
Exercise 12

In this exercise we will perform buckling analysis of a plate subjected to in-plane load in one direction.
The plate is shown schematically in the figure below.

Although plate geometry and load are symmetric we will simulate the full model. Even though a structure
and load are symmetric, the buckling modes may no be symmetric.

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

Open the model database SquarePlate.cae.

The model consists of a single part, Plate. The plate shown in above figure has a length and width of 1 m.
It is assumed to be made from steel with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. The
plate is 0.01 m thick. So it has a thickness-to-minimum span ratio of 0.01 (0.01/1) and hence considered
thin. It is modeled using planar shell feature. We assume that strains will be small so it is meshed using
quadratic shell elements with reduced integration (S8R5). The plate is loaded with a uniform pressure of
100 kN/m on both sides.

First a linear buckling analysis will be performed to find the shapes of buckling modes and corresponding
eigenvalues.

Defining Step

Eigenvalue buckling estimates are obtained by using the eigenvalue buckling procedure. This is a linear
perturbation analysis.

Change to Step module.

Pick to create a new step.

Select the Linear perturbation as procedure type.

Pick Buckle as procedure.
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Pick Continue and Edit Step dialog box will appear.

We are interested in first five eigenvalues so enter 5 as the number of eigenvalues requested.

Pick OK to complete the definition of step.
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Defining Load

A uniform edge load of 100 kN/m will be applied on the right edge of the plate.

To define load, change to Load module.

Pick to create a load and select Step-1 in the Step field.

Select Shell edge load in the Types field and pick Continue.

A surface has already been defined, so pick Surfaces tab and select the Surf_Right.

Pick Continue and Edit Load dialog box will appear.

Enter 1E5 as the pressure magnitude.
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For an eigenvalue buckling analysis, the magnitude of the load is immaterial, because the response
(eigenvalue) is proportional to the magnitude of the load. For example, if the magnitude of first eigenvalue
is 25 when a load of 105 is specified, then for the applied load of 103 the eigenvalue magnitude will become
2500.

Pick OK and it completes the definition of load.

Boundary Conditions

Boundary conditions required for the analysis have already been defined. In the Boundary Conditions
Manager it can be seen that four boundary conditions have been created.

The boundary condition “BC-SimpX” constrains the translation along z-axis and rotation about x-axis (U3
and UR1) of the vertical edges of the plate. The boundary condition “BC-SimpY” constrains the translation
along z-axis and rotation about y-axis (U3 and UR2) of the horizontal edges of the plate. The boundary
condition “BC-RP” constrains the translation along x-axis (U1) of the reference point (Set-RP). This
reference point will be constrained to the degrees of freedom of left edge of the plate using a coupling
constraint. The boundary condition “BC-NodeY” constrains the nodes of top edge along y-axis (U2).
Note: The left edge has been constrained to the reference point as it makes it easier to plot the total applied
load.

Defining Constraint

Now we will define a couple constraint to relate degrees of freedom of plate nodes to the reference point.

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

Pick Create to define a new constraint.
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Pick Coupling as the type of the constraint.

Pick Continue to proceed.

System will ask you to pick the control point. As we have already defined a set, so pick Sets and select the
Set-RP.
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Pick Continue to proceed.

System will ask to select the region type.

Pick Surface.

A surface has already been defined so pick Surfaces and select the Surf-Left.

Select Highlight selections in viewport to view the selected surface on screen as shown below.

Pick Continue to proceed.

Select the Continuum distributing as coupling type as shown below.
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Pick OK in the Edit Constraint dialog box to apply changes and exit.

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 pick to open the job manager.

Pick Create and create a job named Eigen or whatever name you would like.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.

Postprocessing

Pick to plot contours on deformed shape.

The contoured plot will appear as shown below.
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In the above figure first mode shape of the plate can be seen. The corresponding eigenvalue is 7.2267. This
eigenvalue is the factor by which the applied load must be multiplied to find the buckling load. So in this
case the buckling load is 722670 (7.2267 x 1 x 105).

If you look in the legend in the above figure you can notice that maximum displacement is 1.0 m. It is
important to know that they do not represent actual magnitudes of deformation.

The buckling mode shapes are normalized vectors and do not represent actual magnitudes of deformation
at critical load. They are normalized so that the maximum displacement component is 1.0.

The displacement magnitude shown in the above figure are meaningless. The magnitudes shown cannot be
used to compute e.g. stresses or strains in the structure. Only the mode shape and eigenvalue are the
worthy output of this analysis.
If the load applied to the model is operational load, then the eigenvalue can be interpreted as a factor of
safety.

The following figure shows the second, third and fourth modes. It can be seen that second and fourth
modes are not symmetric which is the reason symmetric boundary conditions are not recommended to use
when an eigenvalue buckling analysis is performed.

