
Exercise 11

In this exercise we will use tied contact to “weld” two shell parts together and perform the stress analysis
of assembly.

Pick File > Set Work Directory and set the work directory to WeldedPlate folder

Open the model database Frame.cae. It will appear as shown below.

The assembly consists of two three-dimensional, deformable parts: frame and plate. Both the parts are
assumed to be made from steel with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. The
frame and the bracket are meshed with linear, fully integrated, quadrilateral shell elements (S4).

Analysis Step

The analysis will be performed in one step. The step has already been defined with a total time period set
to 1.0 and the initial time increment to 0.01

Load and Boundary Conditions

A boundary condition has been defined constraining the motion of the plate edges.

A normal traction is applied on the edges of the frame, pulling it away from the plate.

Contact Interaction

We will define a contact interaction to join (weld) the plate and the frame together.

Change to Interaction module and open the Interaction Manager by picking .
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Pick Create to define a new interaction.

Enter Plate-Frame as the name of the interaction.

Pick Initial in the Step field.

Select Surface-to-surface contact.

Pick Continue to proceed.

Pick the base surface of the plate as master surface.

Pick Done and system will ask to choose a side of the shell which will form the contact surface.

To distinguish the sides of a shell, each side of the shell has a different color associated with it. In the
above figure the side in contact with frame is of brown color so pick Brown.

As a shell can contact on either side, so it is important to specify the desired side of the shell to be in
contact. It is done by selecting the color associated with the desired side.

For the slave type, pick Node Region

The frame contacts the plate along edges. Abaqus/Standard does not allow edge-based surface on three-
dimensional shell elements to be used in a contact analysis. Therefore node-based surface will be used
instead.

We have already defined a set for that purpose, so pick Sets and select the Frame-1.Set-Weld.
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Pick Continue and Edit Interaction dialog box will appear.

Pick Frictionless as the contact interaction property.

There could be only small relative sliding in the contact region, so pick Small sliding.

Pick Node to surface as discretization method.

“Surface to surface” discretization is not applicable if a node-based surface is used in a contact pair
definition.

Select Specify tolerance for adjustment zone option and enter 0.0005.

When a positive value is specified as the tolerance, Abaqus/Standard forms an adjustment zone extending
by the specified value from the master surface along the master surface normals. Any open nodes on the
slave surface that are within the “adjustment zone” in the initial geometry of the model, in addition to
penetrating slave nodes, are moved precisely onto the master surface. The motion of these slave nodes
does not create any strain in the model.

Check the Tie adjusted surfaces.
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When “Tie adjusted surfaces” option is checked, the surfaces forming the contact are tied together during
simulation. It constrains each of the nodes on the slave surface to have the same value of displacement as
the point on the master surface that it contacts.

Pick OK and it completes definition of the interaction.

Pick Dismiss to close the manager.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking .

Pick Create and create a job named PlateWelded or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that analysis job completes successfully.

Postprocessing

Select BushContact job in the manager and pick Results

Pick to plot the contours on deformed shape. The final deformed shape of the frame assembly will
appear as shown in the figure below.

The results seem to be reasonable except that a gap can be seen between the plate and the frame. This gap
is due to the adjustment of the slave nodes. As the reference surface, by default, is coincident with the
shell's middle surface, an area of overlap will occur between the two parts as illustrated in the figure below.



5

When contact is established between frame and plate, contact algorithm adjusts the position of slave nodes
such that there is no overlapping between two parts.

Modifying the Section Properties

We will modify the section assignment for the plate to specify the top/bottom surface of the shell as the
reference surface. This allows the frame to butt up against the plate without overlapping any material with
the plate, as illustrated in the figure below.

To determine whether to specify top or bottom surface of the shell as the reference surface, we will query
the shell normals. The “top” surface of a shell is the surface in the positive normal direction (also called
SPOS face). The “bottom” surface is in the negative direction along the normal (also called
the SNEG face).

Change to Assembly module.

Pick Tools > Query (or pick on the Query toolbar) and select Shell element normals.
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Notice that the color of the side of the plate facing the frame is brown. (brown represents the positive side
and purple represents the negative side). So we will specify the top surface of the shell as the reference
surface.

The side of the shell in the direction of the positive element normal is shaded brown (SPOS) while the
opposite side is shaded purple (SNEG).

Change to Property module and open the Section Assignment Manager by picking .

Make sure that “Plate” is selected as active part in the Part field and pick Edit.

In the Edit Section Assignment dialog box, pick Top surface to represent the reference surface.
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Pick OK to apply the changes and exit.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking .

Select PlateWeleded and pick Submit > OK.

Pick Results to view the results in the Visualization module.

Pick to plot the contours on deformed shape. The final deformed shape of the frame assembly will
appear as shown in the figure below.
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It can be seen that no gap appears between the plate and the frame.

