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In addition to the various analysis capabilities discussed in previous chapters concerned with
problems of linear elasticity, plasticity and creep, large displacement, heat transfer as well as
dynamics, this chapter contains demonstration problems for the illustration of additional
analysis capabilities in MARC. Detailed discussions of these capabilities can be found in
MARC Volume A: Theory and User Information and a summary of the various capabilities
illustrated is given below.

* Steady, creeping flow of rigid, perfectly plastic material (R-P FLOW).

* The use of gap-friction element (Element Type 12 and Type 97).

* Analysis of concrete (CRACK DATA) structures.

* Analysis of rubber structures (MOONEY, OGDEN, and FOAM).

* Simulation of composite material (COMPOSITE).

* Simulation of viscoelastic material.

* Axisymmetric structure under nonsymmetric loading (Fourier Analysis).
* Study of mesh refinement (QUALIFY).

* Analysis of hydrodynamic bearings.

* Use of the rezoning technique for large deformation analysis.

Compiled in this chapter are a number of solved problems. Table 7-1 shows the MARC elements
and options used in these demonstration problems.

Volume E: Demonstration Problems K7 7-1
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Table 7-1 Special Topics Demonstration Problems
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
7.1 32 ELSTO CONTROL AUTO LOAD — Steady, creeping flow
R-P FLOW of rigid, perfectly
plastic material (R-P
Flow).
7.2 10 12 — OPTIMIZE POINT LOADS — The use of
CONTROL DIST LOADS gap-friction elementin
ISOTROPIC AUTO LOAD the ana]ysis of a
GAP DATA manhole cover in a
pressure vessel.
7.3 75 SHELL SECT UFXORD AUTO INCREMENT UFXORD Analysis of a concrete
CONTROL barrel vault shell
CRACK DATA subjected to
ISOTROPIC self-weight.
74 12 32 | LARGE DISP RESTART PROPORTIONAL — Side pressing of a
CONTROL AUTO LOAD hollow rubber
MOONEY cylinder.
GAP DATA
7.5 33 82 | LARGE DISP NODE FILL DIST LOADS — Analysis of a thick
119 FOLLOW FOR CONTROL rubber cylinder.
MOONEY
7.6 75 SHELL SECT DEFINE — — Elastic analysis of a
COMPOSITE multilayered square
ORIENTATION plate under uniform
ORTHOTROPIC pressure (composite
PRINT ELEM material)
7.7 75 SHELL SECT DEFINE — — Elastic analysis of a
COMPOSITE multilayered square
ORTHOTROPIC plate subjected to
(‘)’;‘é“g&;—_%"‘\l uniform pressure and
INITIAL STATE tgg:\nacl:s!'?:(:wnagteri |
CHANGE STATE (composi al).
7.8 62 FOURIER CONTROL — ~ UFOUR  |Fourier analysisofa |
FOURIER cylinder under
RESTART external pressure.
7.9 62 FOURIER CONTROL — UFOUR  |Fourier analysis ofa |
FOURIER cylinder in plane
RESTART strain subjected to a
CASE COMBIN line load.
72 Volume E: Demonstration Problems K7
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Table 7-1 Special Topics Demonstration Problems (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
7.10 27 MESH PLOT POST — - Use of the QUALIFY
QUALIFY option for the study of
mesh refinement.
711 3 9 — CONTROL POINT LOAD — Analysis of a simply
CRACK DATA supported concrete
ISOTROPIC beam subjected to
RESTART concentrated loads.
712 27 — TYING AUTO LOAD — Analysis of a simply
PRINT CHOICE TIME STEP supported concrete
ISOTROPIC beam subjected to
VISCELPROP concentrated loads.
713 14 17 SCALE TYING AUTO LOAD — Analysis of pipeline
ELSTO PROPORTIONAL structure using
INC element type 14 and
17, and the pipeline
mesh generator
MARCPIPE.
714 28 — ISOTROPIC AUTO LOAD — Internal
VISCELPROP TIME STEP pressurization of an
PRINT CHOICE externally reinforced
long, thick walled,
viscoelastic cylinder.
7.15 37 BEARING THICKNESS — UFXORD Calculation of the
VELOCITY UFCONN | pressure distribution
TYING UTHICK in a spiral groove
Séglc_)%(\:/ thrust bearing
including grooves.
7.16 39 BEARING CONN GENER DAMPING UTHICK Analysis of a journal
NODE FILL COMPONENTS UBEAR bearing. Determine
THICKNESS STIFFNESS the load carrying
VELOCITY COMPONENTS capacity of the
THICKNESS bearing.
CHANGE
717 10 UPDATE FORCDT AUTO LOAD FORCDT Analysis of a thick-
FINITE WORK HARD COORDINATE walled cylinder under
LARGE DISP CHANGE internal pressure.
REZONE REZONE Demonstration of
rezoning capability.
7.18 32 12 | LARGE DISP MOONEY AUTO LOAD — Side pressing of a
GAP DATA TIME STEP hollow viscoelastic
VISCELMOONEY rubber cylinder.
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Table 7-1 Special Topics Demonstration Problems (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
719 26 — MOONEY AUTO LOAD — Plane stress
TYING stretching of a rubber
sheet with a hole.
7.20 82 FOLLOW FOR DEFINE MOTION CHANGE —~ Compression of
PRINT, 5 CONTACT AUTO LOAD an O-ring.
CONTROL DIST LOADS
OGDEN TIME STEP
7.21 26 — OGDEN DISP CHANGE ‘ Plane stress
AUTO LOAD stretching of a rubber
sheet with a hole.
7.22 75 LARGE DISP OGDEN AUTO LOAD — Loading of a rubber
SHELL SECT DIST LOADS DIST LOADS plate including
DAMAGE TIME STEP damage and rate
VISCELOGDEN effects.
7.23 11 LARGE DISP FOAM AUTO LOAD — Compression of a
CONTACT TIME STEP foam tube.
704 75 — ORIENTATION - — Demonstrate
ORTHOTROPIC composites.
COMPOSITE
7.95 22 LARGE DISP ORIENTATION POINT LOAD — Progressive failure of
ORTHOTROPIC POST INCREMENT fiber reinforced
FAIL DATA AUTO LOAD composite.
COMPOSITE PROPORTIONAL
INC
7.26 95 97 — GAP DATA DIST LOADS — Pipe collars in
WORK HARD contact.
DIST LOAD
727 67 ELASTICITY DIST LOAD AUTO LOAD — Twist and extension of |
ALIAS TYING POINT LOAD a circular bar of
variable thickness at
large strains.
7.28 10 116 |FOLLOW FOR DIST LOAD DIST LOAD — Analysis of a thick
28 55 | ELASTICITY OGDEN rubber cylinder under
NODE FILL internal pressure.
729 7 117 | User Defaults OGDEN AUTO LOAD HYPELA2 |3Danalysisofa |
ELASTICITY OPTIMIZE DISP CHANGE plate with a hole at
PROCESS large strains.
7.30 7 ELASTICITY ~ DEFINE AUTOINC |  — | Damage in ]
DAMAGE DISP CHANGE elastomeric materials.
OGDEN*
7-4 Volume E: Demonstration Problems K7
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Table 7-1

Special Topics Demonstration Problems (Continued)

Problem
Number

Element
Type(s)

Parameters

Model Definition

History Definition

User
Subroutines

Problem Description

7.31

7.32

11

ELASTICITY
REZONE
ALIAS

CONTACT
CONTACT TABLE
OGDEN
RESTART
CONNECTIVITY
CHANGE
COORDINATE
CHANGE
CONTACT CHANGE
END REZONE

AUTO LOAD
TIME STEP

Rezoning in an
elastomeric seal.

' STATE VARS

SHIFT FUNCTION
VISCEL EXP
VISCLEPROP

CHANGE STATE

AUTO LOAD
CHANGE STATE
TIME STEP

Structural relaxation
of a glass cube.
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7.1 Rigid Perfectly Plastic Extrusion Isothermal
and Coupled Analysis

This example illustrates the use of the R-P FLOW option in a classic plastic flow problem — the
extrusion of metal in-plane strain through a 50% reduction, frictionless die. The problem is shown
in Figure 7.1-1; a uniform velocity is applied at the left-hand side. The required solution is the
velocity field and extrusion force. The slip-line solution to this problem is well known [1, 2].

The rigid-plastic flow option uses Herrmann incompressible elements to solve for the velocity
field. The material is modeled as a non-Newtonian fluid and MARC iterates for the viscosity,

which is % g , where o is the yield stress and g is the equivalent plastic strain rate.

€
The second part of this example demonstrates the coupled analysis for steady-state rigid-plastic
flow. The comparison between effect of no heat convection contribution and heat convection
contribution is made in €7x1b and e7x1c. Uniform velocity and fixed temperature is applied at
the left-hand side. The contribution of convection heat is made after the solution of velocity is
obtained. The nonsymmetric solver is turned on automatically when heat convection is
included. The parameter COUPLE is used to flag the coupling procedures.

This problem is modeled using the three techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x1 32 32 121 Isothermal
e7x1b 32 32 121 Coupled without
Convection
e7xic 32 32 121 Coupled with
Convection

Element

In this example, the plane-strain Herrmann element (element 32) is used. This element is
a second-order, distorted quadrilateral (plane-strain). There are 32 elements and a total of
121 nodes.

Volume E: Demonstration Problems K7 7.11
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Material Properties

The equivalent von Mises yield stress is entered as 30 x 10? psi in this option. The thermal
properties are:

specific heat 4.2117E-2
density 0.3523E-3
thermal conductivity 0.7254E-3

The property is specified for elements 1 through 32.

Geometry
No geometry is specified.

Loading
No loading is specified.

Boundary Conditions

The material entering the die is assigned a velocity of 1 in/sec in the x-direction. The material
velocities normal to the die walls are fixed as zero. In the thermal mechanically coupled analysis,
the inlet temperature of the material is fixed at 800°F. The wall temperature is fixed at S00°F.

Control

A 10% tolerance on the relative residual force was chosen to determine if convergence was
achieved. In a rigid plastic analysis, the computational time would have been reduced if the
convergence based upon velocities was requested.

Auto Load

Because the contribution of heat convection is accounted after the solution of velocity distribution
is obtained, two fixed time steps are used to simulate the coupling process. In the first increment,
the heat transfer analysis is done first and subsequent stress analysis uses this new temperature
distribution for material properties to obtain the solution of velocity distribution. In the next
increment, the temperature distribution is obtained based on the velocity distribution result of the
previous increment.

Results

The solution for the 50% reduction case chosen here is a centered fan — outside the fan the
material moves as a rigid body or is stationary. The mesh is confined to the neighborhood of
the fan region (Figure 7.1-2).

7.1-2 Volume E: Demonstration Problems K7
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Note a special consideration for the fully incompressible Herrmann formulation: since the
system is semidefinite, it is only possible to solve by Gauss elimination if the first active degree
of freedom is a stiffness degree of freedom and not a pressure variable (Lagrange multiplier).
Thus, node 1 must have at least one unconstrained velocity component. In this case, one and
two are swapped to achieve this by adding additional CONNECTIVITY and COORDINATES set
by hand. The value of the input velocity is arbitrary in this case, since the yield is assumed to
be rate independent. The accuracy of the solution is determined by the convergency
requirements. In this analysis, nine iterations were required.

Extrusion force in 50% reduction, frictionless die. (Normalized by the tensile yield stress
and input width).

Calculated at input stream 1.347
Calculated from reaction on die face 1.393
Exact (slip line) solution, .5(1 + n/2) 1.285

The predicted flow field is illustrated in Figure 7.1-3. Velocity vectors are shown in this figure.
The slip-line fan has been superimposed on this picture. The “dead” region in the corner of the
die is well predicted by the finite element model, before it reaches the fan. The downstream
solution also shows a little rotation of the velocity field just below the corner of the die. This is
more accurate than the upstream solution. The strain gradients on entry to the fan are very high.
At this point, the slip solution shows a discontinuity in tangential velocity. A finer mesh in this
region would improve this part of the solution.

The temperature distributions shown in Figure 7.1-4 and Figure 7.1-6 indicate the effect of heat
convection on the plastic extrusion. As the contribution of heat convection is included, the heat
transferred into exit from the inlet is faster and the temperature gradient between the wall and
the central region is higher. The equivalent plastic strain is shown in Figure 7.1-5. The shear
bands are clearly visible.

References
1. Hill, R., Mathematical Theory of Plasticity, Chapter 4, (Oxford University Press, 1950.).

2. Prager, W, and Hodge, P. G., Theory of Perfectly Plastic Solids, Section 298
(John Wiley, 1951).
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Rigid Perfectly Plastic Extrusion Isothermal and Coupled Analysis

Parameters, Options, and Subroutines Summary

Example e7x1.dat:

Example e7x1b.dat:

Example e7x1c.dat:

71-4

Parameters
ELEMENT
ELSTO
END

R-P FLOW
SIZING
TITLE

Parameters

COUPLE
END
ELEMENTS
HEAT

R-P FLOW
SIZING
TITLE

Parameters
COUPLE
END
ELEMENTS
HEAT

R-P FLOW
SIZING
TITLE

Model Definition Options
CONNECTIVITY
CONTROL

COORDINATE

END OPTION

FIXED DISP

ISOTROPIC

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE

END OPTION

FIXED DISPLACEMENT
FIXED TEMPERATURE
INITIAL TEMPERATURE
ISOTROPIC

NO PRINT

POST

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE

END OPTION

FIXED DISPLACEMENT
FIXED TEMPERATURE
INITIAL TEMPERATURE
ISOTROPIC

NO PRINT

POST

History Definition Options
AUTO LOAD
CONTINUE

History Definition Options
AUTO LOAD

CONTINUE

TIME STEP

History Definition Options
AUTO LOAD

CONTINUE

TIME STEP
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Frictionless Die
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Figure 7.1-1  50% Reduction Die Problem
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Vy =0, T = 500°F
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Figure 7.1-2  Mesh and Boundary Conditions for 50% Reduction Example
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Figure 7.1-3
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INC 1
SuUB : o] wm
TIME : 5.000e-01

FREQ : 0.000e+00

8.000e+02

7.700e+02

| 7.400e+02

7.100e+02

6.800e+02

6.500e+02

6.200e+02

5.900e+02

5.600e+02

5.300e+02

5.000e+02

Figure 7.1-4

prob e7.1b - coupled rp. flow without heat convection

Temperature t

Temperature Distribution in the Billet Neglecting Thermal Convection
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INC 2
SUB : 0
TIME : 1.000e+01

FREQ : 0.000e+00

| |8.032e+02

7.729e+02

_{7.426e+02

1 7.122e+02

6.819e+02

6.516e+02

6.213e+02

5.910e+02

5.606e+02

5.303e+02

5.000e+02

Figure 7.1-5

prob e7.1c - coupledr.p. flow without heat convection

Temperature t

Temperature Distribution in the Billet including Convection
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INC 2
SuB : 0 SMaARC

TIME : 1.000e+01
FREQ : 0.000e+00

6.478e-01

5.823e-01

5.168e-01

4.513e-01

3.858e-01

3.203e-01

2.549e-01

1.894e-01

1.239¢e-01

5.837e-02

-7.125e-03

prob e7.1b - coupled r.p. flow without heat convection

Total Equivalent Plastic Strain

Figure 7.1-6  Equivalent Plastic Strains in Billet Neglecting Thermal Convection
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7.2 End-Plate-Aperture Breakaway

This example illustrates the use of the gap and friction link, element type 12. This element allows
surface friction effects to be modeled. This example is a simple model of a man-hole cover in a

pressure vessel. The axisymmetric mesh is shown in Figure 7.2-1. The object of this analysis is

to establish the response of the bolted joint between the manhole cover (elements 1-12) and the

vessel (elements 13-27). The bolts are first tightened, and then the main vessel expands radially
(as might occur due to thermal or internal pressure effects). You should be aware that this problem
is presented only as a demonstration. The mesh is too coarse for accurate results.

Elements

Element 12 is a friction and gap element. It is based on the imposition of a gap closure constraint
and/or a frictional constraint via Lagrange multipliers. The element has four nodes: nodes 1 and
4 are the end nodes of the link and each has two degrees of freedom (u, v,) in the global coordinate
direction; node 2 gives the gap direction cosines (n,, n,) and has A,, the force in the gap direction,
as its one degree of freedom; node 3 gives the friction direction cosines (tlx , tl\.) and has vy;, the

frictional shear forces, and p, the net frictional slip, as its two degrees of freedom.

Model

Twenty-seven type 10 clements are used for the two discrete structures, the end cap and the
aperture. These are then joined by four type 12 elements. There are 54 nodes and a total of 108
degrees of freedom in the mesh.

Loading

The load history consists of applying bolt loads (that is, tightening down the bolts), then pulling
out the outer perimeter of the main vessel model. Bolt loads are modeled here as point loads
applied in opposite directions (self-equilibrating) on node pairs 4 and 32, 5 and 33. Since there
is a possibility of gaps developing between the facing surfaces of the cover and vessel, the bolt
load is initially applied as a small magnitude, then incremented up to the total value of 2000
pounds per bolt ring. This usually requires two runs of the problem: an initial run with a “small”
load to see the pattern developing, from which some judgement can be made about the load
steps which can be used to apply the total bolt force. In this case, it was determined by this
method that no surface separation occurred, so that, in the actual run, the full bolt loads are
applied in one increment.

The radial expansion of the main vessel is modeled as a uniform negative pressure on the outer
surfaces of the outer elements (15, 21, 27). (Note this is given as load type 8 to apply it to the
correct face of the elements.) Again, the purpose of the analysis is to watch the development of
slippage between the main vessel and the cover plate, and the analyst cannot easily estimate the
appropriate load increments to apply to model this nonlinearity. For this purpose, the RESTART
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option can be used effectively. A restart is written at the point where full bolt load is applied,
and then a trial increment of pull-out force is applied. Based on the response to this (in the
friction links), a reasonable size for the sequence of loading increments can be determined. This
procedure is frequently necessary in such problems. For brevity, this example shows only the
final load sequence obtained as a result of such trials.

Boundary Conditions

The nodes on the axis of symmetry are constrained radially, and the rigid body mode in the
axial direction is removed at node 46.

Isotropic
The ISOTROPIC option is used to enter the mechanical properties of the manhole cover.

Gap Data

In this example, a small negative closure distance of -0.001 is given for the gaps. This indicates
that the gaps are initially closed and solve for an interference fit in increment 0. The coefficient
of friction p is 0.8.

Results

The results of the analysis are shown in Figure 7.2-2 through Figure 7.2-4. First of all, it is
observed in Figure 7.2-2 that the force at node 53, associated with gap element 31 goes to zero,
indicating that the gap has opened. The interested user can investigate here possible model
changes and their effect — for example, the effect of inaccurate bolt tightening, so that the two
bolt rings have different loadings.

In this case, the initial bolt load is carried quite uniformly (A in Figure 7.2-2), but as the pull-out
increases, the inner two links take more of the stress and the outer link (element 31) sheds stress.
The shear stress development is followed in Figure 7.2-3 — initially (bold load only), all shear
stresses are essentially zero. The two outer links slip first, but then the additional forces required
to resist the pull develops in the inner two elements until the shear stress pattern follows the
normal stress pattern, when the shear in the pair of links also slip (t = po). Figure 7.2-4 shows a
plot of radial displacement of the outer perimeter against pull-out force. Notice the small loss of
stiffness caused by slip developing as the vessel model has to resist the extra force along without
any further force transfer to the cover.
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Parameters, Options, and Subroutines Summary

Example e7x2.dat:

Parameters
DIST LOADS
ELEMENT
END

SIZING
TITLE

Volume E: Demonstration Problems K7

Model Definition Options
CONNECTIVITY
CONTROL

COORDINATE

END OPTION

FIXED DISP

GAP DATA

ISOTROPIC

OPTIMIZE

POINT LOAD

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS

POINT LOAD
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Bolt Loads
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CMARC
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L35 40 Pull-out
Force

41
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442

Figure 7.2-1

7.2-4

Bolt Loads

Gap/Friction Elements

Geometry and Mesh of End Plate-Aperture
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prob e7.2 special topics emt 10 & 12 — gap-friction xMARC
Normal Force Ib x 1000
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Figure 7.2-2  Transient Normal Forces in Bolts
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prob 7.2 special topics emt 10 & 12 — gap-friction OOMARC

W
Shear Force Ib x 1000

ooo0 Q2

NI T
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0 9
increment

Node 52 +—+—+Node 50 *—x—xNode 48
e—e—Node 54

Figure 7.2-3  Transient Shear Force in Bolts

7.2-6 Volume E: Demonstration Problems K7



w 7 Contact End-Plate-Aperture Breakaway

prob e7.2 special topics emt 10 & 12 — gap-friction Node 46 xMAF'C
Displacements y (x10e-5)
1.944
7
0076
0 9

increment

Figure 7.2-4  Radial Displacement at Outside Top (Node 46)
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7.3 Barrel Vault Shell under Self-weight (Shell Cracking)

A concrete barrel vault shell is loaded under increasing snow load until cracking is developed.
This is the same as problem 3.23 with the addition of nonlinear behavior.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x3 75 36 49 AUTO INCREMENT
e7x3b 75 36 49 AUTO STEP

Element
Element type 75 is a 4 node thick shell element. The cylinder has a half length of 100 inches
and a constant thickness of 3 inches. The radius is 300 inches.

Model

Thirty-six elements are used to model one-quarter of the shell taking advantage of symmetry.
The model has 49 nodes. The mesh is shown in Figure 7.3-1. Subroutine UFXORD is used to
generate the full set of coordinates.

Material Properties

The Young’s modulus is 3 x 10° psi, the ultimate compressive strain is 0.002 in/inch. Failure in
tension is assumed to occur at 1000 psi. The material is given a strain softening modulus of

3 x 10° psi. A shear retention coefficient of 0.5 is used for the concrete. The ISOTROPIC option
is used to indicate that cracking is to be used.

Loading

In e7x3.dat, a total load of 2.0 psi is applied using the AUTO INCREMENT option. The load in
the first increment is 10% of the total load.

In the second analysis, the total load of 2.0 psi is applied using the AUTO STEP procedure. The
loading criteria is, based upon a maximum change in displacement of 0.5 inch and a maximum
change in stress of 200 psi per increment.

Boundary Conditions
The ends of the structure are supported by diaphragms. There are two free edges.
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Results

The first cracks occur at the bottom layers of element numbers 24 and 36 during increment 5.
Subsequent loading results in formation of new cracks. Increasing loads propagate the cracks

through the thickness of the shell.

The load deflection results for the midpoint of the edge of the shell (node 3), as shown in
Figure 7.3-2. The effect of cracking is highly pronounced. This results in significant
nonlinearity and leads to a reduction in the effective stiffness of the structure. The concrete’s
failure in tension dominates the response of this structure. In addition, a few points also fail due
to crushing.

A rather large tolerance was necessary to obtain convergence in this analysis. This is not
unusual for problems involving cracking.

Parameters, Options, and Subroutines Summary

Example e7x3.dat:

7.3-2

Parameters
ELEMENT
END

SHELL SECT
SIZING
TITLE

Model Definition Options History Definition Options

CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
DIST LOADS
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
RESTART
UFXORD

AUTO INCREMENT
CONTINUE
DIST LOADS
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Example e7x3b.dat:

Parameters
ELEMENT
END

SHELL SECT
SIZING
TITLE

User subroutine in u7x3.f:
UFXORD
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Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
DIST LOADS
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
RESTART
UFXORD

History Definition Options

AUTO STEP
CONTINUE
DIST LOADS
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Figure 7.3-1  Mesh for the Shell Roof
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prob e7.3 auto incrementation — emt 75 Node 49 xMARC
External Forces z (x100)

0.000 0 Increment O

|
/

/ /

-5.931 0
Displacements z

Figure 7.3-2  Load-Vertical Deflection Curve at Node 3
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7.4 Side Pressing of a Hollow Rubber Cylinder
(Mooney Material)

The behavior of a thick hollow rubber cylinder, compressed between two rigid plates, is
analyzed. The cylinder is long; hence, a condition of plane strain in the cross section will be
assumed. For reasons of symmetry, only one-quarter of the cylinder needs to be modeled. No
friction will be assumed between cylinder and plates. A MOONEY material behavior is used
to represent the rubber. The LARGE DISPLACEMENT option is used.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x4 32&12 19 53 AUTO LOAD
e7x4b 32&12 19 53 AUTO STEP

Element

The quarter cylinder is modeled by using 8-node hybrid plane strain elements (MARC element
type 32). This element can be used in conjunction with Mooney material. The corner nodes

have an additional degree of freedom to represent the hydrostatic pressure. Seven gap clements
are used to model the potential contact.

Model

The outer radius of the cylinder is 3 mm and the inner radius of the cylinder is 2 mm. Twelve
elements are used for the cylinder, with two elements specified over the thickness. The
geometry of the cylinder and the mesh are shown in Figure 7.4-1.

MOONEY

The MOONEY option is used to specify the rubber properties. The rubber material can be
modeled as a Mooney-Rivlin material with C,, = 8 N/mm?, Cy; = 2 N/mm?.

GAP DATA

The gap closure distance is defined as the initial nodal distance between the cylinder and the
plate and is entered via the GAP DATA option.
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Loading

In the first analysis, the AUTO LOAD option is used to apply five displacement increments to the
plate. The increment is equal to the one applied in increment 0. After load application, one
iteration is carried out by using PROPORTIONAL INCREMENT option with zero load increment
to insure that the solution is in equilibrium. This is not necessary if the tolerance specified on
the CONTROL option is sufficiently small.

In the second analysis, a total displacement of 1 inch is applied using AUTO STEP. The load is
controlled by requiring that the incremental strain be less than 10% per increment.

Connectivity

The CONNECTIVITY option is used twice. It is used the first time to read the data of the mesh
of the cylinder. The option is then used again to read gap data.

Tying
TYING establishes the connections between the nodal degrees of freedom of the cylinder and

that of the gaps. This is necessary because the degrees of freedom of these two elements are not
the same.

Results

The cylinder outer diameter is reduced from 6 inches to 4 inches in five increments. The
cylinder is in contact with the plate at four nodes (four gaps have been closed). The incremental
displacements become very small and equilibrium is satisfied with high accuracy. The
incremental full Newton-Raphson method was used to solve the nonlinear system. The total
force on the plate may either be calculated by summing up the gap forces, or directly obtained
from the reaction force on node 75. For both the data sets, this leads to a total force F=1.91 N.
A plot of the deformed cylinder is shown in Figure 7.4-2.
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Parameters, Options, and Subroutines Summary

Volume E: Demonstration Problems K7

Example e7x4.dat:
Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
LARGE DISP COORDINATE PROPORTIONAL INCREMENT
SIZING END OPTION
TITLE FIXED DISP
GAP DATA
MOONEY
RESTART
TYING
Example e7x4b.dat:
Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO STEP
END CONTROL CONTINUE
LARGE DISP COORDINATE PROPORTIONAL INCREMENT
SIZING END OPTION
TITLE FIXED DISP
GAP DATA
MOONEY
RESTART
TYING
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Figure 7.4-1  Rubber Cylinder and Mesh
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INC : & LMARC
suB : 0 w

TIME : 0.000e+00

FREQ : 0.000+00

.
<

5
I\
Yj\ = & X

prob e7.4 special topics emt 32 & 12 — mooney

1]

Displacements x

Figure 7.4-2 Deformed Mesh Plot
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7.5 Analysis of a Thick Rubber Cylinder under
Internal Pressure

This problem illustrates the use of MARC elements types 33, 82, and 120 (8- and 4-node
incompressible, axisymmetric elements) and options, LARGE DISP, FOLLOW FOR, and
MOONEY for an elastic, large strain analysis of a rubber cylinder subjected to a uniformly
distributed internal pressure. The pressure load is applied in a single step, and the Newton-
Raphson iteration procedure is used to obtain an equilibrium state.

This problem is modeled using the three techniques summarized below.

Element Number of Number of
Data Set Type(s) Elements Nodes
e7x5 33 4 23
e7x5b 82 4 14
e7x5¢c 119 4 14

Model
The dimensions of the rubber cylinder and finite element meshes are shown in Figure 7.5-1.
The 8-node model consists of four elements of type 33 and 23 nodes, and the 4-node model
consists of four elements of type 82 or type 120, and 14 nodes.

Material Properties
The material of the rubber cylinder is assumed to be MOONEY material with material constants:

C10=8 N/mm2
Co; =2 N/mm?

Loading

Uniformly distributed internal pressure = 11.5 N/mm? is applied on element number 1. This
load is applied in increment zero. In MARC, increment O is treated as linear so an additional
increment, with no additional load, is used to bring the solution to the correct nonlinear state.

Boundary Conditions
u = 0 on the planes z = 0 and z = 1.0 to simulate a plane strain condition.

Note

LARGE DISP is included to obtain the geometric nonlinear effects; the full Newton-Raphson
technique is used.
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FOLLOW FOR indicates that pressures will be applied on the current geometry of the cylinder.

CONTROL block is used to specify the number of increments in the analysis. In this
analysis, two increments are specified with a maximum of 15 Newton-Raphson iterations
to obtain equilibrium.

Newton-Raphson iterations are obtained with PROPORTIONAL INCREMENT. This indicates that
the previous load increment has to be multiplied by a certain user specified factor and has to be
added to the current loads. The loads can be pressures, nodal loads, or nonzero kinematic
boundary conditions. If the multiplication factor is set to be zero (0), then no load is added.
Iterations are performed until the maximum residual force is less than 10% of the maximum
reaction force.

Results
A. 8-Node Model (Element Type 33)
After the linear elastic step (increment 0), the radial displacements of the inside nodes
(nodes 1, 10 and 15) are:

Radial Displacement (mm)

Node (MARC)
1 0.38351
10 0.38351
15 0.38350

They are in good agreement with analytical solution which predicts a radial displacement
of 0.38333.

After ten iterations, the radial displacement at the inside node is 1.0026, and the
corresponding pressure can be computed from the following expression:

B2a2 )-'_ (aZ_A?.)(BZ_A2)i|
AYB -A%T+ah)) ai(B*-A%+a%)

P=(C + Cz){log[
where A and B are the inner and outer radius of the cylinder in the undeformed state, and

“a” is the inner radius in the deformed state, and C, and C, are material constants.

The computed pressure (11.49) is in very good agreement with the prescribed value of 11.5.
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B. 4-Node Model (Element Type 82, 120)

After the linear elastic step (increment 0), the radial displacements of the inside nodes
(nodes 1 and 6) are:

Radial Displacement Radial Displacement
Node (MARC) type 82 (MARC) type 120
1 0.38174 0.38335
6 0.38174 0.38335

Agreement with analytical solution of 0.38333 is good. After ten iterations, the radial
displacement at inside node is 1.0061, and the corresponding pressure is 10.35 for element
82. For element 120, the displacement at the inside node is 1.0063 and the corresponding
pressure is 11.5. Agreement with prescribed value or 11.5 is excellent.

