dktribution is unlimited.
I

Title: Finite Element Modeling for Validation of Structural Damage

Identification Experimentation

Author@): Daniel W. Stinemates, ESA-EA

Joel G. Bennett, ESA-EA

Submitted to:

The 20th International Modal Analysis Conference
Los Angeles, CA
February 4-7, 2002

NATIONAL LABORAT'OIIY
Los Alanios National Labor;atory, an affirmative actionlequal opportunity employer, is operated by the University of Californiafor the US.
Departmentof Energy under contractW-7405-ENG-36.13~acceptance of this article, the publisher recognizesthat the U S . Government
retains a nonexclusive,roycilty-free licenstt to publish or reproducetho published form of this contribution, or lo allow others to do so, for U S .
Government purposes. L.os; Alamos National Laboratoryrequests that the publisher identify this article as work performed under the
auspices of the U.S. Departmerit of Energy. 1.0s Alamos National Laboratorystrongly supports academic freedom and a researcher's right to
piiblisii; 81;ail institution, however, the Laboratory does not endorse the viewpoint of a publicationor guarantee its technical correctness.
Form 836 (8/00)

?he 20th International Modal Anelysis Conference, Los Angeles, CA, USA, February 4-7,2002.

FINITE ELEMEFdT MO
OR VALIDATION OF STRUCTURAL
DAMAGE IDENTIFICATION EXPERIMENTATION

Daniel W. Stinematest and Joel G. Bennett'

t Graduate student, George W. Woodruff School of Mechanical Engineering,

Georgia Instituteof Technology, Atlanta, GA 30332
$ Staff member, lfngirieering Sciences 8, Applications Division, Engineering Analysis Group, M/S C926,
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT
The project described in this report was performed to
couple experimental and analytical techniques in the field
of structural health monitoring and darnage identification.
To do this, a finite dement model was Constructed of a
simulated three-story building used for damage
identification experiments. The model was used in
conjunction with data from thie physical structure to
research damage identification algorithms. Of particular
interest was modeling slip in joints as a function of bolt
torque and predicting the smallest change of torque that
could be detected experimentally. After being validated
with results from the physical structure, the model was
used to produce data to test the capabilities of damage
identification algorithms. This report describes the finite
element model constructed, the results obtained, and
proposed future use of the model.

details of the model and the results obtained are
described in this report.
2.

THE FINITE ELEMENT MODEL

The finite element model was constructed to match the
geometry and physical properties of the bookshelf
structure. Figure Iprovides a view of the model that also
illustrates the components of the physical structure. At
the bottom of the structure, the base plate is supported
by four air bearings (not visible). Four vertical beams are
attached to the top of the base plate with the vertical
beam brackets. Three floor plates are attached to the
vertical beams with the floor plate brackets.
Floor Dlate

I

1. INTRODUCXION
The ability to continuously monitor the structural health of
civil structures and mechanical systems is desirable for
economical and iaurnan safety reasons. Staff at Los
Alamos National Laboratory (LANL), as well as students
participating in the Dynamics Summer School at LANL,
have recently been developinq such health monitoring
techniques. Some of their efforts have been focused on
statistical vibration analysis for damage identification
techniques using experirnental acceleration data. One
particular experiment used is based on acceleration data
from a steel frame structure ("bookshelf') that simulates a
three-story building. The structure is subjected to
vibration excitation, and the response is measured with
accelerometers. Different damage cases are studied by
loosening bolts in joints to introduce damage to the
structure. The goal of this project was to create and
utilize a finite element rriodel of the test structure lo
provide an analflical compliment to the experimental
work underway.
The specific goals pertaining to the model were to create
a linear model if possible, use the model to predict the
smallest experimentally detectable change of torque in
joint bolts, and to provide acceleration data to be used to
test damage identification algorithms. The model was
constructed and used to produce acceleration data. The

Figure 1: Finite element model of experimental structure
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To model the U-shaped channel, the cross section of the

2.1 Components of the Structure

Floor Dlates
Each of the three floor plates is a rectangular aluminum
plate with squares cut out of each corner for the vertical
beams. The dimensions of the aluminum plate are
24.188" x 18.188" x 0.5" thick. The floor plates were
modeled with shell elements with material properties of
aluminum and the same thickness as the physical floor
plates.

vertical beam was adjusted in that length to include the
geometry of the bracket. The cross section of the vertical
beam including the bracket is shown in Figure 3.