Select File > Save to save the changes we made so for.

Note: It is preferable to use the surface-based tie constraint capability instead of tied contact
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Exercise 12

In this exercise we will define contact between the surfaces of solid and shell parts and perform the stress
analysis of assembly.

Pick File > Set Work Directory and set the work directory to BoltedFrame folder

Open the model database Frame.cae. It will appear as shown below.

The assembly consists of three three-dimensional, deformable parts: shank, frame and fastener. The
fastener holds the frame and the shank together. All the parts are assumed to be made from steel with a
Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. The frame is meshed with linear, fully
integrated, quadrilateral shell elements (S4). The shank and fastener are meshed with 8-node, fully
integrated, brick elements (C3D8).

Analysis Steps

The analysis will be performed in two steps. In the first step, a bolt load is applied to model the tension in
the fastener. In the second step a distributed load is applied on the shank surface which pulls it away from
the frame.

The steps have already been defined with a total time period set to 1.0 and the initial time increment to
0.01 for each step.

Load and Boundary Condition

A bolt load is applied by specifying a length adjustment to model the pre-tension in the fastener during first
step. In the second step, length of the fastener is fixed. A pressure load is applied on the shank pulling it
away from the frame during the second step.

A boundary condition has already been defined constraining the motion of the frame.
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Contact Interactions

Three contact interactions have already been defined. We will create two more in this section.

Change to Interaction module and open the Interaction Manager by picking . It will appear as shown
below.

"B_Fastener-Frame" defines contact between the bottom head of fastener and the frame. "B_Frame-
Shank" defines contact between the frame and the bottom surface of the shank. "Shank-Fastener" defines
contact between the cylindrical surfaces of shank and fastener.

Now we will define a contact interaction between the top head of fastener and the frame.

Pick Create to define a new interaction.

Enter T_Fastener-Frame as the name of the interaction.

Pick Initial in the Step field.

Select Surface-to-surface contact and pick Continue to proceed.

We have already defined a surface so pick Surfaces and select the Fastener-1.Surf-Top.
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Pick Continue to proceed.

For the slave type, pick Surface and pick the surface shown in the figure below.

At the inner diameter, the fastener surface extends beyond the surface belonging to the frame but at the
outer diameter the surface belonging to the frame extends beyond the fastener surface. So we cannot make
a distinction which surface is smaller but as the fastener is stiffer so we have chosen the fastener surface as
the master surface.

Generally, if a smaller surface contacts a larger surface, it is best to choose the smaller surface as the slave
surface. If that distinction cannot be made, the master surface should be chosen as the surface of the stiffer
body.

Pick Done and system will ask to choose a side of the shell which will contact the master surface.

To distinguish the sides of a shell, each side of the shell has a different color associated with it. In the
following figure the outside of the frame is colored purple and the inside of the frame is colored brown.
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As a shell can contact on either side, so it is important to specify the desired side of the shell to be in
contact. It is done by selecting the color associated with the desired side.

Select Purple associated with the outer side of the frame to contact the master surface.

Pick Continue and Edit Interaction dialog box will appear.

Pick Friction as the contact interaction property.

We will use the default options of “Finite sliding” and “Surface to surface” discretization. So pick OK and
it completes the definition of interaction.

Initial gap between the fastener head and the frame is equal to the half of shell thickness. The contact
interaction will account for the initial thickness of the frame by default.

All of the contact formulations except the finite-sliding, node-to-surface formulation account for initial
shell thicknesses for element-based surfaces by default.

Now we will define a contact interaction between the frame and the top surface of the shank.

Again pick Create to define another interaction.

Enter T_Frame-Shank as the name of the interaction.

Pick Initial in the Step field.

Select Surface-to-surface contact and pick Continue to proceed.

Pick the surfaces shown in the figure below while holding down the Shift key as master surface.
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Pick Done and system will ask to choose a side of the shell surface which will contact the slave surface.

Each side of the shell surface has a different color associated with it. In the following figure the outside of
the frame is colored purple and the inside of the frame is colored brown.

Select Brown associated with the inside of the frame to contact the slave surface.

For the slave type, pick Surface

We have already defined a surface so pick Surfaces and select the Shank-1.Surf-Top.
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Pick Continue and Edit Interaction dialog box will appear.

As the surface belonging to the frame is larger than the surface belonging to the shank so we have chosen it
as the master surface.

Generally, if a smaller surface contacts a larger surface, it is best to choose the smaller surface as the slave
surface.

Pick Friction as the contact interaction property.

Pick OK and it completes the definition of interaction.

Pick Dismiss to close the manager.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking .

Pick Create and create a job named ShankLoad or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

If you look in the message area, the following message can be seen.

“Job ShankLoad aborted due to errors.”

We will attempt to find the cause of this error in the Visualization module. So pick Results to view the
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results in the Visualization module.