Parameters, Options, and Subroutines Summary
Example e7x5.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY CONTINUE
END CONTROL CONTROL
FOLLOW FORCE COORDINATE DIST LOADS
LARGE DISP DIST LOADS
SIZING END OPTION
TITLE FIXED DISP
MOONEY
NODE FILL
POST

Example e7x5b.dat or e7x5c.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY CONTINUE
END CONTROL CONTROL
FOLLOW FORCE COORDINATE DIST LOADS
LARGE DISP DIST LOADS
SIZING END OPTION
TITLE FIXED DISP
MOONEY
POST

Volume E: Demonstration Problems K7 7.5-3



wl 7 Contact Analysis of a Thick Rubber Cylinder under Internal Pressure

AA
Cmarc

- ald 023
m8 4 522
no=1
32 & gL fo =2
i 3 $h20
Ha =12 419
b4 2 hie
&3 a1 @l?
@2 1 wi6
Y 510 415

Figure 7.5-1 Cylinder Mesh (8-Node Model)
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INC 0 prob e7.5 special topics emt 33 — mooney xM ARC

SUB : 0
TIME : 0.000e+00
FREQ: 0.000e+00

2nd comp of cauchy stres (x10)

0.038
8 ‘_'_‘____,_pa

-3.755
ey 1
position

Figure 7.5-2 Radial Stress Through Radius
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7.6 Biaxial Stress in a Composite Plate

This problem illustrates the analysis of a plate made of layered composite material as shown in
Figure 7.6-1. A biaxial stress field is applied and the results are compared with a textbook
solution (Reference 1).

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x6 75 20 25 User subroutine
ANISOTROPIC
e7x6b 75 20 25

Element

Shell element 75 is used to model the plate. It is a four-node bilinear thick shell element capable
of modeling the behavior of layered composite materials.

Model

A 4 x 4 mesh of shells is used for a total of 16 elements, 25 nodes, and 150 degrees of freedom.
(See Figure 7.6-2.)

Material Properties

The plate consists of three layers of an orthotropic material. The top layer is 3 mm thick and is
offset 45° from the middle layer. The middle layer is 4 mm thick. The bottom layer is also 3
mm thick and is offset 45° from the middle layer. This data is entered in the COMPOSITE option.

The orthotropic material properties are first entered in the ORTHOTROPIC option. The data
entered here are the engineering constants E, |, Ey, Es3, Vi3, V23, v31, G)2, Gjs, and G3 with
respect to the three planes of elastic symmetry. In problem e7x6b, the anisotropic
stress-strain law is entered directly through the ANISOTROPIC option. When entering the data
using the ANISOTROPIC option, you must specify the values (21 values) in the symmetric
triangle for a compressed form 6x6 matrix. The ply angle for the various layers is given in
the COMPOSITE option.

Element type 75 has only two direct strains. Using the PRINT,11 option, you would observe the
following printout:

layer stress-strain law in layer coords for elem 5.
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Column

1 2 3 4 5

Row

1 .200456E11 .70159E9 0 0 0
2 .70159E9 .200456E11 0 0 0
3 0 0 .7E9 0 0
4 0 0 0 .7ES 0
5 0 0 0 0 .7E9

The input required when using the ANISOTROPIC option is:

Column
1 2 3 4 5 6
Row
1 .200456E11 .70159E9 0 0 0 0
2 .70159E9 .200456E11 0 0 0 0
3 0 0 .7TE9 0 0 0
4 0 0 0 .7E9 0 0
5 0 0 0 0 .7TE9 0
6 0 0 0 0 0 0 l
Loading

The biaxial stresses applied to the plate are o, = 1. x 10° N/m?, o, = 2. x 10° N/m? and 1, = 0.
These distributed loads are specified in the DIST LOADS option (the units in this problem are

m-kg-s). The applied load magnitudes are negative so that the applied loading is directed out
of the element.

Boundary Conditions

In order to fully restrain the rigid body modes without introducing any elastic constraints, a
special set of boundary conditions is used. Degrees of freedom 1 to 5 are suppressed at node 1
and degree of freedom 1 is suppressed along the entire left-hand edge. Since the layup is
symmetric, only in-plane deformations are expected. The specification of additional rotational
constraints at the left-hand edge is irrelevant.
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Print Control
The use of the suboption PREF under PRINT ELEM allows you to obtain printout of the layer
stresses in the preferred (ply) coordinate system. The generalized shell resultant quantities are

~1 -2
always expressed in the local shell vl , vV system. Here, these coordinates are parallel to global
x and y, respectively.

Results
Results for this problem are given on page 169 in the reference below. They are summarized below:

Reference MARC
80
X .00685 .006875
e‘y’ .00332 .003324
o -.00784 -.007845
€y
o 29.6 29.85
Layers 1,3 (s2) 18.8 18.87
x 10°N/m?> o, 25 -2.49
o 139.3 139.8
Layer 2 o, 114 11.46
x 105N/m? o, -5.5 -5.49

Figure 7.6-3 shows the deformed shape of the structure. The displacements are all planar, and
there is no coupling between bending and axial extension due to the symmetry of the layup.
There is, however, coupling between axial extension and in—plane shear. The results are
identical, independent of the way the material is input.

Reference
Agarwal, B.D., Broutman, L., Analysis and Performance of Fiber Composites, Wiley, 1980.
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Parameters, Options, and Subroutines Summary

Example e7x6.dat:

Parameters

ELEMENT
END

SHELL SECT
SIZING
TITLE

Example e7x6b.dat:

Parameters
ELEMENT
END

SHELL SECT
SIZING
TITLE

7.6-4

Model Definition Options
COMPOSITE
CONNECTIVITY
COORDINATE
DEFINE

DIST LOADS
END OPTION
FIXED DISP
ORIENTATION
ORTHOTROPIC
POST

PRINT ELEM

Model Definition Options

ANISOTROPIC
COMPOSITE
COORDINATE
DEFINE

DIST LOADS
END OPTION
FIXED DISP
ORIENTATION
POST

PRINT ELEM
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oy =2x 105N/m2
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Oy = .1 x 106N/m?
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Composite Layers

Figure 7.6-1 Composite Plate
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EMare
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Figure 7.6-2

7.6-6

Finite Element Mesh
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INC
suB

Biaxial Stress in a Composite Plate

TIME : 0.000e+00
FREQ : 0.000e+00

Figure 7.6-3

Deformed Mesh Plot
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7.7 Composite Plate Subjected to Thermal Load
A composite plate is subjected to a uniform thermal load.

Element
Element 75, the four-node bilinear thick shell element, is used. In this analysis, three layers will
be used through the thickness.

Model
The square plate of 1 inch length has been divided into 16 elements with 25 nodes as shown in
Figure 7.7-1. To demonstrate that the element numbers do not need to begin with 1, they are
given id’s of 5 to 20.

Geometry
No geometry specification is used. The plate thickness on a layer-by-layer basis is specified
with the COMPOSITE option. Then the thickness of layers 1 to 3 are 0.003, 0.0025, 0.0025
respectively, giving a total thickness of 0.008 inch.

Loading
The initial temperature for all the layers is 125°F, and the plate is cooled to 25°F in increment 0.
All elements, integration points and layers are given the same temperature. The INITIAL STATE
and CHANGE STATE options are used to define this data.

Boundary Conditions

The edge x = 0, with nodes 1, 6, 11, 16, 21 are prescribed to have no x-displacement.
Additionally, node 11 is constrained such that uy = u, = ¢, = ¢, = 0. This eliminates any rigid

body motion. Note that if the material was isotropic, there would be free thermal expansion
given these boundary conditions, and the stresses would be zero.

Material Properties

The plate is made of a single orthotropic material which is oriented differently between layers
1 and 2 and 3. First the ORTHOTROPIC option is used to define the material properties:

WWW

E,=198x10° v,= 35 G;,=70x107 o, = .7x10°%in/in°F
E»n=198x108  v,=0.0 Gi3=70x10"  ayp= .23x 10° in/in°F
Ey;=0 3, = 0.0 Gy =70x107 = 0.0
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As element 75 has only two direct components of stress (NDI = 2), it is not necessary to define
E;; and os;. Since the element has three components of shear (in-plane and transverse), all
values of G were entered. As v,3 = v3; = 0, this is an odd material.

The base material orientation is given in the ORIENTATION block as being at 0° with respect to
the 1-2 edge which will place it along the x-axis. The actual orientation is given in the
COMPOSITE option as ply angles with respect to this base orientation.

The COMPOSITE option is used to define three layers, each of the same material but with
thickness of 0.003, 0.0025 and 0.0025 inch. The stacking sequence is +45./0./0.

There are no temperature dependent effects in this example. If necessary, the ORTHO TEMP
option would be used to enter this data.

Controls

The PRINT ELEM option is used to request that the stresses are output in both the conventional
elements system and the local preferred system.

Results

The results indicate that the non-isotropic nature of the composite plate results in a generation of
out-of-plane displacements as large as 0.05 inch and equivalent stresses as high as 1 x 10° psi.

Parameters, Options, and Subroutines Summary

Example e7x7.dat:

Parameters
ELEMENT

END

SHELL SECT

SIZING
TITLE

7.7-2

Model Definition Options

CHANGE STATE
COMPOSITE
CONNECTIVITY
COORDINATE
DEFINE

END OPTION
FIXED DISP
INITIAL STATE
ORIENTATION
ORTHOTROPIC
POST

PRINT ELEM
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Lmare
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Figure 7.7-1  Plate Geometry and Mesh
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INC 0 &
MAR
SUB : 0 WHMARC

TIME : 0.000e+00
FREQ : 0.000e+00

~Y

prob e7.7 special topics — elmt 75

Displacements x

Figure 7.7-2  Displaced Mesh
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7.8 Cylinder under External Pressure (Fourier Analysis)
A solid cylinder in plane strain with radius (a) and external pressure (p,,) is elastically analyzed.
Love [1] gives the solutions to the first and second modes of this problem as follows:
G, =P, I cosd
000 = 3p, r cosO
6.9 =p, I sind
for the first mode, and

G, = Po €OS 20

27— a’
Ogo = po[ 5 ]cos29
a

r’—a’
O = po[ > ]sin26
a

for the second mode. It should be noted that for the first mode, the condition o,(a) = p, cos@
requires that 6,6(a) = p, sin6, where “a” is 1 inch. Two Fourier series are used for expansion of
the 100 psi pressure loading. One series is for the cosine terms and the other for the sine terms.
Three different methods, as shown in Problems €7-8a, €7.8b and e7.8c are demonstrated in
describing the series. Comparison of the results with Love’s [1] exact solution is presented.

This problem is modeled using the three techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x8a 62 10 53 Fourier coefficients
input
e7x8b 62 10 53 Define nonsymmetric
e7x8c 52 10 53 User subroutine
UFOUR

Element

Element type 62, the axisymmetric quadrilateral element for arbitrary loading, is used here.
Details on this element are found in MARC Volume B: User Input.
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Model

The geometry and mesh used are shown in Figure 7.8-1. The solid cylinder has a height of 0.1
inch and a radius of 1.0 inch. The mesh has 10 elements and 53 nodes.

Geometry
This option is not required for this problem.

Material Properties

The elastic material data assumed for this example is Young’s modulus (E) is 30. x 10° psi and
Poisson’s ratio (v) is 0.25.

Loading

The 100 psi external pressure is specified as a distributed load (IBODY=0) and associated with
Fourier series number 1. The -100 psi shear is specified as a uniform load in the circumferential
direction (IBODY=14) and associated with Fourier series number 2. Only element 10 is specified
with the above loads using the DIST LOAD option.

Boundary Conditions

All nodes on the plane Z = 0. and Z = 0.1 are constrained in the axial direction such that only
radial motion is permitted. Nodes 1, 2, and 3 on the plane R = 0 are also constrained in the radial
direction due to symmetry.

Fourier
Three different ways are used to describe the series:
1. Specify the first two nonzero terms for series number 1 by evaluating the following integral:

1 2n( cosO 0, all n except
4 = ;tJ.z (COSZG cos nb do = I,n=1,and 2

and the first nonzero term for series number 2 by evaluating the following integral:

1 . . 0, all t
b, = —Jzn sin O sin nO dO6 = { 1 a _nlexcep
Yo =

2. Describe the function F(8) which is to be expanded into a Fourier series by an arbitrary
number (say 5) of [0, F(6)] pairs of data.

3. Use user subroutine UFOUR to generate an arbitrary number of [6,F(6)] pairs and let
MARC calculate the Fourier series coefficients. Five pairs of [6,F(8)] are defined in
this example.
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It should be pointed out that five pairs of [6,F(6)] have been chosen for demonstration only. It is

easy to add more by changing the number 5 in the user subroutine UFOUR. An increased number

of [6,F(8)] pairs would yield better results in comparison with the exact coefficient evaluations.
Results

The results for the radial and circumferential stresses of Problem e7.8a and Love’s exact
solution are plotted in Figure 7.8-2 and Figure 7.8-3. They indicate that the finite element
solutions are in good agreement with the exact solutions.

Reference
Love, A.E.H., A Treatise on the Mathematical Theory of Elasticity, Dover, New York.

Parameters, Options, and Subroutines Summary

Example e7x8a.dat:

Parameters Model Definition Options

ELEMENT CONNECTIVITY

END CONTROL

FOURIER COORDINATE

SIZING DIST LOADS

TITLE END OPTION
FIXED DISP
FOURIER
ISOTROPIC
RESTART
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Example e7x8b.dat:

Parameters
ELEMENT
END
FOURIER
SIZING
TITLE

Example e7x8c.dat:

Parameters

ELEMENT
END
FOURIER
SIZING
TITLE

User subroutine in u7x8c.f:

UFOUR

Model Definition Options
CONNECTIVITY
CONTROL

COORDINATE

DIST LOADS

END OPTION

FIXED DISP

FOURIER

ISOTROPIC

RESTART

Model Definition Options
CONNECTIVITY
CONTROL

COORDINATE

DIST LOADS

END OPTION

FIXED DISP

FOURIER

ISOTROPIC

RESTART
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i LMare

r=1inch

Figure 7.8-1  Cylinder and Mesh
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—— Love’s Solution
X MARC

0.0 | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

(r/a)

Figure 7.8-2  First Mode Solid Cylinder Plane Strain
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——— Love’s Solution
X MARC

1.0

0.5

vla ¢

(r/a)

Figure 7.8-3  Second Mode Solid Cylinder Plane Strain
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7.9 Cylinder under Line Load (Fourier Analysis)

A solid cylinder in plane strain with a concentrated line load acting across the diameter is
elastically analyzed. One FOURIER series with only symmetric terms is used to characterize the
circumferential variation of the loading. Two different methods are demonstrated in describing
the FOURIER series (problems e7.9a and €7.9b). The CASE COMBIN option is used to obtain the
final results by superposition at four equally spaced stations around the circumference in
problem e7.9c.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x9a 62 10 53 Specify Fourier
Coefficients
e7x9b 62 10 53 User Subroutine
UFOUR

Element
Element 62, the axisymmetric quadrilateral for arbitrary loading, is used here. Details on this
element are found in MARC Volume B: User Input.

Model
The geometry and mesh are shown in Figure 7.9-1. The solid cylinder has a height of 0.1 inch
and a radius of 1.0 inch. The mesh consists of 10 elements and 53 nodes.

Geometry
This option is not required for this problem.

Material Properties
The elastic material data assumed for this example is Young’s modulus (E) of 30. x 10° psi and
Poisson’s ratio (v) of 0.25.

Loading

The 100 pound line load acting across the diameter is specified as a distributed load
(IBODY=0) on element 10 and associated with Fourier series number 1. The force magnitude
given in the DIST LOAD block is equal to 100/x.
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Boundary Conditions

All nodes on the planes Z = 0. and Z = 0.1 are constrained in the axial direction such that only
radial motion is permitted. Nodes 1, 2 and 3 on the plane R =0 are also constrained in the radial
direction due to symmetry.

Fourier
Two different methods are used to describe the series:

1. Specifying the first eight nonzero terms to approximate the infinite series representing

the actual loading:
1 2= 1
a, = — P(0)d6 = -
° ZnJg (6) T
a, = anP(e)cos n0 do = (z)’n'Odd
T’o = n-even

2. Using user subroutine UFOUR generates an arbitrary number (say 361) of [0,F(0)]
pairs and the program calculates the series coefficients. The results should compare
closely with the above exact calculations. In this example, 6 function pairs are
generated by the subroutine.

Results

Figure 7.9-2 gives a comparison of the radial displacements at 6 = 0° predicted by this analysis
with the exact solution of Muskhelishvili. For 6 = 0°, a= 1.0 and v = 0.25, the solution is:

T 043 g
ur(9=0°)=2—31n —E(—+V)

T E
(-3 "
a

The comparison is very good except at r ° a. Here, the finite element solution cannot capture
the singular behavior of the problem and falls below the unbounded exact solution.

Reference

Muskhelishvili, N. I., Some Basic Problems of the Mathematical Theory of Elasticity, translated
by J.R.M. Radok, Erven P. Noordhoff, The Netherlands, 1963.
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Parameters, Options, and Subroutines Summary
Example e7x9a.dat:

User subroutine in u7x9b.1:

UFOUR

Volume E: Demonstration Problems K7

Parameters Model Definition Options
ELEMENT CONNECTIVITY
END CONTROL
FOURIER COORDINATE
SIZING DIST LOADS
TITLE END OPTION
FIXED DISP
FOURIER
ISOTROPIC
RESTART
Example e7x9b.dat:
Parameters Model Definition Options
ELEMENT CONNECTIVITY
END CONTROL
FOURIER COORDINATE
SIZING DIST LOADS
TITLE END OPTION
FIXED DISP
FOURIER
ISOTROPIC
RESTART

7.9-3
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r

Figure 7.9-1  Cylinder and Mesh

7.9-4 Volume E: Demonstration Problems K7



w 7 Contact Cylinder under Line Load (Fourier Analysis)

0.8
— Muskhelishvili's Solution
X MARC (8 terms)
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Figure 7.9-2  Concentrated Load on a Solid Cylinder
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7.10 Mesh Qualification

This problem uses the QUALIFY option for mesh refinement studies. This option is invoked by
adding the QUALIFY parameter. It is only applicable for the higher order isoparametric elements.
The model and input data of the problem follow.

Model
A quarter of a square membrane structure is modeled using four 8-node quadrilateral elements
type 27 (8-node plane-strain element). Dimensions of the model and a finite element mesh are
shown in Figure 7.10-1.

Material Properties
The Young’s modulus and Poisson’s ratio of the membrane are assumed to be 10E6 psi and
0.3, respectively.

Loading

Two concentrated forces of equal magnitude are applied at the corner of the membrane (node 21).
The forces are F, = F, = 7.07 pounds.

Boundary Conditions
Displacement at lines of symmetry are constrained (u=0atx =0and v=0at y = 0).

Geometry
The membrane thickness is 0.1 inch.

Results

Strain Energy Difference (SED) contours are shown in Figure 7.10-2. The large value in the
corner implies that for this loading condition the mesh refinement should take place in the
corner region of element number 4.
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Parameters, Options, and Subroutines Summary

Example e7x10.dat:

7.10-2

Parameters
ELEMENT
END

MESH PLOT
QUALIFY
SIZING
TITLE

Model Definition Options
CONNECTIVITY
COORDINATE

END OPTION

FIXED DISP

GEOMETRY

ISOTROPIC

POINT LOAD
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Figure 7.10-1 Membrane and Mesh
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INC 0 O0MARG
SUB 0 w

TIME : 0.000e+00
FREQ : 0.000e+00

9.000e-06

8.000e-06

-

.000e-06

6.000e-06

5.000e-06

4.000e-06

3.000e-06

2.000e-06

1.000e-06

2.118e-22

-1.000e-06

prob e7.10 special topics emt 27 - mesh qualification

Higher Order Contribution

Figure 7.10-2 Strain Energy Difference
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7.11 Concrete Beam under Point Loads

A simply supported concrete beam is subjected to two concentrated loads. The beam is
analyzed using the concrete cracking option in MARC. Plane stress element (element type 3)
is used for modeling the concrete and truss element (element type 9) is chosen for the
simulation of steel reinforcement. The cracking option allows cracks to initiate in the concrete
elements.

Model

The dimensions of the beam and the finite element mesh are shown in Figure 7.11-1. The model
consists of 80 elements representing the concrete and 10 elements representing the steel.

Material Properties
The elastic-plastic material data is given through the ISOTROPIC option.
For concrete (Elements 1-80), material id of 1
E. =3.E6 psi
v.=0.15
Oy = 1250 psi
For steel reinforcement (Elements 81-90), material id of 2
E; =3.E7 psi
v,=0.3
oy, = 40,000 psi

For both the concrete and the rebars, an isotropic plasticity model is used. For the concrete
elements the cracking flag is initiated.

Crack Data

The concrete (material id of 1) has an ultimate tensile stress of 700 psi. The shear retention
factor is 0.5. The strain softening modulus is 365 psi.

Geometry
Thickness of the concrete beam 1.0 inch; area of the steel reinforcement = 0.1 square inch.
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Loading

Two concentrated loads are symmetrically placed near the centerline of the beam. A total
of 1175 pounds (2 x 587.5 pounds) is applied to the beam in 10 increments. Variable load
increments, through the use of options POINT LOAD, PROPORTIONAL INCREMENT, and AUTO
LOAD are:

Inc. No. Load Increment
0 2x 250
1 2x62.5
2 2x62.5
3 2x62.5
4 0.
5 2 x50.
6 0.
7 2 x 50.
8 0.
9 2 x50.
Boundary Conditions

Out-of-plane degrees of freedom are constrained for all nodal points (w = 0 for all nodes).
Symmetry conditions are imposed along line x = 68 (u = 0 for nodes 29, 31, 33, 89, 91, 93, 95,
97, and 99). Simply-supported conditions are placed at node 1 (v = 0).

Results

A deformed mesh plot is shown in Figure 7.11-2. Cracking begins in increment 4 and the
program begins to iterate. By increment 9, seven elements have developed cracks and the
largest crack strain is about 0.034%. Figure 7.11-3 shows the final cracked region consisting of
14 elements near the bottom center portion of the beam.
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Parameters, Options, and Subroutines Summary

Example e7x11.dat:

Parameters
ELEMENT
END
SIZING
TITLE
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Model Definition Options
CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POINT LOAD
PRINT CHOICE
RESTART

Concrete Beam under Point Loads

History Definition Options
AUTO LOAD

CONTINUE

POINT LOAD
PROPORTIONAL INCREMENT
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INC : 9 OMAR
SUB : 0 w c
TIME : 0.000e+00

FREQ : 0.000e+00

prob e7.11 special topics emt 3 & 9 — cracking

Figure 7.11-2 Deformed Mesh Plot
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Figure 7.11-3

7.11-6

m Indicates Regions of Cracking

Regions of Cracking
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7.12 Constant Uniaxial Stress Applied to Plate in Plane Strain
(Viscoelasticity)

A viscoelastic rectangular plate (Figure 7.12-1) is subjected to a constant and uniform tensile
stress of 10 psi in the x-direction. The deformation conforms to the plane strain idealization.
The material is isotropic and strictly elastic in dilatational response. The bulk modulus is
20,000 psi. The time-dependent shear relaxation modulus is given as:

G(t) = 100 + 9900 e 237 (psi)
where the units of time are seconds. The displacements u, (x;,t) are required as well as the
out-of-plane stress, o,,(t). The numerical results are compared to the closed form solution.

By converting the stress relaxation function defined above to a creep function, you obtain the
creep function for isotropic shear behavior. The corresponding stress relaxation is:

Jty= (1x10%) +9.9 x 1073 [1-exp(-t/41.703)] sq.in/Ib.

The constant elastic dilatational response (bulk modulus, K) is now expressed in reciprocal
form compatible with the creep function formulation.

This is:

B=-=05x10" sqin/b.

1
K
Element
Element type 27 is used. This is an isoparametric distorted quadrilateral element for plane
strain. There are two degrees of freedom at each node and four nodes per element.
Model
There are four elements and a total of 23 nodes as shown in Figure 7.12-2.

Geometry
The thickness is specified in EGEOMI1 as 0.2 inch.

ISOTROPIC/VISCELPROP

The details of any viscoelastic material model are given in the model definition section. For an
isotropic material, strictly elastic in dilatational response, the material characteristics can be
completely represented by the model definition options ISOTROPIC and VISCELPROP.
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Both the Young’s modulus (E) and Poisson’s Ratio (v) are entered through the ISOTROPIC
option. Recall that the expressions of shear modulus (G) and the bulk modulus (K) are:

B g__E

2(1+v) ’ T 3(1-2v)

By eliminating E, we obtain the expression of v in terms of G and K as:
3(1-2v)K=2(1+v) G

In the current problem, the bulk modulus K is equal to 20,000. The shear modulus G is equal
to 10,000 [G(0) = 100 + 9900]. So, you obtain the values of v =0.2857 and
E =25714.

Rewrite the expression of time dependent shear relaxation modulus as:

G(t) = 100 + 9900 e (10-4170316)
= Gy+ G, *e®)

We have G, = 9900 and t, = 0.4170316 that are entered through the VISCELPROP option.

G =

Loading

The execution of this analysis consisted of three parts. The application of the tensile 10 psi load
was accomplished with the DIST LOADS block. The instantaneous elastic response was then
determined in increment 0. This load was held constant for the duration of the analysis using a
second DIST LOADS block after END OPTION with zero incremental load.

Subsequent to this, two creep stages were applied by means of the TIME STEP and AUTO LOAD
history definition options. Knowledge of the closed form solution shows that most of the
deformation and stress relaxation occurs in the first five seconds. Consequently, the suggested
time step in the first TIME STEP block was specified as 0.1 second for a time span of 5.0
seconds. The number of increments was set at 50 and the time step was to remain fixed for all
increments at the suggested value.

In the second TIME STEP load incrementation block, the constant time step size was increased
to 4.0 seconds and 50 increments were requested to cover a span of 200 seconds.

It will be noted that the step size in the second creep stage is approximately one-tenth of the
retardation time. This is more typical of the appropriate size which should be used in an
analysis where no other characteristic times are present. Such other factors that might influence
the choice of a time step are:

1. diffusional times for transient thermal analysis;
2. characteristic times associated with the application of external loads; or

3. the existence of a significant shift factor in the analysis of materials classified as being
thermo-rheologically simple.
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A series of different time step sizes might be used for different stages of an analysis where
materials exhibit several characteristic relaxation or retardation times.

It was predetermined, with consideration of the closed form solution, that 100 increments
would be sufficient to reach approximately to the steady state condition. A maximum value of
200 was entered in the CONTROL block. Tolerances and control limits for the analysis assume

default values.

FIXED DISP

The unloaded face of the plate (x = 0) is fixed against displacement in the x-direction. The plane
strain assumptions limit all displacements of the plate to the x-y plane.

Results

The exact solution for displacement of the end face, u, (2,t), is plotted in Figure 7.12-3. The
out-of-plane stress, 6,,(t), is shown in Figure 7.12-4. The corresponding numerical results,
obtained with MARC, are also plotted in these figures. The numerical results were found to be
identical to the exact solution even at the point in the numerical analysis where the time step
was changed from 0.1 seconds to 4.0 second.

Parameters, Options, and Subroutines Summary

Example ¢7x12.dat:

Parameters
ELEMENT
END
SIZING
TITLE

Volume E: Demonstration Problems K7

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATE
DIST LOADS
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
PRINT CHOICE
TYING
VISCELPROP

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS

TIME STEP
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Figure 7.12-1 Geometry
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Figure 7.12-2 Finite Element Model

7.12-4
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Figure 7.12-4 Normalized Out-of-Plane Stress, 6,, vs. Time
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7.13 Analysis of Pipeline Structure

MARC beam element type 14 and pipe-bend element type 17 are utilized for the elastic
analysis of a pipeline structure subjected to either in-plane or out-of-plane bending. The
structure is loaded until the limit load is reached. The pipeline mesh generation MARC-PIPE
is used for the generation of CONNECTIVITY and COORDINATES data blocks as well as the tying
data required for the use of element types 14 and 17.

Model

There are a total of 20 elements in the model, of which 6 are type 14 and 14 are type 17. A total
of 26 nodes are used. The dimension of the pipeline structure and a finite element mesh are shown
in Figure 7.13-1. MARC-PIPE is used for the mesh generation and the tying information.

Material Properties
The Young’s modulus and Poisson’s ratio of the pipeline material are 155.53 x 10° (ksi) and
0.3, respectively.

Tractions

An out-of-plane moment of 2.06 x 107 (in-kips) is applied at node 1 in the first analysis. As
shown in Figure 7.13-1, the applied load is a moment about the y-axis (the fifth degree of
freedom of node 1). The load is increased to a final load of 3.71 x 107 (in-kips) by increment 8.
In the second analysis, an in-plane moment of 1.37 x 107 (in-kips) is applied at node 1. The
applied load is about the z-axis (the sixth degree of freedom of node 1). The load is increased
to a final load of 2.87 x 107 (in-kips) by increment 11.

Boundary Conditions
All degrees of freedom of node 26 are constrained for the fixed-end condition.

Geometry
The wall thickness and mean radius of the beam elements (element type 14) are:
For Elements 1, 2, 19, and 20:

Wall Thickness= 8.8 inches
Mean Radius = 275 inches

For Elements 3 and 18:

Wall Thickness= 10.4 inches
Mean Radius = 274.5 inches
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For the pipe-bend elements (element type 17) the geometry data are:

Pipe thickness, t = 10.4 inches
The angular extent of the pipe-bend section, ¢ = 90°
The radius to the center of the pipe in the r-z plane, R= 838.2 inches

MARC-PIPE

As shown in Figure 7.13-1 and in the MARC-PIPE input listing, the pipeline structure is
subdivided into two straight and one curved segments for mesh generation. As a result, the
number of joints and the number of sections on first card series are 4 and 3, respectively. Next,
the two straight sections identified by nodal points 1-2 and 3-4, are further divided into three
finite elements each, along the pipe direction. The input data for these two straight sections are:

Subdivision
Section Section Node
Number Number Numbers Along the Pipe Direction
1 0 1 2 3
3 0 3 4 3

The curved portion of the pipeline structure, identified by nodes 2-3, is subdivided into 14
elements around the pipe cross section. There is no further subdivision along the pipe direction.

Subdivision
Section Section Node Pipe Around Pipe
Number Number Numbers Direction Cross Section
2 1 2 3 1 14

Coordinates of Center of Curvature of the
Curved Portion

Pipe
X y z Radius
1500.0 838.2 0 274.2
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Finally, the coordinates of the four joints are given below:

Joint Number X y z
1 0 0 0
2 1500 0 0
3 2338.2 838.2 0
4 2338.2  2338.2 0

Connectivity, Coordinates and Tying Type

Since all three blocks of data are generated from MARC-PIPE, only the key word and the file
number on which the data have been stored are required for the input.