Base date
The base plate is a 1.5-in.-thick rectangular aluminum
plate, 24-in. wide by 30-in. long. The base plate was also
modeled with shell elements with aluminum material
properties.
Air bearinas
The base plate was mounted on four air bearings to
isolate the structure from incident vibrations. To model
the air bearings, springs were attached from nodes on
the base plate to ground. The nodes were chosen at
locations corresponding to where the air bearings were
attached in the physical model. Values for the spring
constants were obtained from data from the
manufacturer of the air bearings. These values were
updated during modal analysis validation to achieve
proper rigid body mode frequencies.
Vertical beams
The vertical beams are 60-in.-long 6-line brand stainless
steel channels. Figure 2 shows the cross section shape
and major dimensions of the vertical beams. Beam
elements with the same geometric cross section as the
physical beams were used in the model.
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Figure 3: Cross section of vertical beam with vertical
beam bracket
Floor date brackets
Brackets are used to attach each floor plate to the four
vertical beams. Each bracket, referred to as a floor plate
bracket, has two flat plates to attach to the floor plate and
an L-shaped channel to attach to the vertical beam.
Each of the flat plates is rectangular with dimensions of
1 . 5 x 1.875". The L-shaped channel is 3.625" tall, and
fits with the vertical beam as shown in Figure 4. As was
done with the vertical beam brackets, the cross section of
the vertical beam is adjusted in the regions where the
floor plate brackets are attached to include the cross
section geometry of the brackets. The plates of each
bracket are rigidly connected to the vertical beams with
beam constraints.
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Figure 2: Cross section of vertical beam
Vertical beam brackets
To attach the vertical beams to the base plate, 6-line
brackets were used. These brackets are referred to as
vertical beam brackets throughout this report. Each
bracket is comprised of a flat plate that is bolted to the
base plate and a U-shaped channel that extends
perpendicular to the base plate and encompasses the
bottom 3-1/2" of the vertical beam. The vertical beam is
bolted to the U-shaped channel of the bracket. The plate
portion of each bracket was modeled with shell elements.

Figure 4: Cross section of vertical beam with floor plate
bracket
2.2 Contact Surfaces

The original intent of the project was to create a linear
finite element model of the structure, therefore contact
between the floor plates and the floor plate brackets was
simulated by connecting linear spring elements from
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nodes on the floors to nodes on the brackets. The
placement of these spring elements can be seen in
Figure 5.

The second method was to reduce the stress in the bolt
linearly throughout the analysis. This models a joint that
is progressively loosening or being damaged. The third
method of damage introduction is a step reduction of
stress at some point during the analysis. Many other
damage cases could be introduced to the model in
further studies. The ability to easily apply different types
and rnagnitudes of damage to the structure is one of the
main advantages this analytical method has over
experimental data collection.
2.4 Labeling Conventions and Axes Orientation

To effectively communicate about the model, a labeling
convention was chosen for identifying the joints. Figure 6
shows the numbering convention for the vertical beams.
The beams were labeled 1-4 as shown in the top view.

Figure 5: Isometric view of corner joint (with vertical
beam removed) showing location of contact springs
The results fronr the linear model were not as desired, so
the springs were changed to nonlinear springs. The
nonlinear springs resist motion with linearly increasing
force up to a certain magnitude, after which the resisting
force remains constant. In this way, the nonlinear
springs model friction and slippage in the joint. The
spring constants for the nonlinear springs were estimated
based on the motion in the joint in the linear model.
These spring constants should be updated and validated
in future work with this model.

2.3 Bolts and Damage Cases

The bolts in the joints of the structure were modeled as
bearn elements corinecting nodes on the floor plates to
nodes on the floor brackets. The location of the bolt
bearn elements can be seen in Figure 5. The tightnoss
of the bolts was introduced by applying a stress initial
condition in the axial direction of the bolts. The
magnitude of the stress was calculated from tho
equation:
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Figure 6: Top view showing numbering of vertical beams
Figure 7 shows the labeling convention of the floor
plates. The plates are labeled a, b, and c starting from
the top floor.

(1)

where F-, is the preload in the bolt, T is the torque to
which the bolt is tightened, and d is the fastener size.
The stress can then be calculated as:

4

For damaged case!%the preload in the bolts at one of the
joints was reduced to model laosening of the bolts. The
damage was introduced in three different ways during
this study. Tho First method was to reduce the preload of
the bolts at the beginning of the analysis and leave them
constant throughout the analysis. This models a joint
that has been damaged but is being further damaged.

shaker
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Figure 7: Side view showing lettering of floors
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To specify a particular joint, the column number and floor
letter are used. For example, in the finite element model,
the bolts were loosened at joint 3a, the joint at the top
floor on the corner counterclockwise from the shaker
location.

vertical brackets

2.5 Accelerometer Locations
Accelerometers were attached at the joints of the
physical structure and were oriented to measure
acceleration in the x-direction (as shown in Figure 6 and
Figure 7). Figure 8 shows the accelerometer layout on
one of the floor plates, which is typical of all three floors.
At each joint, one accelerometer was attached to the
vertical beam and one accelerometer was attached to the
floor plate.

