 edge in the z-direction.
21 Uniform load per unit length on the 2-3 edge in the x-direction.
22 Uniform load per unit length on the 2-3 edge in the y-direction.
23 Uniform load per unit length on the 2-3 edge in the z-direction.
31 Uniform load per unit length on the 3-4 edge in the x-direction.
32 Uniform load per unit length on the 3-4 edge in the y-direction.
33 Uniform load per unit length on the 3-4 edge in the z-direction.
41 Uniform load per unit length on the 4-1 edge in the x-direction.
42 Uniform load per unit length on the 4-1 edge in the y-direction.

43 Uniform load per unit length on the 4-1 edge in the z-direction.
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Load Type Description

100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Output of Strains

Six generalized strain components, three surface stretches and three surface curvature
changes, are given as components with respect to the surface coordinate system.

Output of Stresses

o', 62, 62, physical components of stress in the (8' - 6?) directions at points through the
thickness of the shell. First point is on surface in the direction of positive surface normal.
The last point is on opposite surface.

Transformation

Cartesian components of displacement and displacement derivatives may be transformed to
local directions. Surface coordinate directions remain unchanged.

Special Transformation

The shell transformation options type 2 (for the corner nodes) and type 3 (for the midside
nodes) may be used to permit easier application of point loads, moments and/or boundary
conditions on a node. For a description of these transformation types, see Volume A. Note
that if the FOLLOW FORCE option is invoked, the transformation will be based on the
updated configuration of the element.

Tying
No special type of tying. Use subroutine UFORMS.

Output Points

Centroid or 28 integration points as shown in Figure B 3.24-2.

NOTES: Quadrilaterals must not be re-entrant.
This is a very expensive element.

For buckling analysis, elements 4 and 8 are preferable due to the expense of
element 24,
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Section Stress Integration

Use SHELL SECT parameter option to set number of points for Simpson rule integration
through the thickness.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain as for total Lagrangian approach.
Thickness will be updated.

( NOTE: Shell theory only applies if strain variation over the thickness is small. )

Coupled Analysis
Coupled analysis is not available for this element. Use element types 22, 72, or 75.
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B3.25 Thin-Walled Beam In Three-Dimensions

This is a straight beam element with no warping of the section, but including twist. It is
obtained by modifying element type 14 to give a linear variation of strain along its axis. This
improves the element for large displacement analysis and for cases where linear axial strain is
necessary (e.g., thermal gradient along the axis).

The degrees of freedom associated with each node are three global displacements and three
global rotations, all defined in a right-handed convention. In addition, a seventh degree of
freedom measures the rates of change of displacement along the beam axis. The generalized
strains are stretch, two curvatures and twist per unit length. Stress is direct axial and shear given
at each point of the cross section. The local coordinate system which establishes the orientation
of the cross section is defined in GEOMETRY fields 4, 5 and 6. Using the GEOMETRY option, a
vector in the plane of the local x-axis must be specified. If no vector is defined through this
option, the local coordinate system may alternatively be defined by giving the coordinates of a
point in space which locates the local x-axis of the cross section. This axis lies in the plane
defined by the beam nodes and this point, pointing from the beam towards this point. The
default cross section is circular. The user may specify alternative cross sections through the
BEAM SECT parameter option.

All constitutive relations may be used with this element.
Quick Reference

Type 25

Closed-section beam; Euler-Bernoulli theory.

Connectivity

Two nodes per element (see Figure B 3.25-1).

0]

Figure B 3.25-1 Two-Node Closed-Section Beam
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Geometry

For the default section of a hollow circular cylinder, the first data field is for the thickness
(EGEOM1).

For non-circular section, set EGEOM1 to 0.
For circular section, set EGEOM?2 to the radius.
For noncircular section, set EGEOM2 to the section number needed.

EGEOM4-EGEOMS6: Components of a vector in the plane of the local x-axis and the beam
axis. The local x-axis will lie on the same side as the specified vector.

Coordinates
The first three coordinates at each node are the global (x,y,z) coordinates.

The fourth, fifth, and sixth coordinates are the (x,y,2) coordinates of a point in space which
locates the local x-axis of the cross section. This axis lies in the plane defined by the beam
nodes and this point. The local x-axis is normal to the beam vector and is positive moving
from the beam vector to the point. The fourth, fifth, and sixth coordinates will only be used
if the local x-axis direction is not specified in the GEOMETRY block.