It can be seen that eigenvalues for all of these modes are higher than the first eigenmode. So first
eigenmode gives the lowest buckling load estimate.
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Often the first mode shape is more feasible with the next eigenmodes at distinctly higher critical loads.
These higher modes can be ignored for further analysis.

Load-Displacement Analysis

Now we will perform a load-displacement analysis to ensure that eigenvalue buckling prediction is
accurate. Furthermore we will also investigate the post-buckling response.

An eigenvalue analysis provides estimate of the critical buckling load and possible mode shapes of the
structure that will occur at buckling. It does not provide any information what happens after the structure
buckles. If the structure is stable or unstable after the bifurcation point and what is the level of stresses and
strains? To answer these questions, a load-displacement analysis is usually performed after the eigenvalue
buckling analysis.

We will make a copy of the existing model and replace the existing step with a Static, General procedure.

So right-click the Eigenvalue model in the Model Tree and pick Copy Model.

Enter Load_Displacement as the name of the copied model.

Pick OK to apply.

Right-click the Step-1 in the copied model and pick Replace.
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Select the General as procedure type.

Pick Static, General as procedure.

Pick Continue and Edit Step dialog box will appear.

Turn on the Nlgeom option.

Under the Incrementation tab, set the initial increment size to 0.01 and and a maximum increment size of
0.05
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Pick OK to apply the changes and exit the dialog box.

Specifying Load

We expect the plate to buckle at a load of about 722670 N/m (7.2267 x 100 kN/m). As we also want to
investigate the post-buckling response, so we will specify an arbitrary higher load of 8.5 x 105N/m.

To edit the load, change to Load module.

Open the Load Manager by picking .

Pick the Load-1 and select Edit.

Enter 85E4 as the pressure magnitude.

Pick OK and it completes the definition of load.

Job Submission

Now we can submit the job for analysis.

So change to Job module and pick to open the job manager.

Pick Create and create a new job named NoImperfection or whatever name you would like.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.

Postprocessing
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Pick to plot contours on deformed shape. The contour plot of von Mises stress will appear as shown
below.

It can be seen that the von Mises stress is uniformly distributed.

Select U as output variable in the Field Output toolbar.

Pick U3 in the component field. The simulation results will appear as shown below.

It can be seen that out of plane displacement is almost zero. So we can conclude that plate has not buckled.

The representation of a structure’s geometry in a computer software does not include the imperfections due
to manufacturing tolerances and transporting and handling processes. No material used to manufacture
engineering structures is absolutely homogeneous. Furthermore in physical structures, the boundary
conditions and load application can not be as perfect as represented during an finite element analysis. Due
to these idealizations during finite element analysis, the buckling will usually not occur.

It is possible that an analysis performed using perfect geometry may never buckle at a load sufficiently
higher than critical load level because the model has no initial displacement in the postbuckled mode.
Therefore it has no ability to switch to that mode. To overcome this limitation, we will introduce a
imperfection in our model.
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Introducing geometric imperfection

We will introduce an imperfection in the shape of the first buckling mode predicted by the eigenvalue
analysis as first mode corresponds to the lowest value of buckling load.

To trigger the buckling, it is needed to introduce an imperfection so that there is some response in the
buckling mode before the critical load is reached.

There are different ways to introduce imperfections. We will apply fictitious trigger load which deforms
the plate in the shape of the first buckling mode. The trigger load will be applied in first step and buckling
load will be applied in a second step. So first we will define a new step.

Change to Step module.

Pick to create a new step and select the Static, General step.

Pick Continue and Edit Step dialog box will appear. Notice that by default total time period is set to 1.0
and NLgeom option is set to On.

Under the Incrementation tab, set the initial increment size to 0.01 and a maximum increment size of 0.05

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

To define load, change to Load module.

Pick to create a load and select Step-1 in the Step field.

Select Concentrated in the Types field and pick Continue.

A set has already been defined, so pick Sets and select the Node_Center.
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Pick Continue and enter 16 as the force magnitude in z-direction.

Pick OK and it completes the definition of load.

Open the Load Manager by picking .

In the Load Manager it can be seen that two load are created in the Step-1. Our goal is to apply the trigger
load in the first step and buckling load in the Step-2. So we need to move the Load-1 under the Step-2
column.

Pick the “Load-1” under column “Step-1” and pickMove Right.

Now the Load Manager dialog box will appear as shown below.



15

Pick Dismiss to close the manager.

Now we can submit the job for analysis.

So change to Job module and pick to open the job manager.

Pick Create and create a new job named Imperfection_L16 or whatever name you would like.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.

Postprocessing

Pick to plot contours on deformed shape. The contour plot of von Mises stress at the end of Step-2
will appear as shown below.
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It can be seen that the von Mises stress is not uniformly distributed as in the previous case without
imperfection.