Diagnosing the error

Pick to plot the contours on deformed shape. It can be seen in the figure below that analysis job runs
till 22nd increment completing the 0.9316 of step time in Step-2.

To investigate the cause of analysis termination, pick Tools > Job Diagnostics and Job Diagnostics dialog
box will appear. It can be seen that during the 22nd increment, system makes 3 attempts before aborting the
analysis. After the first attempt, Abaqus/Standard reduces the increment size to 25% of its previous value
and makes another attempt. This process of cutbacks is repeated two times and then analysis is stopped.

Second attempt with a size of 1e-05 fails because the solution appears to be diverging as shown in the
figure below. Furthermore none of the iteration is labeled as severe discontinuity iteration, which means
Abaqus/Standard has no difficulty in establishing the correct contact conditions in the model during this
attempt.
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The same reason is mentioned for the cutback during first attempt.

Using Unsymmetric Solver

We already know that friction adds unsymmetric terms to the system of equations. In the current problem,
a coefficient of friction of 0.2 is specified for all contact interactions. Relative finite sliding of surfaces
when solved with surface-to-surface discretization, causes the magnitude and influence of unsymmetric
terms to be significant which combined with the presence of friction could be causing the convergence
difficulties.

When unsymmetric terms become significant, the symmetric solver might not be able to solve the problem.
In such situations the unsymmetric solver can overcame the convergence difficulties and obtain a
converged solution. So we will specify the unsymmetric solver for Step-2.

Change to Step module and open the Step Manager by picking .

Select the Step-2 in the manager and pick Edit.

Under the Other tab select the Unsymmetric as shown below.
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Unsymmetric option is used to invoke the unsymmetric storage and solution scheme.

Pick OK to apply the changes and exit.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking .

Select ShankLoad and pick Submit > OK.

Notice that analysis job completes successfully.

Postprocessing

Select ShankLoad job in the manager and pick Results

Pick to plot the contours on deformed shape. The final deformed shape of the frame assembly will
appear as shown in the figure below.

The highest stress occurs in the fastener. We are interested in the stress distribution in the frame so we will
remove other parts from display.
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So pick and select Part instances as the entities to remove.

Now select the fastener and shank in the viewport and pick Done.

SelectMax. In-Plane Principal stress in the Field Output toolbar.

The maximum in-plane principal stress distribution will appear as shown in the figure below.

In the above figure stress is plotted for the bottom surface (SNEG) of the shell. If it is desired to plot stress
for top surface (SPOS) it can be done in the Sections Point dialog box which is accessed by picking Result
> Section Points from the main menu bar.

Now we will plot the contours of contact pressure for the frame.

Select CPRESS SNEG as output variable in the Field Output toolbar. The contact pressure distribution
will appear as shown in the figure below.
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If contact output is requested for shell elements, the data for the SPOS and SNEG surfaces are contained in
separate data sets. The variable names that appear in Abaqus/CAE for each data set indicate the regions to
which the contact output applies. CPRESS SNEG, contains the CPRESS variable information for SNEG
surface of the shell and similarly CPRESS SPOS contains the CPRESS variable information for SPOS
surface of the shell.

The side of shell region in the direction of the positive element normal is called SPOS, while the side in the
direction of the negative element normal is called SNEG.

To get the information about the positive (SPOS) and negative (SNEG) sides of the frame, we will plot the
normals in visualization module.

Pick (or pick Options > Common ) and check the Show Normals option under the Normals tab as
shown below.
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Pick OK to apply the changes and close the dialog box. The normals will appear as shown below.

By looking at the above figure we can say that inside surface of the shell is the surface in the positive
normal direction (also called SPOS face).

Similarly CPRESS distribution on the SPOS side of the shell can be plotted by select CPRESS SPOS as
output variable in the Field Output toolbar.

Select File > Save to save the changes we made so for.
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Exercise 13

In this exercise we will perform the stress analysis of a threaded connector under the loading conditions of
axial pullout and internal pressure.

Threaded connectors are commonly used components in the offshore industry. These connectors are
subjected to internal pressure loads in addition to various mechanical loading conditions. VAM TOP is one
of the widely used commercial threaded connector which will be analyzed in this exercise. These are used
for leak-tight applications. Threaded connectors are not exactly axisymmetric, but can be approximated
with an axisymmetric model if the helix angle is small.

Pick File > Set Work Directory and set the work directory to ThreadedConnector folder

Open the model database VamTop.cae. It will appear as shown below.

The model consists of two deformable axisymmetric parts: pin and coupling. There is an initial
interference between the pin and the coupling. Both parts are assumed to be made from steel with a
Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. Plastic behavior of the steel is modeled with
the von Mises plasticity model. A coefficient of friction of 0.1 is assumed between the contacting surfaces.
Both parts are meshed with bilinear axisymmetric quadrilateral elements (CAX4).