+-
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floor plate

Component
floor plates
base plate
air bearings

accelerometer

floor brackets
vertical beams
base bolts
floor bolts
Total weight

Model
63.0
105.8
10.1
10.2
15.3
37.8
1.5
0.5
244.3

Weight (Ib.)
Physical
65.0
120.0

'
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14.0
13.0
25.8
2.8
3.7
244.2

Table 1: Weights of structure components

3.2 Comparison of Modal Analysis Results

Modal analysis was performed on the finite element
model and on the physical structure. The frequencies (in
Hertz) for the first several modes of each are shown in
Table 2. The mode shapes were also compared, and
they, like the frequencies, were similar for each case.

+-I--,

Figure 8: Top view of a floor plate showing typical
location and orientation of accelerometers

2.6 Shaker Location and Input Time Histories
The excitation input for the physical experiment was
supplied by a shaker attached to one side of the base
plate. The location is illustrated in Figure 6 and Figure 7.
Force time histories measured from the experiment were
used as the excitation for the finite element model. The
force was applied at a node corresponding to the location
of the shaker attachment on the physical structure.

3.

MODEL VALIDATION

Before being used to generate acceleration data, the
model was validated by comparing it to the physical
structure. The two areas compared were weights of the
components for the model and the physical structure and
modal analysis results for each.

3.1 .Comparison of Weights of Components
The weights of the components of the finite element
model and the physical test structure are shown in Table
1. As seen in the table, the weights of individual
components are not exactly equal, but they are close,
and the total weights of the two cases are almost exactly
equal. One discrepancy that needs clarification is the
weight of the base plate and air bearings. When the
physical structure was weighed, the air bearings were left
attached to the base plate, so their weight is included in
the weight listed for the base plate in the table.

Table 2: Frequencies (Hz)of mode shapes from
experimental data and finite element model

4.

DATA GENERATED

Acceleration data was recorded from the finite element
model to correlate with the experimental data. Nodes
were chosen on the model that were located close to
where the accelerometers were attached to the physical
structure (as seen in Figure 8 above). The time history of
the acceleration in the direction measured by the
accelerometers was recorded for each of these nodes.
4.1 Deslred Data

The damage identification algorithms under consideration
at the time of this project compare acceleration time
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histories of a baseline undamaged case and a test
(damaged) case to determine if and where damage is
present in the test case. Data generated by the finite
element model was rnanipulated to be in the form of a
difference of two accelerations. The difference of
acceleration across each joint was calculated by
subtracting the acceleration history of the accelerometernode on the plate at a joint from the acceleration history
of the accelerometer node on the vertical beam at the
same joint. This difference time history was then
examined and analyzed to detect damage at the joint.

4.2 Example Data
Figure 9 and Figure 10 show plots of typical acceleration
time history date generated by the finite element model.
Figure 9 shows data from the model that used linear
springs to simulate the contact between plates at the
joints. One of the two lines plotted is the difference
between the accelerations of the accelerometer nodes at
joint 3a in the undamaged case, and the second line is
the difference in the damaged case when the pretension
in the bolts at joint 3a was reduced by one-half. As seen
in the figure, no noticeable difference is evident between
the two lines. l h i s illustrates the problem with the linear
model and the need to expand to the nonlinear spring
model.
Figure 10 shows data from a d,amaged and undamaged
case of the model with nonlinear springs to simulate the
plate contact at the joints. Although the differences
between the two linos are small, they are evident, and
when statistical methods are used to analyze the data,
the damage to the joint is detectable.
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Figure 9: Acceleration data frorn model with linear spring
contact
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Figure I O : Acceleration data from model with nonlinear
spring contact
5.

FUTURE APPLICATIONS

The finite element model constructed was effectively
used to generate acceleration data to be used in damage
identification research. The model can be used to
generate data for a wide range of damage cases. Some
of the variables that can be adjusted are as follow:
magnitude of input excitation
frequency content of input excitation
location of input (where the shaker is attached)
location of damage (which joint is loosened)
magnitude of damage
different damage cases
The model could also be improved to enhance future
research. The first area that should be considered for
modification is the model of contact between plates at the
joints. The spring constants of the non-linear springs
should be validated in some manner, or a different
contact model could be considered.
6.

CONCLUSION

The finite element model constructed provides a good
starting point for further analytical work in the area of
structural damage identification research. The model
closely resembles the physical bookshelf structure in
geometry, physical properties, and modal response to
vibration. When nonlinear springs are used to model the
contact between plates at the joints, differences can be
detected in acceleration data from nodes corresponding
to accelerometer locations on the floor plates and the
vertical beams of the structure. The model can be used
to generate acceleration data to be used to test damage
identification algorithms and to explore other excitation
and sensing experimental configurations.
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