Select U as output variable in the Field Output toolbar.

Pick U3 in the component field. The following figure shows the contour plot at the end of “Step-1” and
“Step-2”.

It can be seen that out of plane displacement in the center of plate is about 0.0103 at the end of Step-2
which is significant as compared to the thickness of the plate (0.01 m). The out of plane displacement in
the center of plate is about 1.01 E-5 at the end of Step-1. This comes out to be about 0.1% of the plate
thickness (1.01 E-5/0.01 x 100 = 0.01%). In other words the trigger force has introduced an imperfection
of about 0.1% of the plate thickness in the center of the plate.

Now we will plot the reaction force at the reference point versus the displacement of the center point.

Pick and Create XY Data dialog box will appear.

Pick ODB field output > Continue

In the Position field, select Unique Nodal and check the U3 checkbox.

In the Elements/Nodes tab, pick Node sets as method and select the NODE-CENTER.
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Pick Save to save the plot and then pick OK to confirm.

It will create a XY data plot of U3 versus time.

Now in the Variables tab, check the RF1 and uncheck the U3 checkbox.

In the Elements/Nodes tab, pick Node sets as method and select the SET-RP.

Pick Save to save the plot and then pick OK to confirm.

It will create a XY data plot of RF1 versus time.

Pick Dismiss to close the Field Output dialog box.

Each of the XY data curves is a history (variable versus time) plot. We will combine the plots to produce
the desired force-displacement plot.

Again pick and select Operate on XY data option.

Pick Continue to proceed.

In the Operate on XY Data dialog box, pick combine(X,X) operator.

Then double-click the “U:U3…….” data and then “RF:RF1…….” data in the list and expression will
appear as shown below.

Pick Plot Expression tab and graph will appear as shown below.



Solving Nonlinear Problems Abaqus 2017

18

As the plot looks satisfactory so pick Save As to save the plot and then enter TL16 to as the name.

It can be seen in the above figure that as the force reaches a magnitude of about 0.7 E6 N, the structure
loses stiffness sharply. Notice that eigenvalue analysis predicted a buckling load of about 7.2267 E5 N/m
(pressure) which becomes 7.2267 E5 N (force) as the length of the plate edge is 1 m. So it can be said that
buckling load predicted by load-displacement analysis is almost the same as obtained by eigenvalue
buckling procedure. Also notice that as the force magnitude is increased, the postbuckling behavior is
stable i.e. system has positive stiffness matrix up to the maximum force applied.

If the response of a structure is linear elastic before it buckles, the buckling prediction using the eigenvalue
buckling procedure is usually accurate. In other words, eigenvalue buckling analysis is useful for structures
that exhibit only small, elastic deformations prior to buckling. If the structure exhibits material nonlinearity
or geometric nonlinearity prior to buckling, a load-deflection analysis must be performed to investigate
their influence on buckling load.

Effect of imperfection magnitude

Now we will investigate the effect of imperfection magnitude on response of the structure.

To introduce higher value of imperfection magnitude, we need to specify higher load. So we will edit the
trigger load and specify an arbitrary higher load of 160N.

To edit the load, change to Load module.

Open the Load Manager by picking .

Pick the “Load-Trigger” under column “Step-1” and select Edit.



19

Enter 160 as the force magnitude in z-direction..

Pick OK and it completes the definition of load.

Submit the analysis job and view the results in Visualization module.

If you plot the U3 it could be seen that the out of plane displacement in the center of plate is about 1.01 E-4
at the end of Step-1. This comes out to be about 1.0% of the plate thickness (1.01 E-4 / 0.01 x 100). In
other words the trigger force has introduced an imperfection of about 1.0% of the plate thickness in the
center of the plate.

Now plot the reaction force at the reference point versus the displacement of the center point following the
same procedure as in the previous section and save plot with name TL160.

Similarly, edit the trigger load and enter 1600 as the force magnitude in z-direction..

If you plot the U3 it could be seen that the out of plane displacement in the center of plate is about 1.01 E-3
at the end of Step-1. This comes out to be about 10.0% of the plate thickness (1.01 E-3 / 0.01 x 100). In
other words the trigger force has introduced an imperfection of about 10.0% of the plate thickness in the
center of the plate.

Now plot the reaction force at the reference point versus the displacement of the center point following the
same procedure as in the previous section and save plot with name TL1600.

Also plot the force-displacement curve for the case when no trigger load is applied i.e. no imperfection.
Save the plot with name NoTL.

The following graph compares the response for all four cases. Here the out of plane displacement of the
center point is plotted as a function of the compressive load.
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For the case with no trigger load (NoTL). the response curve is almost a straight vertical line which shows
that buckling has no occurred. For the case with smallest trigger load (TL16), which results in imperfection
of about 0.1% of the plate thickness, the response curve shows a very sharp loss of stiffness. For the case
with largest trigger load (TL1600), which results in imperfection of about 10% of the plate thickness, the
response curve is smooth. So we can conclude that as the imperfection magnitude increases, the behavior
becomes smoother.