Analysis Steps

The analysis will be performed in three steps. In the first step, interference is resolved. In the second step, a
pressure penetration interaction is created. In the second step, an axial displacement of pin is specified. The
steps have already been defined.

All the steps have been defined with a total time period set to 1.0 and the initial time increment to 0.01.
NLgeom option has been toggled on in all the steps.

Contact Interactions

A contact interaction between the pin and coupling has already been defined. We will define one more
interaction to create pressure penetration loading.

Change to Interaction module and open the Interaction Manager by picking .
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"Coupling-Pin" interaction defines contact between the coupling and the pin. It resolves the interference
and establishes contact during Step-1. As large sliding movements are expected so "Finite sliding" option
is selected. Furthermore, the interaction is of "Surface-to-surface contact" type.

Now we will define one more contact interaction.

Pick Create to define a new interaction.

Enter PressurePen as the name of the interaction.

Pick Step-2 in the Step field.

Select Pressure penetration as type.
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A pressure penetration interaction is used to simulate a fluid penetrating between two contacting bodies.
The interaction between these contacting bodies must be defined by a "surface-to-surface contact"
interaction before defining a pressure penetration interaction. A pressure penetration interaction applies a
pressure load to the master and slave surfaces of this "surface-to-surface contact" interaction.

Pick Continue to proceed.

Select the Coupling-Pin as the contact interaction. This specifies the contact interaction to which the
pressure penetration load will be applied.

In a pressure penetration interaction, it is required to select a region on the surfaces exposed to the fluid
pressure. This region is always subjected to the pressure load. In a two-dimensional model only points can
be selected as the region.

Now we will identify points as exposed region.

Pick on the cell in the "Region on Master" column and then click on .
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Pick the point shown in the figure below.

Next pick on the cell in the "Region on Slave" column and then click on .

Pick the point shown in the figure below.

Leave the Critical Contact pressure to the default value of 0.

Fluid will penetrate between the contacting bodies until a point is reached where the contact pressure is
greater than the specified critical contact pressure value, cutting off further penetration of the fluid. The
higher this critical value, the easier the fluid penetrates. The default is zero, in which case the fluid
penetrates only if contact is lost.

Enter 1E6 (1 MPa) as the fluid pressure.
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Pick OK and it completes the definition of interaction.

Pick Dismiss to close the manager.

Load and Boundary Conditions

A pressure load is applied in Step-2 on the inner edges of the both parts as shown in the figure below. It
has already been defined.

Boundary conditions required for the analysis have already been defined. The boundary conditions
“Coupling” and “Pin” constrain the the motion of the respective parts along axis. The “Pin” boundary
condition is modified in the the Step-3 and a displacement is specified which creates a loading condition
of axial pullout.

Field Output Requests

We want to know the fluid pressure distribution on the contacting surfaces. This information is not
included by default in the ODB file. We will create a new field and request PPRESS variable.

Change to Step module.

Open the Field Output Manager by picking .

Pick Create and create a new Field in “Step-2” as shown below.
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Pick Continue and check the PPRESS variable (located under the Contact container).

Pick OK to apply and exit.

Pick Dismiss to close the manager.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking .

Pick Create and create a job named TConnector or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis and notice that job completes successfully.
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Pick Results to view the results in the Visualization module.

Postprocessing

First we will sweep the simulation results for better understanding. So, while in the Visualization module,
pick View > ODB Display Options and check the "Sweep elements" option located under the
Sweep/Extrude tab.

Enter 5 in the “To” field.

Pick OK to apply and exit the dialog box.

Pick to plot the contours on deformed shape.

Now select CPRESS as output variable in the Field Output toolbar.

We will remove the pin from viewport. So pick and select Part instances as the entities to remove.

Now select the pin on screen and pick Done.

The contour plot will appear as shown below.

It can be seen that fluid can penetrate the shoulder area of the coupling but no fluid reaches the threads.

Select File > Save to save the changes we made so for.
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Exercise 14

In this exercise we will perform the stress analysis of an o-ring under the pressure of a fluid being
contained.

Pick File > Set Work Directory and set the work directory to SealOring folder

Open the model database Oring.cae. It will appear as shown below.

The model consists of three axisymmetric parts: piston, housing and o-ring. The o-ring sits inside the
gland, cut into the piston. Piston and housing are modeled as analytical rigid parts. There is an initial
interference between piston and o-ring. O-ring is assumed to be made of rubber, which is modeled as a
Mooney-Rivlin material with C10= 3.6 MPa, C01 = 0.87 MPa and D=0.001 MPa-1. A coefficient of friction
of 0.15 is assumed between contacting surfaces. O-ring is meshed with bilinear axisymmetric quadrilateral
elements with reduced integration and hybrid formulation (CAX4RH). Hybrid elements are used because
the o-ring is made of nearly incompressible material.