Results

In both analyses, the load is scaled such that incipient yield occurs at increment 1. The loading
was increased until the limit load was reached. This was due to an inability to obtain a convergent
solution. At the limit load, plasticity had occurred through all 11 layers through the thickness of
the elbow section. Figure 7.13-2 shows the load-displacement results of this analysis. The special
pipe bend element (type 17) allows the analyst to examine the ovalization of the cross section of
the pipe. Using the SECTIONING option in the plot description section, we can examine this effect.
Figure 7.13-3 shows the ovalization due to the two types of loading conditions.
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Parameters, Options, and Subroutines Summary
The data file used for MARC-PLOT is e7x13a.dat:

Example e7x13b.dat:

Example e7x13c.dat:

Example e7x13d.dat:

7.13-4

Parameters

ELEMENT
ELSTO
END
SCALE
SIZING
TITLE

Parameters
ELEMENT
ELSTO
END
SCALE
SIZING
TITLE

Parameters

ELEMENT
ELSTO

END

MESH PLOT
SCALE
SIZING
TITLE

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POINT LOAD
RESTART
TYING

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POINT LOAD
RESTART
TYING

Model Definition Options
BOUNDARY COUNDITIONS
CONTROL

END OPTION

GEOMETRY

ISOTROPIC

POINT LOAD

RESTART

History Definition Options
AUTO LOAD

CONTINUE

PROPORTIONAL INCREMENT

History Definition Options
AUTO LOAD

CONTINUE

PROPORTIONAL INCREMENT

History Definition Options
CONTINUE
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LLLL J—
4 y =2338.2 in.
y Pipe-Bend Geometry
R =838.2in
o = 90°
t =104 in
r =2742in
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Figure 7.13-1 Pipe Line Geometry and Model
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Out-of-Plane Moment

In-Plane Moment

Moment x 10* (in.-Ib.)
N
|
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Figure 7.13-2 Load vs. Displacement
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(a) Due to Out-of-Plane Moment

(b) Due to In-Plane Moment

Figure 7.13-3 Ovalization Behavior Due to Out-of-Plane and In-Plane Moments
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7.14 Viscoelastic Analysis of an Externally Reinforced
Thick-Walled Cylinder under Internal Pressure

A very long thick-walled cylinder (Figure 7.14-1) with an internal radius of 2 inches and an

external radius of 4 inches is subjected to an internal pressure of 10 psi. The material is assumed

to be isotropic and to be strictly elastic in dilatational response, having a constant bulk modulus

of 10° psi. The time-dependent viscoelastic shear response is assumed to be represented by a

simple Maxwell rheological model. A schematic diagram of such a model is shown in

Figure 7.14-2. The constitutive representation in differential equation form can be expressed as:
U o= =

A 50 * B SIJ 3t

where S;; is the deviatoric or shear component of stress and e; is the tensor component of the

deviatoric or shear strain (that is, the engineering strain y; = 2 e;;)- The values of the coefficients

A and B, which appear in the above expression, are those which were used by Lee et al. [1] and

Zienkiewicz et al. [2] in their analyses of the same problem (i.e., A = B = g x 107 ).

A thin steel cylinder with an inner radius of 4 in. and thickness of 0.1212 in. is rigidly bonded

to the outer surface of the viscoelastic cylinder. The Young’s modulus for the steel casing is

30.0 x 10° and the Poisson’s ratio is 0.3015. It is assumed that both cylinders are sufficiently

long so that the deformation is considered to conform to the plane strain idealization with no

axial motion.

We are interested in the time varying stresses within the inner viscoelastic cylinder. The
numerical results are then compared to the closed form solution, which is readily obtained for
this test case and developed in the following.

Constitutive Representation

The differential equation, which describes the shear response, can be re-expressed in the
following form:

%

% LSi(xt) = G
T(i" t)+T—1 ij()f’ t) = 1 ot (1(9 t)

where the characteristic relaxation time, in this instance, is given by:
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Figure 7.14-5 shows that initial hoop tension occurs adjacent to the bore of the viscoelastic
cylinder. The magnitude and sign of this stress depends on the stiffness of the reinforcement
and the radius ratio, b/a. This circumferential tension changes to compression as the pressure
is maintained, and the limit of uniform hydrostatic compression is reached when the shear
strength has relaxed to zero.

It will be noted from the printout for this analysis that assembly of the overall stiffness matrix
occurs only for the first three increments. Thereafter, only back-substitution is required to attain
each incremental solution for this linear viscoelastic case. The effective incremental stress-strain
matrix, [G.g], which is used to develop the overall stiffness matrix for the third and subsequent
increments, was found to be:

" 2 1B.(h,)G,]

[Geff] = [G‘”:l + 2 h

i=1

This form reflects the assumption of a linearly varying strain rate over each increment.
However, the associated numerical procedure requires that the strain rates at the previous step
are known. In the first viscoelastic step, this is not the case. In this increment, the assumption
is made that the strain rate is constant. It can then be shown that the incremental stress for this
first step is given by:
n
Ac | = |[G.1+ ) 7[1-0;(h)IIG]| Ae |
t = At i=1 t = At

n

= -y [1-a;(h)lo; |
_ t=20
i=1
where o, is the value of the state variable or stress supported by the i" viscoelastic element in
the generalized Maxwell model at the end of the instantaneous initial elastic step. It is given as:

(6,=G._.+G,¢) |

t=0"
The increment in this variable for the first viscoelastic step is given as:
Ag
Ac; | = -[1-04(hy)lo; | +[1—oci(h€)]GiT |
t = At t=0" t = At
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In situations where there is a sudden and local sharp change in stress (for example, to an abrupt
change in temperature in a thermo-rheologically simple solid), a few very small starting steps
may be required. This minimizes the effect that any starting approximation error might have on
the evaluation of the transient response and on the residual or steady state. For example, without
such precautions, this type of error has been found to arise in the analysis of the tempering of
thermo-rheologically simple glass sheets [3].

References

1. Lee, E. H,, Radok, J. R. M., and Woodward, W. B., “Stress Analysis for Linear
Viscoelastic Materials”, Trans. of the Society of Rheology, Volume III, pp. 41-59 (1959).

2. Zienkiewicz, O. C., Watson, M. and King, I. P, “A Numerical Method of Visco-Elastic
Stress Analysis”, Int. J. Mech. Sci., Vol. 10, pp. 807-827 (1968).

3. Narayanaswamy, O. S. and Gardon, R., “Calculation of Residual Stresses in Glass”,
Journal of the American Ceramic Society, Volume 52, No. 10, pp. 554-558 (1969).

Parameters, Options, and Subroutines Summary

Example e7x14.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
SIZING COORDINATE DIST LOADS
TITLE DIST LOADS TIME STEP

END OPTION

FIXED DISP

ISOTROPIC

PRINT CHOICE

VISCELPROP
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Steel Casing:
= 1212in.
E = 30x 108 psi
n = 0.3015

Internal Pressure:
pj = 10 psi

Viscoelastic Cylinder:

i =2in.
o= 4in.
Figure 7.14-1 Long Thick-Walled Cylinder
I . >

Figure 7.14-2 Simple Maxwell Model
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Figure 7.14-3 Finite Element Model
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prob e7.14 special topics emt 28 — viscoelasticity xMAHC
2nd Comp of Total Stress
-5.169 0
P
4
W
b
b XS&
q
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0 1
time (x10)
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Figure 7.14-4 Radial Stress vs. Time
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prob e7.14 special topics emt 28 — viscoelasticity x MARC
3rd Comp of Total Stress
2.803 0
D X&
T
b
D \
\SX
-9.755
0
time (x10)
Node 48 +—+—+Node 23 #—x—»Node 13

o—o—<Node 3

Figure 7.14-5 Hoop Stress vs. Time
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7.15 Spiral Groove Thrust Bearing with Tilt

A spiral groove thrust bearing with tilt is analyzed to demonstrate the treatment of
discontinuous film profiles as a result of the presence of grooves.

Element
Element type 37 is an arbitrary planar 3-noded triangular element chosen to model the lubricant.

Model

Problem details and the element mesh are shown in Figure 7.15-1. The dotted areas represent
the lubricant grooves. The geometric specifications are as follows:

h,=30x 10°m
h;=15x10°m
hy=96.774 x 10°m
=75x10"m

r,=150x 10> m

Due to the tilt of the longitudinal axis, the position with the smallest film thickness occurs on
the axis X = 0 at the maximum Y-value. A total number of five spiral grooves has to be modeled.
The required element mesh is generated by specifying a subset of nodal coordinates and
elemental connectivities which subsequently are being used in user subroutines UFXORD and
UFCONN to generate the complete mesh.

Thickness Field
The circumferential variation of the lubricant profile is specified per node in user subroutine
UTHICK based on the nodal coordinates. In addition, user subroutine UGROOV is used to specify
the contribution from the grooves to the total lubricant thickness.

Velocity Field
The relative velocity of the lubricant at the rotor surface, with respect to the grooved stationary
part, is specified in user subroutine UVELOC. The angular velocity equals 100 rpm.

Material Properties

Viscosity of 0.020 N-sec/m? and density of 800 kg/m? are assumed.

Boundary Conditions

Atmospheric pressure is applied at the outer radius. It is assumed that a constant pressure
occurs at the internal oil chamber. For this reason, all nodes on the inner radius are tied.
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Results

Pressure distribution is calculated in increment 0. In addition, the resulting load-carrying
capacity is determined by integrating the pressure distribution over the grooved surface. This
results in a bearing force of:

F,=0N
F,=ON
F,=23.714x 10°N

The calculated bearing moment components with respect to the center of the thrust bearing are:

M, =129.3 Nm
M, =-70.6 Nm
M,= 0.0 Nm

Based on these results, the position of the resulting bearing force can be determined. If the
coordinates of this point are denoted by (X,,Y), it follows that:

M, 3
X, = =¥ = 299710 °m
F
zZ

Mx -3
T = 54521 x10 "m

zZ

Yo

The so-called attitude angle, which is the angle between the point (X,,Y) and the Y-axis equals:

X

arctan—o = arctanl\& = 28.6 degrees
Y, M > g

X

Since the integration of the pressure distribution was only performed over the grooved surface,
the contribution from the oil chamber has to be added. In addition, the contribution from the
atmospheric pressure has to be subtracted.

A vector plot of the mass fluxes is shown in Figure 7.15-2. This yields for the actual vertical
bearing force component:

~ 2 2 -3
F*, = F,+ Y(r;P,, - 1;P,) = 2583 10 N

where P, = N/m?.
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Parameters, Options, and Subroutines Summary

Example e7x15.dat:

Parameters
ELEMENT
END
SIZING
TITLE

User subroutines in u7x15.f:

UFXORD
UFCONN
UTHICK
UVELOC
UGROOV
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Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
DIST LOADS
END OPTION
FIXED DISP
ISOTROPIC
PRINT CHOICE
VISCELPROP

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS

TIME STEP

7.15-3
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1X

Figure 7.15-1 Spiral Groove Thrust Bearing with Tilt
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7.16 Hydrodynamic Journal Bearing of Finite Width

In this example, a journal bearing of finite width is analyzed. The load-carrying capacity as well
as stiffness and damping properties are determined for a stationary bearing system. In addition,
the procedure to be followed when analyzing the dynamic behavior of a nondeformable bearing
system due to a change in the applied load vector is demonstrated.

Element
Element type 39, which is an arbitrary 4-node isoparametric quadrilateral element with bilinear
pressure interpolation, is used to model the lubricant.

Model

The details of the journal bearing problem are given in Figure 7.16-1. In bearing analyses, the
lubricant is modeled by means of planar finite elements. This is possible because it is assumed
that the pressure does not vary over the lubricant thickness. Due to symmetry conditions, only
half the bearing width needs to be modeled. The incremental mesh generators CONN GENER
and NODE FILL are used to generate the element mesh.

Boundary Conditions
It is assumed that atmospheric pressure is acting on the end faces of the bearing system. The
BC FILL option is used to generate these boundary conditions.

Tying
Tying was applied to the nodal pressures at both sides of the mesh to simulate the continuous
pressure distribution in the circumferential direction.

Thickness Field

The variation of the lubricant thickness over the mesh due to the eccentric position of the rotor
is specified in user subroutine UTHICK. This subroutine determines the nodal thickness values
using the following expression:

h(8) = (20- 10 cos 8) 10° m

Velocity Field

The relative velocity of the lubricant at the rotor surface, with respect to the stationary surface,
is specified in the VELOCITY block. The angular velocity is 1250 rad/second.

Material Properties

All elements have lubricant properties as follows: viscosity of .015 N-sec/m? and density of
800 kg/m’.
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Load-Carrying Capacity
The pressure distribution for the given bearing system is calculated in increment 0. Because no
external mass flux is prescribed, FLUXES need to be specified. The resulting pressure
distribution is integrated to calculate the actual bearing force components. User subroutine
UBEAR is included to specify at each node the physical orientation of the lubricant film. The
following expressions are used:

X=rsin 0 ny = -cos 6
Y=rcos6 ny = -sin O
Z=-y n;=0

In addition, the resulting bearing moment components with respect to the origin of the global
coordinate x, y, z system are calculated. Figure 7.16-2 shows a path plot of the calculated
pressure distribution along the circumference.

The resulting bearing force yields:
Wx =-1046 N
Wy =-1814 N
W,=0

The resulting bearing moment yields:
My = -6.846 Nm
My = 3.938 Nm
M; =0

Because half of the structure was modeled, the components My and My are not zero.

Damping and Stiffness Properties

The calculation of bearing characteristics (that is, damping and stiffness properties) is
performed in subincrements based on a specified change in lubricant film thickness or
thickness rate. This is achieved by activating the DAMPING COMPONENTS and the STIFFNS
COMPONENTS options. The variation of the film thickness is again specified in user subroutine
UTHICK. In total, four subincrements are specified. A displacement of the rotor center of

1.0 x 107m in each global direction is given for both damping and stiffness properties.
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The calculated properties are as follows:

Specified Thickness Rate Damping Components
h =-1x1077 * cos 6 m/s Bxx = -54.3 x 107> N-sec/m Byy = -22.4 x 103 N-sec/m
h =-1x107 * sin © m/s Bxy = -16.8 x 103 N-sec/m  Byy = -28.4 x 10°3 N-sec/m
Stiffness
Specified Thickness Rate Stiffness Components
Ah=-1x10""*cos @ m/s Kxx =-62.6 N'm  Kyx=-84.1 N/m
Ah=-1x10""*sin @ m/s Kxy =119.8 N/m  Kyy_31.4 N/m

Load-Carrying Capacity at New Rotor Position

Assume that the actual loading of the bearing system increases to the force F = (1408, 1390, 0).
Since the resultant load-carrying capacity is not in equilibrium with this force, the rotor moves
to a new position. Based on the calculated damping and stiffness properties, a new rotor
position, which implies an incremental thickness change in a particular time period, can be
estimated. This is done by investigating the mechanical equilibrium of the total system.
The force equilibrium conditions for a nondeformable bearing requires that:

F+W+AW=0
From this equation, the required correction for the load-carrying capacity can be calculated.
This yields:

AW = (-1362, 424, 0)

Any incremental change in position of the rotor center causes a change in the load-carrying
capacity according to the following relation:

[B] Au + [K] Au = AW
where u is the incremental movement of the rotor center.

After substituting the previously calculated stiffness and damping properties, the above
equation can be solved, which yields:

Au = (-.450, -1.832,0) 10° m

where a time increment of 103 seconds is assumed.
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From the difference in magnitude of the damping and stiffness properties, it can be concluded

that the initial response is dominated by the damping effects.

The above procedure is applied in increment 1. The incremental thickness change is defined in
user subroutine UTHICK, based on the previous calculated bearing properties at the original
rotor position. This change in film thickness is automatically added to the previous thickness
field if the calculation of damping and/or stiffness properties is not activated.

According to the calculated pressure distribution for increment 2, this results in a bearing force of:

Wy = -1296 N
Wy =-1513N

W, =0.0N

Parameters, Options, and Subroutines Summary

Example e7x16.dat:

User subroutines in u7x16.f:

7.16-4

Parameters
BEARING
ELEMENT
END
SIZING
TITLE

UTHICK
UBEAR

Model Definition Options

BC FILL

CONN GENER
CONNECTIVITY
CONTROL
COORDINATE
END OPTION
FIXED PRESSURE
ISOTROPIC
NODE FILL
THICKNESS
TYING
VELOCITY

History Definition Options
CONTINUE

DAMPING COMPONENTS
STIFFNS COMPONENTS
THICKNS CHANGE
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r=20 mm

b=10mm

n = 0.015 N-sec/m2

h =(20 — 10cosB) 10-6 m
o = 1250 rad/sec

Figure 7.16-1 Journal Bearing of Finite Width
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INC 0 prob e7.16 hydrodynamic analysis of a journal bearing xMAnc

SUB 1
TIME : 0.000e+00
FREQ : 0.000e+00

Bearing Pressure (x100)
3

4.973

0.245 ~.=7 B3 38| 43

1.257
position (x.1)

Figure 7.16-2 Path Plot of Pressure Distribution
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7.17 Elastic-Plastic Finite Deformation of a Thick-Walled
Cylinder

This problem demonstrates the rezoning technique for the elastic-plastic finite deformation of a
thick cylinder. The cylinder is subjected to internal pressure which results in large elastic-plastic
deformation, after which the load is removed leaving the structure in its permanent plastically
deformed shape. Because of the amount of plastic deformation, the FINITE STRAIN option is used
in conjunction with the UPDATED LAGRANGE option. Often, in this type of analysis, the mesh
becomes seriously distorted, resulting in a low quality solution. This problem demonstrates the
REZONING option to resolve this difficulty.

Model
The model consists of five axisymmetric type 10 elements and 12 nodes. The initial inner and
outer radii are 1 and 2 m, respectively. The mesh is shown in Figure 7.17-1.

Material Properties

The elastic properties of the material are Young’s modulus of 1000 N/m? and Poisson’s ratio
of 0.3. The material has an initial yield stress of 1 N/m? and strain hardens at a rate of 3 N/m?.

Geometry
No thickness is associated with an axisymmetric element. The constant dilatation method is
used for this element by indicating a 1. in the second field of this option.

Boundary Conditions
The thick cylinder is constrained to be under plane-strain conditions (e,, = 0).

Loading

An incremental nodal load is prescribed to the nodes on the inner radius (nodes 1 and 2) through
the FORCDT option. To determine the current applied pressure, this force needs to be divided by
21R yrreni- The prescribed load and resulting pressures are shown in Figure 7.17-2.

Controls

All calculations are saved on the restart file for every increment. The maximum number of
increments allowed is 50. The maximum number of recycles was put to 10. This is because very
large increments were chosen, and after a rezoning occurs the calculations are not in
equilibrium. The PRINT CHOICE option is used to restrict the output to element 1.

Volume E: Demonstration Problems K7 7.17-1



wll 7 Contact Elastic-Plastic Finite Deformation of a Thick-Walled Cylinder

Procedure

Using the first input, the analysis is completely carried out in 42 increments. The second input
demonstrates the use of the REZONING option. The first analysis is restarted at the end of
increment 10. The REAUTO option is used to prematurely discontinue the AUTO LOAD sequence
that was defined previously in the first analysis.

The data after the END OPTION, beginning with REZONE and finishing with END REZONE, form
one rezoning increment. In this analysis, the coordinates are redefined such that the new inner
and outer radii are the same as the deformed radii at increment 10 of the previous analysis. The
other points are located such that the new mesh would be regular.

At the conclusion of the rezoning increment, the analysis is continued to the same level of loading.

Results

Figure 7.17-3 shows the deformed mesh during different stages of the analysis. Clearly, the
boundary of the deformed cylinder is virtually identical for both analyses.The pressure versus
internal radius diagram is shown in Figure 7.17-4, together with the analytical solution for an
equivalent rigid workhardening material. Excellent agreement is obtained, both between theory
and finite element calculation and between the two analyses.

It should be commented that although rezoning was not necessary in this problem, it is
extremely useful in many practical applications in the metal working area.

Parameters, Options, and Subroutines Summary

Example e7x17a.dat:
Parameters Model Definition Options History Definition Options
ALL POINTS CONNECTIVITY AUTO LOAD
ELEMENT CONTROL CONTINUE
END COORDINATE
FINITE END OPTION
LARGE DISP FIXED DISP
REZONE FORCDT
SIZING GEOMETRY
TITLE ISOTROPIC
UPDATE POST
PRINT CHOICE
RESTART
WORK HARD
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Example e7x17b.dat:

User subroutine in u7x17.1:

Parameters

ALL POINTS
ELEMENT
END

FINITE
LARGE DISP
REZONE
SIZING
TITLE
UPDATE

FORCDT

1.0m.

A

Figure 7.17-1 Thick-Walled Cylinder

Volume E: Demonstration Problems K7

Elastic-Plastic Finite Deformation of a Thick-Walled Cylinder

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
END OPTION
FIXED DISP
FORCDT
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
REAUTO
RESTART
WORK HARD

RI =1.0m.
RO =2.0m.

E = 1000 N/m?

v =0.3
oy =1.0N/m?

= =30

History Definition Options

AUTO LOAD
CONTINUE
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20 + 410
VRN
~N
/ ~ Pressure
15 / T T 0.75
/ )
/
[ T
3 | Force §
2 Z
| -+ 05 F
+025
} } 0.0
15 20
Increment

Figure 7.17-2 Applied Load History

Increment 6 Increment 10 Increment 20

Figure 7.17-3 Deformed Meshes at Increments 6, 10, and 20
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1.0 _A_ - — — - Rigid Plastic
A Analysis 1
X Analysis 2
4 —_ A —
9 A — I ﬂ - -
-~ ~
& T S
e ~
« U~
/ Rezone Step %o~
8 ¥ X
J: N
g
3
(9]
[}
2
o
s 7 T
£
L
£
6 4
5 4+
t f f } >
1.0 1.2 1.4 1.6 1.8 2.0

Radius

Figure 7.17-4 Internal Pressure vs. Inner Radius
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7.18 Side Pressing of a Hollow Rubber Cylinder

The behavior of a thick, hollow, rubber cylinder, compressed between two rigid plates, is
analyzed. The cylinder is long; hence, a condition of plane strain in the cross section is
assumed. For reasons of symmetry, only one-quarter of the cylinder needs to be modeled. No
friction is assumed between cylinder and plates. The VISCELMOONEY material behavior is used
to represent the viscoelastic rubber. The LARGE DISPLACEMENT option is used.

Element

The quarter cylinder is modeled by using 8-node hybrid plane strain elements (MARC element
type 32). This element can be used in conjunction with the Mooney material model. Element
type 12 is used to model the contact conditions.

Model

Twelve elements are used for the mesh, with two elements specified over the thickness. The
geometry of the cylinder and a mesh are shown in Figure 7.18-1.

Material Properties

The MOONEY model definition option is used to specify the rubber properties; the GAP DATA
option is used for the input of the gap data. The GAP closure distance is defined as the relative
distance before contact occurs, which in this problem equals the initial nodal distance between
cylinder and plate. The instantaneous response of the rubber material (MOONEY) can be
modeled as a Mooney-Rivlin material with C,,= 8 N/mm?, C;;; =2 N/mm?. The time dependent
response (VISCELMOONEY) is modeled by a single exponential decay function, with a decay
factor of 0.5 at infinite time and a relaxation time of 0.3 seconds.

Loading

The AUTO LOAD option is used to apply five displacement increments to the plate at time t = 0.
The increment is equal to the one applied in the increment 0. Subsequently, 15 time-steps
(AUTO LOAD) of 0.1 seconds (TIME STEP) are applied with zero displacement increments (DISP
CHANGE). The applied displacement is reversed and five steps are carried out without change
in time, followed by a relaxation period of two seconds applied in 20 increments.

Boundary Conditions

Boundary conditions are along the line r = 0 and z = 0 due to symmetry and to apply the
prescribed motion of the plate.
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Tying
The TYING option establishes the connections between the nodal degrees of freedom of the
cylinder and that of the gaps. This is necessary as the degrees of freedom of these two elements
are not the same.

Results
The cylinder diameter is reduced from 6 mm to 4 mm in five increments. The cylinder is in
contact with the plate at four nodes (four gaps have been closed). The incremental
displacements have become very small, and the equilibrium is satisfied with high accuracy. The
incremental full Newton-Raphson method was used to solve the nonlinear system. The total
force on the plate can either be calculated by summing up the gap forces, or can be directly
obtained from the reaction force on node 75. In both cases, this leads to a total force F = 1.9098
N. A plot of the deformed cylinder is shown in Figure 7.18-2.
After relaxation for 1.5 seconds, the load is reduced by almost 50%, as predicted by the
equation F, = F (1 - 0.5¢/%-%). During that period, all properties are scaled down proportionally
and the displacements do not change. The same is true for the second relaxation period.

Parameters, Options, and Subroutines Summary
Example e7x18.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
LARGE DISP COORDINATE DISP CHANGE
SIZING END OPTION TIME STEP
TITLE FIXED DISP

GAP DATA

MOONEY

POST

PRINT CHOICE

RESTART

TYING

VISCELMOON
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y
$ Cyo = 8 N'mm?
Co1 = 2 N/mm?
X
rr =2mm
o, =3mm

AW NN

Figure 7.18-1 Rubber Cylinder and Mesh
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INC : 5 MARc

SuB : [
TIME : 0.000e+00
FREQ : 0.000e+00

Y

L

prob e7.18 special topics — visc mooney

Displacements y

Figure 7.18-2 Deformed Mesh Plot

7.18-4 Volume E: Demonstration Problems K7



w 7 Contact Side Pressing of a Hollow Rubber Cylinder

AA

prob e7.18 special topics - visc mooney Node 53 wMARC
Displacements y (x,1)
0.000 ¢
_._,—!.'—'"—"
/’/Jr_"_,—v""’-

£

£
-9,865

0 Time (seconds) 3.5

Figure 7.18-3 Displacement History of Node 53
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w 7 Contact g g

prob e7,18 special topics - visc mooney Node 53 QGMAHC
Equivalent Cauchy Stress (x10)
1.112
\\
.
o~ \\‘a_
(S 15"‘*-._
= = —
=
P4
M‘-L_.q_
0,000 T
Time (seconds) 3,5

Figure 7.18-4 Stress Relaxation
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7.19 Stretching of a Rubber Sheet with a Hole

This example demonstrates the use of the Mooney-Rivlin and Foam material model for a thin
rubber sheet analysis with a hole.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x19 26 80 277 Mooney Model
e7x19b 26 80 277 Foam Model

Model

A square sheet of 6.5 cm x 6.5 cm with a hole of radius 0.25 cm is to be analyzed. One quarter
of the model is represented due to symmetry. The mesh shown in Figure 7.19-1 has 80 elements
and 277 nodes. Element 26, the conventional displacement formulation 8-node quadrilateral,
is used. When using the Mooney-Rivlin in compressible material mold, you normally use
Herrmann elements. Because this is a plane-stress analysis, the use of Herrmann elements is
not necessary. When using the Foam model, conventional elements should always be used. The
thickness of the sheet is 0.079 which is entered through the GEOMETRY option.

Material Properties
The material is modeled using the general third-order deformation model with:

Ci = 20.300 N/cm?
Cy; = 5.810 N/em?

C,, = 0.000 N/cm?
C, = -0.720 N/em?
Cyy = 0.046 N/cm?

for all elements. This data is entered through the MOONEY option.
The material of problem €7.19b is modeled using the three-term rubber-foam model:

Term i (N/cm) o B
1 1.48269 7.56498 -10.4156
-1.48269 -0.504321 -10.4155
3 1%0.0041819 12.1478 -5.67921

for all elements. This data is entered through the OGDEN option.

Volume E: Demonstration Problems K7

7.19-1



W 7 Contact Stretching of a Rubber Sheet with a Hole

Boundary Conditions

The nodes along x = 0 (edge 1) are fixed in the x-direction. The nodes along y = 3.25 (edge 2)
and along y = O (edge 4) are fixed in the y-direction. The nodes which are originally along

x = 3.25 (edge 3) are all tied to node 277. This will allow you to keep this edge straight and
easily calculate the total pulling force. The displacement of node 277 is first set to O in the
x-direction and then changed through the DISP CHANGE option. The incremental displacement
will be 0.325 cm/increment. A total of 10 increments are executed. Hence, the dimension in the
x-direction doubles.

Results
For the Incompressible Model:

The deformed mesh is shown in Figure 7.19-2. The load-deflection curve for node 277 is
shown in Figure 7.19-3. There is substantial thinning of the sheet.

For the Foam Model:
The deformed mesh is shown in Figure 7.19-4. The load deflection curve for node 277 is shown
in Figure 7.19-4. Note that the deformation is significantly different near the hole.

Parameters, Options, and Subroutines Summary

Example e7x19.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
SIZING COORDINATES DIST CHANGE
TITLE END OPTION

DEFINE

FIXED DISP

GEOMETRY

MOONEY

POST

PRINT CHOICE

TYING
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Example e7x19b.dat:

Parameters
ELEMENTS
END

LARGE DISP
SIZING
TITLE

Volume E: Demonstration Problems K7

Stretching of a Rubber Sheet with a Hole

Model Definition Options

CONNECTIVITY
COORDINATE
DEFINE

END OPTION
FIXED DISP
FOAM
GEOMETRY
POST

PRINT CHOICE
TYING

History Definition Options

AUTO LOAD
CONTINUE
DIST CHANGE

7.19-3
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Figure 7.19-1 Finite Element Mesh
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INC : 10 MARC
suB : 0 w

TIME : 0.000e+00

FREQ : 0.000e+00

prob e7.19 plane stress rubber analysis — element 26

Displacement y

Figure 7.19-2 Incompressible Model Deformed Mesh
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) prob e7.19 plane stress rubber analysis — element26 Node 227 wMARC
Reaction Forces x (x10)
2.228 10
9
/
/
5/
-
4
z
0
0.000
0 Displacements x (cm) 3.25

Figure 7.19-3 Incompressible Model Load Deflection Curve at Node 277
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INC : 10 MARC
suB : 0 w

TIME  : 0.000e+00

FREQ : 0.000e+00

using foam model

Figure 7.19-4 Foam Model Deformed Mesh
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INC : 10 MARC
SuB : 0 w
TIME : 0.000e+00

FREQ : 0.000e+00

plate with hole using foam model

Figure 7.19-5 Foam Model Load Deflection Curve at Node 277
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7.20 Compression of an O-Ring using Ogden Model

This example demonstrates the use of the Ogden rubber model for the high compression of an
O-ring. The ring is compressed into a rigid channel. The second analysis is of the same problem,
but the follower force stiffness is included. The third analysis uses a simpler mesh to begin with
and then demonstrates the adaptive meshing capability. The last analysis demonstrates the use of
conventional displacement based elements in an updated Lagrange framework of elasticity.

This problem is modeled using the four techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x20 82 544 605 No Follower Force
Stiffness
e7x20b 82 544 605 Follower Force Stiffness
e7x20c 82 29 40 Adaptive Meshing
e7x20d 10 544 605 Updated Lagrange,

Follower Force Stiffness

Element

Library element 82, a 5-node axisymmetric element using the Herrmann formulation, is used
for the first 3 data sets. In the first two analyses, there are 544 elements and 605 nodes as shown
in Figure 7.20-1. Three rigid bodies are used to simulate the channel. The ring has a mean
radius of 12 cm and the loading radius is 1.5 cm. In the third analysis, the coarse mesh shown
in Figure 7.20-2 is used. This mesh begins with 29 elements and 40 nodes.

In the last analysis, the conventional displacement element type 10 is used. The incompressibility
is treated using the same framework as the plasticity using FCF® formulation where the elemental
pressure degrees-of-freedom are condensed out before element assembly. The output stresses is
Cauchy by default while the output strain is the logarithmic or true strain in the current
configuration.

The rigid surface at the outside radius is first moved inwards a distance of 0.5 cm in a period
of 50 seconds. The surface is then frozen and an external pressure of 18.8 N/cm? is applied onto
the left face during 47 increments. The FOLLOW FOR option is used to insure that the load is
applied on the deformed geometry. In the second analysis, the follower force stiffness is
included. This should improve the convergence behavior.
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Material Properties

The O-ring can be described using the Ogden material model using a three term series. The
stress-strain curve for this model is shown in Figure 7.20-3. The data was fit such that:

Term u (N/cm?) o
1 6.30 1.3
0.12 5.0
-0.10 -2.0

and the bulk modulus was 1.0E9 N/cm?.