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

In this exercise we will perform buckling analysis of a bracket subjected to an in-plane load . The bracket
is shown schematically in the figure below.

60

F

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

Open the model database Bracket.cae.

The model consists of a single part, Bracket. It is assumed to be made from aluminum with a Young’s
modulus of 70 GPa and a Poisson’s ratio of 0.3. The bracket is 0.004 m thick. So it has a thickness-to-
minimum span ratio of 0.066 (0.004/.060) and hence considered thin. It is modeled using planar shell
feature. We assume that strains will be small so it is meshed using quadratic shell elements with reduced
integration (S8R5). The bracket is loaded with a concentrated force of 1000 N in the x-direction at middle
node of bottom edge.

In the model tree, it can be seen that there are two models. In the “Eigenvalue” model, linear buckling
analysis will be performed. Other model, “Load-Displacement”, will be used to find out post-buckling
response.

Eigenvalue buckling analysis

First an eigenvalue buckling analysis will be performed to find the shapes of buckling modes and
corresponding eigenvalues.
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A step with “Buckle” procedure has already been defined requesting first five eigenvalues

Defining Load

A concentrated force of 1000 N is applied in the x-direction at middle node of bottom edge. The load has
already been defined.

Boundary Conditions

Boundary conditions required for the analysis have already been defined. The boundary condition “BC-
Fixed” constrains all the translational and rotational degrees of freedom of the left edge.

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 pick to open the job manager.

Pick Create and create a job named Eigen or whatever name you would like.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.
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Postprocessing

Pick to plot contours on deformed shape.

The contoured plot will appear as shown below.

In the above figure first mode shape of the bracket with an eigenvalue of -0.70454 can be seen. This
eigenvalue is the factor by which the applied load must be multiplied to find the buckling load. So in this
case the buckling load is -704.54 (-0.70454 x 1000).

The following figure shows the second and third modes.

It can be seen that eigenvalues for all of these modes are higher than the first eigenmode. So first
eigenmode gives the lowest buckling load estimate but its magnitude is negative. It means that the lowest
load causing the buckling of bracket acts in the opposite direction from the one specified. The following
figure shows the force direction for first and second modes.
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Mode 1 Mode 2

F=704.54 N F=1444.4 N

As the direction of force in first mode is opposite to the applied force, so we will ignore the first buckling
mode. Since the second buckling mode corresponds to the direction of force applied, it is considered the
lowest buckling mode of interest.

Sometimes, negative eigenvalues are reported in an eigenvalue buckling analysis. In most cases such
negative eigenvalues indicate that the structure would buckle if the load were applied in the opposite
direction.

Load-Displacement Analysis

Now we will perform a load-displacement analysis to ensure that eigenvalue buckling prediction is
accurate/conservative. Furthermore we will also investigate the post-buckling response.

An eigenvalue analysis provides estimate of the critical buckling load and possible mode shapes of the
structure that will occur at buckling. It does not provide any information what happens after the structure
buckles. If the structure is stable or unstable after the bifurcation point and what is the level of stresses and
strains? To answer these questions, a load-displacement analysis is usually performed after the eigenvalue
buckling analysis.

The load-displacement analysis will be performed using the Static, General procedure. The step has
already been defined with a total time period set to 1.0. Nlgeom option has been set to On. The
incrementation has been set to Automatic type with an initial increment size of 0.01 and a maximum
increment size of 0.1

Specifying Load

We expect the bracket to buckle at a load of about 1444.4 N (1.4444 x 1000 N). As we also want to
investigate the post-buckling response, so we will specify an arbitrary higher load of 2000 N.

To edit the load, change to Load module.
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Open the Load Manager by picking .

Pick the Load-1 and select Edit.

Enter 2000 as the force magnitude.

Pick OK and it completes the definition of load.

Introducing geometric imperfection

We will introduce an imperfection in the shape of the second buckling mode predicted by the eigenvalue
analysis as it corresponds to the lowest value of buckling load of interest.

To trigger the buckling, it is needed to introduce an imperfection so that there is some response in the
buckling mode before the critical load is reached.

There are different ways to introduce imperfections. In this exercise we will introduce a linear
superposition of a buckling mode from the result of eigenvalue buckling analysis. As the load-
displacement analysis reads the nodal displacements from a results file (.fil), first we need to make sure
that the required information is added to the results file (.fil) during the eigenvalue buckling analysis. We
will do this by editing the keywords file.

PickModel > Edit Keywords > Eigenvalue from the main menu.