Degrees of Freedom

l=u

2=v

3=w

4=0,

5= 0,

6=0,

7 = du/ds (local)
Tractions

Distributed load types are as follows:

Load Type Description

1 Uniform load per unit length in global x-direction.
2 Uniform load per unit length in global y-direction.
3 Uniform load per unit length in global z-direction.
4

Nonuniform load per unit length, with magnitude and direction supplied via user
subroutine FORCEM.

11 Fluid drag/buoyancy loading - fluid behavior specified in FLUID DRAG option.
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Load Type Description

100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction. '

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

Point loads and moments may be applied at the nodes.

Output of Strains
Generalized strains:

1 = axial stretch
2 =K, = curvature about local cross-sectional x-axis
3 = K,, = curvature about local cross-sectional y-axis
4=¢ = twistper unit length

Output of Stresses

Stresses: 1 = axial stress
2 = twisting shear stress

Transformation

Displacements and rotations at the nodes may be transformed to a local coordinate
reference.

Tying
Use tying type 53 for fully moment-carrying joint. Use tying type 52 for pinned joint.

Output Points

Centroid or three Gaussian integration points.

Special Considerations

The seventh degree of freedom will only be shared between two adjacent elements when the
beam section and properties are the same for both elements. Tying should be used in other
cases. Elements of types 13, 14, 52,76, 77, 78, 79, or 98 may be used together directly.

For all beam elements, the default printout gives section forces and moments, plus stress at
any layer with plastic, creep strain or nonzero temperature. This default printout may be
changed via the PRINT ELEMENT option.

Updated Lagrange Procedure and Finite Strain Plasticity

Updated Lagrange procedure is available for this element. This element does not have a
finite strain capability.
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Coupled Analysis
In a coupled thermal-mechanical analysis, the associated heat transfer element is type 36.

See B3.36 for a description of the conventions used for entering the flux and film data for
this element.
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B3.26 Plane Stress, Eight-Node Distorted Quadrilateral

Element type 26 is an eight-node, isoparametric, arbitrary quadrilateral written for plane stress
applications. This element uses biquadratic interpolation functions to represent the coordinates
and displacements; hence, the strains have a linear variation. This allows for accurate
representation of the strain fields in elastic analyses.

Lower-order elements, such as type 3, are preferred in contact analyses.
The stiffness of this element is formed using eight-point Gaussian integration.

All constitutive models may be used with this element.
Quick Reference

Type 26

Second-order, isoparametric, distorted quadrilateral. Plane stress.

Connectivity

Corners numbered first, in counter-clockwise order (right-handed convention). Then the
fifth node between first and second; the sixth node between second and third, etc. See
Figure B 3.26-1.

4 ol 3
48 6
1 &9 2

Figure B 3.26-1 Nodes of Eight-Node, 2D Element

Geometry

Thickness stored in first data field (EGEOM1). Default thickness is unity. Other fields not
used.
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Coordinates

Volume B: Element Library

Two global coordinates, x and y, at each node.

Degrees of Freedom

Two at each node:

Tractions

1 = u = global x-direction displacement
2 =v = global y-direction displacement

Surface Forces. Pressure and shear surface forces are available for this element as follows:

ngc(i)g{;;e Description
0 Uniform pressure on 1-5-2 face.
1 Nonuniform pressure on 1-5-2 face.
2 Uniform body force in x-direction.
3 Nonuniform body force in the x-direction.
4 Uniform body force in y-direction.
5 Nonuniform body force in the y-direction.
6 Uniform shear force in 1—5-2 direction on 1-5-2 face.
7 Nonuniform shear in 1—5-2 direction on 1-5-2 face.
8 Uniform pressure on 2-6-3 face.
9 Nonuniform pressure on 2-6-3 face.
10 Uniform pressure on 3-7-4 face.
11 Nonuniform pressure on 3-7-4 face.
12 Uniform pressure on 4-8-1 face.
13 Nonuniform pressure on 4-8-1 face.
20 Uniform shear force on 1-2-5 face in the 1—2—5 direction.
21 Nonuniform shear force on side 1-5-2.
22 Uniform shear force on side 2-6-3 in the 2—6—3 direction.
23 Nonuniform shear force on side 2-6-3.
24 Uniform shear force on side 3-7-4 in the 3—+7—4 direction.
25 Nonuniform shear force on side 3-7-4.
26 Uniform shear force on side 4-8-1 in the 4—8—1 direction.
27 Nonuniform shear force on side 4-8-1.