Contact/Boundary Conditions

All of the kinematic constraints are provided using rigid contact surfaces. Coulomb friction
with a coefficient of friction of 0.1 is specified.

Controls

The full Newton-Raphson iterative method is used with a convergence tolerance of 10% on
residuals requested. Because of the large compressive stresses that are generated, the solution of
nonpositive definite systems 1s forced. Additionally, a flag is set that tells MARC to only use the
deviatoric stresses in the initial stress stiffness matrix. While this can slow convergence, it tends
to improve stability. The PRINT,5 option is used to obtain more information regarding the contact
behavior. The NO PRINT option is used to suppress the printout.

Adaptive Meshing

In the third analysis, the adaptive meshing technique is demonstrated. The mean strain energy
criteria is used with a factor of 0.9. The maximum number of subdivisions allowed is two. As
the O-ring initially is round, this additional information is provided using the SURFACE option.
A circle at origin (1.5, 12.0 cm) and a radius of 1.5 cm is defined. The ATTACH NODE option is
used to associate the original nodes with this geometry.

Results

The deformed mesh at increments 10, 30, and 50 are shown in Figure 7.20-4 through

Figure 7.20-6. One observes that at increment 50, the ring almost completely fills the corner
regions. The mean second Piola-Kirchhoff stresses are shown in Figure 7.20-7. One should
note that in all these plots, the free surface to which the pressure is applied remains almost
perfectly circular. Finally, the contact forces are shown in Figure 7.20-8 for the total Lagrange
formulation which, as expected, are identical to the ones obtained with the updated Lagrange
formulation as shown in Figure 7.20-13.
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The progression of meshes using the adaptive meshing is shown in Figure 7.20-9 through
Figure 7.20-12. At the end of the analysis, the total number of elements is 104 and the number

of nodes is 148.

Parameters, Options, and Subroutines Summary
Example €7x20.dat, e7x20b.dat, and e7x20d.dat:

Parameters
ELEMENT
END

FOLLOW FOR
LARGE DISP
PRINT
SIZING

TITLE

Example e7x20c.dat:

Parameters

ADAPTIVE
ELEMENT
END

FOLLOW FOR
LARGE DISP
PRINT
SETNAME
SIZING

TITLE
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Model Definition Options

CONNECTIVITY
CONTACT
CONTROL
COORDINATES
DEFINE

DIST LOADS
END OPTION
OGDEN
OPTIMIZE
POST

Model Definition Options
ADAPTIVE
ATTACH NODE
CONNECTIVITY
CONTACT
CONTROL
COORDINATES
DEFINE

DIST LOADS
END OPTION
OGDEN
OPTIMIZE
POST

History Definition Options
CONTINUE

DIST LOADS

MOTION CHANGE

TIME STEP

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS

MOTION CHANGE

TIME STEP
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INC 0 MARC
SUB : 0 w

TIME : 0.000e+00
FREQ : 0.000e+00

< oS

three term ogden model

Displacements x

Figure 7.20-1 O-Ring Mesh
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Figure 7.20-2 Coarse O-Ring Initial Mesh for Data Set e7x20c
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3rd Comp of Cauchy Stress (x10) material test Node 1 Smarc
2.64
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d
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0.00

3rd Comp of Strain 4

Figure 7.20-3 Stress-Strain Curve
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INC 10

SuUB : 0 wMARC
TIME : 2.500e+01
FREQ : 0.000e+00

BN
S
1

H\

three term ogden model

Displacements x

Figure 7.20-4 Deformed Mesh, Increment 10

Volume E: Demonstration Problems K7 7.20-7



wl " 7 Contact Compression of an O-Ring using Ogden Mode!

INC : 30 MARC
SUB 0 w

TIME : 6.000e+01
FREQ : 0.000e+00

j\

<

three term ogden model

Displacements x

Figure 7.20-5 Deformed Mesh, Increment 30
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INC 50

SUB 0 wMARC
TIME : 8.000e+01
FREQ : 0.000e+00

\ 1

|

three term ogden model

Displacements x

Figure 7.20-6 Deformed Mesh, Increment 50
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INC 60 MARC
SUB : 0 w

TIME : 9.000e+01
FREQ : 0.000e+00

|-{ 0.000e+00

|_{ -2.535e+00

| | -5.070e+00

-1.268e+01

-1.521e+01

-1.775e+01

-2.028e+01

three term ogden model

mean pk stress

Figure 7.20-7 Mean Stress Distribution
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Inc 60 4 oy
Time : 9.000e+01 wMARC

1.800e+02
1.620e+02
1.440e+02

1.260e+02

+ n u
1.080e+02 ) R

t \‘(,.’. .

9.001e+01

7.201e+01

5.401e+01 YT M’ngf.;‘;ii
il HiiRE

IR ERE it
H U

3.602e+01

1.802e+01

1.643e-02 Al

three term ogden model

Reaction Force

Figure 7.20-8 Contact Forces
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INC : 10 $SMARC
SuB 0

TIME : 2.500e+01
FREQ : 0.000e+00

1

example e7x20c Lu

Figure 7.20-9 Adaptive Mesh at Increment 10
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INC : 20
SUB : 0
TIME : 5.000e+01
FREQ : 0.000e+00

example e7x20c

Figure 7.20-10 Adaptive Mesh at Increment 20
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INC : 40 QOMARC
SUB : 0

TIME : 7.000e+01
FREQ : 0.000e+00

]

example e7x20c Lu

Figure 7.20-11 Adaptive Mesh at Increment 40
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INC : 67
SUB : 0
TIME : 9.700e+01
FREQ : 0.000e+00

| 14

example e7x20c L___N

Figure 7.20-12 Adaptive Mesh at Increment 67
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Inc : 60 +
AN
Time : 9.000e+01 wMARC

1.800e+02
1.620e+02
1.440e+02

1.260e+02

1.080e+02 o |

L3
9.001e+01 P
7.201e+01 B

5.400e+01

3.600e+01

1.800e+01

0.000e+00 Yy

three term ogden model

Reaction Force

Figure 7.20-13 Contact Forces for the Updated Lagrange Formulation
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7.21 Stretching of a Rubber Plate with Hole

This example demonstrates the use of the Ogden material model for a rubber sheet analysis.

Element
Element type 26 is an eight-node plane stress element. The plate is 10 cm x 10 cm, and the hole
has a radius of 1. Due to symmetry, only one quarter of the model is used. The mesh is shown
in Figure 7.21-1.
Loading
The x = 0 and y = 0 are symmetry planes. The line at x = 5 cm is being pulled with a uniform
displacement of 2.5 cm over 5 increments through the DISP CHANGE and AUTO LOAD options.
Material Properties

The sheet is represented using the Ogden material model using a three-term series. The
stress-strain curve for this model is shown in Figure 7.21-2. The data was fit such that:

Term u (N/em?) o
1 19.7 1.3
2 0.038 5.0
3 -0.32 -2.0

The bulk modulus is 1 x 10® N/cm?.

Geometry
The plate thickness is 1.0.

Controls

The full Newton-Raphson procedure is used with a convergence tolerance of one percent of
residuals. Typically, one iteration was required to achieve convergence.

Results

The final deformed mesh is shown in Figure 7.21-3. The stress contours and the strain contours
are shown in Figure 7.21-4 and Figure 7.21-5, respectively. One can observe that the strain was
250% in the vicinity of the hole.
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Stretching of a Rubber Plate with Hole

Parameters, Options, and Subroutines Summary

Example e7x21.dat:

7.21-2

Parameters

ELEMENT
END

LARGE DISP
SIZING
TITLE

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATES

END OPTION

FIXED DISP

GEOMETRY

OGDEN

OPTIMIZE

POST

History Definition Options
AUTO LOAD

CONTINUE

DISP CHANGE
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SMARC
61 560 59 =58 17
57
s 14
56
13 4
18
3
451
12
0 19
1 10
49
48
62 /a7 1
15
64 63
» 235 6
77 76 67 4 m20
73 5 A 2 .
1 74
0 Ao 3 6
68 3% 28 12 Y
% 2
5 X
38 a1 Rg26
25 222 \o5 =8 513 o168 21

Figure 7.21-1 Finite Element Mesh
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w 7 Contact

material test Node 1 Lmarc
3rd Comp of Cauchy Stress (x10)
/ 1
/ 4
P
&<
£ /
L L
\% /
/ |
/ ’
0.000
0 4
3rd Comp of Strain

Figure 7.21-2 Stress-Strain Curve
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INC : 5 CMARC
suB : 0 Aad
TIME : 0.000e+00
FREQ: 0.000e+00

prob e7.21 ogden analysis plate with hole — elmt 26

cauchy sigma-zz ,

Figure 7.21-3 Deformed Mesh
7.21-5
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INC 5
SuUB 0
TIME : 0.000e+00
FREQ : 0.000e+00

AA
CMmarc

5.618e+01
4.885e+01
4.152e+01
3.419e+01
2.686e+01
1.953e+01
1.220e+01

4.865e+00

-2.466e+00 Y

L

prob e7.21 ogden analysis plate with hole — elmt 26
1st Comp of Cauchy Stress

Figure 7.21-4 Stress Distribution
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INC 5 AA
suB : 0 CMARC

TIME : 0.000e+00
FREQ : 0.000e+00

2.516e+00

2.200e+00

1.884e+00

1.568e+00

1.252e+00

9.359e-01

6.199e-01

3.040e-01

-1.198e-02 e

X

prob e7.21 ogden analysis plate with hole — elmt 26
1st Comp of Strain

Figure 7.21-5 Strain Distribution
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7.22 Loading of a Rubber Plate

This example illustrates the analysis of a rubber plate under cyclic loading. The analysis uses
three different material models. The first analysis uses simply a three-term Ogden series; the
second model incorporates damage; the third and most complex model incorporates both
damage and viscoelasticity.

This problem is modeled using the three techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x22a 75 25 36 Ogden
e7x22b 75 25 36 Ogden with damage
e7x22¢ 75 25 36 Ogden with visco
and damage

Element

Element type 75 is a 4-node shell element used for this analysis. A 60 cm x 60 cm
simply-supported plate is to be modeled. Because of symmetry, only one-quarter of the plate is
represented using 25 elements as shown in Figure 7.22-1. The SHELL SECT option is used to
prescribe three layers. This is adequate because it is a linear analysis. The thickness of 3 cm is
specified in the GEOMETRY option.

Loading

The first and second models are rate insensitive. Two increments are taken to apply a distributed
load of 0.004 on the complete plate followed by two increments to remove the load. In the third
analysis, the initial load is also applied in two increments instantaneously; that is, the time step
is zero. Hence, creep (viscoelasticity) does not occur. This is followed by a period of one
second in which relaxation occurs in which no additional load is applied. Then, two increments
follow during which the load is removed again and instantaneously followed by a final
relaxation period of five seconds.
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Material Properties

The rubber material is defined as a three-term Ogden series with a finite compressibility. The
bulk modulus = 6000 N/cm? and the coefficients are:

Term 1 (N/em?) o
6.300 1.3

0.012 5.0

-0.100 -2.0

The stress-strain law is shown in Figure 7.22-2.

The rubber damage model is used in the second and third analyses. Only deviatoric damage are
considered with the damage rate being 0.050 and the maximum damage factor = 0.90. This is
specified through the DAMAGE option.

The third model includes viscoelastic deviatoric behavior. Two terms are included in the Prony
series to express the strain energy relaxation function:

Series Multiplier Relaxation Time (Seconds)
1 0.6 1.0
2 0.1 10.0

Notice that the total time of the analysis falls within the relaxation times specified.

Boundary Conditions

Displacements are prescribed such that nodes 1 to 6 and 1 to 31 by 6 have no normal
displacement or rotations about the edge, and nodes 31 to 36 and 6 to 36 by 6 are symmetric
boundary conditions. The in-plane rotation is constrained at all nodes.

Controls

The full Newton-Raphson method is used in this analysis. In those increments where the total
applied load is nonzero, a five percent tolerance on residuals is required. When the applied
load is zero, we would be attempting to measure residual/noise so the convergence is changed
to displacement control. This is very important to insure efficient convergence to a
meaningful accuracy.
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Results

Figure 7.22-3 shows the displacement of the center node (36) as a function of the increment
number for the first model. You can observe that the material goes back to the original

configuration when the load has been removed. Displacement is of the order 10, In
Figure 7.22-4, one observes the displacement history when damage is included. Note that the
maximum displacement is larger and the slope of the loading and unloading curve is substantially

different. Upon unloading, there is a permanent deformation of the order 2.5 x 10°2. Finally,
Figure 7.22-5 shows the displacement history when both damage and viscoelasticity occur. You
observe that there are four different regions: loading, creep, unloading and creep. Figure 7.22-6
is the same information but now plotted as a function of time.

Parameters, Options, and Subroutines Summary

Example e7x22a:

Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
LARGE DISP COORDINATES DIST LOADS
SHELL SEC DIST LOADS
SIZING END OPTION
TITLE FIXED DISP

GEOMETRY

OGDEN

OPTIMIZE

POST
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Loading of a Rubber Plate

Example e7x22b:

Parameters
ELEMENT
END

LARGE DISP
SHELL SECT
SIZING
TITLE

Example e7x22c:

Parameters
ELEMENT
END

LARGE DISP
SHELL SECT
SIZING
TITLE

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATES
DAMAGE

DIST LOADS
END OPTION
FIXED DISP
GEOMETRY
OGDEN
OPTIMIZE
POST

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATES
DAMAGE

DIST LOADS
END OPTION
FIXED DISP
GEOMETRY
OGDEN
OPTIMIZE
POST
VISCELOGDEN

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS

History Definition Options
AUTO LOAD

CONTINUE

DIST LOADS
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EMarc
v, 0, -symmetry
oy al2 o 18 224 &30 o 36
5 10 15 20 L
&9 a1l 417 23 529 4 35
4 9 14 19 74
v, O,w 4 110 ﬁT 16 422 4 28 a34 v, 0
3 & 13 18 3 symmetry
b3 ] & 15 421 4£27 433
2 1z 17 o
L 2 8 414 420 & 26 & 32
i = 11 1 21 Y
1 vd & 13 419 525 31 X
v, B,w

Figure 7.22-1 Finite Element Mesh
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w 7 Contact

material test Node 1 LMmarc
3rd Comp of Cauchy Stress (x10)
2.633
/ ]
/ 4
rd
< /
£
S -
£ /
/ /

/ f

0.000
0 4
3rd Comp of Strain

Figure 7.22-2 Stress-Strain Curve
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prob e7.22a loading/unloading of plate: elastic ogden material wuama
Displacements z

0.000 0
TN /
\\ //
/
-1.608
0 . t 4

Figure 7.22-3 Displacement History of Center Node — Elastic Effects Only
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prob e7.22b loading/unioading of plate: ogden material with damagMc
Displacements z

0.000 .0

(cm)
/
T

/

-2.343

increment

Figure 7.22-4 Displacement History of Center Node — Including Damage Effects
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prob e7.22b loading/unloading of plate: ogden with visco and damawm
Displacements z

) -
\ /
\ /
g 7

-3.278 \/

increment

Figure 7.22-5 Displacement History of Center Node — Including Damage and Viscoelastic Effects
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x 7 Contact

prob e7.22b loading/unloading of plate: ogden with visco and dama@m
Displacements z

0.000 0
L] ul
/
/
/
/
=

g

-3.278
0 7

time

Figure 7.22-6 Displacement History as a Function of Time — Including Damage and Viscoelastic Effects
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7.23 Compression of a Foam Tube

This example demonstrates the use of the generalized Ogden rubber foam model for the high
compression of a tube.

Element

Library element 11, the plane strain, is used for this analysis. There are 140 elements and 175
nodes in the model as shown in Figure 7.23-1. Two rigid plates are moving toward the tube.
The tube has an inner radius of 20 cm and an outer radius of 10 cm. Because of symmetry, only
half of the tube of modeled.

Material Properties

The foam tube can be described using the foam material model using a two term series. The
data was fixed such that:

Term 1 (N/cm) o B
1 0.0 2.0 -1.0
2 -32.0 -2.0 1.0

Contact/Boundary Conditions

All of the kinematic constrains are provided using rigid contact surfaces. The contact tolerance
and the bias factor are set to 0.2 cm and 0.99 cm, respectively.

The rigid surface at the bottom and top move at a speed of 1.5 cm/second in a period of 8.15
seconds toward the tube.

Control
The full New-Raphson iterative method is used with a convergence tolerance of 1% on
residuals requested.

Results

The deformed mesh at increments 10, 16, and 29 are shown in Figure 7.23-2 through
Figure 7.23-4. The shear strain distribution is shown in Figure 7.23-5. Using Mentat, you can

determine that the initial area is 469.90 cm? and the final area is 421.05 cm?; hence, there is a
10% reduction in volume.
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Parameters, Options, and Subroutines Summary

Example e7x23.dat:

7.23-2

Parameters
ALL POINTS
ELEMENTS
END

LARGE DISP
PRINT
SETNAME
SIZING
TITLE

Model Definition Options

CONNECTIVITY
CONTACT
CONTROL
COORDINATE
DEFINE

END OPTION
FIXED DISP
FOAM

NO PRINT
OPTIMIZE
POST
SOLVER

History Definition Options
AUTO LOAD

CONTINUE

TIME STEP

Volume E: Demonstration Problems K7



Compression of a Foam Tube

Figure 7.23-1 Finite Element Mesh of Tube
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INC 10
SUB 0
TIME : 6.400e+00
FREQ : 0.000e+00

prob e7x23 compression of a foam tube

Figure 7.23-2 Deformed Mesh at Increment 10
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INC : 16 Cmarc
SUB : 0

TIME : 7.000e+00

FREQ : 0.000e+00

prob e7x23 compression of a foam tube

Figure 7.23-3 Deformed Mesh at Increment 16
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w 7 Contact

INC 29
SUB 0
TIME : 8.150e+00
FREQ : 0.000e+00

prob e7x23 compression of a foam tube

Figure 7.23-4 Deformed Mesh at Increment 29
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INC : 29 $MARC
SUB 0

TIME : 8.150e+00

_FREQ : 0.000e+00

1.038e+00

8.353e-01

6.326e-01

4.299e-01

2.272e-01

2.446e-02

-1.782e-01

-3.809e-01

.{ -5.836e-01

-7.863e-01

-9.890e-01

prob e7x23 compression of a foam tube

e_12

Figure 7.23-5 Shear Strain in Compressed Tube
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7.24 Constitutive Law for a Composite Plate

This example provides an analytic qualification of the constitutive law existing in a composite
laminated plate. The model is made of a single finite element.

Model

The plate is made of a single shell element (element 75 in MARC). The element has four nodes
with bilinear interpolation of displacement and rotation components.

Material Properties

The plate is made of eight laminae of boron-epoxy set to produce an equilibrated and
symmetric laminate with the angles:

/+45/-45/+45/-45/S

Each lamina in boron-epoxy has the following properties of orthotropic material:

E; 29.7 E6 psi
E,, = 2.97 E6 psi
v, = 0.33

G,=1E psi

Geometry
The plate has total thickness THT = 0.4 inches. The thickness in every lamina is thus
THL = 0.05 inches.

Orientation

The orientation of the lamina is given by assigning the reference axis E, to be side 1-2 of the
element (see Figure 7.24-1) The angles assigned to the fibers imply rotations of +45° or -45° with
respect to the normal E; to the plate. The rotation starts from E,, positive if counterclockwise.

Boundary Conditions

The plate is loaded with a constant membrane strain in the x-direction. €, = 1 is obtained by
assigning to nodes 1 and 3 displacements u, = 2, u, = 0. While this would produce large

strains, small strain theory is used here so you can easily compare the calculations with the
analytical solution.
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Results

By assigning a displacement u, = 2 to a plate with H = B = 2 inches, you obtain for all laminae:

e, =1
ey=yxy=0

The strains and stresses in a lamina at +45° are computed as:

0.5 0.5 0.5 1 0.5
€45 =Tys €= 10505-05/"70 (=17 05
1. 1. 0 0 1.

3010/ | 05 15.5

Oy = D €y = 10° 1 30[1 05 ;= 104 o

001 | -1. -1.

Shear

The plate is loaded with membrane shear by assigning to nodes 2 and 3 the displacements
u, =0,u, =2.

Results

By assigning displacements u, = 0 and u, = 2 to a plate with H = B = 2 inches, you obtain for
all the laminae:

Viy = 1.

g, =g=0
The strains and stresses in a laminae are computed as:

0.5 0.5 0.5 0 0.5
€45 = Tys-€=10505-05/"10 (=19 -05
1. 1. 0 1 0.

3010 0.5 14.5

0'4ys = D-g,5=10°( | 30|1 _05 = 10 _j.

001 0. 0.
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Bending

The plate is loaded in bending by assigning to nodes 2 and 3 a rotation ¢, = 2. You obtain a
constant curvature y, = 1.

Nodes 1 and 4 are clamped. Nodes 2 and 3 are free in the remaining degree of freedom.

Results
Assigning a rotation ¢, = 2 to a plate with H = B = 2 inches, you obtain:
Xx = 1.
Xy=Ay=0
The first lamina, at z = 0.175 from midspan, has €, =z - %, = 0.175 in local axes.

The strains and stresses in the first lamina at +45° are computed as:

0.5 0.5 0.5 0.175 0.875
€4 =Ty €= 10505-05°7 0 (=9 -0.875
1. 1. 0 0 0.175

3010 | 0875 2.175

45 = Do €45 = 10°| 1 301 —0875 ;= 109 035

001 0.175 0.175

Parameters, Options, and Subroutines Summary

Example e7x24a.dat:

Parameters Model Definition Options

ELEMENTS COMPOSITE

END CONNECTIVITY

SHELL SECT COORDINATE

SIZING END OPTION

TITLE FIXED DISP
ORIENTATION
ORTHOTROPIC
PRINT ELEMENT
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Example e7x24b.dat:

Figure 7.24-1

7.24-4

Parameters
ELEMENTS
END

SHELL SECT
SIZING
TITLE

Model Definition Options

COMPOSITE
CONNECTIVITY
COORDINATE
END OPTION
FIXED DISP
ORIENTATION
ORTHOTROPIC
PRINT ELEMENT

Geometry and Lamination of a Composite Plate

Constitutive Law for a Composite Plate
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7.25 Progressive Failure of a Composite Strip

This problem tests the capability of MARC to performing progressive failure of composite
structures. The test structure modeled here is a strip with a rectangular cross section clamped
at both ends and loaded by concentrated forces at midspan.

The material is a laminate, with eight laminae alternating the fiber direction between 0° and
90°. The fiber failure stress in tension is taken here to be the same as in compression.

Under linear elastic behavior, the strip behaves like a beam clamped at both ends. The largest
(bending) stresses occur at midspan and at the supports. The load is increased in 126 increments
until the fibers are broken and only the matrix bears the load. Correspondingly, the deformed
shape of the strip moves from that of a beam to a 3-hinged arch.

Model

Due to symmetry, only half of the strip is modeled. The FEM mesh includes 30 elements and
153 nodes. Element 22, (8-noded shell) is used. LARGE DISP and UPDATE are active for
geometrically nonlinear analysis. The strip has length 1 = 200 mm, width b = 10mm, and
thickness t = 1 mm. The mesh is shown in Figure 7.25-1.

Material Properties

The material is a laminated carbon-epoxy. Two outer skins, with a thickness of 0.25 mm, have
the fibers in the longitudinal direction (global X axis). They confine a “core”, thick 0.5 mm,
with fibers in the transverse direction. The laminae have 0.125 mm thickness. Therefore, eight
laminae make up the strip.

2140000 N/mm?

E,, = 9700 N/mm?

vip = 0.28

G, = 5400 N/mm?

G,; = 3600 N/mm?

m
I

G;, = 5400 N/mm?
A lamina fails for maximum stress with the following limit values:
o, = 1020 N/mm?  in the direction of the fibers, tension or compression
o, =59 N/mm? in the direction orthogonal to the fibers, tension or compression
T =95 N/mm?  shear
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Supports
Nodes 1, 2, and 3 at the strip end are clamped allowing for transverse dilation.
Nodes 151, 152, and 153 at midspan have symmetry conditions.

All midspan nodes undergo the same vertical deflection.

Loads

A concentrated load is applied at midspan. The magnitude is increased to p = 3000 N in 125
load increments.

Results

The time history of the tip deflection is shown in Figure 7.25-2. You can easily observe when
plys failed in the system by the jump in the deflection. The first failure occurs in increment 10.

Figure 7.25-3 and Figure 7.25-4 show the time history of the stresses in layers 1 and 5. The
final figure, Figure 7.25-5, shows the axial reaction force at the clamped end. Notice the sudden
decrease in stress level. The strip deformation has already moved to that of a three-hinged arch.

Parameters, Options, and Subroutines Summary
Example e7x25.dat:

Parameters Model Definition Options History Definition Options
ELEMENTS COMPOSITE AUTO LOAD
END CONNECTIVITY CONTINUE
LARGE DISP CONTROL NO PRINT
SHELL SECT COORDINATE POINT LOAD
SIZING END OPTION POST INCREMENT
TITLE FAIL DATA PRINT ELEMENT
UPDATE FIXED DISP PROPORTIONAL INCREMENT
ORIENTATION
ORTHOTROPIC
POST
TYING
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$MARC

b 27

, 26

Figure 7.25-1 Finite Element Mesh of Strip
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) fiber composite clamped beam - progressive failure Node 27 wMARC
Displacement z (x10)

5.181 124

96/

/

0.000

increment (x100) 1.26

Figure 7.25-2 History of Deflection of the Tip
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fiber composite clamped beam - progressive failure
1st Comp of Stress Layer 1 (x1000)

OMARC
1.646

4t

76 ot
¥ A

S
Y
\

‘: et L
74 1 = —
§ i i )4,,’%’*" Mﬁ
e # [ o %
[ g )Egk'{w ‘ = a
# . i )(/*‘ | 3_,-1‘"*“4*)\ 76 ¥ +
5 | ES 4 = i
// | lr/f‘f “x ,**‘W‘/Kr
7 LA Lt
/ ’K)F
/
K‘*\
0173 |
0 1.26
increment (x100)
»—s—sNode 26 i NOd@ 11

s*—i—+% Node 1

Figure 7.25-3 History of First Component of Stress in Layer 1
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fiber composite clamped beam - progressive failure MARC
1st Comp of Stress Layer 5 (x100) P P prog w

1.224

\
AN

N
™

%
X

>
E@f

Al
AN
N

/.

/

/¥
0.000 L A

0 1.26
increment (x100)

»——=—aNode 1 Aot NOde 11 +——sk-— Node 26

Figure 7.25-4 History of First Component of Stress in Layer 5
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) fiber composite clamped beam - progressive failure Node 1 MARC
Reaction Force x (x100)
0.000 0
/ \\
\/76
AN
109
-9.467
0 1.26

increment (x100)

Figure 7.25-5 History of the Reaction Force at Clamped End
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7.26 Pipe Collars in Contact

This problem demonstrates the plastic strain capability of the axisymmetric element 95 together
with the non-axisymmetric gap element 97. Two pipes are connected under bending loads.

The quadrilateral element 95 represents the cross-section of a ring in the z,r symmetry plane at
8 = 0°. A pure axisymmetric deformation induces displacements u,v in the z,r plane. These
remain constant for 8 ranging from 0° to 360°. A flexural deformation in the z,r plane induces
different displacements u,v at opposite sections, 8 = 0° and 6 = 180°, along the ring. A twist in
the ring induces a circumferential displacement w, equal at every 0, and assigned to the position
6=90°.

The gap element 97 works in the flexural mode. Extra degrees of freedom have been included to
account for independent contact and friction between facing sides of element 95 (q = 0° - 180°).
Motion can only occur in the z,r plane.

Element
In element 95, five degrees of freedom are associated with each node:
u,v displacements at 0° and 180°, respectively
w circumferential displacement at 90° angle

Element 95 is integrated numerically in the circumferential direction. The number of integration
points (odd number) is given in the SHELL SECT parameter. The points are equidistant on the half
circumference (see Figure 7.26-1 and Figure 7.26-2)

Here, nine integration points along the half circumference are chosen via the
SHELL SECT parameter.

Element 97 is a 4-node gap and friction link with double contact and friction (0° - 180°). It is
designed to be used with element type 95.
Model

The FEM model represents the longitudinal section of the pipe junction in the z,r plane. The
mesh consists of 248 elements, type 95 and 9 elements type 97 for a total of 330 nodes. The
mesh is shown in Figure 7.26-2.
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Material Properties
The two pipes are made with the same material:

E (Young modulus)= 2E5 N/mm?’
v (Poisson ratio) = .3
o, = 200. N/mm’
A workhardening curve is assigned as follows:

o [Nmm?’] g,

200. 0
250. 3
300. .6

Loads
The bending load is applied as shown in Figure 7.26-1. The loads acts in the longitudinal
direction (z-direction)

Resuits

The results produces by MARC for the pipe junction with gaps can be seen in the following
figures.

Figure 7.26-3 The deformed section at 0°.

Figure 7.26-4 and Figure 7.26-5 The von Mises stress at 0° and 180° (layer 1 and 9,
respectively)

Figure 7.26-6 The plastic strain at 0°. No plastic strain appears at 180°.

Note: Only the deformed shape at 0° can be visualized with the Mentat graphics program even if all the element
variables can be visualized. The displacements and all the nodal quantities referring to 180° can be seen
on the output file.
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Pipe Collars in Contact

Parameters, Options, and Subroutines Summary
Example e7x26.dat:

Parameters Model Definition Options
ELEMENTS CONNECTIVITY
END CONTROL
LARGE DISP COORDINATES
SHELL SECT END OPTION
SIZING FIXED DISP
TITLE GAP DATA
UPDATE ISOTROPIC

OPTIMIZE

POST

70

[

w5 R
Z 7 Z
2 7

7
7

¢160
6140

History Definition Options
CONTINUE
DIST LOADS

110 N/mm?2

.

Figure 7.26-1 Geometric Dimension and Bending Loads
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7 Contact

Pipe Collars in Contact

e Gap Element

Figure 7.26-2 FEM Model

Figure 7.26-3 Deformed Shape at 0°

7.26-4
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1.258+2

1.544+2

1.830+2

2.116+42

Figure 7.26-4 von Mises Stress Contour at 0°, Layer 1
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6.13964

1.769+1

|| 2.925+1

4.081+1

5.237+1

6.393+1

7.549+1

8.704+1

Figure 7.26-5 von Mises Stress Contour at 180°, Layer 9
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1.209-4

1.598-4

1.987-4

2.376-4

Figure 7.26-6 Plastic Strain Contour at 0°, Layer 1
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7.27 Twist and Extension of Circular Bar of Variable Thickness
at Large Strains

This problem illustrates the use of MARC element 67, higher order axisymmetric with twist
element, for a large strain elastic analysis of a circular bar of variable thickness. The bar is
subjected to both a twist moment and an axial force at the free end of the circular bar. The tying
constraint option is used to insure that the cross section at the small end of the bar remains flat.
The material is modeled using Ogden model. The ELASTICITY,2 option is used to activate the
updated Lagrangian formulation.