Enter the following keywords after the *Output keyword. Use the Add After tab after placing the cursor at
proper place in the file.
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*NODE FILE
U

The keyword property editor is shown below.

This *NODE FILE option is used to choose the nodal variables that will be written to the results file (.fil).

Pick OK to apply and exit.

Now we will edit the load-displacement model so that it reads the nodal variables from the results file (.fil)
to seed the imperfection.

PickModel > Edit Keywords > Load-Displacement from the main menu.
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Enter the following text lines before the *Step . Use the Add After tab after placing the cursor at proper
place in the file.

*IMPERFECTION, FILE=Eigen, STEP=1
2,0.000004

The keyword property editor is shown below.

The *IMPERFECTION option is used to introduce a geometric imperfection into a model for a
postbuckling analysis. File parameter is set equal to the name of the results file from a previous eigenvalue
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buckling analysis containing the mode shapes. The data line specifies the mode number and scaling factor
respectively.

For this case, second mode with a scaling factor of 0.000004 is specified. The magnitude of scaling factor
is set so that imperfection is 0.1% of the thickness of the bracket (0.004 x 0.1/100 =0.000004).

Pick OK to apply and exit.

Job Submission

All the information required for analysis has been set up in the model. Now we can submit the job for
analysis. As we have edited the “Eigenvalue” model, we need to submit the Eigen job again.

Select the job named Eigen and pick Submit.

Pick OK to accept overwriting.

Pick Create and create a new job named Imperfection_01P or whatever name you would like. Make sure
that Load-Displacement model is selected.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.

Postprocessing

Pick to plot contours on deformed shape. Select U as output variable and U3 in the component field.
The contour plot will appear as shown below.
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It can be seen that out-of-plane displacements are very small. So we can conclude that buckling has not
occurred. There could be two reasons that the model cannot capture the buckling response. One is that
imperfection magnitude is very small and other reason could be that increment size is too big to capture the
buckling. First we will reduce the increment size and see if the bracket will buckle.

Editing step

We will change the increment size in the step definition. So change to Step module.

Open the Step Manager by picking and

Pick the Step-1 and select Edit.

Under the Incrementation tab, set the maximum increment size of 0.05

Initial increment size is already set to 0.01, which seems sufficiently small.

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

Now we can submit the job again for analysis.

In the job manager, select the job named Imperfection_01P and pick Submit.

Pick OK to accept overwriting.

Pick Results to view the results in Visualization module.
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Pick to plot contours on deformed shape. Select U as output variable and U3 in the component field.
The contour plot will appear as shown below.

It is evident from the magnitude of displacements that the bracket has buckled. We can conclude that
increment size was not small enough in the previous case to capture the buckling response.

Now we will plot the applied force versus the out of plane displacement of middle node of bottom edge.

Pick and Create XY Data dialog box will appear.

Pick ODB field output > Continue

In the Position field, select Unique Nodal and check the CF1 and U3 checkbox.

In the Elements/Nodes tab, pick Node sets as method and select the NODE-MIDDLE.
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Pick Save to save the plot and then pick OK to confirm.

Pick Dismiss to close the Field Output dialog box.

Each of the XY data curves is a history (variable versus time) plot. We will combine the plots to produce
the desired force-displacement plot.

Again pick and select Operate on XY data option.

Pick Continue to proceed.

In the Operate on XY Data dialog box, pick combine(X,X) operator.

Then double-click the “U:U3…….” data and then “CF:CF1…….” data in the list and expression will
appear as shown below.

Pick Plot Expression tab and graph will appear as shown below.

As the plot looks satisfactory so pick Save As to save the plot and then enter Imp_01P to as the name.

It can be seen in the above figure that before the force reaches a magnitude of about 1.5 E3 N, the structure
loses stiffness sharply. Remember that eigenvalue analysis predicted a buckling load of about 1444.4 N. So
it can be said that buckling load predicted by load-displacement analysis is almost the same as obtained by
eigenvalue buckling procedure. Also notice that as the force magnitude is increased, the postbuckling
behavior remains stable i.e. system has positive stiffness matrix up to the maximum force applied.
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If the response of a structure is linear elastic before it buckles, the buckling prediction using the eigenvalue
buckling procedure is usually accurate. In other words, eigenvalue buckling analysis is useful for structures
that exhibit only small, elastic deformations prior to buckling. If the structure exhibits material nonlinearity
or geometric nonlinearity prior to buckling, a load-deflection analysis must be performed to investigate
their influence on buckling load.

Effect of imperfection magnitude

Now we will investigate the effect of imperfection magnitude on response of the structure.

To introduce higher value of imperfection magnitude, we need to edit the keywords file.

PickModel > Edit Keywords > Load-Displacement from the main menu.

Edit the scaling factor to 0.00004 as shown below.