Analysis Steps

The analysis will be performed in three steps. In the first step, interference is resolved and in the second
step housing is moved upwards. In the third step, a pressure penetration interaction is created. The steps
have already been defined.

All the steps have been defined with a total time period set to 1.0 and the initial time increment to 0.01

As o-ring is modeled as an hyperelastic material, it may undergo large deformations. To take into account
these large deformations, NLgeom option has been toggled on in all the steps.
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Contact Interactions

Two contact interactions have already been defined. We will define two more interactions to create
pressure penetration loading.

Change to Interaction module and open the Interaction Manager by picking .

Two interactions can be seen in the manager. "Piston-Oring" defines contact between the piston and the o-
ring. It resolves the interference and establishes contact. "Housing-Oring" defines contact between the
housing and the o-ring. As large sliding movements are expected so "Finite sliding" option is used in both
interactions. Furthermore, both of these interactions are of "Surface-to-surface contact" type.
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Now we will define two more contact interactions.

Pick Create to define a new interaction.

Enter Pressure-Piston as the name of the interaction.

Pick Step-3 in the Step field.

Select Pressure penetration as type.

A pressure penetration interaction is used to simulate a fluid penetrating between two contacting bodies.
The interaction between these contacting bodies must be defined by a "surface-to-surface contact"
interaction before defining a pressure penetration interaction. A pressure penetration interaction applies a
pressure load to the master and slave surfaces of this "surface-to-surface contact" interaction.

Pick Continue to proceed.

Select the Piston-Oring as the contact interaction. This specifies the contact interaction to which the
pressure penetration load will be applied.
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In a pressure penetration interaction, it is required to select a region on the surfaces exposed to the fluid
pressure. This region is always subjected to the pressure load. In a two-dimensional model only points can
be selected as the region.

Now we will identify points as exposed region. As the master surface is an analytical surface, we do not
need to pick any point for that surface.

If the selected contact interaction has an analytical rigid master surface, the Region on Master column
appears dimmed, indicating that adding or editing master surface points is unavailable.

Pick on the cell in the "Region on Slave" column and then click on .

Pick the point shown in the figure below.
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The master and slave surfaces of the surface-to-surface contact interaction are highlighted in the viewport
to help select the region.

Leave the Critical Contact pressure to the default value of 0.

Fluid will penetrate between the contacting bodies until a point is reached where the contact pressure is
greater than the specified critical contact pressure value, cutting off further penetration of the fluid. The
higher this critical value, the easier the fluid penetrates. The default is zero, in which case the fluid
penetrates only if contact is lost.

Enter 15E6 (15 MPa) as the fluid pressure.

Pick OK and it completes the definition of interaction.

To create the second interaction, again pick Create.

Enter Pressure-Housing as the name of the interaction.

Pick Step-3 in the Step field.

Select Pressure penetration as type.

Pick Continue to proceed.

Select the Housing-Oring as the contact interaction. This specifies the contact interaction to which the
pressure penetration load will be applied.

Now we will identify points as exposed region. As the master surface is an analytical surface, we do not
need to pick any point for that surface.

Pick on the cell in the "Region on Slave" column and then click on .

Pick the point shown in the figure below.
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Leave the Critical Contact pressure to the default value of 0.

Enter 15E6 (15 MPa) as the fluid pressure.

Pick OK and it completes the definition of interaction.

Pick Dismiss to close the manager.
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Boundary Conditions

Boundary conditions required for the analysis have already been defined. The boundary conditions
“Housing” and “Piston” constrain the the motion of the respective parts.

Field Output Request

We want to know the fluid pressure distribution on the boundary of o-ring. This information is not
included by default in the ODB file. We will create a new field and request PPRESS variable.

Change to Step module.

Open the Field Output Manager by picking .

Pick Create and create a new Field in “Step-3” as shown below.

Pick Continue and check the PPRESS variable (located under the Contact container) as shown below.
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Pick OK to apply and exit.

Pick Dismiss to close the manager.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking .

Pick Create and create a job named Pressure_Oring or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

If you look in the message area, the following message can be seen.

“Job Coupling aborted due to errors.”
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Diagnosing the error

We will try to investigate the cause of this error by using Job Monitor.

Select Pressure_Oring job in the manager and pickMonitor

In the Job Monitor, notice that job is aborted during the Step-3. Furthermore, there is no clear reason for
the job failure under the Errors tab.

Now pick the Warnings tab and notice the warning about unsymmetric stiffness matrix as highlighted
below.

We already know that friction adds unsymmetric terms to the system of equations. In the current problem,
a coefficient of friction of 0.15 is specified for contact interactions. Now we have additional information
about the unsymmetric nature of the current problem due to large deformation and pressure penetration
interaction. So we will use the unsymmetric solver as proposed in the warning message.