Element
Element type 67, an 8-node axisymmetric element with twist, is used in this example.

Model

There are 12 elements, with a total of 53 nodes. Dimensions of the circular bar and the
finite element mesh are shown in Figure 7.27-1.

Material Properties
Ogden material properties are given as:
i, = 16 Ib/in?, o, = 2, W, = -4 Ib/in?, o, = -2.

Boundary Conditions
Degrees of freedom u and w are 0 at the fixed end (nodes 1-5). Symmetry conditions
are imposed atr =0 (v =0).

Loading

In each increment, a 10 pound point load in the positive x-direction and a 4 inch per
pound torque is applied at node 49. Due to the applied tying, the point load is
distributed over the whole cross section.

Tying
Tying type 1is used at the free end to simulate a generalized plane-strain condition in
the z-direction. The tied nodes are 50, 51, 52, and 53 and the retained node is 49.

Results

The deformed mesh and the distribution of Equivalent von Mises stress is depicted in
Figure 7.27-2.
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Parameters, Options, and Subroutines Summary

Example e7x27.dat:

Parameters Model Definition Options History Definition Options
ALIAS CONNECTIVITY AUTO LOAD
ELASTICITY COORDINATE CONTINUE
ELEMENTS END OPTION CONTROL
END FIXED DISP POINT LOAD
LARGE DISP ISOTROPIC
SIZING OGDEN
TITLE POINT LOAD

POST

TYING
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21 inches

7inches | 6 inches 8 inches

(7] [}
2 2
S| G F. T
€ £4— L > B>
o =

o z

Figure 7.27-1 Circular Bar and Mesh
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Twist and Extension of Circular Bar of Variable Thickness at Large Strains

Inc
Time

: 8
: 0.000e+00

.661e+00
.043e+00
.424e+00
.806e+00
.188e+00
.570e+00
.951e+00
.333e+00
.715e+00
.097e+00

.785e-01

prob  e?.27 nonlinear elastic analysis - elmt €

Equivalent Von Mises Stress

Figure 7.27-2 Deformed Mesh and Distribution of Equivalent von Mises Stress

7.27-4
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7.28 Analysis of a Thick Rubber Cylinder under Internal
Pressure

In this example, the deformation of a thick rubber cylinder under internal pressure is modeled.

This problem illustrates the use of MARC elements types 10, 28, 55, and 116 (4- and 8-node
axisymmetric elements with only displacement degrees of freedom at nodes) for rubber
materials. Option ELASTICITY,2 is invoked to activate MARC updated Lagrangian formulation.
The rubber material is modeled with either the Ogden or Mooney material models.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x28a 10 4 20 Odgen
e7x28b 116 4 10 Mooney
e7x28¢c 28 4 23 Ogden
e7x28d 55 4 23 Ogden

Element

Library element 10 is a 4-node bilinear axisymmetric element with displacements in radial and
axial directions as degrees of freedom. Library element 116 is a 4-node bilinear, reduced

integration, axisymmetric element with displacements in radial and axial directions as degrees
of freedom. Library element 28 is a 8-node axisymmetric element with displacements in radial
and axial directions as degrees of freedom. Library element 55 is a 8-node, reduced integration,
axisymmetric element with displacements in radial and axial directions as degrees of freedom.

Model

The cylinder has an internal radius of 1 mm and an external radius of 2 mm. Figure 7.28-1
shows the initial mesh for the data sets using 8-noded elements.

Material Properties
The Mooney material properties are given as:

C, = 8 N/mm?, C, =2 N/mm?;
The Ogden material properties are given as:

i, = 16 N/mm?, o, = 2, i, = 4 N/mm?, o, = -2.

The bulk modulus is chosen as 200000 N/mm?, resulting in the ratio of K/G being 10000. The
material is therefore highly incompressible. Both materials are equivalent.
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Loads

A uniformly distributed internal pressure of 11.5 N/mm? is applied on element number 1. This
load is applied in increment zero. In MARC, increment zero is treated as linear. So an
additional increment, with no additional load, is used to bring the solution to the correct
nonlinear state.

Boundary Conditions
u =0 on the planes z = 0 and z = 1.0 to simulate a plane strain condition.

Results
A. 8-Node Model (Element Type 28 and 55)

After the linear elastic step (increment 0), the radial displacements of the inside nodes for
both elements 28 and 55 are 0.3833 mm.

They are the same as the analytical solution which predicts a radial displacement of
0.3833 mm.

After ten iterations, the radial displacement at the inside node is 1.0086 mm and the
corresponding pressure can be computed from the following expression:

2 2 20,2002 2
B~a a —-A")(B"-A
P=(C1+C2){log[ 5 2)+(2 2)(2 2)}
A" (B"-A"+a") a(B"-A"+a")
where A and B are the inner and outer radii of the cylinder in the undeformed state, “a” is
the inner radius in the deformed state, and C, and C, are material constants.

The computed pressure of 11.5 N/mm? is in very good agreement with the prescribed

value of 11.5 N/mm?.

B. 4-Node Model (Element Type 10 and 116)

After the linear elastic step (increment 0), the radial displacements of the inside nodes
(nodes 1 and 6) are 0.3817 mm (for element type 10) and 0.3834 mm (for element type
116) respectively.

Agreement with analytical solution of 0.3833 mm is good. After ten iterations, the radial
displacement at inside node is 1.0068 mm, and the corresponding pressure is 11.5 N/mm?
for element 10. For element 116, the displacement at the inside node is 1.0063 mm and the
corresponding pressure is 11.5 N/mm?. Agreement with prescribed value of 11.5 N/mm?
is excellent.
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w 7 Contact

Parameters, Options, and Subroutines Summary

Volume E: Demonstration Problems K7

Example e7x28a.dat:
Parameters Model Definition Options History Definition Options
ALIAS CONNECTIVITY CONTINUE
ELASTICITY CONTROL DIST LOAD
ELEMENTS COORDINATES
END DIST LOAD
FOLLOW FOR END OPTION
LARGE DISP FIXED DISP
SIZING OGDEN
TITLE POST
Example e7x28b.dat:
Parameters Model Definition Options History Definition Options
ALIAS CONNECTIVITY CONTINUE
ELASTICITY CONTROL DIST LOAD
ELEMENTS COORDINATES
END DIST LOAD
FOLLOW FOR END OPTION
LARGE DISP FIXED DISP
SIZING MOONEY
TITLE POST

7.28-3
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Analysis of a Thick Rubber Cylinder under Internal Pressure

Example e7x28c and e7x28d.dat:

7.28-4

Parameters

ALIAS
ELASTICITY
ELEMENTS
END

FOLLOW FOR
LARGE DISP
SIZING

TITLE

Model Definition Options
CONNECTIVITY
CONTROL
COORDINATES

DIST LOAD

END OPTION

FIXED DISP

OGDEN

NODE FILL

POST

History Definition Options
CONTINUE
DIST LOAD
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SMARC

2 o4 23
58 & 22
7 ol3 21
LS L 20
5 al2 19
1] 4 1] 18
3 1 17
42 n16
1 10 15 v

prob e7.28d ogden analysis of a thick rubber cylinder

Figure 7.28-1 Cylinder Mesh (8-Node Model)
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7.29 3D Analyses of a Plate with a Hole at Large Strains

This problem simulates the tensile loading of a plate with a hole at large strains. In €7x29a.dat,
the HYPOELASTIC option and the user subroutine HYPELA2 are used to define constitutive
behavior. Element type 7 is used and the material here is compressible. This job demonstrates
the use of kinematics in defining user-defined material behavior. In €7x29b.dat, Element type
117 is used to model the plate (with the user-defined defaults file). The material in e7x29b.dat
is modeled using Ogden model and is nearly incompressible.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x29a 7 92 218 HYPOELASTIC
HYPELA2
e7x29b 117 92 218 user default file

Element

Library element 7 is a 8-node trilinear brick element with global displacements as degrees of
freedom. Library element 117 is a 8-node trilinear brick element with reduced integration and
global displacements as degrees of freedom.

Model

Due to symmetry of the geometry and loading, a quarter of the actual model is simulated. The
finite element model is made up of 92 elements and 218 nodes. The finite element mesh is
shown in Figure 7.29-1.

Geometry
The model is assumed to be a square of side 2 mm from which a quarter of a circle of radius
0.6 mm has been cut out. The initial thickness is 0.2 mm.

Material Properties

In e7x29a.dat, a quadratic-logarithmic, nonlinear elastic model with the initial bulk modulus of

21666.67 N/mm? and the initial shear modulus of 10000.00 N/mm? is defined using the
HYPOELASTIC option and the user subroutine HYPELA2. In e7x29b.dat, the Ogden parameters

are given as [1,=0.586 N/mm?, o, =2.0, p,2=-0.354N/mm2, and o,=-2.0. The initial bulk
modulus is 666666.667 N/mm?.
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Boundary Conditions and Loading

In addition to the boundary conditions due to symmetry, the third degree of freedom of the
nodes located on the edges of the lower surface are fixed to avoid the rigid body motion in
z-direction.

The loading is tensile. In €7x29a.dat, a uniform displacement of 1 mm is applied to one of the
plate edges using 20 increments. The macroscopic total logarithmic strain is 40%. In

€7x29b.dat, a uniform displacement of 2.5 mm is applied to one of the plate edges using 10
increments. The macroscopic total logarithmic strain is 81%.

Results

The distribution of equivalent von Mises stress and the deformed model for e7x29a.dat after 20
increments is shown in Figure 7.29-2. The distribution of equivalent von Mises stress and the
deformed model for e7x29b.dat after 10 increments is shown in Figure 7.29-3.

Parameters, Options, and Subroutines Summary

Example e7x29a.dat:
Parameters Model Definition Options History Definition Options
ELEMENTS CONNECTIVITY AUTO LOAD
END CONTROL CONTINUE
LARGE DISP COORDINATES DISP CHANGE
PROCESS END OPTION
SETNAME FIXED DISP
SIZING GEOMETRY
TITLE HYPOELASTIC
UPDATE OPTIMIZE

POST

User Subroutine u7x29a.f
HYPELA2
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Example e7x29b.dat:

Parameters
ELEMENTS
END
SETNAME
SIZING
TITLE

3D Analyses of a Plate with a Hole at Large Strains

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATES
END OPTION
FIXED DISP
GEOMETRY
OGDEN
OPTIMIZE
POST

User Defined Default Input e7x29_def.dat

Parameters
ALL POINTS
ELASTICITY
END

LARGE DISP
PRINT
PROCESS

Volume E: Demonstration Problems K7

Model Definition Options

END OPTION
PARAMETER

History Definition Options
AUTO LOAD

CONTINUE

DISP CHANGE

7.29-3
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Figure 7.29-1 Initial Mesh
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Inc 20
Time : 0.000e+00 QmMarc

1.473e+04
1.345e+04
1.218e+04
1.090e+04
9.622e+03
8.344e+03
7.067e+03
5.790e+03
4.513e+03
3.236e+03

1.959e+03

hole in the plate : example of hypela2

Equivalent Von Mises Stress

Figure 7.29-2 Deformed Model and Distribution of Equivalent von Mises Stress for e7x29a
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Inc 10
Time : 0.000e+00 SMarc

.076e+00
.362e+00
.6472+00
.933e+00
.218e+00
.504e+00
.790e+00
.075e+00

.361e+00

.647e+00

.323e-01

plate stretching with hourglass elements - ogden mate

Equivalent Von Mises Stress

Figure 7.29-3 Deformed Model and Distribution of Equivalent von Mises Stress for e7x29b
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7.30 Damage in Elastomeric Materials

Two phenomena observed in continuum damage have been evaluated in this example using
continuous and discontinuous damage models. The discontinuous damage model essentially
simulates the Mullins effect while the continuous damage model is able to capture the stiffness
degradation (fatigue) due to cyclic loading.

This problem is modeled using the two techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x30a 7 1 8 Discontinuous
Damage Model
e7x30b 7 1 8 Continuous Damage
Model

Model
A single element rubber cube, comprised of element 7, is subjected to tensile loading. The
example is in itself very simple but demonstrates the two phenomena very effectively.
Material Properties

The material can be described using the Ogden material model using a three term series. The
data was fit such that:

Term 1 (N/cm?) o
1 11.0 2.35
5.8e-4 7.03
3 0.73 1.28

and the bulk modulus was 1.0E9 N/cm?.

The damage parameters for problem e7x30a.dat are:

Discontinuous Continuous
1st scale factor 0.4 0.0
1st relaxation factor 10.0 1.0
1st scale factor 0.1 0.0
2nd relaxation factor 100.0 1.0
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The damage parameters for problem e7x30b.dat are:

Discontinuous Continuous
1st scale factor 0.0 0.40
1st relaxation factor 1.0 100.0
1st scale factor 0.0 0.1
2nd relaxation factor 1.0 100.0

Loads

The loading is applied as displacement boundary condition. The discontinuous damage is
simulated by application of six loadcases while in the case of continuous damage, ten loadcases
are applied. For the discontinuous damage, the applied loading increases with each set of
tension and compression while for the continuous damage the applied loading is kept the same.
The auto-increment option is used to apply the extension and compression in sets of 100
loading steps for each loadcase.

Results

It can be noticed from Figure 7.30-1 that the Mullin’s effect is very well captured by the model,
where three sets of loading and unloading show hysteresis, which increases in magnitude as the
maximum applied strain in the model exceeds the previously applied level of strain. Also, once
the material is reloaded past its previously applied maximum load, the loading continues on the
previous loading path.

The progressive degradation of material stiffness with constant maximum applied strain level,
namely fatigue, is simulated next. Figure 7.30-2 demonstrates that five sets of loading and
unloading show hysteresis with a continuous loss of stiffness in the loading curve. The model
implemented in MARC to simulate this behavior is due to C. Miehe.
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Damage in Elastomeric Materials

Parameters, Options, and Subroutines Summary
Example e7x30a.dat and e7x30b.dat:

Parameters
ELEMENT
END
ELASTICITY
LARGE DISP
PRINT
SIZING
TITLE

Volume E: Demonstration Problems K7

Model Definition Options
CONNECTIVITY
CONTACT
CONTROL
COORDINATES
DEFINE

FIXED DISP
END OPTION
OGDEN
DAMAGE

POST

History Definition Options
AUTO INCREMENT
CONTINUE

DISP CHANGE

CONTROL
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Comp 33 of Stress (x10)

Damage in Elastomeric Materials

e

9
o 0
0
Figure 7.30-1
7.30-4

Displacement z

Discontinuous Damage
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Figure 7.30-2 Continuous Damage
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7.31 Rezoning in an Elastomeric Seal

This example demonstrates the capability of rezoning in an elastomeric seal. A rubber seal is
being formed into its final shape by application of die pressure. Although the geometry itself is
simple, the severely deformed configuration at an intermediate stage leads to a premature
termination of the analysis due to excessive distortion in the elements. A new mesh via
rezoning operation is clearly required for a successful completion of the analysis.

This problem is modeled using two data sets summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
e7x31 11 382 433 Before Rezoning
e7x31b 11 633 692 After Rezoning

Model

The original model, i.e., before the rezoning step, consists of 382 4-node quadrilateral elements
with 433 nodes. After the rezoning, the number of elements in the mesh increased to 633 while
the number of nodes increased to 692. Displacement based plane strain element 11, is chosen
to simulate the seal. For finite strain elasticity and plasticity material models, this element has
special treatment for incompressibility.

Material Properties

The rubber seal can be described using the two term Ogden material model. The data was fit
such that:

Term 1 (N/em?) o
1 +0.324922 2.0
2 -0.568008 -2.0

and the bulk modulus was 8929.3 N/cm?

Contact

The contact is modeled as frictionless and the contact bodies are modeled as NURBS. Default
tolerances are taken in the run with the original mesh but in the run after the rezoning, the
contact zone tolerance is increased to 0.007. The reason for this is that after the rezoning step,
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there are some nodes that may be outside the default contact zone of 0.00680325. As a result,
in the step after rezoning, there may be increment splitting which may sometimes lead to non-
convergent solutions.

Results

The deformed meshes at increments 0, 7, 14, 15, and 29 are shown in Figure 7.31-1 to
Figure 7.31-5. The sudden change in the mesh between the increments 14 and 15 reflects
rezoning. Also, Figure 7.31-6 gives the plot of contact force distribution in the body.

When the analysis involves rezoning with updated Lagrange elasticity, the following items
must be considered:

a. Drive down the residuals to a low value in the last one or two steps of the first analysis
(before restart)

b. Take very small steps in the beginning of the second analysis (i.e. after restart)

Parameters, Options, and Subroutines Summary

Example e7x31a.dat:
Parameters Model Definition Options History Definition Options
ALIAS CONNECTIVITY AUTO LOAD
ELASTICITY CONTACT CONTINUE
ELEMENT CONTACT TABLE CONTROL
END CONTROL TIME STEP
LARGE DISP COORDINATES
PRINT END OPTION
REZONE NO PRINT
SIZING OGDEN
TITLE POST

RESTART
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Rezoning in an Elastomeric Seal

Example e7x31b.dat:

Parameters

ALIAS
ELASTICITY
ELEMENT
END

LARGE DISP
PRINT
REZONE
SIZING
TITLE

Volume E: Demonstration Problems K7

Model Definition Options

CONNECTIVITY
CONNECTIVITY CHANGE
CONTACT

CONTACT CHANGE
CONTACT TABLE
CONTROL RESTART
COORDINATE CHANGE
COORDINATES

END OPTION

END REZONE

NO PRINT

OGDEN

POST

REAUTO

RESTART

History Definition Options
AUTO LOAD

CONTINUE

CONTROL

TIME STEP

7.31-3
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Inc : 0 oy
Time : 0.000e+00 wMARC

Rubber seal using rezoning

Figure 7.31-1 Deformed Mesh at Increment 0
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Inc 7 poy
Time : 7.000e+00 wMARC

NN

I

]
{

Rubber seal using rezoning

Figure 7.31-2 Deformed Mesh at Increment 7
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Inc 14 ry
Time : 1.400e+01 wMARC

[ERN

Rubker seal using rezoning

Figure 7.31-3 Deformed Mesh at Increment 14
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Inc : 15 oy
Time : 1.400e+01 ww MARC

1T

[T

1177

1T

1T
]

H

rubbgr seal - after rezoning

Figure 7.31-4 Deformed Mesh at Increment 15
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Inc : 29 A
Time : 1.810e+01 wMARC
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Rubber seal using rezoning

Figure 7.31-5 Deformed Mesh at Increment 29
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Inc 29 poy
Time : 1.810e+01 ww MARC

1.702e+00
1.532e+00
1.361e+00
1.191e+00

1.021e+00

8.509e-01

6.807e-01

5.105e-01

3.403e-01

1.702e-01

0.000e+00 \s

Fubber seal using rezoning

Reaction Force

Figure 7.31-6 Contact Force Distribution
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7.32 Structural Relaxation of a Glass Cube

Free structural relaxation of a glass cube subjected a cyclic temperature history, is simulated
using Narayanaswamy model. This problem is modeled by means of element type 7.

The annealing of flat glass requires that the residual stresses be of an acceptable magnitude,
while the specification for optical glass components usually includes a homogenous refractive
index. The design of heat treated processes (for example, annealing) can be accomplished using
the Narayanaswamy model. This allows you to study the time dependence of physical
properties (for example, volumes) of glass subjected to a change in temperature.

The glass transition is a region of temperature in which molecular rearrangements occur on a
scale of minutes or hours, so that the properties of a liquid change at a rate that is easily
observed. Below the glass transition temperature, T, the material is extremely viscous and a

solidus state exists. Above T, the equilibrium structure is arrived at easily and the material is

in liquidus state. Hence, the glass transition is revealed by a change in the temperature
dependence of some property of a liquid during cooling. If a mechanical stress is applied to a
liquid in the transition region, a time-dependent change in dimensions results due to the
phenomenon of visco-elasticity.

If a liquid in the transition region is subjected to a sudden change in temperature, a
time-dependent change in volume occurs. The latter process is called structural relaxation.
Hence, structural relaxation governs the time-dependent response of a liquid to a change of
temperature.

Element

Library element 7 is a 8-node trilinear brick element with global displacements as degrees of
freedom.

Model

The side length of the glass cube is 2 mm. Because of the symmetry, only one eighth of the cube
is modeled with one brick element.

Material Properties
The instantaneous moduli are given via ISOTROPIC option as: Young’s modulus is 5.58E4

N/mm?; Poisson’s ratio is 0.0814. The time dependent values are entered using VISCEPROP
option as:
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Term No. Shear Constant Relaxation Time

1 1.08876E4 9.97000E-2
2 1.09134E4 9.40000E-3
3 3.97320E4 3.00000E-4

The solid and the liquid coefficients of the thermal expansion are chosen as 5.50E-7 and 1.93E-6,
respectively. The weights and the reference relaxation times, used to define the response function,
for each term in the series are input through SHIFT FUNCTION as:

Reference
Term No. Weight Relaxation Time
1 1.0800E-1 1.4780E+0
2 4.4300E-1 3.2970E-1
3 1.6600E-1 1.2130E-1
4 1.6100E-1 4.4600E-2
5 4.6000E-2 1,6400E-2
6 7.6000E-2 3.7000E-3

Loads

An initial temperature of 6.20E2 is applied to the glass cube at increment 0. A cyclic temperature
history is then applied: At first, the cube is gradually cooled down to 0.20E2 in 100 equal
increments; Afterwards, it is heated up to the initial temperature at the equal incremental size.

Boundary Conditions

Boundary conditions are applied to the glass cube according to the symmetry.

Results

Suppose a glass is equilibrated at temperature T, and suddenly cooled to T, at t,. The
instantaneous change in volume is o, (T, - T)), followed by relaxation towards the equilibrium
value V(,T,). The total change in volume due to the temperature change is oy(T, - T}) as

shown in Figure 7.32-1b. The rate of volume change depends on a characteristic time called the
relaxation time.
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Ty V(0,T4)
T® V(0,T5)
T — V(e,Tp)
| > | >
to t to t
(a) Step Input for Temperature (b) Volume Change as Function of Temperature

Figure 7.32-1 Structural Relaxation Phenomenon

The slope of dV/dT changes from the high value characteristic of the fluid o, to the low
characteristic of the glass a, as shown in Figure 7.32-2. The glass transition temperature T, is
a point in the center of the transition region. The low-temperature slope o, represents the
change in volume V caused by vibration of the atoms in their potential wells. In the (glassy)
temperature range, the atoms are frozen into a particular configuration. As the temperature T
increases, the atoms acquire enough energy to break bonds and rearrange into new structures.
That allows the volume to increase more rapidly, so o, > o,. The difference o = o, - o, represents

the structural contribution to the volume.

V()
A
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/ |Liquid Ts (T4) : Fictive Temperature
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V(T4) i _
- 7 gy
Og y _—» Transition Range
Solidu /
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Figure 7.32-2 Property (Volume) — Temperature Plot
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When a liquid is cooled and reheated, a hysteresis is observed.

The volume change of the glass cube with the change of the temperature 1 as calculated by
MARGC, is illustrated in Figure 7.32-3. The hysteresis shown in Figure 7.32-3 indicates the
calculations are in a good qualitative agreement with experimental observations.

Parameters, Options, and Subroutines Summary

Example e7x32.dat:

Parameters
ALL POINTS
ELEMENTS
END
SETNAME
SIZING
STATE VARS
TITLE

7.32-4

Model Definition Options

CHANGE STATE
CONNECTIVITY
COORDINATES
END OPTIONS
FIXED DISP
ISOTROPIC
OPTIMIZE
PRINT CHOICE
POST

SHIFT FUNCTION
SOLVER
VISCEL EXP
VISCELPROP
$NO PRINT

History Definition Options
AUTO LOAD

CHANGE STATE
CONTINUE

CONTROL

TIME STEP
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Advanced Topics

A
W
This chapter demonstrates capabilities that have been added to MARC in the last few releases.
These capabilities include substructures, cracking, composites, contact, electrostatics,
magnetostatics, and acoustics capabilities among others. Discussions of these capabilities can be

found in MARC Volume A: Theory and User Information and a summary of the various
capabilities is given below:

Substructures

* Linear analysis

* Nonlinear analysis

* Cracking analysis
Thermal-mechanical coupled analysis
Composite analysis

* Failure criteria

* Progressive failure
Activate and deactivate
Contact analysis

* Two-dimensional

* Three-dimensional

* Springback

* Friction

Electrostatic analysis
Magnetostatic analysis
Acoustic analysis
Adaptive Meshing

* Linear analysis

* Nonlinear analysis

Compiled in this chapter are a number of solved problems. Table 8-1 shows the MARC elements
and options used in these demonstration problems.
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Table 8-1 Recent Analysis Capabilities in MARC
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.1 26 ELASTIC SUBSTRUCTURE BACK TO SUBS SSTRAN Hole in plate.
SUBSTRUCT DIST LOAD Generate
NEWDB SUPERINPUT substructure (1-1) and
SUPER RESTART 1_2)- Combine
substructures,
perform analysis.
Read RESTART tape,
Go back to
substructures to
obtain results.
8.2 27 SUBSTRUCT SUBSTRUCTURE AUTO LOAD WKSLP Double-edge notch
NEWDB DIST LOADS PROPORTIONAL specimen using
SUPER SUPERINPUT INC Substructure_
J-INT J-INTEGRAL - :
Elastic region away
SCALE WORK HARD from the crack is
treated as a
substructure.
8.3 10 12 | SUBSTRUCT | SUBSTRUCTURE POINT LOADS — End plate aperture
NEWDB SUPERINPUT AUTO LOAD breakaway problem.
SUPER POINT LOADS BACK TO The rate is treated as
GAP DATA suBs a substructure leaving
the contact elements
to be at highest level.
8.4 26 — ISOTROPIC PROPORTIONAL — Collapse of a notched
CRACK DATA INC concrete beam.
TYING AUTO LOAD
8.5 75 PRINT CONN GENER POINT LOADS — Cracking of a plate
COMPOSITE AUTO INCREMENT one-way reinforced
ISOTROPIC using shell elements.
ORTHOTROPIC
8.6 27 46 PRINT CONN GENER POINT LOADS REBAR Cracking of a One-wayi
NODE FILL AUTO INCREMENT reinforced plate using
CRACK DATA rebar elements.
ISOTROPIC
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.7 11 12 FINITE CONTROL TRANSIENT — Thermal-mechanically
39 UPDATE FIXED DISP coupled analysis of
LARGE DISP FIXED TEMP the Compression of a
COUPLE INITIAL TEMP block.
MESH PLOT ISOTROPIC
GAP DATA
CONVERT
WORK HARD
TEMP EFFECTS
RESTART
DIST FLUXES
8.8 21 — ORTHOTROPIC — HOOKLW Bending of a thick
DIST LOADS ANELAS anisotropic plate.
8.9 3 —_ DEFINE — — Failure criteria
ORTHOTROPIC calculation of an
ORIENTATION orthotropic plate.
FALL DATA
PRINT ELEM
8.10 52 — HYPOELASTIC — UBEAM Nonlinear beam
bending.
8.11 26 — ERROR ESTIMATE DEACTIVATE — Example of Activate,
ACTIVATE Deactivate and error
estimates.
8.12 10 PRINT,5 WORK HARD AUTO LOAD — Forging of the head of
FINITE CONTACT TIME STEP a bolt.
LARGE DISP REZONE
UPDATE CONTACT CHANGE
REZONING ISOTROPIC
CHANGE
CONNECTIVITY
CHANGE
COORDINATE
CHANGE
END REZONE
AUTO TIME
8.13 10 116 PRINT,5 POST TRANSIENT — Coupled analysis of
FINITE FIXED TEMP DISP CHANGE ring compression.
LARGE DISP FIXED DISP AUTO TIME
UPDATE TEMP EFFECTS
COUPLE WORK HARD
DIST FLUXES
CONTACT
INITIAL TEMP
CONVERT
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.14 7 UPDATE — AUTO LOAD — 3D indentation
FINITE TIME STEP problem
LARGE DISP demonstrating how
PRINT,5 rigid surfaces are
defined.
8.15 11 27 UPDATE CONTACT AUTO LOAD — Double-sided contact
FINITE CONTACT TABLE TIME STEP between deformable
LARGE DISP DEFINE bodies.
PRINT,5 RESTART LAST
8.16 11 UPDATE SPRINGS AUTO LOAD MOTION Formation of a metal
FINITE CONTACT TIME STEP part and the
LARGE DISP WORK HARD RELEASE examination of
PRINT,5 MOTION CHANGE springback.
8.17 7 REZONING CONTACT AUTO LOAD — Metal extrusion
UPDATE RESTART LAST TIME STEP analysis using the
LAFI:g\léTIIDEISP CONTACT option.
lomb friction.
PRINTS Coulomb frictio
8.18 75 SHELL SET,7 CONTACT AUTO LOAD WKSLP Stretch forming of a
LARGE DISP TIME STEP circular sheet.
UPDATE MOTION CHANGE Coulomb friction
FINITE between sheet and
PRINT8 punch
8.19 7 UPDATE CONTACT AUTO LOAD MOTION Three dimensional
FINITE UMOTION TIME STEP indentation rolling of
LARGE DISP elastic-perfectly
PRINT.8 plastic material.
SIZING
8.20 39 SIZING POINT CHARGE STEADY STATE — Point charge in a
ELECTRO FIXED POTENTIAL circular region.
8.21 43 SIZING FIXED POTENTIAL STEADY STATE — Point charge in a
ELECTRO POINT CHARGE circular cylinder.
8.22 39 SIZING\ POINT CURRENT STEADY STATE - Point current in a
MAGNET FIXED POTENTIAL circular region.
8.23 109 MAGNET FIXED POTENTIAL | STEADY STATE — 3D analysis of a
POINT CURRENT magnetic field in a
coil.
8.24 39 MAGNET ISOTROPIC STEADY STATE — 2D nonlinear
FIXED POTENTIAL magnetostatic
POINT CURRENT analysis.
B-H RELATION
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.25 39 ACOUSTIC |  ISOTROPIC DYNAMIC CHANGE — 2D acoustic problem
PRINT,3 demonstrating the
eigenvalue analysis in
a circular cavity with
barrier.
8.26 39 ACOUSTIC ISOTROPIC DYNAMIC CHANGE FORCDT 2D acoustic problem
FIXED PRESSURE demonstrating the
eigenvalue analysis of
a rectangular cavity.
8.27 26 INPUT TAPE FIXED DISP AUTO LOAD — Progressive failure of
ORTHOTROPIC PROPORTIONAL a plate with a hole.
CONTROL
828 |41 103 | ELECTRO | POINT CHARGE STEADY STATE - Linear distribution of
FIXED POTENTIAL dipoles.
829 |41 103 | MAGNET | POINT CHARGE STEADY STATE — Magnetic field around
FIXED POTENTIAL two wires carrying
opposite currents.
8.30 111 EL-MA DIST CURRENT DIST CURRENT — Harmonic
HARMONIC FIXED POTENTIAL HARMONIC electromagnetic
PRINT, 3 POINT CURRENT ana|ysis ofa
waveguide.
8.31 112 EL-MA FIXED POTENTIAL | DYNAMIC CHANGE — Transient
PRINT, 3 POTENTIAL electromagnetic
CHANGE analysis around a
conducting sphere.
8.32 113 EL-MA FIXED POTENTIAL | DIST CURRENT — Calculate the
HARMONIC HARMONIC resonance in a cavity.
8.33 111 EL-MA FIXED POTENTIAL | POINT CURRENT — Steady state analysis
HARMONIC CURRENT of an infinitely long
HARMONIC harmonic and
transient analysis.
8.34 28 PORE solL DIST LOADS - Drained triaxial test
UPDATE INITIAL PC TIME STEP on normally
INITIAL STRESS AUTO LOAD
DIST LOADS
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.35 32 PORE SOIL DIST LOADS — Coupled pore-
ISTRESS SOLVER TIME STEP pressure calculation
INITIAL PC AUTO TIME of stratified soil
INITIAL STRESS CONTROL
INITIAL VOID embankment.
DIST LOADS
DEFINE
8.36 116 PRINT, 5 SPRINGS CONTACT TABLE — Interference fit of two
CONTACT AUTO LOAD cylinders.
DEFINE TIME STEP
8.37 11 PRINT, 8 CONTACT CONTACT TABLE —  |interference fit
SPRINGS AUTO LOAD between sectors of
Demonstrates
symmetry surfaces.
8.38 75 LARGE DISP CONTACT AUTO LOAD — Deep drawing of a box
UPDATE WORK HARD TIME STEP using rigid punch
FINITE CONTACT TABLE described as NURBS.
8.39 5 LARGE DISP CONTACT AUTO INCREMENT — Contact of two beams
POINT LOAD POINT LOAD by a point load.
8.40 11 ADAPT ADAPTIVE — — Adaptive meshing of a
ELASTIC ATTACH NODES disk subjected to point
SURFACE loads.
POINT LOAD
8.41 3 ADAPT ADAPTIVE — — Adaptive meshing of a
ELASTIC ERROR ESTIMATES stress concentration.
8.42 11 ADAPT CONTACT MOTION CHANGE — Double-sided contact
LARGE DISP ATTACH NODE AUTO LOAD analysis with adaptive
FOLLOW FOR SURFACE TIME STEP meshing.
DIST LOADS
8.43 119 LARGE DISP ADAPTIVE AUTO LOAD e Modeling a rubber
FOLLOW FOR MOONEY TIME STEP seal with adaptive
ADAPT CONTACT DISP CHANGE meshing.
8.44 11 UPDATE WORK HARD MOTION CHANGE — Rolling example with
LARGE DISP ADAPTIVE TIME STEP adaptive meshing.
FINITE CONTACT AUTO LOAD
ADAPT CONTACT TABLE
8.45 11 EXTENDED CHANGE STATE AUTO LOAD — Use of the SPLINE
INITIAL STATE TIME STEP option for deformable-
SPLINE MOTION CHANGE deformab|e contact.
CONTACT CHANGE STATE
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition |History Definition | Subroutines | Problem Description
8.46 3 EXTENDED CONTACT AUTO LOAD — Use of EXCLUDE
DIST LOADS EXCLUDE DISP CHANGE option for
FIXED DISP DIST LOADS contact analysis.
8.47 3 | DIST LOADS DIST LOADS " AUTO LOAD — Simulation of contact
FIXED DISP DIST LOADS with stick-slip friction.
SPRINGS TIME STEP
CONTACT
8.48 3 LARGE DISP FIXED DISP AUTO LOAD — Simulation of
DIST LOADS SOLVER DISP CHANGE deformable-
SPRINGS DIST LOADS deformable contact
GEOMETRY TIME STEP with stick-slip friction.
8.49 80 DIST LOADS  CONTACT AUTO LOAD — Rolling of a
LARGE DISP MOONEY MOTION CHANGE Compressed rubber
TIME STEP bushing with
stick-slip friction.
8.50 10 UPDATE GEOMETRY AUTO LOAD — Compression test of
FINITE WORK HARD MOTION CHANGE cylinder with
LARGE DISP TIME STEP stick-slip friction.
8.51 139 75 FINITE CONTACT AUTO LOAD — Modeling of a spring.
LARGE DISP | CONTACT TABLE | MOTION CHANGE
UPDATE FIXED DISP TIME STEP
SHELL SECT WORK HARD
GEOMETRY
8.52 75 FINITE GEOMETRY |  AUTOLOAD - Deep drawing of a
LARGE DISP CONTACT DISP CHANGE sheet.
UPDATE CONTACT TABLE TIME STEP
SHELL SECT WORK HARD
8.53 75 49 | DISTLOADS |  DIST LOADS AUTO LOAD — Shell-shell contact
LARGE DISP GEOMETRY DIST LOADS and separation.
SHELL SECT FIXED DISP DISP CHANGE
TIME STEP
854 |75 | LARGE DISP | CONTACT AUTO LOAD — Self contact of a
SHELL SECT FIXED DISP DISP CHANGE shell structure.
UPDATE TIME STEP
8.55 75 FINITE CONTACT AUTO LEAD — | Deep drawing of
LARGE DISP POINT LOAD POINT LOAD copper sheet
UPDATE WORK HARD TIME STEP (velocity and load
SHELL SECT controlled dies.
8.56 10 FINITE  CONTACT |  AUTOLOAD — 2D contact problem
LARGE DISP WORK HARD DISP CHANGE (load and velocity
UPDATE TIME STEP controlled dies).
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Table 8-1 Recent Analysis Capabilities in MARC (Continued)
Problem | Element User
Number Type(s) | Parameters | Model Definition | History Definition | Subroutines | Problem Description
8.57 75 138 ADAPTIVE ADAPTIVE — — The adaptive
139 140 ELASTIC POINT LOAD capability with
SHELL SECT shell elements.
8.58 75 ADAPTIVE GEOMETRY — — Adaptive meshing in
ELASTIC DIST LOADS mu|t|p|e connected
SHELL SECT ADAPTIVE shell structures.
8.59 Not Available
at this Time.
8.60 11 PLASTICITY CONTACT AUTO LOAD — Simulation of
WORD HARD MOTION CHANGE sheet bending.
FIXED DISP TIME STEP
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8.1 Plate with Circular Hole using Substructures