*IMPERFECTION, FILE=Eigen, STEP=1
2, 0.00004

The magnitude of scaling factor is set so that imperfection is 1% of the thickness of the bracket (0.004 x
1/100 =0.00004).

Pick OK to apply and exit.

Now submit the job and plot the applied force versus the out of plane displacement of middle node of
bottom edge following the same procedure as in the previous section and save plot with name Imp_1P.

Similarly, edit the keywords file and set the scaling factor to 0.0004 as shown below.

*IMPERFECTION, FILE=Eigen, STEP=1
2, 0.0004

The magnitude of scaling factor is set so that imperfection is 10% of the thickness of the bracket (0.004 x
10/100 =0.0004).

Again submit the job and plot the applied force versus the out of plane displacement of middle node of
bottom edge and save plot with name Imp_10P.

The following graph compares the response for all three cases.
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For the case with smallest imperfection (Imp_01P), the response curve shows a very sharp loss of stiffness.
For the case with largest imperfection (Imp_10P), the response curve is smooth. So we can conclude that
as the imperfection magnitude increases, the behavior becomes smoother.

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

In this exercise we will perform buckling analysis of a cylindrical shell subjected to a compressive axial
load. The cylindrical shell is shown in the figure below.

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

Open the model database Cylinder.cae.

The model consists of a single part, Cylinder. The cylinder shown in above figure has a radius of 1 m and
axial length of 0.45 m. It is assumed to be made from aluminum with a Young’s modulus of 70 GPa and a
Poisson’s ratio of 0.3. The shell is 0.006 m thick. So it has a thickness-to-radius ratio of 0.006 (0.006/1)
and hence considered thin. It is modeled using shell extrude feature. During the buckling of a cylindrical
shell, finite strains can occur so it is meshed with linear quad shell elements (S4). The cylinder is loaded
with a uniform compressive axial load of 100 N/m.

In the model tree, it can be seen that there are two models. In the “Eigenvalue” model, linear buckling
analysis will be performed. Other model, “Load-Displacement”, will be used to find out post-buckling
response.

Eigenvalue buckling analysis

First an eigenvalue buckling analysis will be performed to find the shapes of buckling modes and
corresponding eigenvalues.
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A step with “Buckle” procedure has already been defined requesting first 15 eigenvalues. It is already
known that the eigenvalues are closely spaced for this problem so the Lanczos eigensolver is specified as
shown below.

The Lanczos eigensolver offers better accuracy than the Subspace solver for problems with closely spaced
eigenvalues.

Defining Load

A shell edge load of 100 N/m is applied on both sides of the cylinder. The load has already been defined.

For an eigenvalue buckling analysis, the magnitude of the load is immaterial, because the response
(eigenvalue) is proportional to the magnitude of the load. For example, if the magnitude of first eigenvalue
is 250 for a load of 100, then the eigenvalue magnitude will become 25 for a load of 1000.

Boundary Conditions

Boundary conditions required for the analysis have already been defined. For the cylindrical shell,
boundary conditions are specified using a cylindrical coordinate system. The boundary condition “BC-
Ends” constrains all the translational and rotational degrees of freedom except the translation along
longitudinal axis and rotation about azimuthal axis (U3 and UR2) at the ends of the cylinder. The
boundary condition “BC-Node” constrains the translation of a node along longitudinal axis to prevent rigid
body motion.

Writing displacement variables to results file

In this exercise we will introduce a linear superposition of a buckling mode from the result of eigenvalue
buckling analysis. As the load-displacement analysis reads the nodal displacements from a results file (.fil),
first we need to make sure that the required information is added to the results file (.fil) during the
eigenvalue buckling analysis. We will do this by editing the keywords file.
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PickModel > Edit Keywords > Eigenvalue from the main menu. Use the Add After tab after placing the
cursor at proper place in the file.

Enter the following keywords after the *Output keyword.

*NODE FILE
U

The keyword property editor is shown below.

This *NODE FILE option is used to choose the nodal variables that will be written to the results file (.fil).

Pick OK to apply and exit.

Job Submission

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

So change to Job module and pick to open the job manager.

Pick Create and create a job named Eigen or whatever name you would like.

Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.
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Postprocessing

Pick to plot contours on deformed shape.

The contoured plot will appear as shown below.

In the above figure first mode shape of the cylinder with an eigenvalue of 16342 can be seen. This
eigenvalue is the factor by which the applied load must be multiplied to find the buckling load. So in this
case the buckling load is 1634200 (16342 x 1000).

The following figure shows the second and third modes.

It can be seen that mode shapes are nonaxisymmetric and eigenvalues for both of these eigenmodes have
same magnitude. Furthermore both eigenmodes are orthogonal. Also notice that eigenvalues are very close
to that of first eigenmode.