B3.26-2
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Load Type

(IBODY) Description
100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified in ROTATION AXIS option.
102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction.
103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/

time]. Rotation axis is specified in ROTATION AXIS option.

For all nonuniform loads, the load magnitude is supplied via user subroutine FORCEM.

Output of Strains

Output of strains at the centroid or element integration points (see Figure B 3.26-2 and
Output Points) in the following order:

1 =¢g,,, direct
2 =g, direct
3 = g,,, shear

4 o 3
L7 N L9

08 +4 +5 +6 w6
+1 +2 +3

1 o8 2

Figure B 3.26-2  Integration Points of Eight-Node, 2D Element
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Output of Stresses
Output of stresses is the same as Strains.
Transformation
Only in x-y plane.
Tying
Use subroutine UFORMS.
Output Points

If the CENTROID parameter option is used, output occurs at the centroid of the element,
given as point 5 in Figure B 3.26-2.

If the ALL POINTS option is used, nine output points are given, as shown in Figure B 3.26-2.
This is the usual option for a second order element.

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — output of stress and strain in global coordinates. Thickness will be
updated.

C NOTE: Distortion of element during analysis may cause bad solution. Element type 3 is )
preferred.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 41.

See B 3.41 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.27 Plane Strain, Eight-Node Distorted Quadrilateral

Element type 27 is an eight-node, isoparametric, arbitrary quadrilateral written for plane strain
applications. This element uses biquadratic interpolation functions to represent the coordinates
and displacements; hence, the strains have a linear variation. This allows for an accurate
representation of the strain fields in elastic analyses.

Lower-order elements, such as type 11, are preferred in contact analyses.
The stiffness of this element is formed using nine-point Gaussian integration.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 32 instead. Element type
32 is also preferable for small strain incompressible elasticity.

Quick Reference

Type 27

Second-order, isoparametric, distorted quadrilateral. Plane strain.

Connectivity

Corners numbered first, in counter-clockwise order (right-handed convention). Then the
fifth node between first and second; the sixth node between second and third, etc. See
Figure B 3.27-1.

4 el 3
n8 56
1 o5 2

Figure B 3.27-1 Nodes of Eight-Node, 2D Element
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Geometry
Thickness stored in first data field (EGEOM]1

used.

Coordinates

Two global coordinates, x and y, at each node.

Degrees of Freedom

Two at each node:

Tractions

= u = global x-direction displacement
2 = v = global y-direction displacement

Volume B: Element Library

)- Default thickness is unity. Other fields not

Surface Forces. Pressure and shear surface forces are available for this element as follows:

Load Type
(IBODY)

Description

B3.27-2

0
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Uniform pressure on 1-5-2 face.

Nonuniform pressure on 1-5-2 face.

Uniform body force in x-direction.

Nonuniform body force in the x-direction.

Uniform body force in y-direction.

Nonuniform body force in the y-direction.

Uniform shear force in 1-+5—2 direction on 1-5-2 face.
Nonuniform shear in 1-+5-2 direction on 1-5-2 face.
Uniform pressure on 2-6-3 face.

Nonuniform pressure on 2-6-3 face.

Uniform pressure on 3-7-4 face.

Nonuniform pressure on 3-7-4 face.

Uniform pressure on 4-8-1 face.

Nonuniform pressure on 4-8-1 face.

Uniform shear force on 1-5-2 face in the 1—+5—2 direction.

Nonuniform shear force on side 1-5-2.

Uniform shear force on side 2-6-3 in the 2—6—3 direction.

Nonuniform shear force on side 2-6-3.

Uniform shear force on side 3-7-4 in the 3—7—4 direction.
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Lg;%gyvp;e Description

25 Nonuniform shear force on side 3-7-4.

26 Uniform shear force on side 4-8-1 in the 4—+8—1 direction.

27 Nonuniform shear force on side 4-8-1.

100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/

time]. Rotation axis is specified in ROTATION AXIS option.