It is recommended to investigate the reason for warning messages to determine whether corrective action is
needed or whether such messages can be ignored safely.

Using Unsymmetric Solver

Change to Step module and open the Step Manager by picking .

Select the Step-3 in the manager and pick Edit.

Under the Other tab select the Unsymmetric as shown below.
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Unsymmetric option is used to invoke the unsymmetric storage and solution scheme.

Pick OK to apply the changes and exit.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking .

Select Pressure_Oring and pick Submit > OK.

Notice that analysis completes successfully.

Postprocessing

Now we will produce contour plots of a few of the output variables over the deformed model shape.

First we will sweep the simulation results for better understanding. So, while in the Visualization module,
pick View > ODB Display Options and check the "Sweep elements" option located under the
Sweep/Extrude tab.

Enter 10 in the “To” field.

Pick OK to apply and exit the dialog box.

Now select CPRESS as output variable in the Field Output toolbar. Following figure compares the contact
pressure distribution before and after the application of fluid pressure.
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It can be seen that the contact pressure significantly rises as the fluid pressure is applied. This gives an o-
ring capability to seal high fluid pressure. It can also be noticed that due to the fluid pressure, the o-ring is
pushed upwards and extruded into the gap between piston and housing.

We will also plot the fluid pressure distribution. So select the PPRESS in the Field Output toolbar and
simulation results will appear as shown below.

It can be seen that almost no fluid penetrates the contacting area and the seal of the o-ring is maintained.

Select File > Save to save the changes we made so for.
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Exercise 15

In this exercise we will perform the stress analysis of a u-cup seal under the pressure of a fluid being
contained.

U-cup seals are usually used in pneumatic and low-pressure hydraulic applications. A u-cup seal consists
of two sealing lips which are forced towards walls as the pressure builds up. The major advantage of u-cup
seals is that as the fluid pressure increases so does the force on sealing lips, enhancing the sealing
capability of the seal.

Pick File > Set Work Directory and set the work directory to SealUcup folder

Open the model database Ucup.cae. It will appear as shown below.

The model consists of three axisymmetric parts: piston, housing and u-cup. The u-cup sits inside gland, cut
into the piston. Piston and housing are modeled as analytical rigid parts. There is an initial interference
between u-cup and other two parts. U-cup is assumed to be made of rubber, which is modeled as a
Mooney-Rivlin material with C10= 5.2 MPa, C01 = 0.98 MPa and D=0.002 MPa-1. A coefficient of friction
of 0.15 is assumed between contacting surfaces. U-cup is meshed with bilinear axisymmetric quadrilateral
elements with reduced integration and hybrid formulation (CAX4RH).

Analysis Steps

The analysis will be performed in three steps. In the first step, interference is resolved and in the second
step a pressure load is applied on the sealing lips. In the third step, a pressure penetration interaction is
created. The steps have already been defined.

All the steps have been defined with a total time period set to 1.0 and the initial time increment to 0.01
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As u-cup is modeled as a hyperelastic material, it may undergo large deformations. To take into account
these large deformations, NLgeom option has been toggled on in all the steps.

Contact Interactions

Two contact interactions have already been defined. We will define two more interactions to create
pressure penetration loading.

Change to Interaction module and open the Interaction Manager by picking .

Two interactions can be seen in the manager. "Piston-Ucup" defines contact between the piston and the u-
cup. It resolves the interference and establishes contact during Step-1. "Housing-Ucup" defines contact
between the housing and the u-cup. It resolves the interference and establishes contact during Step-1. As
large sliding movements are expected so "Finite sliding" option is used in both interactions. Furthermore,
both of these interactions are of "Surface-to-surface contact" type.
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Now we will define two more contact interactions.

Pick Create to define a new interaction.

Enter Pressure-Piston as the name of the interaction.

Pick Step-3 in the Step field.

Select Pressure penetration as type.

A pressure penetration interaction is used to simulate a fluid penetrating between two contacting bodies.
The interaction between these contacting bodies must be defined by a "surface-to-surface contact"
interaction before defining a pressure penetration interaction. A pressure penetration interaction applies a
pressure load to the master and slave surfaces of this "surface-to-surface contact" interaction.

Pick Continue to proceed.

Select the Piston-Ucup as the contact interaction. This specifies the contact interaction to which the
pressure penetration load will be applied.
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In a pressure penetration interaction, it is required to select a region on the surfaces exposed to the fluid
pressure. This region is always subjected to the pressure load. In a two-dimensional model only points can
be selected as the region.

Now we will identify points as exposed region. As the master surface is an analytical surface, we do not
need to pick any point for that surface.

If the selected contact interaction has an analytical rigid master surface, the Region on Master column
appears dimmed, indicating that adding or editing master surface points is unavailable.