Similarly eigenmode pairs (4, 5), (6, 7), (8, 9), (10, 11), (12, 13) and (14, 15) have repeated eigenvalues
and they are also very close to each other. Structures with closely spaced eigenvalues are usually
imperfection sensitive. A structure is considered imperfection sensitive if small changes in an imperfection
change the buckling load significantly. A small variation in geometry, boundary condition or load
eccentricity could cause the structure to buckle in any of the mode shapes. For an imperfection sensitive
structure the first eigenmode may not represent the perturbation that leads to the lowest buckling load.
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Load-Displacement Analysis

Now a load-displacement analysis will be performed to investigate imperfection sensitivity of the cylinder.
We will introduce imperfection in the shape of eigenmodes predicted by the eigenvalue analysis. Unique
eigenmodes and pairs of repeated eigenmodes will be used to seed the imperfection in this exercise. An
analysis will also be performed where all eigenmodes will be used to seed the imperfection.

It is already know that as the column buckles, its load-displacement response becomes unstable. Therefore
we will perform the load-displacement analysis by using the Static, Riks procedure. The step has already
been defined with Nlgeom option set to On. The incrementation has been set to Automatic type with an
initial increment size of 0.01 and a maximum increment size of 0.05

Specifying Load

As observed before that eigenvalue for the first mode is lowest among all the computed modes. So first we
will consider this mode for postbuckling investigation. The first eigenvalue for the cylinder is 16342. This
eigenvalue is the factor by which the applied load must be multiplied to find the buckling load. So in this
case the buckling load is 1634200 (16342 x 100). As we also want to investigate the post-buckling
response, so we will specify an arbitrary higher load of 17 x 105 N/m.

To edit the load, change to Load module.

Open the Load Manager by picking .

Pick the Load-1 and select Edit.

Enter 17E5 as the load magnitude.

In a Static, Riks procedure the applied load serves only to define the direction and to estimate the
magnitude of the initial increment of the load. The analysis will not stop when the maximum magnitude of
applied load is crossed.

Pick OK and it completes the definition of load.

Introducing geometric imperfection

We will introduce an imperfection in the shape of the first buckling mode predicted by the eigenvalue
analysis as it corresponds to the lowest value of buckling load. We will seed the imperfection by a linear
superposition of a buckling mode from the result of eigenvalue buckling analysis.
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To trigger the buckling, it is needed to introduce an imperfection so that there is some response in the
buckling mode before the critical load is reached.

In the first analysis, an imperfection of 1% of the thickness of the cylinder will be specified. We will edit
the load-displacement model so that it reads the nodal variables from the results file (.fil) generated by
eigenvalue buckling analysis to seed the imperfection.

PickModel > Edit Keywords > Load-Displacement from the main menu.

Enter the following text lines before the *Step. Use the Add After tab after placing the cursor at proper
place in the file.

*IMPERFECTION, FILE=Eigen, STEP=1
1,0.00006

The keyword property editor is shown below.

The *IMPERFECTION option is used to introduce a geometric imperfection into a model for a
postbuckling analysis. File parameter is set equal to the name of the results file from a previous eigenvalue
buckling analysis containing the mode shapes. The data line specifies the mode number and scaling factor
respectively.

For this case, first mode with a scaling factor of 0.00006 is specified. The magnitude of scaling factor is set
so that imperfection is 1% of the thickness of the cylinder (0.006 x 1/100 =0.00006).

Pick OK to apply and exit.
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History Output Requests

We want to plot the LPF versus axial displacement for the cylinder. To make the process easier, we will
request displacement of a node as history output.

Change to Step module.

Open the History Output Manager by picking .

Select H-Output-1 and pick Edit to modify the existing history output request.

Notice that Preselected defaults option is checked.

Uncheck the Energy option as we do not need to plot these variables.

In the Domain field, change to Set option and select Node-Bottom as reference set.

Node-Bottom set contains the node lying on bottom edge of the cylinder.

Check the U3 variable 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. Now we can submit the job for analysis.

So change to Job module and pick to open the job manager.

Pick Create and create a new job named M1_1P or whatever name you would like. Make sure that Load-
Displacement model is selected.
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Pick Continue and then OK.

Pick Submit to submit the job for analysis.

Pick Results to view the results in Visualization module.

Postprocessing

Pick to plot contours on deformed shape.

Select U as output variable and contour plot will appear as shown below.

It is evident from the magnitude of displacements that the cylinder has buckled.

Now we will plot the LPF versus the axial displacement of “Node_Bottom” node.

Pick to access the Create XY Data dialog box.

Pick ODB history output > Continue.

In the History Output dialog box, while holding down Ctrol key select Load proportionality factor and
Spatial displacement variables as shown below.

Pick Save As and Save XY Data As dialog box will appear.

Pick combine(XY,XY) operation and check the Swap variables box.