For all nonuniform loads, the load magnitude is supplied via user subroutine FORCEM.

Output of Strains
Four strain components are printed in the order listed below:

1 =¢,,, direct
2 =¢,,, direct
3 =¢,,, thickness direction, direct
4 =,,, shear
Output of Stresses

Output for stresses is the same as for Strains.

Transformation

Only in x-y plane.

Tying
Use subroutine UFORMS.
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Output Points

If the CENTROIDS parameter option is used, output occurs at the centroid of the element,
given as point 5 in Figure B 3.27-2.

If the ALL POINTS parameter option is used, nine output points are given, as shown in
Figure B 3.27-2. This is the usual option for a second-order element.

4 aZ 3
+7 +8 +9

08 +4 +3 +6 h 6
s 1 + 2 +3

g 2

Figure B 3.27-2  Integration Points of Eight-Node, 2D Element

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinates.

NOTE: Distortion of element during analysis may cause bad solution. Element type 6 or
11 is preferred.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 41.
See B 3.41 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.28 Axisymmetric, Eight-Node Distorted Quadrilateral

Element type 28 is an eight-node, isoparametric, arbitrary quadrilateral written for
axisymmetric applications. This element uses biquadratic interpolation functions to represent
the coordinates and displacements; hence, the strains have a linear variation. This allows for an
accurate representation of the strain fields in elastic analyses.

Lower-order elements, such as type 10, are preferred in contact analyses.
The stiffness of this element is formed using nine-point Gaussian integration.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 33 instead. Element type
33 is also preferable for small strain incompressible elasticity.

Quick Reference

Type 28

Second-order, isoparametric, distorted quadrilateral. Axisymmetric formulation.

Connectivity

Corners numbered first, in counter-clockwise order (right-handed convention in z-r plane).
Then the fifth node between first and second; the sixth node between second and third, etc.
See Figure B 3.28-1.

4 a8z 3
8 w6
1 a3 2

Figure B 3.28-1 Nodes of Eight-Node Axisymmetric Element
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Geometry

No geometry input for this element.

Coordinates

Two global coordinates, z and r, at each node.

Degrees of Freedom

Two at each node:

Tractions

1 = u = global z-direction displacement (axial)
2 = v = global r-direction displacement (radial)

Volume B: Element Library

Surface Forces. Pressure and shear surface forces are available for this element as follows:

Load Type Description
0 Uniform pressure on 1-5-2 face.
1 Nonuniform pressure on 1-5-2 face.
2 Uniform body force in x-direction.
3 Nonuniform body force in the x-direction.
4 Uniform body force in y-direction.
5 Nonuniform body force in the y-direction.
6 Uniform shear force in 1-+5—2 direction on 1-5-2 face.
7 Nonuniform shear in 1—+5—2 direction on 1-5-2 face.
8 Uniform pressure on 2-6-3 face.
9 Nonuniform pressure on 2-6-3 face.
10 Uniform pressure on 3-7-4 face.
11 Nonuniform pressure on 3-7-4 face.
12 Uniform pressure on 4-8-1 face.
13 Nonuniform pressure on 4-8-1 face.
20 Uniform shear force on 1-5-2 face in the 1—+5—2 direction.
21 Nonuniform shear force on side 1-5-2.
22 Uniform shear force on side 2-6-3 in the 2—6—3 direction.
23 Nonuniform shear force on side 2-6-3.
24 Uniform shear force on side 3-7-4 in the 3—7—4 direction.
25 Nonuniform shear force on side 3-7-4.

B3.28-2
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Load Type Description
26 Uniform shear force on side 4-8-1 in the 4—8—1 direction.
27 Nonuniform shear force on side 4-8-1.
100 Centrifugal load, magnitude represents square of angular velocity [rad/time].

Rotation axis specified in ROTATION AXIS option.

102 Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction.

103 Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time]. Rotation axis is specified in ROTATION AXIS option.

For all nonuniform loads, the load magnitude is supplied via user subroutine FORCEM.

Concentrated nodal loads must be the value of the load integrated around the circumference.

Output of Strains
Four strain components are printed in the order listed below:

1 =¢,,, direct

2 =g, direct

3 = ggg, hoop direct

4 =v,, shear in the section

Output of Stresses

Output for stresses is the same as for Strains.