Pick on the cell in the "Region on Slave" column and then click on .

Pick the point shown in the figure below.
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Leave the Critical Contact pressure to the default value of 0.

Fluid will penetrate between the contacting bodies until a point is reached where the contact pressure is
greater than the specified critical contact pressure value, cutting off further penetration of the fluid. The
higher this critical value, the easier the fluid penetrates. The default is zero, in which case the fluid
penetrates only if contact is lost.

Enter 5E6 (5 MPa) as the fluid pressure.

Pick OK and it completes the definition of interaction.

To create the second interaction, again pick Create.

Enter Pressure-Housing as the name of the interaction.

Pick Step-3 in the Step field.

Select Pressure penetration as type.

Pick Continue to proceed.

Select the Housing-Ucup as the contact interaction. This specifies the contact interaction to which the
pressure penetration load will be applied.

Now we will identify points as exposed region. As the master surface is an analytical surface, we do not
need to pick any point for that surface.

Pick on the cell in the "Region on Slave" column and then click on .

Pick the point shown in the figure below.



Solving Contact Problems Abaqus 2016

44

Leave the Critical Contact pressure to the default value of 0.

Enter 5E6 (5 MPa) as the fluid pressure.

Pick OK and it completes the definition of interaction.

Pick Dismiss to close the manager.
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Load and Boundary Conditions

A pressure load is applied on the inner edges of the sealing lips as shown in the figure below. It has already
been defined.

Boundary conditions required for the analysis have already been defined. The boundary conditions
“Housing” and “Piston” constrain the the motion of the respective parts.

Field Output Request

We want to know the fluid pressure distribution on the boundary of u-cup. This information is not included
by default in the ODB file. We will create a new field and request PPRESS variable.

Change to Step module.

Open the Field Output Manager by picking .

Pick Create and create a new Field in “Step-3” as shown below.

Pick Continue and check the PPRESS variable (located under the Contact heading).
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Pick OK to apply and exit.

Pick Dismiss to close the manager.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis.

So change to Job module and open the Job Manager by picking .

Pick Create and create a job named Pressure_Ucup or any other suitable name.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

If you look in the message area, the following message can be seen.

“Job Pressure_Ucup aborted due to errors.”

We will try to find the cause of this error in the Visualization module.

So pick Results to view the results in the Visualization module.

Diagnosing the error

Pick to plot the contours on deformed shape. In the viewport, it can be seen that system has failed to
resolve the interferences as shown in the figure below.

In some situations, interferences are difficult to be resolved with the surface-to-surface formulation. When
surface-to-surface formulation is used, overclosures tend to be resolved along the slave facet normal
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direction. Instead when node-to-surface formulation is used, overclosures tend to be resolved along the
master surface normal direction. This is illustrated for a simple case in the following figure.

For the surface-to-surface formulation, differing normal direction may result in undesirable tangential
motion while resolving an overclosure. Therefore in some cases it may be better to resolve large
overclosures with node-to-surface formulation.

By looking at the geometry of current problem, it can be said that node-to-surface formulation better suits
the overclosure resolution step. So we will change from the surface-to-surface formulation to node-to-
surface formulation.

Change to Interaction module and open the Interaction Manager by picking .

Pick the "Housing_Ucup" interaction under column “Step-1” and pick Edit.

Change the discretization method to Node to surface as shown below.
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Pick OK to apply the changes and exit.

Next, pick the "Piston_Ucup" interaction under column “Step-1” and pick Edit.

Change the discretization method to Node to surface in the Edit Interaction dialog box.

Pick OK to apply the changes and exit.

Pick Dismiss to close the manager.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking .

Select Pressure_Ucup and pick Submit > OK.

Notice that analysis job is again aborted. We will investigate if the "Node-to-surface" discretization
method has any influence on the analysis in the Visualization module.

So pick Results to view the results in the Visualization module.

Pick to plot the contours on deformed shape.

In the viewport, it can be seen that Abaqus/Standard has successfully completed the Step-1, and job was
aborted due to problems in Step-2 as shown in the figure below.
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So we can conclude that "Node-to-surface" discretization method has resolved the initial interference
successfully. We will use job diagnostics to investigate the source of error during Step-2.

So pick Tools > Job Diagnostics and Job Diagnostics dialog box will appear.

It can be seen that during the 12th increment, system makes 3 attempts before aborting the analysis. During
the first attempt, there have been total 4 iterations, and 3 of them are severe discontinuity iterations as
shown in the figure below. Furthermore first attempt is aborted due to severe contact overclosures.

It can be seen in the Contact tab that during the 4th iteration there are 26 nodes that are involved in severe
overclosures as shown in the figure below.
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Check the Highlight selections in viewport option and the nodes involved in severe overclosures will be
highlighted on screen as shown below.