In this problem, the substructuring capability is demonstrated to solve an elastic problem of a
square plate with a circular hole (see Figure 8.1-1). This example demonstrates the three
aspects of using substructures:

1. Generate superelement
2. Combine superelements, obtaining results for external nodes

3. Obtain solution within the substructure.

Element
Element type 26 is an 8-node plane stress quadrilateral.

Model
Due to symmetry, only one quarter of the specimen is modeled. Because of symmetry about a
45° line, this quarter plate is modeled using two identical substructures.

Geometry
A unit thickness is used.

Boundary Conditions

Boundary conditions are used to enforce symmetry about the x-axis. When the 1,1 superelement
is mirrored about the 45° line, this boundary condition will effectively be about the y-axis.

Material Properties

The material is elastic. Values for Young’s modulus, Poisson’s ratio are 30x10° psi and
0.3, respectively.

DIST LOADS

A uniform pressure of 0 psi is applied to substructure 1,1. A uniform pressure of -1 psi is
applied to substructure 1,2.

Substructure Procedure
In the first part of the first analysis, superelement level 1 number 1 is formed. On the SUBSTRUC
parameter, it is requested that the substructure database be written to unit 31. Unit 16 is used to
write the stiffness matrix. The NEWDB parameter indicates this is the first superelement created
and, hence, the data base should be initialized. The SUBSTRUCTURE model definition option
indicates which nodes are the external nodes. There are 11 external nodes.
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In the second part of the first analysis, substructure level 1 number 1 is copied to substructure
level 1 number 2. This is performed using the SUBSTRUC parameter. This new substructure is
placed on unit 17. This substructure is given a different load factor than the previous one. When
using substructures, the load can be modified using the AUTO LOAD option or the
PROPORTIONAL increment option.

While forming substructures, multiple substructure formations can be performed during the same
run. This is achieved by putting the MARC input “decks” back-to-back to create one large input.

In the second analysis, the two previous superelements are combined and the solution obtained
for the external degrees-of-freedom. The SUPER parameter is used to indicate that superelements
are used in this analysis. It also indicates the maximum number of nodes and degrees-of-freedom
associated with a superelement. The SUPERINPUT model definition option is used to enter a
correspondence table between previously defined external nodes and the nodes used in this
analysis. In this problem, the externals lie along the 45° diagonal (see Figure 8.1-2). As there are
no normal elements, there are no stresses or strains calculated here. A restart file is written. In
addition, the calculated displacements are written back to the database.

User subroutine SSTRAN is used to reflect substructure level 1 number 2 by 90°. In the third
analysis, the displacements calculated at the external nodes are used to calculate the internal degrees
of freedom, the strains and the stresses. This is performed using the BACKTOSUBS option.

If desired, after the results are obtained in the subelement, plots could be obtained. In addition,
if the POST option was used, the results would have been written for both substructures.

Parameters, Options, and Subroutines Summary

Example e8x1la.dat:

Plate with Circular Hole using Substructures

8.1-2

Parameters Model Definition Options History Definition Options
ELASTIC CONNECTIVITY CONTINUE

ELEMENT COORDINATE DIST LOADS

END DIST LOADS

MESH PLOT END OPTION

NEWDB FIXED DISP

SIZING GEOMETRY

SUBSTRUCTURE ISOTROPIC

TITLE SUBSTRUCTURE
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Example e8x1b.dat:
Parameters Model Definition Options
END END OPTION
PRINT RESTART
SIZING SUPERINPUT
SUPER ELEMENT
TITLE

User subroutine in u8x1.f;
SSTRAN
Example e8x1c.dat:

Parameters Model Definition Options History Definition Options
END END OPTION BACKTOSUBS

MESH PLOT RESTART CONTINUE

PRINT SUPERINPUT

SIZING

SUPER ELEMENT

TITLE
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AA
MaRc

Figure 8.1-1 Hole in Plate
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Plate with Circular Hole using Substructures

; 41

Figure 8.1-2  Substructure 1,1
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8.2 Double-Edge Notch Specimen using Substructures

In this problem, the J-integral is evaluated for an elastic-plastic double-edge notch specimen
under axial tension. The use of substructures for a nonlinear problem is demonstrated. Two
different paths are used for the J-integral evaluation. The variation in the value of J between the
two paths indicates the accuracy of the solution. This problem is identical to problem 3.8 with
the exception that substructures are used. Substructures can be used in a nonlinear analysis as
long as the area that is in the superelement remains linear elastic.

Element
Element type 27 is an eight-node plane strain quadrilateral.

Model

The full double-edge specimen with loading is shown in Figure 8.2-1. Due to symmetry, only
one-quarter on the specimen is modeled. Figure 8.2-2 shows the mesh with 32 elements and
107 nodes.

Geometry
The option is not required for this element as a unit thickness is considered.

Boundary Conditions
Boundary conditions are used to enforce symmetry about the x- and y-axes.

Material Properties

The material is elastic-plastic with strain hardening. Values for Young’s modulus, Poisson’s
ratio and yield stress used here are 30 x 10° psi, 0.3, and 50 x 10? psi, respectively.

Workhard

User subroutine WKSLP is used to input the workhardening slope. The workhardening curve is
shown in Figure 8.2-5.

- - - 0.2
o(e") = o,(1+E€"/c,)

- -0.8
a—_‘i = 02xE(1+Ee"/o,)

o€

J-Integral

The J-integral is evaluated numerically by moving nodes within a certain ring of elements around
the crack tip and measuring the change in strain energy. (This node movement represents a
differential crack advance.) This mesh has two obvious “rings” of elements around the crack tip,
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so that two evaluations of J are provided. A differential movement of 1072 is used in all three
evaluations. In problem 3.8, three paths were used. Because of the use of substructures, only two
paths are possible at the highest level.

Loading

An initial uniform pressure of 100 psi is applied using the DIST LOAD option. The SCALE
parameter is used to raise this pressure to a magnitude such that the highest stressed element
(element 20 here) is at first yield. The pressure is scaled to 3,047 psi. The pressure is then
incremented for five steps until the final pressure is 3,308 psi.

Substructure Technique

In performing a nonlinear analysis using substructures, it is important that the area included in the
substructure remains elastic. In this analysis, the portion of Figure 8.2-2 that is cross-hatched is
considered one substructure. Figure 8.2-2 and Figure 8.2-4 show the elements in the substructure
and the highest level, respectively. It is far enough removed from the crack tip that plasticity is
unlikely to occur there.

In the first part of the analysis, the superelement is created. It is written to the direct access
database on unit 31. In this problem, no auxiliary sequential file is used. The SUBSTRUCTURE
model definition option lists those nodes which are external. There are 17 external nodes along
the thick line as shown. The distributed load is applied to the superelement. This is incremented
in the second part. In the second part, the previously generated substructure is combined with
the 16 elements nearest to the crack tip. The SUPER parameter indicates that file 31 is to be
used; the number of super elements is 1 and there are 17 externals with two degrees of freedom.
The SUPERINPUT model definition gives a correspondence table between the external node
numbers and the node numbers used in this analysis. In this analysis, they are the same. After
the END option is the load incrementation data. AUTO LOAD and/or PROPORTIONAL INC options
can be used to modify loads in the SUBSTRUCTURE.

Results

MARC provides an output of the strain energy differences. This must be normalized by the
crack opening area to obtain the value of J. Since this specimen is of unit thickness, the crack
opening area is 31, where 341 is the differential crack motion. The mesh uses symmetry about
the crack line, so that the strain energy change in the actual specimen is twice that printed out.
These results are summarized in Table 8.2-1. It is clear that these results do demonstrate the
path independence for the J-integral evaluation. Because of the use of substructures, this
analysis was executed in 66% the time of problem 3.8. If the J-integrals are not evaluated, the
run time is 50%. This shows the advantage of using substructures for locally nonlinear analysis.
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Table 8.2-1 J-Integral Evaluation Results

Move Tip Move First Ring
Only of Elements
Strain Energy Change for increment 0 (Au) 6.23 x 1072 6.212 x 1072
J-Integral (Z—AB) 12.46 12.424
Al
Strain Energy Change for increment 1 (Au) 6.869 x 1072 6.849 x 1072
J-Integral (%ﬂ) 13.738 13.698
Al
Strain Energy Change for increment 2 (Au) 7.539 x 1072 7.517 x 1072
J-Integral (&) 15.078 15.034
Al
Strain Energy Change for increment 3 (Au) 8.241 x 1072 8.217 x 1072
J-Integral (&) 16.482 16.434
Al
Strain Energy Change for increment 4 (Au) 8.974 x 1072 8.948 x 1072
J-Integral (2—Al-l) 17.948 17.896
Al
Strain Energy Change for increment 5 (Au) 9.738 x 1072 9.711 x 1072
19.476 19.422

2Au
J-Integral (—A-l—)
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Parameters, Options, and Subroutines Summary

Example e8x2.dat:
Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END COORDINATE BOUNDARY CHANGE
NEWDB DIST LOADS CONTINUE
SIZING END OPTION PROPORTIONAL INCREMENT
SUBSTRUCTURE FIXED DISP
TITLE ISOTROPIC
o = 100 psi
x
3
10" 10"—p
E =30 x 10° psi
v=0.3
< 40" g
A

VY Y Y Y YV Y

6 =100 psi

Figure 8.2-1  Double-Edge Notch Specimen
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AN
SMarc

Figure 8.2-2  Mesh for Double-Edge Notch Specimen Cross-Hatched Area Indicates Substructures

Volume E: Demonstration Problems K7 8.2-5



wl " 8 Advanced Topics Double-Edge Notch Specimen using Substructures

A
EMare

10

11

13 15

12

Figure 8.2-3  (A) Elements in Substructure 1-1
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AN
CMARC

g7 o101 5103 o 107
4 100 4 106
596 499 5102 4105
4 98 4 104
o 44 47 552 & 55
48 4 56
545 449 593 4 57
4 50 4 58
546 & 51 594 & 59
Y
X

Figure 8.2-3  (B) Nodes in Substructure 1-1
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AA
CMARC

Figure 8.2-4  (A) Elements at Highest Level
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KMare

Figure 8.2-4  (B) Nodes at Highest Level
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Figure 8.2-5 Workhardening Slopes
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8.3 End-Plate-Aperture Breakaway

This example illustrates the use of substructures in an elastic contact problem. All of the elastic
region is combined into one substructure. The gap elements which are inherently nonlinear are
included in the highest level. This problem is identical to problem 7.2 with the exception that
substructures are used.

This example illustrates the use of the gap and friction link, element type 12. This element
allows surface friction effects to be modeled. This example is a simple model of a manhole
cover in a pressure vessel. The axisymmetric mesh is shown in Figure 8.3-1. The objective of
this analysis is to establish the response of the bolted joint between the manhole cover
(elements 1-12) and the vessel (elements 13-27). The elements are combined into substructure
level 1,1. The first bolts are tightened, and then the main vessel expands radially (as might
occur due to thermal or internal pressure effects). You should be aware that this problem is
presented only as a demonstration. The mesh is too coarse for accurate results.

Elements

Element 12 is a friction and gap element. It is based on the imposition of a gap closure constraint

and/or a frictional constraint via Lagrange multipliers. The element has four nodes: nodes 1 and

4 are the end nodes of the link and each has two degrees of freedom (u, v,) in the global coordinate

direction; node 2 gives the gap direction cosines (ny, n,) and has ¥, the force in the gap direction,

as its one degree of freedom; node 3 gives the friction direction cosines (t; , t, ) and has v,, the
X y

frictional shear forces, and p, the net frictional slip, as its two degrees of freedom.

Model

Twenty-seven type 10 elements are used for the two discrete structures: the end cap and the
aperture. These are then joined by four type 12 elements. There are 54 nodes.

Substructure Strategy

A substructure consisting of all of the axisymmetric elements is formed. The external nodes are
those where the bolt load is applied (4,5,32,32), where the gap interfaces with the end cap and
aperture (15 to 18 and 22 to 25) and where the radial load is applied (43 to 46). This is
performed in the first part of the analysis.

In the second part of the analysis, the previously generated superelement is combined with the
four gap elements.
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Loading

The load history consists of applying bolt loads (that is, tightening down the bolts), then pulling
out the outer perimeter of the main vessel model. Bolt loads are modeled here as point loads
applied in opposite directions (self-equilibrating) on node pairs 4 and 32, 5 and 33. Since there
is a possibility of gaps developing between the facing surfaces of the cover and vessel, the bolt
load is initially applied as a small magnitude, then incremented up to the total value of 2000 Ibs
per bolt ring. This usually requires two runs of the problem: an initial run with a “small” load
to see the pattern developing, from which some judgment can be made about the load steps
which can be used to apply the total bolt force. In this actual run, the full bolt loads are applied
in one increment.

The radial expansion of the main vessel is modeled as point loads on the outside circumference
nodes (43 to 46). As there are no elements when performing the analysis, point loads rather than
distributed loads are applied. Again, the purpose of the analysis is to watch the development of
slippage between the main vessel and the cover plate, and the analyst cannot easily estimate the
appropriate load increments to apply to model this nonlinearity. For this purpose, the RESTART
option can be used effectively. A restart is written at the point where full bolt load is applied,
and then a trial increment of pull-out force is applied. Based on the response to this (in the
friction links), a reasonable size for the sequence of loading increments can be determined. This
procedure is frequently necessary in such problems. For brevity, this example shows only the
final load sequence obtained as a result of such trials.

Boundary Conditions

The nodes on the axis of symmetry are constrained radially, and the rigid body mode in the
axial direction is suppressed at node 46.

Gap Data

In this example, a small negative closure distance of -.001 is given for the gaps. This indicates that
the gaps are closed initially allowing an interference fit solution is to be obtained in increment 0.
The coefficient of friction, p, is input as 0.8.

Results

The results of the analysis are shown in Figure 8.3-2 through Figure 8.3-4. First of all, it is
observed in Figure 8.3-2 that the link elements never go into tension.

In this case, the initial bolt load is carried quite uniformly (A in Figure 8.3-2), but as the pull-out
increases, the inner two links take more of the stress and the outer link (element 31) sheds stress.
The shear stress development is followed in Figure 8.3-3 — initially (bolt load only), all shear

stresses are essentially zero. The two outer links slip first, but then the additional forces required
to resist the pull develop in the inner two elements until the shear stress pattern follows the normal
stress pattern, when the shear in the pair of links also slip (1 = po). Figure 8.3-4 shows a plot of
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the radial displacement of the outer perimeter against the pull-out force — notice the small loss of
stiffness caused by slip developing, as the vessel model has to resist the extra force along without
any further force transfer to the cover.

Convergence

Because the only ‘nodes’ in this structure are external nodes during the analysis phase, a
different convergence path is followed than in problem 7.2. Displacement testing is
automatically invoked by MARC. The gap forces at any increment are within one percent of
those calculated in 7.2.

Computational Costs

Because of the use of substructures, this analysis was performed in 30% of the time of problem
7.2, which is a considerable computational savings.

Parameters, Options, and Subroutines Summary

Example e8x3.dat:
Parameters Model Definition Options History Definition Options
ELEMENT CONNECTIVITY AUTO LOAD
END COORDINATE BACKTOSUBS
NEWDB END OPTION CONTINUE
SIZING FIXED DISP CONTROL
SUBSTRUCTURE ISOTROPIC POINT LOAD
TITLE SUBSTRUCTURE
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Bolt Loads

Bolt Loads

Gap/Friction Elements

Figure 8.3-1 Geometry and Mesh of End Plate-Aperture
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prob e7.2 special topics emt 10 & 12 — gap-friction xMARc
Normal Force 1b x 1000
1.885 ——

L

| |
—
/:///%’1:
L
//

V
P

g

\&\H_\W__ | %
\\S\
\9\
0.000 \eﬁw—
0 9
increment

Node 51 +—+—+Node 49 #—x—xNode 47

e_e_eNOde 53

Figure 8.3-2  Transient Normal Force in Bolts
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prob 7.2 special topics emt 10 & 12 — gap-friction xMAFlC
Shear Force 1b x 1000
0000 2 —
v \ /"/e-‘_ﬂ
N O\ ]
NN \ /49’/
L
\ \%\\\ \\ \\\Y’-" /e// ’w’f—x——“ h_____*_w
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N
\\
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N
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0 9
increment
Node 52 +—+—+Node 50 #*—x——kNode 48

s—a—eNode 54

Figure 8.3-3  Transient Shear Force in Bolt
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prob e7.2 special topics emt 10 & 12 — gap-friction Node 46 xMARC
Displacements y (x10e-5)
1.944
//
0076 p
0 9

increment

Figure 8.3-4  Radial Displacement at Outside Top (Node 46)
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8.4 Collapse of a Notched Concrete Beam

A quasi static collapse analysis is carried out for a notched concrete beam. This analysis
demonstrates the use of the cracking option for plane stress elements. An elastic tension
softening material has been used in this analysis and the results obtained have been compared
with experimental data (1).

Element
Element type 26 is an eight-node quadrilateral plane stress element with a nine point
integration scheme.

Model

This notched beam (dimensions and element mesh in Figure 8.4-3) has been divided in 26
elements with a refinement near the notch. The beam is supported at its ends and loaded by a
force applied just above the notch.

Tying
Tying type 32 is used to ensure a consistent displacement behavior near the mesh refinement.
With this tying, the interior nodes of the elements of the refined side are coupled to the three
retained nodes of the element on the coarse side. Eight tying equations of this type are needed.

Tying type 2 is needed to ensure equal displacements in the y-direction of the three nodes of
the element above the notch on which the loads have to be applied.

Boundary Conditions

Simply supported and sliding conditions have been prescribed at the left and right bottom
corners, respectively. At the midnode of the element above the notch, displacement increment
in negative y-direction is prescribed. In the analysis, initially two displacement increments of
-0.5 mm have been applied. With proportional increment, the displacement is scaled to

0.002 mm and 30 increments of this size have been applied.

Isotropic

An elastic isotropic material with Young’s modulus E = 30000 N/mm? and a Poisson’s ratio
v = 0.2 has been specified through the ISOTROPIC option. In addition, the cracking flag is
turned on for material id 1.

Crack Data

In this block, the cracking data needs to be specified for each material group. The critical
cracking stress is set to 3.33 N/mm?. A linear tension softening behavior has been specified
with a softening modulus E, = 1790 N/mm? and is assumed to be independent of the element
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size. The choice of a value of the tension softening modulus can be related to on the fracture
energy G;. Assuming that the micro-cracks are uniformly distributed over the specimen length

1, the fracture energy is related to G; = ls_"()‘decr , which results for a linear tension softening

behavior in G; = zlsccsu . For this particular analysis, it can be assumed that cracking only
occurs in the elements just above the notch with a width h and in the energy expression, G; can

be expressed by G; = %hcceu . It is clear, that depending on the width of the notch, the value

€, needs to be adapted and the tension softening modulus E, = ¢./¢, needs to be a function of
the width of the notch.

The critical crushing strain is not set, and default a high value 10!! is used (crushing occurs at
a critical value of the plastic strain and since no plasticity is allowed in the analysis, crushing
does not occur). The shear retention factor is set to zero; hence, no shear stiffness is present at
an integration point once a crack occurs.

Control

A maximum number of 32 loadsteps have been specified. In each step, maximal 5 iterations are
allowed. The default full Newton-Raphson iterative technique has been used with tolerance
checking on the residual forces (10% of the maximum reaction force).

Results

In increment 1, the first cracks initiate in the element just above the notch. At this increment, three
recycles are needed to reach convergence. In the subsequent increments, no new cracks initiate
and no recycles are needed. In increment 7, new cracks initiate with recycling followed by a
number of steps with only back substitution. In subsequent increments, new cracks occur in
increment 14, 20, 27 and 29. Cracks occur only in the elements above the notch (width 40 mm).
The assumption needed in the choice of the tension softening modulus was correct. The
calculated load-deflection curve is shown in Figure 8.4-5 and is compared with the experimental
result (1). It is seen that the experimental result is overestimated. The reason for this overly stiff
behavior can probably be found in the choice of the linear tension softening behavior.

Reference

1. Petersen, P. E., “Crack growth and development of fracture zones in plain concrete and
similar materials,” Report TVM-1006, Lund Institute of Technology, Lund, Sweden, 1981.
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Parameters, Options, and Subroutines Summary

Example e8x4.dat:

Parameters
ELEMENT
END

PRINT
SIZING
TITLE

Volume E: Demonstration Problems K7

Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
TYING

Collapse of a Notched Concrete Beam

History Definition Options
AUTO LOAD
CONTINUE

PROPORTIONAL INCREMENT
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Lmarc

Figure 8.4-1 Geometry and Element Mesh
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Collapse of a Notched Concrete Beam

11 12 14 21 22
9 10 13 19 20
7 8 17 18
5 6 15 16

Figure 8.4-2

Element Numbering Detail of Mesh
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EMARe
79 584 93
78 92
27 91
76 90
75 582 89
74 88
73 81 87
72 86
71 &80 4 85

Figure 8.4-3 Node Numbering Detail of Mesh
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(o]
A E = 30.000 N/mm?
v = 0.2
c° c 2
Es G = 3.33 N/mm

p  Es=1790.0 N/mm?

Figure 8.4-4  Material Properties
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Figure 8.4-5 Comparison of Calculated and Experimental Load Deflection Curve Notched Beam Test
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8.5 Cracking Behavior of a One-way Reinforced Concrete
Slab using Shell Elements

This example demonstrates the analysis of a one-way reinforced concrete slab, which was
tested by Jain and Kennedy [1] and material data for this problem can be found [2]. The slab is
line supported at its ends (Figure 8.5-1) and loaded by a line load. The elastic cracking behavior
with tension softening of the concrete and the elastic-plastic behavior of the steel reinforcement
is demonstrated.

Element
Element type 75 is a 4-node thick shell element with six global degrees of freedom at each node.

Model

The slab, with dimensions shown in Figure 8.5-1, is divided into six shell elements. In these
shell elements, integration of the material properties over the thickness is performed using nine
layers; one layer represents the (smeared) steel reinforcement, while the other eight layers
represent the concrete behavior. The mesh (Figure 8.5-2) is generated using the CONN GENER
and NODE FILL option. Only one-half of the plate is modeled.

Material Properties
The concrete material is defined using the ISOTROPIC and the CRACK DATA options. First the
ISOTROPIC option is defined to have a material ID of 1, and the cracking option is flagged. The
properties are Young’s modulus of 28960 N/mm?, Poisson’s ratio of 0.2 and initial yield stress
of 31.6 N/mm?. The CRACK DATA option indicates that the concrete has a ultimate stress of 2N/
mm? and a shear retention of 0.5. In the first analysis, no tension softening is specified. In the
second analysis, a tension softening of 3620 N/mm? is specified.

The steel reinforcement is modeled as a uniaxial material in a single layer of the shell element.
This is done using the ORTHOTROPIC option, specifying an E,, = 20,000 N/mm? and

E,, =E,, = 0.01 N/mm?. The associated shear moduli are G,, = 10,000 N/mm? and

G,, =G, = G,, = 0.005 N/mm?. The steel has an initial yield stress of 221 N/mm?>.

COMPOSITE

The COMPOSITE option is used to indicate that there are nine layers of materials. The first six
are of equal thickness of 5.166 mm each and are composed of material 1 (concrete). The
seventh layer is the very thin steel layer, thickness of 0.272 mm and material ID = 2. Finally,
layers 8 and 9 are concrete with a thickness of 3.364 mm.
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Boundary Conditions

Symmetry conditions are specified on node 1 and 2 of the element mesh. On the line Y =0, Z = 0,
no translation in y-direction is allowed, and at nodes 13 and 14, a sliding support (no displacement
in z-direction) is prescribed.

Control

On the control block, a maximum of 25 load steps is specified with a maximum of seven
recycles per load increment. The default Newton-Raphson iterative procedure with testing on
the relative residual forces (tolerance 10%) is used. The solution of nonpositive definite
systems is forced by the PRINT,3 option.

Loading

On node 9 and 10, a point load with magnitude -1500 in z-direction is applied. This is the
estimated maximum value of the collapse load. Via the AUTO INCREMENT option, the
automatic load stepping procedure, using Riks algorithm, starts with 10% of the total load and
a desired number of three recycles (must be smaller than the maximum number specified on
the CONTROL block). The maximum numbers of steps in this load incrementation set is 20 and
the maximum step size is 10% of the load.

Results

The calculated load center-deflection response is shown in Figure 8.5-4 for the run with and
without tension softening. Without tension softening, an unstable behavior, present in the
response, is caused by the loss of stiffness between reinforcement and concrete once a crack
occurs. With tension softening, some artificial interaction is introduced and usually results in a
more stable solution procedure. In the run with tension softening, fewer recycles are needed to
reach convergence. Compared with the experimental result [1], [2], the effect of tension
softening is clearly indicated. Best agreement is obtained with tension softening.