Transformation

Only in z-r plane.

Tying
Use subroutine UFORMS.
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Output Points

If the CENTROID parameter option is used, output occurs at the centroid of the element,
given as point 5 in Figure B 3.28-2

If the ALL POINTS option is used, nine output points are given as shown in Figure B 3.28-2.
This is the usual option for a second-order element.

4 aZ 3
+7 +8 +9

w8 +4 +3 +6 h 6
+1 +2 +3

1 a3 2

Figure B 3.28-2  Integration Points of Eight-Node, Axisymmetric Element

Updating Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinates.

NOTE: Distortion of element during analysis may cause bad solution. Element type 2 or
10 is preferred.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 42.
See B 3.42 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.29 Generalized Plane Strain, Distorted Quadrilateral

This element is an extension of the plane strain isoparametric quadrilateral (element type 27)
to the generalized plane strain case. The generalized plane strain condition is obtained by
allowing two extra nodes in each element. One of these nodes has the single degree of freedom
of change of distance between the top and bottom of the structure at one point (i.e., change in
thickness at that point) while the other additional node contains the relative rotations 6,, and
8,, of the top surface with respect to the bottom surface about the same point. The generalized
plane strain condition is attained by allowing these two nodes to be shared by all elements
forming the structure. Note that this is an extension of the usual generalized plane strain
condition which is obtained by setting the relative rotations to zero (by kinematic boundary
conditions) and from there the element could become a plane strain element if the relative
displacement is also made zero. Note that the sharing of the two extra nodes by all elements
implies two full nodal rows in the generated plane strain part of the assembled stiffness matrix
considerable computational savings are achieved if these two nodes are given the highest node
numbers in that part of the structure.

This element uses biquadratic interpolation functions to represent the coordinates and
displacements; hence, the strains have a linear variation. This allows for an accurate
representation of the strain fields in elastic analyses.

Lower-order elements, such as type 19, are preferred in contact analyses.
The stiffness of this element is formed using nine-point Gaussian integration.

This element may be used for all constitutive relations except the Mooney or Ogden
incompressible material models. For these materials, use element type 34 instead. Element type
34 is also preferable for small strain incompressible elasticity.

This element cannot be used with the element-by-element iterative solver.
Quick Reference

Type 29

Second-order, isoparametric, distorted quadrilateral. Generalized plane strain formulation.

Connectivity

Corners numbered first in a counter-clockwise direction (right-handed convention in x-y
plane). Then the fifth node between first and second; the sixth node between second and
third, etc. The ninth and tenth nodes are the generalized plane strain nodes shared with all
elements in the mesh.

Geometry

Thickness stored in first data field (EGEOMI1). Default thickness is unity. Other fields are
not used.
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Coordinates
Global x and global y coordinate at each of the ten nodes. The ninth and tenth nodes may be
anywhere in the (x, y) plane.

Degrees of Freedom
Two at each of the first eight nodes:

1 = u = global x-direction displacement
2 = v = global y-direction displacement
One at the ninth node:
1 = Az = relative z-direction displacement of front and back surfaces.See Figure B 3.29-1.

Two at the tenth node:

1 = A6 , = relative rotation of front and back surfaces about global x- axis.
2=A6, = relative rotation of front and back surfaces about global y-axis. (See

Figure B 3.29-1).

X

Figure B 3.29-1 Generalized Plane Strain Distorted Quadrilateral
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Tractions

Surface Forces. Pressure and shear surface forces are available for this element as follows:

Load Type

Description

0

o © oo N O 0o~ W DD =

N D DD NN NN = =2 a2
N OO o0 A WD = O W=

100

102

103

Uniform pressure on 1-5-2 face.

Nonuniform pressure on 1-5-2 face.

Uniform body force in x-direction.

Nonuniform body force in the x-direction.

Uniform body force in y-direction.

Nonuniform body force in the y-direction.

Uniform shear force in 1—5—2 direction on 1-5-2 face.
Nonuniform shear in 1—+5—2 direction on 1-5-2 face.
Uniform pressure on 2-6-3 face.

Nonuniform pressure on 2-6-3 face.

Uniform pressure on 3-7-4 face.