EnterM1_1P as name.
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Pick OK and following graph will appear in viewport.

It can be seen in the above figure that as the LPF reaches a value of about 0.9, the structure loses stiffness
sharply. We can compute the buckling load by using P = λPref. As we know Pref =17 x 105 N/m, so for
λ=0.9, P = 0.9 x 17 x 105=15.3 x 105. Remember that eigenvalue analysis predicted a buckling load of
about 16.342 x 105N/m. So it can be said that buckling load predicted by eigenvalue buckling procedure is
not accurate. Also notice that as the force magnitude is increased, the postbuckling behavior remains stable
i.e. system has positive stiffness matrix up to the maximum force applied.

Pairs of repeated eigenmodes

Now we will investigate the response of the cylinder when pairs of repeated eigenmodes are used to seed
the imperfection. We will only use the eigenmode 8 and 7 to demonstrate the procedure. You can use other
pairs of eigenmodes on your own and simulate the response of cylinder.
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To change the specification of eigenmode, we need to edit the keywords file.

PickModel > Edit Keywords > Load-Displacement from the main menu.

Edit the imperfection specification as shown below.

*IMPERFECTION, FILE=Eigen, STEP=1
8, 0.00006
9, 0.00006

For both modes a scaling factor of 0.00006 is specified. The magnitude of scaling factor is set so that
imperfection is 1% of the thickness of the cylinder as in previous case.

The keyword property editor will appear as shown below.

Pick OK to apply and exit.

Now submit the job and plot the LPF versus the axial displacement of “Node_Bottom” node by following
the same procedure as in the previous section and save plot with name M89_1P. The plot will appear as
shown below.

It can be seen in the above figure that as the LPF reaches a value of about 0.76 (the exact value can be
found from Job Monitor), the structure buckles. We can compute the buckling load by using P = λPref. As
we know Pref =17 x 105N/m, so for λ=0.76, P = 0.76 x 17 x 105=12.3 x 105. The corresponding buckling
load predicted using the eigenvalue analysis about 16.405 x 105 N/m. So it can be said that the buckling
load predicted by eigenvalue buckling procedure is much higher than value obtained by load-displacement
analysis. Also notice that the structure’s response is unstable after the buckling occurs.
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Combination of all eigenmodes

Now we will investigate the response of the cylinder when a combination of all modes are used to seed the
imperfection.

To change the specification of eigenmode, we need to edit the keywords file.

Pick Model > Edit Keywords > Load-Displacement from the main menu and edit the imperfection
specification as shown below. The magnitude of scaling factor is set so that imperfection is 1% of the
thickness of the cylinder.

*IMPERFECTION, FILE=Eigen, STEP=1
1,0.00006

2,0.00006

3,0.00006

4,0.00006

5,0.00006

6,0.00006

7,0.00006

8,0.00006

9,0.00006

10,0.00006

11,0.00006

12,0.00006

13,0.00006

14,0.00006

15,0.00006

Pick OK to apply and exit.

Now submit the job and plot the LPF versus the axial displacement of “Node_Bottom” node and save plot
with nameMall_1P. The plot will appear as shown below.
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It can be seen in the above figure that as the LPF reaches a value of about 0.71 (the exact value can be
found from Job Monitor), the structure buckles. We can compute the buckling load by using P = λPref. As
we know Pref=17 x 105N/m, so for λ=0.71, P = 0.71 x 17 x 105=12.1 x 105.

It can be said that the buckling load predicted by seeding imperfection using a combination of all
eigenmodes is much lower than the value predicted by using lowest eigenmode of the cylinder. In this
study we have analyzed cylinder using only limited pairs of eigenmodes just to demonstrate the procedure.
In practice you may need to run simulations for different combination of eigenmodes and also for different
magnitudes of imperfection scaling factors. The following figure shows the graphs when an imperfection
of 3% of the cylinder thickness is introduced. It can be seen that for the case, when imperfection is
introduced using a combination of all eigenmodes, the LPF reaches a value of about 0.55 before the
structure buckles.

To find out the critical imperfection shape that results in the lowest buckling load of a cylindrical shell is a
challenging task. This exercise just describes the procedure to find out such buckling load but does not aim
to compute the lowest load.

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

FYI: It is interesting to know how the geometrical imperfections change the geometry of a part. Due to
very small scaling factor used to seed the imperfection, any change in geometry of a part is usually
unnoticeable. But we can change the scaling factor to view the changes in shape of a perfect part geometry.
E.g. if we want to know how the geometry is modified when mode 8 and 7 are used to seed the
imperfection, we can change the scale factor to 200% of the thickness by making the following change in
keywords editor

*IMPERFECTION, FILE=Eigen, STEP=1
8, 0.012
9, 0.012

After running an analysis, the following shape can be observed in the Visualization module at the 0th
increment.
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