References

1. Jain, S.C. and Kennedy, J.B., “Yield criterion for reinforced concrete slabs,” J. Struct.
Div., Am. Soc. Civ. Engrs.,100,513, March 1974, pp. 631-644

2. Cirisfield, M.A.“Variable step lengths for non-linear structural analysis,” Report 1049,
Transport and Road Research Lab., Crowthorne, England, 1982.
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w 8 Advanced Topics

Parameters, Options, and Subroutines Summary
Example e8x5a.dat:

Parameters

ELEMENT
END
PRINT
SIZING
TITLE

Example e8x5b.dat:

Parameters
ELEMENT
END

PRINT
SIZING
TITLE
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Model Definition Options

COMPOSITE
CONN GENER
CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
END OPTION
FIXED DISP
ISOTROPIC
NODE FILL
ORIENTATION
ORTHOTROPIC
POST

PRINT CHOICE
RESTART

Model Definition Options

COMPOSITE
CONN GENER
CONNECTIVITY
CONTROL
COORDINATE
CRACK DATA
END OPTION
FIXED DISP
ISOTROPIC
NODE FILL
ORIENTATION
ORTHOTROPIC
POST

PRINT CHOICE
RESTART

History Definition Options
AUTO INCREMENT
CONTINUE

POINT LOAD

History Definition Options
AUTO INCREMENT
CONTINUE

POINT LOAD
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Figure 8.5-1

8.5-4

Geometry of One-Way Reinforced Slab
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Figure 8.5-2 Element Mesh with Node Numbering
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Figure 8.5-4  Load-Deflection Relationship for One-Way Reinforced Slab
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8.6 Cracking Behavior of a One-way Reinforced
Concrete Slab

This example is the same type of analysis as described in problem 8.5 (Figure 8.6-1). Instead
of shell elements, however, continuum plane strain elements and rebar elements have been
used, which is allowed since the problem is essentially two-dimensional. For the concrete, an
elastic-cracking behavior with tension softening and shear retention is specified. In the rebar
elements, an elastic-plastic behavior is possible.

Element

Element type 27 is an eight-node plane quadrilateral strain element with two degrees of
freedom per node is used to model the concrete. This element is preferred over element 11
(four-node plane strain) since considerable shear is present in the beam. Element type 46 is an
eight-node plane strain rebar element compatible with element 27 and is used to specify the
reinforcement (Figure 8.6-2).

Model

The concrete is modeled with 10 plane strain elements (Figure 8.6-3 and Figure 8.6-4). At least two
elements over the thickness are needed for accurate analysis of the bending of the beam. In each
clement, nine integration points are present, resulting in a six-point integration scheme over the
thickness. Over the concrete elements below the neutral line (1 to 5), an overlay of rebar
elements is used (elements 11 to 15). The position, thickness, and orientation of the
reinforcement layers in this element needs to be specified via user subroutine REBAR.

The mesh is generated using the CONN GENER and NODE FILL option.

Material Properties
The elastic properties of the concrete (material identification number 1) is taken as:

Young’s modulus E = 28,960 N/mm?
Poisson’s ratio v=0.3

The cracking flag is turned on for material number 1.

The following properties for the steel reinforcement (material identification number 2) is taken:

Young’s modulus E = 200,000 N/mm?
Poisson’s ratio v=0.2
Yield stress 6,= 221 N/mm?
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Crack Data

Only one set of cracking data needs to be specified since cracking is only possible in the concrete
elements (specified via the ISOTROPIC option). The following values have been taken:

Critical cracking stress 6. =2 N/mm?
Tension softening modulus E = 3620 N/mm?
Shear retention factor 0.5

Boundary Conditions
Symmetry conditions are specified for nodes 1 to 5 and a sliding condition for node 41.

Control

On the CONTROL option, a maximum of 25 load steps is specified with a maximum of seven
recycles per load increment. The default Newton-Raphson iterative procedure with testing on
the relative residual forces (tolerance 10%) is used. The solution of nonpositive definite
systems is forced by the PRINT,3 option.

Loading

On node 29, a point load with magnitude -1500 in y-direction is applied. This is the estimated
maximum value of the collapse load. Via the AUTO INCREMENT option, the automatic load
stepping algorithm, using the Riks algorithm, starts with 10% of the total load and a desired
number of three recycles (must be smaller than the maximum number specified in the
CONTROL option). The maximum numbers of steps in this load incrementation set is 20 and the
maximum step size is 10% of the load.

Results

The calculated load-deflection response is shown in Figure 8.6-6 and compared with the
experimental result. Compared with the results of tension softening using shell elements
(problem 8.5), a nearly identical load-deflection curve is obtained. In the run with shell
elements, no shear retention factor is used but sufficient shear stiffness is present even if large
scale cracking occurs. In the run with plane strain elements, the absence of shear retention
(meaning there is no shear stiffness if a crack occurs) results in an unstable behavior and very
poor convergence. With shear retention, a stable behavior is obtained. The shear retention
factor can be specified as a function of the crack length via user subroutine UCRACK.
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Parameters, Options, and Subroutines Summary

Example e8x6.dat:

Parameters Model Definition Options History Definition Options
ELEMENT CONN GENER AUTO INCREMENT
END CONNECTIVITY CONTINUE
PRINT COORDINATES POINT LOAD
TITLE CONTROL

CRACK DATA

END OPTION

FIXED DISP

GEOMETRY

ISOTROPIC

NODE FILL

POST

RESTART

User subroutine in u8x6.f:
REBAR
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Figure 8.6-1  One-Way Reinforced Slab
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Figure 8.6-2 Element Types used in Analysis
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Figure 8.6-3 Node Numbering
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Figure 8.6-4 Element Numbering Concrete Elements
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Figure 8.6-5 Element Numbering Rebar Elements
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Figure 8.6-6  Load/Deflection Relationship for One-Way Reinforced Slab
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8.7 Compression of a Block

This example demonstrates MARC’s capability to perform a large deformation contact problem
which incorporates thermal mechanical coupling. The block is considered an elastic-plastic
deformable material, and both the deformations and temperatures are calculated. The platen is
treated as arigid region and only temperatures are calculated. Gap elements are used to insure that
the contact condition is properly accounted for.

Coupling
There are four sources of coupling in this analysis:

1. As the temperature changes, thermal strains are developed, this is due to nonzero
coefficient of thermal expansion.

2. As the temperature changes, the mechanical properties change because of the
temperature-dependent elasticity.

3. Asthe geometry changes, the heat transfer problem changes.

4. As plastic work is performed, internal heat is generated.

Parameters

The UPDATE, FINITE, and LARGE DISP are included in the parameter section as this is a finite
deformation analysis. The COUPLE option is used to indicate that a couple thermal-mechanical
analysis is being performed.

Mesh Definition

Due to symmetry, only one quarter of the region is modeled. The mesh is shown in Figure 8.7-1.
The deformable block is modeled using Element type 11 (4-node quadrilateral), while the platen
is modeled with Element type 39 (4-node quadrilateral). In a coupled analysis, if the element type
is a displacement element, a coupled (displacement-temperature) formulation will be used. If the
element type is a thermal element, only a heat transfer analysis will be performed in that region;
that is, rigid.

Two gap elements are used between the platen and the block. In a coupled analysis, when the
gap elements are open, there is no load transmitted across the gap and the gap acts as a perfect
insulator. When the gap closes, load is transmitted and the gap acts as a perfect conductor.

Geometry

A unit thickness is used. A ‘1’ is placed in the second field which indicates that the constant
dilatation formulation is used.
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Boundary Conditions

Symmetry displacement boundary conditions are imposed on two surfaces. An applied
displacement is used to model the plate. The intention is to compress the block to 60% of its
original height. The displacement boundary conditions are entered via the FIXED DISP option.
On the outside surface of the platen, the temperature is constrained to 70° by using the FIXED
TEMP option. Because of an ambiguity in type, the BOUNDARY CONDITION option should not
be used in a coupled analysis.

Initial Conditions

The block is given an initial temperature of 300°, and the platen an initial temperature of 70°.

Material Properties

The block is treated as an elastic plastic material with a Young’s modulus of 1. x 10° psi, Poisson’s
ratio of 0.3, mass density of 0.1 Ib/in’, coefficient of thermal expansion of 1.3 x 107 in/in°F and
a yield stress of 50,000 psi. The material is given an initial workhardening slope of 10,000 psi
which reduces to 1000 psi at an equivalent plastic strain of 0.01.

The thermal properties are a conductivity of 21.6 in-1b/in°F and the specific heat of 2147 in-1b/

1b°F. In the platen, no mechanical properties are given as it is rigid. The thermal properties are the

same as the block. In a coupled analysis, the mass density must be entered on the first property.
Gap Data

For the two gap elements, the only property necessary is the closure distance. This is the
original distance between the gap nodes attached to the block and the platen.

Temperature Effects
The elastic modulus is assumed to be a linear function of temperature such that:

E(T)=1x10"-(T-T,)x 1 x 10%
where the reference temperature T, is O°F.

Distributed Flux

This distributed flux block is used to indicate that internal heat is generated due to
plastic deformation.

8.7-2 Volume E: Demonstration Problems K7



w 8 Advanced Topics Compression of a Block

Convert

This option is used to give the conversion factor between the mechanical energy and the
thermal energy.

The internal volumetric flux per unit volume becomes:
f=c.Wp

where W is the plastic strain energy density.

Control Options

The Cuthill-McKee optimizer is used to minimize the bandwidth. A formatted post file
containing only nodal variables is written every ten increments. In a coupled analysis, the nodal
variables are the total displacements, applied forces, reaction forces, temperatures, and applied
flux. The restart file is written each increment. The PRINT CHOICE option is used to minimize
the amount of output.

Two lines are used to enter the control tolerances. These are the default values.

Load Control

This problem is performed with a fixed time step, fixed increment size. This is specified with
a time step of 1 second, and a total of 80 seconds is requested. As no proportional increment is
used, each increment imposes a displacement of 0.2 inches.

In a coupled analysis, if an adaptive time-stepping is required, the AUTO TIME option should
be invoked.

Results

Figure 8.7-2 through Figure 8.7-11 show the contour plots of the equivalent stress and the
temperatures on the deformed body. The body folds over onto the platen at increment 45. The
figures are shown until increment 70. At approximately increment 75 (depends on machine
accuracy), the analysis stops because of very large distortion. A rezoning step should have been
performed in increment 60.

The analysis shows in increment 30 that there is a small rigid region stress below yield under
the platen, which remains for the entire analysis. The highest stress at increment 70 occurs
where the material is folded over and is 10% above yield. This is an indication of the minimal
amount of workhardening in the material. The final highest temperature of 340°F, an increment
of 10°F above initial conditions, is due to the plastic deformation.

The printed results for a coupled analysis give the stress, total strain, plastic strain, thermal
strain, and temperature for each integration point requested. In the platen (rigid region), only
the temperatures are given. The nodal variables printed are the incremental and total
displacements, temperatures, nodal forces and reaction forces.
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Compression of a Block

Parameters, Options, and Subroutines Summary

Example e8x7.dat:

8.7-4

Parameters

COUPLE
ELEMENT
END

FINITE
LARGE DISP
SIZING
TITLE
UPDATE

Model Definition Options
CONNECTIVITY
CONTROL

CONVERT
COORDINATE

DIST FLUXES

END OPTION

FIXED DISP

FIXED TEMPERATURE
GAP DATA

GEOMETRY

INITIAL TEMPERATURE
ISOTROPIC

POST

PRINT CHOICE
RESTART

TEMPERATURE EFFECTS

WORK HARD

History Definition Options
CONTINUE
TRANSIENT
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Figure 8.7-1 Mesh
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INC : 30 o]
SUB : 0 WMARC

TIME : 3.000e+01
FREQ : 0.000e+00

5.500e+04
5.150e+04
4.800e+04
4.450e+04
4.100e+04
3.750e+04
3.400e+04
3.050e+04
2.700e+04
2.350e+04

2.000e+04

compression of block

Equivalent von Mises Stress

Figure 8.7-2  Equivalent Stress, Increment 30
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INC 30
SuB 0
TIME : 3.000e+01
FREQ : 0.000e+00

AA
EMarc

3.500e+02
3.200e+02
2.900e+02
2.600e+02
2.300e+02
2.000e+02
1.700e+02
1.400e+02
1.100e+02
8.000e+01

2.000e+01

compression of block

Temperature

Figure 8.7-3  Temperature, Increment 30
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INC 40 AA
SUB : 0 WMARC

TIME : 4.000e+01
FREQ : 0.000e+00

5.500e+04
5.150e+04

4.800e+04
4.450e+04
4.100e+04
3.750e+04
3.400e+04
3.050e+04
2.700e+04
2.350e+04

2.000e+04

compression of block
Equivalent von Mises Stress

Figure 8.7-4  Equivalent Stress, Increment 40
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INC : 40 A
SUB : 0 WMARC

TIME : 4.000e+01
FREQ: 0.000e+00

3.500e+02

3.200e+02

2.900e+02

2.600e+02

2.300e+02

2.000e+02

1.700e+02

1.400e+02

1.100e+02

8.000e+01

5.000e+01

compression of block

Temperature

Figure 8.7-5  Temperature, Increment 40
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INC : 50 AA
SUB : 0 Marc

TIME : 5.000e+01
FREQ : 0.000e+00

5.500e+04
5.150e+04
4.800e+04
4.450e+04

4.100e+04

3.750e+04

3.400e+04

3.050e+04

2.700e+04

2.350e+04

2.000e+04

compression of block
Equivalent von Mises Stress

Figure 8.7-6  Equivalent Stress, Increment 50
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INC : 50
SuB 0
TIME : 5.000e+01
FREQ : 0.000e+00

Emarc

3.500e+02

3.200e+02

2.900e+02

2.600e+02

2.300e+02

2.000e+02

1.700e+02

1.400e+02

1.100e+02

8.000e+01

5.000e+01

compression of block
Temperature

Figure 8.7-7  Temperature, Increment 50
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INC 60 AA
SUB 0 WMARC

TIME : 6.000e+01
FREQ : 0.000e+00

5.500e+04

5.150e+04

| 4.800e+04

4.450e+04

4.100e+04

3.750e+04

3.400e+04

3.050e+04

2.700e+04

2.350e+04

2.000e+04

compression of block
Equivalent von Mises Stress

Figure 8.7-8  Equivalent Stress, Increment 60
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INC : 60 AA
SUB : 0 w
TIME : 6.000e+01
FREQ: 0.000e+00

MARC

3.500e+02

3.200e+02

2.900e+02

2.450e+02

2.300e+02

2.000e+02

1.700e+02

1.400e+02

1.100e+02

8.000e+01

5.000e+01

compression of block
Temperature

Figure 8.7-9  Temperature, Increment 60

Volume E: Demonstration Problems K7 8.7-13



w 8 Advanced Topics

Compression of a Block

INC

70

SUB 0

TIME : 7.000e+01
FREQ : 0.000e+00

Figure 8.7-10 Equivalent Stress, Increment 70

8.7-14
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compression of block
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INC : 70 AA
SUB : 0 EMmarc

TIME : 7.000e+01
FREQ: 0.000e+00

3.500e+02

3.200e+02

2.900e+02

2.600e+02

2.300e+02

2.000e+02

1.700e+02

1.400e+02

1.100e+02

8.000e+01

5.000e+01

compression of block

Temperature

Figure 8.7-11 Temperature, Increment 70
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INC : 70 AA
SUB : 0 WMARC
TIME : 7.000e+01
FREQ : 0.0006+00

compression of block
Displacements x

Figure 8.7-12 Total Displacement, Increment 70
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8.8 Simply-supported Thick Plate under Uniform Pressure
with Anisotropic Properties

A thick plate, simply-supported around its perimeter, is analyzed with a pressure load normal
to the plate surface. This problem demonstrates the use of various options for the input of
anisotropic properties.

Element

Element type 21 is a 20-node isoparametric brick. There are three displaced degrees of freedom
at each node; eight are corner nodes, 12 midside. Each edge of the brick can be parabolic; a
curve is fitted through the midside node. Numerical integration is accomplished with 27 points
using Gaussian quadrature. See MARC Volume B: Element Library for further details.

Model

Taking advantage of symmetry, only one-quarter of the plate is modeled. One element is used
through the thickness; two in each direction in the plane of the plate. There are 51 nodes for a
total of 153 degrees of freedom. See Figure 8.8-1.

Anisotropic Properties

Material properties in this problem are assumed to be anisotropic. The Young’s moduli,
Poisson’s ratios, and shear moduli are:

E, =30x10°, E, =20x10°, E, =10x10°
vy, =0.3 , vy, =0.25 , v, =0.2
G,,=10x10°, G,,=5x10° , G, =1x10°

The preferred directions of the material are aligned with the global x- ,y-, z-axes, which are also
the basis for the continuum element. Three input options are demonstrated in this example for
the input of anisotropic properties. These options are: model definition block ORTHOTROPIC,
user subroutine HOOKLW, and user subroutine ANELAS.

ORTHOTROPIC (Model Definition Block)

The anisotropic material properties can be directly entered through the model definition block
ORTHOTROPIC. As shown in the input list e8.8A, this data block consists of seven lines. The

keyword ORTHOTROPIC is on line series 1; the number of data sets is 1 on line series 2. On line
series 3, the material identification number is entered as 1; on line series 4, 5, 6, the anisotropic
properties (E,, E,, etc.) are sequentially entered. Finally, an element list (1 to 4) is entered on

line series 7. In this example, the ORTHOTROPIC model definition block is used for entering the
material data. The ORTHOTROPIC block can also be used for entering isotropic properties.
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In such a case, the material constants must be set to the same constant:

E,=E,=E,; v, =vy,=v,elc

yz
HOOKLW (User Subroutine)
The user subroutine HOOKLW allows for the input of stress-strain relation [B] at each
integration point of an element. For MARC element 21 (20-node brick) used in this problem,
the strain-stress relation [B]! is expressed as:

(e, | 1/E,, ~Vy /By vV, /E,, 0 0 0 |[ o]
€y Ve’ Exx 1/Ey -V, /E,, 0 0 0 Oyy

] & | _ Vi Exx —Vy,/Eyy 1/E,, 0 0 0 } O |
Yxy 0 0 0 1/Gyy, 0 0 Oyy
YVyz 0 0 0 0 1/G,, O oy,
Yo 0 0 0 0 0 1/G,|( 0y ]

or {e} = [B]"! {c}.

As shown in the subroutine list HOOKLW, the matrix [B]! is first evaluated directly from the
anisotropic material data (Ey, Ey, E,, Vyy, Vy;, Vx> Gyy» Gy, and G,,) and a MARC matrix inversion
subroutine INVERT is called to invert the strain-stress matrix [B]-'. The stress-strain matrix [B] is
returned to MARC for the evaluation of element stiffness matrix. In order to activate the user
subroutine HOOKLW, the model definition block ORTHOTROPIC must be used to indicate

anisotropic material behavior as well as the use of HOOKLW user subroutine.
ANELAS (User Subroutine)

The user subroutine ANELAS allows for the input of anisotropy-to-isotropy ratios in the stress-strain
relation at an integration point of an element. For MARC element 21 (20-node brick) used in this
problem, the isotropic strain-stress relation is expressed as:

e | |IVE -wE-—E 0 0o o0 ||,
€y -v/E 1/E —v/E 0 0 0 Oyy
€&, _|-VVE -vwVE IVE 0 0 0 c,,
< Y| | 0 0o o0 176G o o ||g,
Yy 0o 0 0 0 1/G 0 ||o,
Y.) | 0 0 0 0o 0 1/G||o,
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or {e} = [E]" {o}

and for anisotropic material as:

(e | | VB, v, /B, Vv, /E, 0 0 o0 |[o,
€y —Vyy/Exx 1/E,, -V, ./E,, 0 0 0 Oyy
R —Vy,/Byxx =Vy,/Eyy 1/E,, 0 0 0 ﬁ Ou |
Yy 0 0 0 1/G, 0 0 ||o,
Yys 0 0 0 0 1/G,, 0 || o,
Vo | 0 0 0 0 0 1/G,|| o,

or {¢} = [B]' {o}.
As shown in the subroutine list ANELAS, the matrices [E]"' and [B]"! are first evaluated from the
isotropic material data (E and v) and anisotropic material data (E,, E, E,, vy, Vy,, V4, Gyy» Gy,
and G,,). Then, the MARC matrix inversion subroutine INVERT is called to obtain the stress-

strain relations [E] and [B] for isotropic and anisotropic properties, respectively. The
anisotropy-to-isotropy ratios to be defined in the subroutine ANELAS are:

DRATS(LJ) = B(LJ)YE1J)

LJ=1,..3
DRATS(L,L) = B(L,L)E(L,L)
L=4,.,6

In order to activate the user subroutine ANELAS, the model definition block ORTHOTROPIC
must be used to indicate anisotropic material behavior. In addition, the isotropic properties
[E,=E,=E,=E; V,,=V,,=V, =v;G,, =G, =G, =E2(1+v)] must also be entered through
ORTHOTROPIC block.

Geometry
No geometry specification is used.

Loading

A uniform pressure of 1.00 psi is applied in the DIST LOADS block. Load type 4 is specified for
uniform pressure on the 6-5-8-7 face of all four elements.

Boundary Conditions

On the symmetry planes, x = 30 and y = 30, in-plane movement is constrained. On the x = 30
plane, u = 0, and on the y = 30 plane, v = 0. On the plate edges, x = 0 and y = O; the plate is
simply supported, w = 0.
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Results

A contour plot of the equivalent stress for all four elements is shown in Figure 8.8-3. A
comparison of the contours (Figure 8.8-3 and Figure 8.8-3) between isotropic and anisotropic
behavior clearly shows the effect of anisotropy on stress distributions.

Parameters, Options, and Subroutines Summary

Example e8x8a.dat:

Parameters
ELEMENT
END
SIZING
TITLE

Example e8x8b.dat:

Parameters
ELEMENT
END
SIZING
TITLE

8.8-4

Model Definition Options
CONNECTIVITY
COORDINATE

DIST LOADS

END OPTION

FIXED DISP
ORTHOTROPIC

Model Definition Options

CONNECTIVITY
COORDINATE
DIST LOADS
END OPTION
FIXED DISP
ORTHOTROPIC
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AA
CMarc

Figure 8.8-1  Thick Plate Mesh
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INC 0 AA
SUB : 0 WMARC

TIME : 0.000e+00
FREQ : 0.000e+00

1.050e+02

9.307e+01

8.116e+01

6.925e+01

5.734e+01

4.543e+01

3.352e+01

2.161e+01

9.697e+00

-2.214e+00

-1.412e+01

prob e8.8a elastic analysis — elmt 21
Equivalent von Mises Stress

Figure 8.8-2  Anisotropic Behavior Stress Contours
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INC : 0 AA
SuUB : 0 w
TIME : 0.000e+00
FREQ: 0.000e+00

MARC

1.029e+02

9.148e+01

8.005e+01

6.863e+01

5.720e+01

4.578e+01

3.435e+01

2.293e+01

1.150e+01

8.019e+02

-1.134e+01

prob €8.8b elastic analysis — elmt 21
Equivalent von Mises Stress

Figure 8.8-3  Isotropic Behavior Stress Contours
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8.9 Failure Criteria Calculation for Plane Stress
Orthotropic Sheet

This problem illustrates the use of the FAIL DATA model definition block to supply data used by

MARC to calculate failure criteria based on the current state of stress in a material. In this

problem, an orthotropic square plate is subjected to a biaxial state of stress. The resulting

program calculated failure criteria is compared with a textbook solution of this problem.
Element

Element type 3, a two-dimensional plane stress quadrilateral is used to model the square plate.
This element is a 4-node isoparametric arbitrary quadrilateral element with two translational
(u,v) degrees-of-freedom at each node. See MARC Volume B: Element Library for a detailed
discussion of this element.

Model

As shown in Figure 8.9-1, a square plate of 4 x 4 m? is subjected to a biaxial state of stress. The
applied stresses are: o, = -3.5 x 10° N/m?; 6, = +7.0 x 10 N/m?; and 1,, = -1.4 x 10® N/m’. The
plate is assumed to be made of an orthotropic material with a preferred direction (LOCAL
1-DIRECTION) of 60 degrees from the global x-axis. Sixteen elements are used to model this
plate. Both the element and the nodal numbers are purposely set to be nonconsecutive. For the
purpose of preventing rigid body motion, roller and hinge supports are prescribed at one side of
the plate. Set names are used for boundary nodes as well as elements in the mesh.
Orthotropic

The orthotropic material properties of the plate are:

E“ = 14.0E9, E22 = E33 = 3.5E9

Vi = 0.4 Vo3 = V31 = 0.0

G12= G23 = G31 = 4.2E9

Orientation

The preferred material direction (LOCAL 1-DIRECTION) of 60 degrees from the global
x-axis, is entered through the PGLOBAL X option.

Fail Data
Five program calculated failure criteria provided in MARC are as follows:
1. maximum stress

2. maximum strain
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3. Hill
4. Tsai-Wu

5. Hoffman

A user-defined criterion is also available through user subroutine UFAIL. The five
preprogrammed criteria are valid only for states of plane stress, while user subroutine UFAIL
can be used for a general 3D state of stress using the FAIL DATA block. You specify on a
material basis your failure data. Up to three failure criteria can be calculated per material.
Failure criterion output appears along with other element output. The failure data is given in
the material principal coordinate system. These are the preferred coordinates in MARC and
are specified by the ORIENTATION block.

Both the maximum stress (MX STRESS) and the Hill (HILL) failure criteria are requested in
this analysis. The maximum stresses used for this criteria are:

MAX. X-TENSILE STRESS = 250.0E6
MAX. ABSOLUTE X-COMPRESSIVE STRESS =0
MAX. Y-TENSILE STRESS = 0.5E6
MAX. ABSOLUTE Y-COMPRESSIVE STRESS = 10.0E6
MAX. ABSOLUTE SHEAR STRESS = 8.0E6

For Hill’s criterion, a default failure index of 1.0 is used.

Fixed Disp

Roller supports (u = 0) are prescribed at nodes 2, 3, 4, 5 (LEFT EXCEPT 1); hinge (u = v =0)
support is prescribed at node 1, for the prevention of rigid body motion.

Point Load

Both the direct (o,,0,) and shear (1,,) stresses are represented by point loads acted at boundary
nodal points. A distribution of the points loads is shown in Figure 8.9-2.

Nodal Thickness

In this problem, the plate thickness is specified in the NODAL THICKNESS block. A thickness
of 1.0 is assumed for all nodal points in the mesh.

Results

In the reference, a solution to this problem is given. These results along with MARC output is
summarized in Table 8.9-1. The comparison is favorable.
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Table 8.9-1 Comparison of Results

Criterion Reference MARC
Max o, 1.26%* 1.3%
Max o, 68.0% 67.5%
Max 1,, 65.6% 65.6%
Hill 89.0% 88.6%

Note: * = 100% means failure occurs

References

Argarwal, B.D., and Broutman, L.J., Analysis and Performance of Fiber Composites, Wiley, 1980.

Parameters, Options, and Subroutines Summary

Example e8x9.dat:

Parameters
ELEMENT
END
SIZING
TITLE
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Model Definition Options

CONNECTIVITY
COORDINATE
DEFINE

END OPTION
FAIL DATA
FIXED DISP
NODAL THICKNESS
ORIENTATION
ORTHOTROPIC
POINT LOAD
POST

PRINT ELEM
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y
oy =7.0 x 10° N/m?
[ [ 1
* —_—I O
Tuy = -1.4 x 10° N/m? -
1 (Local) -
2 (Local)
E < o, =-35x106 N/m?
60°
—_
— X
i 4m >

Figure 8.9-1  Orthotropic Square Plate
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y
42 7.0 70 7.0 28
T T 10 T 15 20 1 .
5 T T - 245
l1.4 1.4 14 14

— — — Jae— 35

—_ — — 4a&a— 35

|
|
|
[
|
|
3 ij ___________ l_ _ _ Je— 35
. | .
|
[
|
|
I
| 1.05
1

Figure 8.9-2 Point Load (x 10%) and Support
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8.10 Beam Element 52 with Nonlinear Elastic
Stress-Strain Relation

As described in MARC Volume B: Element Library, the beam element 52 can be used for
nonlinear elastic material. This problem demonstrates the use of model definition option
HYPOELASTIC and user subroutine UBEAM for the nonlinear elastic behavior of a cantilever
beam, modeled by element type 52, subjected to prescribed tip displacements.

Element

Element type 52 is a straight, Euler-Bernoulli beam in space with three translations and three
rotations as degrees of freedom at each node of the element. The element is defined by nodal
coordinates in global coordinate system and by section properties such as area, bending
stiffnesses, as well as torsional stiffness. See MARC Volume B: Element Library for further detail.

Model

As shown in Figure 8.10-1, the cantilever beam is modeled by five beam elements with a fixed
end at node 1, and prescribed displacements at node 6. The section and material properties are
entered through GEOMETRY and HYPOELASTIC options; however, the user subroutine UBEAM is
used for the description of nonlinear elastic stress-strain relation of the beam. The stress-strain
relation is assumed to be dependent on strain quantities.

Geometry

A beam with a square cross section of length 0.2 inch is modeled. The area of the beam section
is 0.04 in.? and moments of inertia are I, = I, = 0.000133333 in.*.

HYPOELASTIC

The HYPOELASTIC model definition option is used to indicate that all of the elements use this
formulation. User subroutine UBEAM defines the material behavior.

The initial Young’s modulus is 1,000,000 psi and the Poisson’s ratio is 0.2, which are given in
the user subroutine.

FIXED DISP and DISP CHANGE

All degrees of freedom at node 1 are fixed for the simulation of a fixed-end condition. A 0.2
incremental displacement is prescribed at node 6, for degrees of freedom 1, 4, 5, and 6 (axial
displacement and rotations). The same incremental displacements are repeated for increments
1 through 3, using DISP CHANGE history definition option.
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Nonlinear Stress-Strain Relation (User Subroutine UBEAM)
The generalized stress-generalized strain relation for element 52 can be expressed as follows:

F Dy, €
Mx D22 J Kx (EQ 1)
M, D,, K,
T D/l ©

where F, M, M, and T are axial force, bending and twist moments (generalized stress
components); &, K,, K,, and 8 are axial stretch, curvatures and twist (generalized strain
components), respectively.

For the purpose of demonstration, the terms D, Dy, D33, and Dy, in the stress-strain matrix
are assumed to have the following dependence on strains:

D,, = (EA)EXP(-Cle|)

(EA)EXP(-C|K,|)

(EA)EXP(-C|K,|) (EQ2)
D,, = (EA)EXP(-C]|6])

wU NU
w [\S]
Il 1l

In EQ 2, E is the Young’s modulus, A is the area, I, I, are moments of inertia; G = E/2(1+v)

and J = (I, + I,). The constant C is assumed to be 13.8.

The incremental generalized stress-generalized strain relation D(I,I), the incremental generalized

stress DF(I), and the total generalized stress at the end of increment GS(I), I = 1,..., 4, are

respectively computed in the subroutine and returned to MARC for further computations.
Resuits

Table 8.10-1 shows a comparison of MARC results with analytical solution computed from
equations (EQ 1) and (EQ 2). The comparison is excellent.
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Table 8.10-1  Comparison of MARC Results vs. Analytical

Tip F (Ib.) M, (in-Ib.) M, (in-1b.) T (in-Ib.)
Displacements

(in.) MARC | Analytical| MARC | Analytical| MARC | Analytical| MARC | Analytical

0.2 9.21275E2 | 9.2127E2 3.07901EO0 | 3.0709E0 3.07091E0 | 3.0709E0 2.55909E0 | 2.5591E0

0.4 1.06093E3 | 1.0609E2 3.53644E0 | 3.5364E0 3.53644E0 | 3.5364E0 2.94703E0 | 2.9470E0

0.6 9.16324E2 | 9.1632E2 3.05442E0 | 3.0544E0 3.05458E0 | 3.0544E0 2.54533E0 | 2.5453E0

0.8 7.03489E2 | 7.0349E2 2.34496E0 | 2.3450E0 2.34494E0 | 2.3450E0 1.95413E0 | 1.9541E0

Parameters, Options, and Subroutines Summary

Example e8x10.dat:

Parameters
ELEMENT
END
SIZING
TITLE
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Model Definition Options

CONNECTIVITY
CONTROL
COORDINATE
END OPTION
FIXED DISP
GEOMETRY
HYPOELASTIC

CONTINUE
DISP CHANGE

History Definition Options
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n]

Figure 8.10-1

8.10-4

Cantilever Beam with Prescribed Tip Displacement

Volume E: Demonstration Problems K7



w 8 Advanced Topics Element Deactivation/Activation and Error Estimate in the Analysis of a Plate with Hole

8.11 Element Deactivation/Activation and Error Estimate in the
Analysis of a Plate with Hole

The problem of a plate with hole subjected to an in-plane tensile force (problem 2.9) is analyzed
with the options DEACTIVATE, ACTIVATE, and ERROR ESTIMATE. These options allow for the
deactivation or activation of elements during the analysis, and the estimation of errors on stress
continuity and geometric measures (aspect and skew ratios).