Nonuniform pressure on 3-7-4 face.

Uniform pressure on 4-8-1 face.

Nonuniform pressure on 4-8-1 face.

Uniform shear force on 1-2-5 face in the 1—+2—5 direction.
Nonuniform shear force on side 1-5-2.

Uniform shear force on side 2-6-3 in the 2—6—3 direction.
Nonuniform shear force on side 2-6-3.

Uniform shear force on side 3-7-4 in the 3—+7—4 direction.
Nonuniform shear force on side 3-7-4.

Uniform shear force on side 4-8-1 in the 4—8—1 direction.
Nonuniform shear force on side 4-8-1.

Centrifugal load, magnitude represents square of angular velocity [rad/time].
Rotation axis specified in ROTATION AXIS option.

Gravity loading in global direction. Enter three magnitudes of gravity acceleration
in respectively global x, y, z direction.

Coriolis and centrifugal load; magnitude represents square of angular velocity [rad/
time). Rotation axis is specified in ROTATION AXIS option.

For all nonuniform loads, the load magnitude is supplied via user subroutine FORCEM.
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Output of Strains
Strains are printed in the order listed below:

1 =g,,, direct

2 = gy, direct

3 = ¢, thickness direction direct
4 =1y, shear in the (x-y) plane

NoO Yy,, V2, OF shear — relative rotations of front and back surfaces.

Output of Stresses

Output of stresses is the same as Strains.

Transformation

Only in x-y plane.

Tying
Use subroutine UFORMS.

Output Points

If the CENTROID parameter option is used, output occurs at the centroid of the element,
given as point 5 in Figure B 3.29-2.

If the ALL POINTS option is used, nine output points are given as shown in Figure B 3.29-2.
This is the usual option for a second order element.

4 ? 3
.7 ) 49

L8 L4 .5 +6 6
e 2 .3

1 a5 2

Figure B 3.29-2  Integration Points of Eight-Node, 2D Element
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Updated Lagrange Procedure and Finite Strain Plasticity

Capability is available — stress and strain output in global coordinates. Thickness will be
updated.

NOTE: Distortion of element during analysis may cause bad solution. Element type 19 is
preferred.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 41.
See B 3.41 for a description of the conventions used for entering the flux and film data for

this element.
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B 3.30 Membrane, Eight-Node Distorted Quadrilateral

Element type 30 is an eight-node, isoparametric, arbitrary quadrilateral written for membrane
applications. As a membrane has no bending stiffness, the element is very unstable.

This element uses biquadratic interpolation functions to represent the coordinates and
displacements; hence, the strains have a linear variation. This allows for accurate
representation of the strain fields in elastic analyses.

Lower-order elements, such as type 18, are preferred in contact analyses.
The stiffness of this element is formed using nine-point Gaussian integration.
All constitutive models may be used with this element.

This element is usually used with the LARGE DISPLACEMENT option, in which case the (tensile)
initial stress stiffness increases the rigidity of the element.

Quick Reference

Type 30

Eight-node, second-order, isoparametric membrane element. Plane stress.

Connectivity

The corners are numbered first in a counter-clockwise direction. The fifth node is located
between nodes 1 and 2; the sixth node is located between nodes 2 and 3, etc.

Geometry

The thickness is input in the first data field (EGEOM1). The default is unit thickness. Other
fields are not used.

Coordinates

Three global coordinates (X, y, z) at each node.

Degrees of Freedom

Three at each node — (u, v, w) in the global rectangular Cartesian system.
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\_/3(Norma|)

—N

Figure B 3.30-1 Eight-Node, Second Order Membrane Element

Tractions

Pressure

Pressure is specified as load type 2 and is positive in the direction of V3, the surface
normal.

Self-weight

Self-weight is a force in the negative global z-direction proportional to surface areas. It
is chosen as load type 1.

Nonuniform pressure

Specified as load type 4, positive in the direction of V3, the surface normal (use
FORCEM).

Nonuniform self-weight

Specified as load type 3, force in the negative global z-direction, proportional to surface
area (use FORCEM).

Output of Stresses

Output of stress and strain is in the local (yl, yz) directions defined above.

Transformation

The global degrees of freedom may be transformed at any node.
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Tying
Use subroutine UFORMS.