During the attempt, warning messages appear in 1st, 3rd and 4th iterations. In the 4th iteration “Negative
eigenvalues” warning message appear as shown in the figure below.



51

“Negative eigenvalue” messages appear due to some instability in the system.

There has been no boundary condition applied to constrain the translation of u-cup along the axis. As the
pressure load is ramped up, only the friction force offers a resistance to the translation of u-cup along axial
direction, and could result in excessive sliding. It can be said that the excessive sliding of the u-cup causes
the severe overclosures and makes it difficult to establish the contact between head area of the u-cup and
the piston groove. We assume that the difficulties to establish the contact and hence uncontrolled
movement of u-cup along axial direction cause the instability in the system.

After the first attempt, Abaqus/Standard reduces the increment size and makes another attempt.
This attempt is again aborted due to severe contact overclosures.

In the third attempt, Abaqus/Standard runs a trivial increment (of size 1e-35) to guarantee that results are
written to the ODB file. We can ignore this increment for the purpose of diagnosis.

There could be several approaches to get the head area of the u-cup and the piston groove into contact, e.g.
using boundary conditions initially to get the components into contact instead of applying loads directly,
changing initial position of u-cup in axial direction to reduce initial gap, and introducing automatic contact
stabilization. For the sake of convenience, we will use the contact stabilization.

Introducing Contact Stabilization

Now we will introduce the automatic contact stabilization to alleviate the convergence difficulties. This
requires to define contact controls.
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So change to Interaction module and pick Interaction > Contact Controls > Create from the menu bar
(alternatively, double-click the Contact Controls in the Model Tree).

Enter Stabilize as the name of the Contact Controls.

Make sure that "Abaqus/Standard contact controls" option is selected and pick Continue.

In the Edit Contact Controls dialog box, toggle on Automatic stabilization.

When automatic stabilization option is selected, the default damping coefficient calculated automatically
by Abaqus/Standard is used. It introduces viscous damping for relative motions of the contact pair at all
slave nodes.

Enter 0.001 as the stabilization factor to scale down the default damping coefficient.

Stabilization factor is used to scale the default damping coefficient by a specified factor to minimize the
effects of stabilization on the solution.

Typically, the automatically calculated damping coefficient provides enough damping to eliminate the
rigid body motion, there is no assurance that the value is optimal. Therefore, it may be required to increase
the damping if the convergence behavior is problematic or decrease the damping if it distorts the solution.

Pick OK to apply the changes and exit the dialog box.

Open the Interaction Manager by picking .

Pick the interaction “Piston-Ucup” under column “Step-2” and pick Edit.
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In the Edit Interaction dialog box, select the Stabilize in Contact controls field.

Pick OK to apply the changes and exit the dialog box.

Pick Dismiss to close the manager.

Now we will resubmit the job.

So change to Job module and open the Job Manager by picking .

Select Pressure_Ucup and pick Submit > OK and notice that analysis completes successfully.

Pick Results to view the results in the Visualization module.
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Pick to plot the contours on deformed shape. The model will appear as shown in figure below.

If we investigate the analysis using Job Diagnostics dialog box (by picking Tools > Job Diagnostics), it
can be seen that, no warning message appears during the analysis job as shown in the figure below.

As introduction of the contact stabilization has damped relative motion of u-cup and stabilized the contact,
we no longer see any warning messages.
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Postprocessing

First we will sweep the simulation results for better understanding. So, while in the Visualization module,
pick View > ODB Display Options and check the "Sweep elements" option located under the
Sweep/Extrude tab.

Enter 10 in the “To” field.

Pick OK to apply and exit the dialog box.

Now select CPRESS as output variable in the Field Output toolbar and contour plot will appear as shown
below.

It can be seen that due to fluid pressure, sealing lips are forced towards walls. As the fluid pressure
increases so does the force on sealing lips enhancing the sealing capability of the seal.

The introduction of contact stabilization in a problem can change the solution significantly. Although the
automatically calculated damping coefficient typically provides enough damping to stabilize the rigid body
motion, it is not certain that the value is unnecessarily high and distorting the solution. Therefore it is
necessary to verify that the inclusion of contact stabilization does not significantly alters the solution. The
simplest method is to compare the energy dissipation due to stabilization (ALLSD) to the elastic strain
energy of the model (ALLSE) or the internal energy of the model (ALLIE). Smaller the value of
dissipation energy as compared to the internal energy of the model, the better.

To plot these energies, pick and Create XY Data dialog box will appear.

Pick ODB history output > Continue

In the History Output dialog box, select ALLSD and ALLSE.
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Pick Plot and the graph will appear as shown below. (Note: The y-axis is displayed in a base 10
logarithmic scale.)

It can be seen that the dissipation energy is less than 1% of the strain energy of the model, so it can be
concluded that contact stabilization has a negligible effect on the solution.

Select File > Save to save the changes we made so for.
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