During analysis, after the elements are deactivated, they retain the stress state in effect at the time
of deactivation. At a later stage in the analysis, the elements can again be activated with the
ACTIVATE history definition option. Elements which were deactivated before analysis have zero
internal stress upon activation. Elements which were used earlier and deactivated during analysis
have an internal stress which is equal to the state when they were deactivated.

The ERROR ESTIMATE option provides information regarding the error associated with the
finite element discretization. There are two measures. The first evaluates the stress
discontinuity between elements. A large value implies that the stresses gradients are not
accurately represented in the finite element mesh.

The second error measure examines geometric distortion in the model. It first examines the
aspect ratios and warpage of the elements and, in subsequent increments, measures how much
these ratios change. This measure can be used to indicate the adequacy of the original mesh.
Element
Element type 26 is a second-order, isoparametric two-dimensional element for plane stress.
There are eight nodes with two degrees of freedom at each node.
Model
The example uses a coarse mesh for demonstration purposes only. The mesh generated by
MARC is shown in Figure 8.11-1.

Geometry
The plate thickness of one inch is entered in EGEOMI1.

Property

Young’s modulus is 30 x 10° psi, with Poisson’s ratio as 0.3. These quantities are sufficient to
define the material as isotropic linear-elastic.

Loading
To simulate a tension acting at infinity, a negative 1-psi load is applied to the top edge of the mesh.
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FIXED DISP
The boundary conditions are determined by symmetry considerations. No displacement is
permitted on the axis of symmetry perpendicular to the applied force direction. On the axis of
symmetry parallel to the force direction, only parallel displacements are permitted.

Optimize
The Cuthill-McKee algorithm is chosen in this example. Ten iterations are sufficient to obtain
a reasonably optimal bandwidth.

Error Estimates
Both the stress continuity and geometry measures are requested by inputting 1, 1, on the
second card of this data block.

DEACTIVATE/ACTIVATE

After END OPTION, two DEACTIVATE increments and one ACTIVATE increment are provided for
the deactivation of elements 7, 8, 17, 18 at the first increment; elements 9, 10, 19, 20 at the
second increment; and the activation of all eight elements at the third increment.

Results

Table 8.11-1 shows oy, at element 8, integration point 6 and element 10, integration point 6, at
increments O through 3. The effects of deactivation/activation of elements are clearly
demonstrated. In addition, the stress discontinuity and geometry measures at increment 0
(ERROR ESTIMATE option) are as follows:

WORST ORIGINAL ASPECT RATIO IS 3.343 AT ELEMENT 1
WORST ORIGINAL WARPAGE RATIO IS 1.957 AT ELEMENT 3
WORST CURRENT ASPECT RATIO IS 3.343 AT ELEMENT 1
WORST CURRENT WARPAGE RATIO IS 1.957 AT ELEMENT 3
LARGEST CHANGE IN ASPECT RATIO IS 1.000 AT ELEMENT 7
LARGEST CHANGE IN WARPAGE RATIO IS 1.000 AT ELEMENT 8
GENERALIZED STRESSES
LARGEST NORMALIZED STRESS JUMP IS:
0.11152E 02 AT NODE 17 COMPONENT 1 MEAN VALUE IS 0.28047E-02
LARGEST STRESS JUMP IS:
0.23227E 00 AT NODE 76 COMPONENT 2 MEAN VALUE IS 0.23237E 01
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Table 8.11-1 Oy VS. Load Increment

Inc.No. | EL8,INT6 | EL10,INT6
0 2.62 1.89
1 262 (D) 6.24
2 262 (D) 6.24 (D)
3 2.88 (A) 568 (A)

Note: (D) - element DEACTIVATED

(A) — element ACTIVATED

Parameters, Options, and Subroutines Summary

Example e8x11.dat:

Parameters

ELEMENT
END
SIZING
TITLE
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Model Definition Options

CONNECTIVITY
COORDINATE

DIST LOADS

END OPTION
ERROR ESTIMATES
FIXED DISP
GEOMETRY
ISOTROPIC

PRINT NODE

History Definition Options

ACTIVATE
CONTINUE
DEACTIVATE
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AN
CMARC

Figure 8.11-1 Mesh Layout for Plate with Hole
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8.12 Forging of the Head of a Bolt

This example demonstrates the contact capability of MARC, using rigid surfaces for a simple
forging analysis. An original cylindrical block is sitting in a surface with the shape of a cavity, and
is deformed by another rigid surface which has the shape of the bolt head and moves at constant
speed (Figure 8.12-2). The block is considered an elastic-plastic deformable material.

This problem is modeled using the six techniques summarized below.

Element Number of Number of Differentiating
Data Set Type(s) Elements Nodes Features
AUTO LOAD,
e8x12 10 70 90 REZONING
e8x12b 10 70 90 AUTO TIME
ADAPTIVE MESH,
e8x12c 10 70 90 AUTO LOAD
e8x12d 10 70 90 AUTO STEP
e8x12e 10 70 90 FFP, AUTO TIME
RESTART,

This analysis is done using three different approaches. In the first method (e8x12.dat), a fixed time
step approach is used and the rezoning capability is used to improve the mesh when distortion
occurs. In the second approach (e8x12b.dat), a variable time step approach is used by requesting the
AUTO TIME option. In the third approach (e8x12c.dat), a fixed time step method is again used, but
here the adaptive meshing capability is utilized. The restart capability is demonstrated based upon
the first analysis (e8x12r.dat), which is typically used in rezoning analyses.

Parameters

The UPDATE, FINITE, and LARGE DISP options are included to trigger a finite deformation
analysis for the first four analyses. Element 10, a 4-node bilinear axisymmetric element is used.
The PRINT,5 block requests printed information on change in contact status of boundary nodes.
In the first analysis, the SIZING parameter reserves space for 120 elements, 150 nodes, and 60
boundary conditions. The amounts are larger than the starting model which contains 70
elements and 90 nodes. This is done so that there is freedom to increase the size of the model
later using the REZONING option. The REZONING parameter is included to indicate that this
may be required.

In the second analysis, the same SIZING parameter is used even though rezoning is not performed.
This results in an over allocation of memory, but is insignificant for this small problem.

Volume E: Demonstration Problems K7 8.12-1



wl 8 Advanced Topics Forging of the Head of a Bolt

In the third analysis, the number of elements and nodes is not specified on the SIZING parameter,
but an upper bound is defined on the ADAPTIVE option. Here, the analysis initially starts with 70
elements and 90 nodes and re-allocates memory as the adaptive meshing process occurs. Two
levels of refinement are allowed; so if all elements refine, the total would be 1120 which is less
than the number specified on the ADAPTIVE parameter. Note that the SIZING option specifies an
upper bound on the number of boundary conditions and distributed loads.

Mesh Definition

CONNECTIVITIES and COORDINATES were brought from a preprocessor. The mesh depicted in
Figure 8.12-2 is quite regular over the rectangular block. Due to symmetry, only half of the
cylinder needs to be modeled.

No gap elements are used in this problem, as the contact with the rigid surfaces are governed
by the CONTACT option.

Geometry

A ‘1’ is placed in the second field to indicate that the constant dilatation formulation is used for
all of the analyses, except the analysis using FeFP. This is not necessary using the FEFP
procedure as a mixed variational principal is automatically used.

Boundary Conditions
Symmetry displacement boundary conditions are applied to all nodes on the axis.

Material Properties

The bolt is treated as an elastic plastic material with a Young’s modulus of 17,225., Poisson’s
ratio of 0.35, mass density of 1., and initial yield stress of 34.45. The material workhardens
from the initial yield stress up to 150 at a strain of 400% according to the piecewise linear curve
entered in WORK HARD DATA.

Control Options

A formatted post file is requested every twenty increments, as well a restart file. PRINT CHOICE
is used to minimize the amount of output. In the third analysis, the print out is suppressed using
the NO PRINT option. Convergence control is done by relative residuals, with a tolerance of 10%.

Contact

This option defines three bodies with no friction between them. The code is expected to
determine by itself a contact tolerance. (See Figure 8.12-1.)

The first body is deformable and is made out of all the elements in the model.
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The second body is the top rigid surface, defined by three sets of geometrical entities. It has a
reference point along the axis, and is given a translational velocity of 1 parallel to the axis of
symmetry. The first geometrical entity is a straight line, the second is a concave arc of a circle,
and the third is another straight line. The last line was added so that the top node on the axis
would not encounter the end of the rigid surface definition.

The third body is the bottom rigid surface, defined by one set of geometrical entities. It does
not need a reference point and is not given any motion. The geometrical entities are three
straight lines, defined by four points.

Note how the sequence of entering the geometrical data of the second and third bodies
corresponds to following the profiles of such bodies in a counterclockwise direction.

Based upon information obtained in the first two analyses, a redesign of the third body was
performed such that a circular fillet was placed between what was the second and third entities.
This can be seen in Figure 8.12-3. The third body now consists of three entities:

First entity is a line segment with three points
Second entity is a circle using method 2 (starting point, end point, center, and radius)

Third entity is a straight line

Load Control
The first part of the analysis was performed with a fixed TIME STEP of 0.1 in a sequence of
100 increments.

As an alternative in the second input file (e8x12b), the AUTO TIME option was used to control
the time step procedure. The initial time step was 0.1 second and a maximum of 150 steps were
allowed to reach a total time of 10 seconds. Only 51 increments were necessary using this
procedure.

In the third analysis (e8x12c), only 60 increments using a fixed TIME STEP of 0.2 were used.

In the fourth (e8x12d) and fifth (e8x12e) analyses, the AUTO STEP option is used. The period of
12 seconds was covered. The plasticity criteria was used to control the loading as shown below:

Allowable Plasticity Change Range
1% 0<eP<1%
1% 1% <eP <10%
3% 10% < €P
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Rezoning

The next increment performs a rezoning operation. A new mesh is created with a preprocessor,
which covers the profile of the previously deformed mesh (Figure 8.12-4). This mesh is defined
by means of CONNECTIVITY CHANGE and COORDINATE CHANGE. Both the number of
elements and the number of nodes are increased. The ISOTROPIC CHANGE option is also used
to extend material properties to the new elements. Similarly, the CONTACT option is repeated
to account for the new element definition of the deformable body; the contact tolerance is
decreased because much thinner elements were created.

One increment of deformation, with a TIME STEP of 0.05, is then executed. At this point, it is
necessary to include the DISPLACEMENT CHANGE to account for the new node numbers that
are located along the axis of symmetry. An extra node at the convex corner of surface 3 is fixed.
This is done to allow a very coarse mesh to represent a sharp corner without cutting it.

The rest of the deformation proceeded. Twenty increments with five steps of 0.04 are completed
first, followed by seventy increments of time step 0.02. The reason for decreasing the time step is
that as the deformation proceeds, the height of the bolt head becomes smaller and a constant
movement of the second surface would produce larger and larger strains per increment.

Adaptive

In the third problem, the adaptive meshing technique is demonstrated. Such that the first 50 elements
are enriched based upon the contact criteria. That is, if nodes associated with these elements come
into contact, the element is refined. A limit of two levels of refinement is prescribed.

Results

Figure 8.12-5 through Figure 8.12-7, show the contour plots of the equivalent plastic strain, the
equivalent von Mises stress, and the average stress in the deformed configuration before
rezoning. The block completely fills the bottom surface and is folding into the top surface. The
need to rezone stems from the fact that soon there will be too few nodes in the free surface that
have to fit in the narrow gap between the two rigid bodies. The rezoning method allows us to
represent the material flash. Comparison of Figure 8.12-6 with the results obtained using the

F°FP method in Figure 8.12-14 indicate a very close agreement between the von Mises stresses
obtained from the two theories as expected since the elasticity is small.

Virtually all the deformation takes place in the part of the block above the bottom surface.

Figure 8.12-8 through Figure 8.12-10 show the same contour plots in the final deformed
configuration. At this stage, the full shape of the head of the bolt has been acquired by the
original block and flash formed in the gap between surfaces. The strains are very concentrated
in the part which folded on the bottom surface. The von Mises stress shows that the bottom
cavity is elastic at the end of deformation.
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The progression of the deformed adaptive mesh is shown in Figure 8.12-11 through

Figure 8.12-13, for increments 20, 40, and 60, respectively. You can observe that, based upon
the adaptive criteria, additional elements are formed as the workpiece comes into contact with
the dies. At the end of the analysis, there are 187 elements and 250 nodes. Based upon this
analysis, perhaps you would perform the analysis also with an adaptive criteria based upon
strain energies or plastic strains.

The printed results of an analysis with the contact option include general information about
rigid surfaces, such as the updated position of the reference point, the velocity of the surface,
the loads on the surface, as well as the moment with respect to the reference point.

Parameters, Options, and Subroutines Summary

Example e8x12.dat:
Model History Rezone
Parameters Definition Options Definition Options Options
END CONNECTIVITY AUTO LOAD CONNECTIVITY CHANGE
FINITE CONTACT CONTINUE CONTACT CHANGE
LARGE DISP CONTROL DISPLACEMENT CHANGE CONTINUE
PRINT COORDINATES TIME STEP COORDINATE CHANGE
REZONE END OPTION END REZONE
SIZING FIXED DISP ISOTROPIC CHANGE
TITLE GEOMETRY REZONE
UPDATE ISOTROPIC
POST
PRINT CHOICE
RESTART
WORK HARD
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Example e8x12b.dat:

Parameters
END

FINITE
LARGE DISP
PRINT
SIZING
TITLE
UPDATE

Example e8x12c.dat:

Parameters
ADAPTIVE
END

FINITE
LARGE DISP
PRINT
TITLE
UPDATE

8.12-6

Model Definition Options

CONNECTIVITY
CONTACT
CONTROL
COORDINATES
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
WORK HARD

Model Definition Options

ADAPTIVE
CONNECTIVITY
CONTACT
CONTROL
COORDINATES
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
WORK HARD

History Definition Options
AUTO TIME
CONTINUE

History Definition Options
AUTO LOAD

CONTINUE

TIME STEP
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Example e8x12d.dat:

Parameters
END

FINITE
LARGE DISP
PRINT
TITLE
UPDATE

Example e8x12e.dat:

Parameters
END
PLASTICITY
PRINT
TITLE

Volume E: Demonstration Problems K7

Model Definition Options

CONNECTIVITY
CONTACT
CONTROL
COORDINATES
END OPTION
FIXED DISP
GEOMETRY
ISOTROPIC
POST

PRINT CHOICE
WORK HARD

Model Definition Options
CONNECTIVITY
CONTACT

CONTROL
COORDINATES

END OPTION

FIXED DISP

ISOTROPIC

POST

WORK HARD

History Definition Options
AUTO STEP
CONTINUE

History Definition Options
AUTO STEP
CONTINUE

8.12-7
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Example e8x12r.dat:
Model
Parameters Definition Options
END CONNECTIVITY
FINITE CONTACT
LARGE DISP CONTROL
PRINT COORDINATE
REZONE END OPTION
TITLE FIXED DISP
UPDATE GEOMETRY
ISOTROPIC
POST
PRINT CHOICE
RESTART
WORK HARD
Entity 3
Body 3 NS
Entity 2
Body 1
Entity 1
—
Figure 8.12-1 Model
8.12-8

Forging of the Head of a Bolt

History
Definition Options

CONTINUE
DISP CHANGE

Entity 1

Entity 2

Body 2

Entity 3

Rezone

Options
CONNECTIVITY CHANGE
CONTACT CHANGE
CONTINUE
COORDINATE CHANGE
END REZONE
ISOTROPIC CHANGE
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««—— Rigid Body 2

Rigid Body 3——/

!

Deformable Body 1

Figure 8.12-2 Initial Mesh
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INC : 0 wmc
SuB : 0
TIME : 0.000e+00

FREQ : 0.000e+00

Original Mesh — Note filet

Figure 8.12-3 Initial Mesh with Modified Rigid Body 3 for Adaptive Analysis
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INC : 101 wMARC
suB : 0
TIME 1 2.730e+01

FREQ : 0.000e+00

rezoning step at increment 101

Displacements x

Figure 8.12-4 Rezoning Mesh
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INC : 100
SuUB : 0
TIME : 2.730e+01
'FREQ : 0.000e+00

1.310e+00

1.179e+00

1.048e+00

9.170e-01

7.860e-01

6.550e-01

5.240e-01

3.930e-01

2.620e-01

1.310e-01

0.000e+00

first 100 increments until rezoning

Equivalent Plastic Strain

Figure 8.12-5 Equivalent Plastic Strain until Rezoning
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Inc 100 yoy
Time : 1.000e+01 we MARC

1.319e+02

.187e+02

.055e+02

.233e+01

.915e+01

.537e+01

.279e+01

.962e+01

.644e+01

.326e+01

.122e-02 Y

Bolt height = 22.68

Equivalent Von Mises Stress

Figure 8.12-6 Equivalent Mises Tensile Stress at Bolt Height = 22.68
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INC : 100 . CMARC
SUB : o0

TIME : 2.730e+01
FREQ : 0.000e+00

0.000e+00

412e+02

-1.589e+02

-1.765e-02

first 100 increments until rezoning

Mean Normal Stress

Figure 8.12-7 Mean Normal Stress Until Rezoning
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INC : 180
SUB 0

TIME : 2.931e+01
FREQ : 0.000e+00

3.050e+00

2.745e+00

2.440e+00

2.135e+00

1.830e+00

1.525e+00

1.220e+00

9.150e-01

6.100e-01

3.050e-01

0.000e+00

8 Advanced Topics

Forging of the Head of a Bolt

first 100 increments until rezoning

Equivalent Plastic Strain

Figure 8.12-8 Final Equivalent Plastic Strain
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SUB : 0
TIME : 2.931e+01
[FREQ : 0.000e+00

1.453e+02

1.307e+02

1.162e+02

1.017e+02

8.715e+01

7.263e+01

1 5.810e+01

] 2.905e+01

1.453e+01

0.000e+00

first 100 increments until rezoning

Equivalent von Mises Stress

Figure 8.12-9 Final Equivalent von Mises Tensile Stress

8.12-16

Volume E: Demonstration Problems K7



w 8 Advanced Topics

Forging of the Head of a Boit

INC : 180
SuB : 0
TIME : 2.931e+01
FREQ : 0.000e+00

0.000e+00

-4.117e+02

Figure 8.12-10 Final Mean Normal Stress
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first 100 increments until rezoning

Mean Normal Stress

¥MARC
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INC : 20 wMARC
SuB : 0
TIME : 4.000e+00

FREQ : 0.000e+00

forging with new mesh

Figure 8.12-11 Adapted Mesh at Increment 20
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INC : 40 w MARC
SuB : 0

TIME :  8.000e+00
FREQ : 0.000e+00

forging with new mesh

Figure 8.12-12 Adapted Mesh at Increment 40
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INC : 60
SuB : 0
TIME : 1.200e+01

FREQ : 0.000e+00

Forging of the Head of a Bolt

Figure 8.12-13 Adapted Mesh at Increment 60

8.12-20

forging with new mesh
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Inc : 208
Time : 9.979e+00 wMARC

1.323e+02

|| 1.191e+02

1.059e+02

o
O

.273e+01

7.952e+01

6.632e+01

5.31Ze+01

3.991e+01

2.671e+01

1.350e+01

3.015e-01 Y

Bolt height = 22.7 (FeFp)

Equivalent Von Mises Stress

Figure 8.12-14 Equivalent Mises Tensile Stress at Bolt Height = 22.7 (F°FP)
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8.13 Coupled Analysis of Ring Compression

This example demonstrates MARC’s ability to perform a large deformation problem,
incorporating thermal mechanical coupling and automated contact.

A ring of aluminum is deformed by a block of steel. Both have the capacity to deform, and
possibly, slide between each other.

Coupling
There are several sources of coupling in this analysis.

1. As the temperature changes, thermal stresses are developed due to nonzero coefficient
of thermal expansion.

2. As the temperature changes, the mechanical properties change. It happens in this case
because of the temperature-dependent flow stress.

3. As the geometry changes, the heat transfer problem changes. This includes changes in
the contacting interface.

4. As plastic work is performed, internal heat is generated.

5. As the bodies slide, friction generates heat.

Parameters

The UPDATE, FINITE, and LARGE DISP parameters indicate this is a finite deformation
analysis.The COUPLE option is used to indicate that a coupled thermal-mechanical analysis is
being performed. A four-node bilinear axisymmetric element is used. The PRINT,5 option
requests additional information in the output regarding nodes acquiring or losing contact.

Mesh Definition

Mentat was used to determine the CONNECTIVITY and COORDINATES of the mesh. There are
separate nodes along both sides of the contact interface so that sliding is possible. Due to
symmetry, only one quarter of the region is modeled. The mesh is shown (with the units in mm)
in Figure 8.13-1. In a coupled analysis, a displacement element automatically produces the
coupled (displacement-temperature) formulation to be used.

This analysis is performed using both element type 10 and element type 116. Both elements are
four-node axisymmetric elements. Element type 116 uses a single integration point and an
hourglass stiffness stabilization procedure.

No gap elements are used. Free surfaces can have convection heat transfer to the environment.
As soon as contact is detected, a contact thermal barrier, defined by means of a film coefficient,
starts operating.
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Geometry

A ‘1’ is placed in the second field to indicate that the constant dilatation formulation is used.
This is not necessary for the analysis using element type 116.

Boundary Conditions

Symmetry displacement boundary conditions are imposed on the ring meridian plane and on
the block axis. The block is moved down by application of displacement boundary conditions
to the face opposite to the contact face. Space for such boundary conditions is reserved in the
model definition section. The displacement boundary conditions are entered in the FIXED
DISPLACEMENT option. On the outside surface of the block, the temperature is constrained to
20°C, to simulate a much larger size block. This is done with the FIXED TEMPERATURE option.

Control Options

A formatted post file containing stress components and effective plastic strain is written at the end
of 50 increments. The NO PRINT option limits the amount of output to a minimum. Displacement
control is used in the deformation part of the analysis with a relative error of 15%. As far as the
heat transfer part of the analysis is concerned, a 10°C maximum error in temperature estimate is
entered. Even if thermal material properties are not temperature-dependent, this provides a means
of forcing recycling when heat transfer between two bodies produces large variations of
temperature per increment.

Initial Conditions

The ring is given an initial temperature of 427°C, and the block is given an initial temperature
of 20°C.

Material Properties

The ring is treated as an elastic-plastic material with a Young’s modulus of 1000 N/mm?2, a
Poisson’s ratio of 0.33, a mass density of 1.0g/mm?, a coefficient of thermal expansion of 1.3
x 10° mm/mm°C, and an initial yield stress of 3.4 N/mm?2 corresponding to a reference
temperature of 200°C. The material workhardens from the initial yield stress to a yield stress

of 5.78 N/mm? for strains above 70%, according to a piecewise linear function entered via
WORK HARD DATA. The flow stress decreases with temperature increases at a rate of 0.007 N/

mm? per degree. The thermal properties are conductivity of 242.0 N/s°C and specific heat of
2.4255 Nmm/g°C.
The block is treated as an elastic material with a Young’s modulus of 100,000 N/mm?, a

Poisson’s ratio of 0.33 and a mass density of 1 g/mm?®. The thermal properties are conductivity
of 19.0 N/s°C and specific heat of 3.77 Nmm/g°C.
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Distributed Flux

This distributed flux block is used to indicate that internal heat is generated due to
plastic deformation.

Convert

The option is used to give the conversion factor between the mechanical energy and the
thermal energy.

The internal volumetric flux per unit volume becomes:
o =cwP
where wP is the plastic strain energy density.

Contact

The CONTACT option declares that there are two bodies with adhesive friction between them.
MARC calculates both the contact tolerance and the sticking tolerance.

The first body is deformable and is made of the elements of the ring. There is no need to specify
any motion. The ring’s free surfaces have convection heat transfer defined by a film coefficient
of 0.01, and a sink temperature of 20°C. The second body is also deformable and made out of
the elements of the block. A reference point and an axial velocity are given, although they are
not used in the calculations; this is done as a reminder of what the imposed boundary conditions
are simulating. A friction factor of 1.0 defines the interface friction conditions, based on the
cohesive model. The block’s free surfaces have convection heat transfer defined by a film
coefficient of 0.01 N/s-mm°C, and a sink temperature of 20°C. The contact surfaces have a
thermal barrier defined by a film coefficient of 35.

This ordering of the two bodies results in imposing the constraint so that the nodes of the ring
do not penetrate the surface of the block. Friction and thermal barrier at the interface use data
taken from the body defining the block.

Load Control

This problem is performed with a fixed time step and fixed increment size. It is specified with
a time step of 0.0003 seconds with a total of 0.03 seconds requested. Each increment imposes
a displacement of 0.045mm to the nodes of the block in the plane opposed to the contact
surface. This displacement increment is declared in DISP CHANGE and not in the original
boundary conditions because the CONTACT option always bypasses increment zero.

In a coupled analysis, if an adaptive time stepping is required, the AUTO TIME option should be
invoked. This option is demonstrated in the second analysis. Using AUTO TIME, it is requested
that a maximum of 100 increments be used. The analysis used only 26 increments as there are
very few changes in the contact surface.
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Results

Figure 8.13-2 shows the deformed body at the end of 100 increments compounding to 50%
reduction in height of the ring. Due to the high friction, the ring folds several times into the
block on both sides, and there is an increase of the outer diameter as well as a decrease of the
inner diameter. It can be seen that the amount of interface sliding is very small, also due to the
high friction. Elastic deformations on the block are not visible, therefore it looks like the block
had a rigid body translation.

Figure 8.13-3 shows equivalent plastic strain contours produced on the ring. They range from
small amounts in the middle of the contact area (neutral zone) and in the free surface, to very
large amounts at the corners where folding took place, and in the center of the middle plane.

In Figure 8.13-4, the equivalent von Mises stresses give an idea of the stresses produced in the
block, which are higher than in the ring. They increase from low values in the free standing
areas towards the center. Local peaks in the friction shearing zones also appear.

The thermal part of the analysis produces the temperatures of Figure 8.13-5. The total time for the
deformation is only 0.03 seconds. Therefore, all the effects are confined to the contact region.
Aluminum’s high temperature, low flow stress produces no noticeable heating due to plastic
deformation. On the ring side, the temperature decreases about 75°C at the interface, while the
block heats around 50°C. Steel’s lower conductivity produces steeper temperature gradients.

Parameters, Options, and Subroutines Summary

8.13-4

Example e8x13.dat:

Parameters Model Definition Options History Definition Options
COUPLE CONNECTIVITY CONTINUE
ELEMENT CONTACT DISP CHANGE
END CONTROL TRANSIENT
FINITE CONVERT
LARGE DISP COORDINATE
PRINT DIST FLUXES
SIZING END OPTION
TITLE FIXED DISP
UPDATE FIXED TEMPERATURE

GEOMETRY

INITIAL TEMPERATURE

ISOTROPIC

NO PRINT

POST

TEMPERATURE EFFECTS

WORK HARD
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Example e8x13b.dat:

Parameters
COUPLE
ELEMENT
END

FINITE
LARGE DISP
PRINT
SIZING
TITLE
UPDATE

Example e8x13c.dat:

Parameters

ALIAS
COUPLE
ELEMENT
END

FINITE
LARGE DISP
PRINT
SIZING
TITLE
UPDATE

Volume E: Demonstration Problems K7

Model Definition Options

CONNECTIVITY
CONTACT

CONTROL

CONVERT
COORDINATE

DIST FLUXES

END OPTION

FIXED DISP

FIXED TEMPERATURE
GEOMETRY

INITIAL TEMPERATURE
ISOTROPIC

NO PRINT

POST

TEMPERATURE EFFECTS
WORK HARD

Model Definition Options
CONNECTIVITY
CONTACT
CONTROL
CONVERT
COORDINATE
DIST FLUXES
END OPTION
FIXED DISP
FIXED TEMPERATURE
GEOMETRY
INITIAL TEMPERATURE
ISOTROPIC
NO PRINT
POST
TEMPERATURE EFFECTS
WORK HARD

History Definition Options
CONTINUE

DISP CHANGE
TRANSIENT

8.13-5
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Figure 8.13-1 Original Mesh
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INC : 100 Emarc

SuUB 0
TIME : 3.000e-02
FREQ : 0.000e+00

M~
M
M-
M~

X

_

prob e8.13 coupled analysis of ring compression
Displacements x

Figure 8.13-2 Deformed Mesh (50% Height Reduction)
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INC : 100
SuB 0
TIME : 3.000e-02
FREQ : 0.000e+00

A
CMarc

2.180e+00
1.962e+00
1.744e+00
1.526e+00

1.308e+00

1.090e+00

8.720e-01 77

6.540e-01
4.360e-01

2.180e-01

X

0.000e+00
Z

prob e8.13 coupled analysisof ring compression
Equivalent Plastic Strain

Figure 8.13-3 Equivalent Plastic Strain
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INC : 100 AN
SUB : 0 Lmarc

TIME : 3.000e-02
FREQ: 0.000e+00

1.543e+01
1.416e+01
1.289e+01
1.162e+01

1.035e+01

9.085e+00

7.816e+00 S LA AN L
' e

6.547e+00

5.279e+00

4.010e+00

iz

prob e8.13 coupled analysisof ring compression
Equivalent von Mises Stress

Figure 8.13-4 Equivalent von Mises Tensile Stress
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INC : 100 AA

SUB 0 wMARC
TIME : 3.000e-02

FREQ : 0.000e+00

4.500e+02

3.875e+02

3.250e+02

2.625e+02

2.000e+02

1.375e+02

7.500e+01
1.250e+01

-5.000e+01 X

_

prob e8.13 coupled analysisof ring compression

Temperatures t

Figure 8.13-5 Total Nodal Temperature
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8.14 3D Contact with Various Rigid Surface Definitions

This problem demonstrates MARC’s ability to perform contact analysis between a deformable
body and a rigid die described through various surface definitions. It also demonstrates
MARC s ability to perform contact analysis between a flexible body and a rigid die described
through the NURBS definition.

Parameters
The UPDATE, FINITE, and LARGE DISP parameters are included in the parameter section to
indicate that this is a finite deformation analysis. The PRINT,5 option requests additional
information in the output regarding nodes acquiring or losing contact.

Geometry
A ‘1’ is placed in the second data field to indicate that the constan