Output Points

If the CENTROID parameter option is used, output occurs at point 5 in Figure B 3.30-2. If
ALL POINTS option is included, output is given at all nine points shown in Figure B 3.30-2.
The latter is the usual option.

NOTES: Sensitive to excessive distortions. Use a rectangular mesh.

Membrane analysis is extremely difficult due to rigid body modes. For example,
a circular cylinder shape is particularly numerically sensitive.

This element has no bending stiffness.

—»N

™~
7

Figure B 3.30-2  Integration Point Numbers for Eight-Node Membrane Element

Updated Lagrange Procedure and Finite Strain Plasticity

Capability is not available.

Coupled Analysis

In a coupled thermal-mechanical analysis, the associated heat transfer element is type 41.
See B 3.41 for a description of the conventions used for entering the flux and film data for
this element.
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B 3.31 Elastic Curved Pipe (Elbow)/Straight Beam

This is an elastic, curved-pipe beam element with flexibility of the elbow based on an analytical
elastic solution of the elbow segment. The flexibility and resulting stress distribution is not only
a function of the cross-sectional properties, but also of the internal pressure in the elbow.

In addition, arbitrary cross sections can be specified for this element thus allowing for the
possibility of analyzing arbitrary curved beams. The element can be degenerated into a straight
elastic beam with elastic properties. The effects of axial stiffness, bending stiffness and shear
stiffness are included in this straight beam element.

A curved beam is specified by the coordinates of the end points of the beam segment
(COORDINATES option), the bending radius and center of rotation (GEOMETRY option)
(Figure B 3.31-1). If a zero is specified for the bending radius, the element is assumed to be
straight. Cross-sectional properties are specified via the GEOMETRY option or the BEAM SECT
option for arbitrary cross-sectional properties.

Element 31 has three displacement and three rotation components of degrees of freedom with
respect to the global system. On the output, however, the local quantities such as forces and
moments in the plane and normal to the plane for each element are also given.

Quick Reference

Type 31

Curved-pipe elbow or straight beam; elastic behavior.

Connectivity

Two nodes per element.

Geometry

The default cross section is a hollow, circular cylinder. Other cross sections are specified on
the BEAM SECT parameter options and are cross-referenced here.

EGEOM1

Thickness of the hollow cylinder if default cross section is used.
Enter a zero if a noncircular pipe defined through the BEAM SECT options.

EGEOM2

Radius of the circular cross section if default cross section is used. Otherwise, the BEAM
SECT identifier is specified on the parameter option.

EGEOM3

Bending radius of the elbow if a curved beam has to be used.
Enter a zero if the element is straight.
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y AV R: Bending Radius — EGEOM3
R = 0 for Straight Beam

t: thickness of the circular section - EGEOM1
r: radius of the circular section - EGEOM2

Default Circular Cross Section
Figure B 3.31-1 Elastic Curved (Elbow) / Straight Beam Element

The valued EGEOM4, EGEOMS, and EGEOMBG need to be specified only if the element is
straight. They represent the components of a vector in the plane of the locate x-axis and the
beam axis (constructed by connecting node 1 and 2). The local x-axis will lie on the same
side as the specified vector.

Coordinates

For curved beams, it is sufficient to specify only three coordinates per node. They represent
the spatial global x, y, z position of a node.

If a straight beam has to be used, either three or six coordinates must be specified. If the local
axis system for defining the cross-sectional properties is specified via the GEOMETRY
option, three global x, y, z coordinates are sufficient. Otherwise, six coordinates per node
must be specified. The first three are global (x, y, z); the fourth, fifth and sixth are the global
X, y, z coordinates of a point in space which locate the local axis of the cross-section. The
local x-axis is a vector normal to the beam axis through the point described by the fourth,
fifth and sixth coordinates. The local x-axis is positive progressing from the beam to the point.
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Degrees of Freedom

l=u global displacement in x direction
2=v global displacement in y direction
3=w  global displacement in z direction
4=9, global rotation about the x-axis
5=0, global rotation about the y-axis
6=6, global rotation about the z-axis

Distributed Loads

Distributed loads can be entered as follows:

Load Type Description
3 Internal pressure with closed-end caps.
-3 Internal pressure with open-end caps.
100 Centrifugal load, magnitude represents square of angular velocity [rad/time].
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